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ABSTRACT: This study explores free convective heat transfer in an electrically conducting nanofluid flow over a
moving semi-infinite flat plate under the influence of an induced magnetic field and viscous dissipation. The velocity
and magnetic field vectors are aligned at a distance from the plate. The Spectral Relaxation Method (SRM) is used to
numerically solve the coupled nonlinear partial differential equations, analyzing the effects of the Eckert number on
heat and mass transfer. Various nanofluids containing Cu, Ag, Al;0s, and TiO, nanoparticles are examined to assess
how external magnetic fields influence fluid behavior. Key parameters, including the nanoparticle volume fraction
¢, magnetic parameter M, magnetic Prandtl number Pr,,, and Eckert number Ec, are evaluated for their impact on
velocity, induced magnetic field, and heat transfer. Results indicate that increasing the magnetic parameter reduces
velocity and magnetic field components in alumina-water nanofluids, while a higher nanoparticle volume fraction
enhances the thermal boundary layer. Greater viscous dissipation (Ec) increases temperature, and Al, O3 nanofluids
exhibit higher speeds than Cu, Ag, and TiO, due to density differences. Silver-water nanofluids, with their higher
density, move more slowly. The SRM results closely align with those from Maple, confirming the method’s accuracy.

KEYWORDS: Aligned induced magnetic field; MATLAB; nanofluid; spectral relaxation method (SRM); viscous
dissipation

1 Introduction

Recent studies have explored thermal performance enhancement in thermo-mechanical components,
highlighting the growing use of nanofluids for their superior thermal properties and wide-ranging engi-
neering applications. Their integration into technological and industrial systems has significantly increased
in recent years. Several commonly used liquids, including ethylene glycol, kerosene oil, engine oil, and
water, had minimal heat conductivity prior to the discovery of nanotechnology. One of the many diverse
areas where nanofluids have proven useful and functional is heat flow. Technological advancements demand
efficient thermal transport methods, and nanofluids offer a more effective solution for transferring heat
from one source to another. Nanofluids have a wide range of innovative and efficient applications in various
fields, including heat exchangers [1], nuclear reactor cooling [2], chemical and biological engineering [3],
liquid electronic devices (LEDs), microelectronics, aerodynamics, artificial intelligence [4], and alternative
energy. There have been significant attempts to comprehend the properties and behavior of nanofluids for
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application [5]. Numerous researchers worldwide have conducted significant studies on nanofluids and their
practical applications [6-10].

A novel class of materials called nanofluids contains nanoparticles suspended in more common liquids
with low thermal conductivity, such as kerosene, water, or ethylene glycol. Each metal or metal oxide particle
increases the conduction and convection coefficients, enhancing heat transfer from the cooling medium
to the environment. Sus [11] initially defined the word “nanofluid” as a liquid solution containing tiny
particles. The diameter of nanoparticles, such as those made of copper (Cu), silver (Ag), alumina (A, O3),
and titanium (Ti0O,), varies between 1 to 100 nm [12]. If the base liquid is suspended by an insignificant
volumetric fraction (less than 5%) of nanoparticles, its thermal conductivity will improve by 10% to 50%
[13-15]. The authors of Kaka¢ and Pramuanjaroenkij [16] investigated methods to increase the thermal
conductivity of fluids that are impervious to heat transfer by floating nano/micro particle materials in that
fluid. These fluids include oil, water, and mixtures of ethylene glycol and water. The boundary layer flow over
a moving flat surface in a nanofluid, incorporating viscous dissipation, is analyzed by Mohamed et al. [17].
Mousavi et al. [18] established the flow of a nanofluid throughout a permeable shrinking/stretching surface,
incorporating second-order slip effects along with an unsteady convective boundary layer. Abd Elazem [19]
investigated the impact of MHD nanofluid flow on heat and mass transport past a stretched surface. The
impact of radiation, internal heat generation, and viscous dissipation on the convective flow of a viscous
fluid through a moving plate is examined theoretically in the work by Ferdows et al. [20]. It is observed
that, with a sizeable convective heat volume fraction in the fluid, the heat transfer coefficient is continually
enhanced. In their review investigations, Said et al. [21] found that nanofluids display a significantly higher
and significantly better temperature-dependent thermal efficiency than conventional fluids.

The presence of a magnetic field in a flow problem plays a significant role in influencing the rate
of heat transfer within the system. This effect is particularly evident in conductive fluids such as liquid
metals, electrolytes, plasma, and salt water, where the interaction between the magnetic field and the
electrically conducting fluid induces magnetohydrodynamic (MHD) effects. These effects can alter the
velocity distribution, modify thermal boundary layers, and introduce additional resistive forces, known as
the Lorentz force, which can either enhance or suppress heat transfer depending on the flow conditions. As
a result, understanding the impact of magnetic fields on heat transfer dynamics is crucial in applications
such as nuclear reactors, astrophysical flows, geophysical systems, and advanced cooling technologies. In
boundary layer flow involving various fluids, an applied magnetic field is commonly used to regulate
heat transfer and momentum [22]. The application of a magnetic field over a heated surface has led to
significant advancements in the research of flow and heat transfer in electrically conducting fluids. These
applications involve manufacturing procedures like nuclear reactors, thermal insulators, cooling down iron
plates, polymer extrusion, MHD pumps, and MHD power generators. Induced magnetism’s impact on the
radiated flow of a chemically susceptible nanofluid was researched by Mahanthesh et al. [23]. Ilias et al. [24]
examine the effects of a wedge-shaped unsteady aligned MHD free convective heat transfer flow of magnetic
nanofluid. Kumar [25] conducted a study on the influence of thermal radiation and an induced magnetic
field, incorporating Newtonian heating and cooling boundary conditions, on the magnetohydrodynamic
flow occurring between two parallel, non-conducting walls. The study conducted by Sehra et al. [26]
explores the unsteady free convective fluid flow of a viscous incompressible fluid influenced by magneto-
hydrodynamics (MHD). It also examines the impact of chemical molecular diffusivity on a perpendicular
plate subjected to arbitrary time-dependent shear stresses and exponential heating phenomena. Al Salman
et al. [27] introduced a numerical method to address a two-dimensional Williamson fluid flow model
concerning heat and mass transfer in the presence of an induced magnetic field through a moving surface.
Diwate et al. [28] investigates the flow and heat transfer of an unsteady laminar boundary layer over a
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horizontal sheet influenced by radiation and a nonuniform heat source/sink, providing valuable strategies
for enhancing heat transfer techniques in engineering applications. Nasir et al. and other researchers have
recently made significant advancements in the study of hybrid nanofluids, radiation effects, renewable and
sustainable energy applications, and entropy generation in magnetohydrodynamic (MHD) flows [29-33].
The role of energy dissipation, magnetic fields, and viscous dissipation in non-Newtonian fluids is elaborated
by Awais et al. and other analysts [34-38], who also look at how these elements impact the heat transfer
process in boundary layers. These investigations are particularly helpful in comprehending how changing
thermophysical characteristics, including viscosity, affect heat transfer rates and flow characteristics when
magnetic fields are present. This knowledge immediately aids in the analysis of MHD flow.

The conversion of mechanical energy into thermal energy is characterized by viscous dissipation.
Viscous dissipation is relevant to various applications since it has led to significant temperature increases
in polymer manufacturing processes like high-speed extrusion and injection modelling. The dimensionless
Eckert number is used widely to describe viscous thermal dissipation of convection, particularly for forced
convection [39,40]. It expresses the relationship between the kinetic energy of a flow and the enthalpy
difference at the boundary layer. The energy equation is adjusted by adding a factor corresponding to the
viscous dissipation effect. Reddy et al. [41] analysed the impact of viscous dissipation on MHD natural
convective flow over an oscillating vertical plate. This study by Jafar et al. [42] numerically examined the
impact of viscous dissipation in the boundary-layer flow of an electrically conducting viscoelastic fluid over
a nonlinear stretching sheet. The steady natural convection flow of an incompressible viscous fluid with
varying characteristics was theoretically analyzed by Ajibade et al. [43] in accordance with the effects of
boundary plate thickness and viscous dissipation. According to Mishra and Kumar [44], the phenomenon
of heat transfer is influenced by elements such as viscous dissipation and Joule heating, which are useful in
a variety of technological domains. Viscosity dissipation in connection to nodal as well as saddle points was
studied by Gangadhar et al. [45] in 2021. Additionally, Mahesh et al. [46] examined the impact of radiation
on a porous sheet, finding that the temperature distribution was significantly influenced by the viscosity
parameter values.

The flow of a boundary layer across a moving flat surface in a nanofluid with variable wall temperature
and viscous dissipation is studied numerically and reported by Bao et al. [47]. The study by Ajeeb et al. [48]
experimentally examines the heat transfer efficiency and thermophysical properties of Al, O3 nanofluids in
a compact plate heat exchanger. They found that nanofluid thermal conductivity improved with particle
concentration for several base fluid types. Mohana et al’s [49] work from 2023 provided insight into how
various nanoparticle shape parameters affect the flow and heat transfer of a magnetohydrodynamic Cu-
water nanofluid over a stretching sheet. Behera et al. [50] used Hamilton-Crosser conductivity, in which the
base fluid is combined with the gold nanoparticles, to study the variation of varied shaped nanoparticles.
Wang et al. [51] analyzed the transfer of mass and heat when a thin layer of Ag-water flows through a
stretching sheet, experiencing thermal and velocity slips. The impacts of MHD, stretching, shrinking, mixed
convection, and thermal radiation in a Cu-water-based nanofluid with MHT effects are investigated by Hyder
et al. [52]. A two-dimensional mode of MHD extended flow of a second-grade viscoelastic nanofluid on a
curved stretching surface is investigated by Hosseinzadeh et al. [53], utilising the curvature parameter and
Joule heating to assess the rates of mass and heat transfer. The study reveals that, in contrast to Newtonian
fluid, the mass transfer of second-grade fluid is significantly influenced by Schmidt number and chemical
reaction parameters. The study by Ali et al. [54] investigate the convective flow of nanoparticles on an
exponentially stretching sheet, focusing on the Buongiorno model for Cross nanofluid, and includes a
comparative analysis of dissipation and Joule heating effects within the thermal and energy equations. The
research reveals that as thermophoresis and random diffusion increase, the temperature field becomes more
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potent. Rafique et al. [55] investigates heat transfer and entropy production, focusing on the Bejan number
at a non-axisymmetric MHD stagnation point with 3D flow, using Al,O;-Cu/H,O hybrid nanofluid. Khan
et al. [56] expanded the use of the Buongiorno model to analyse the dynamic interactions of nanoparticle
migration across a variable thickness stretching sheet in a mixed convection second-grade fluid. Using a
heated horizontal tube arrangement, the thermal performance of water-based hybrid nanofluids with a 50:50
ratio of red mud (RM) and grapheme oxide (GO) nanoparticles under turbulent flow conditions with a
constant heat input was effectively assessed by Kanti et al. [57]. A significant improvement in heat transfer
coefficient and Nusselt number (Nu) for RM + GO hybrid nanofluid at a maximum concentration of 0.75%
is confirmed by the analysis. A vast body of literature shows that Al,O; has been extensively studied for
its use in nanofluids across various applications. Numerous research studies have focused on investigating
the thermophysical properties and heat transfer behavior of Al, O3, resulting in the development of various
correlations. At different concentrations (0 to 1 vol%) and temperatures (30°C to 60°C), Kanti et al. [58]
investigated the thermal conductivity and viscosity of water-based nanofluids including silicon dioxide,
graphene oxide, titanium dioxide, and their hybrids. Selvarajoo et al. [59] investigated the thermophysical
characteristics of a mono nanofluid made of Al O3—Go nanoparticles at four distinct volume concentrations
using a constant 80:20 ratio. The influence of temperature and volume concentration on Al,O3 and GO-
based mono and hybrid nanofluids is investigated, revealing that the thermal conductivity of Al,O3-Go
hybrid nanofluid is higher than that of mono nanofluid. With fully developed turbulent flow conditions and
an inlet fluid temperature of 60°C, Kanti et al. [60] conducted an extensive study on the synthesis, char-
acterization, thermophysical properties, heat transfer, and fluid flow interactions of water-based nanofluids
containing Al, O3, Al,03-Go (80:20), and Al,O3-Go (50:50) in a horizontal tube.

This article examines the steady flow and heat transfer characteristics, considering the effects of viscous
dissipation in a convective, aligned magnetohydrodynamic flow of a water-based nanofluid over a semi-
infinite moving flat surface. In this system, the flow velocity and magnetic field vectors remain parallel to
each other at a certain distance from the plate. The mathematical model is developed by applying the viscous
dissipation effects on the Tiwari and Das [61] model. Four different types of nanoparticles considered are
Cu, Ag, Al, 05, and TiO, using a water-based fluid with Prandtl number Pr = 6.2. Due to their expanding
applications in various technical and manufacturing processes, the study of these fluid models has become
increasingly essential in today’s techno-industrial era. The SRM technique numerically solves the nonlinear
coupled partial differential equations. To resolve large algebraic systems of equations, SRM is an iterative
approach similar to the Gauss-Seidel relaxation process. Compared to other numerical/analytical techniques,
the suggested methodology, SRM, demonstrated that it is accurate, simple to create, convergent, and highly
efficient [62-64]. Graphical observations are discussed for the embedded physical parameters for the velocity,
temperature, concentration distributions, skin friction, and Nusselt number within the boundary layer. The
skin friction coefficient and heat transfer rate have also been studied. The findings have direct applications in
cooling systems, electronics, biomedical fields, and magnetically controlled heat transfer processes, making
the study highly relevant for modern industries. Considering the mentioned applications the primary goals
and novelty of this study are as follows:

(1) Extends the Tiwari et al. [6]1] model by including viscous dissipation effects, which significantly
influence heat transfer and energy distribution in high-temperature applications.

(2) Highlight the significance of nanofluid-based MHD flows in technical and manufacturing processes.

(3) Introduces SRM as an efficient, accurate, and convergent numerical technique for solving nonlinear
coupled PDEs, outperforming conventional methods.

(4) Provide insights into optimizing heat transfer efficiency in engineering applications.
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2 Mathematical Model with Flow Configuration
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Examine a stable 2D MHD laminar free convective heat and mass transfer flow of a viscous, incompress-
ible, electrically conducting nanofluid with uniform physical properties. This flow originates from a moving
flat plate within a magnetic field aligned with the motion. Parallel to the plate, an induced magnetic field
with intensity Hy is applied and the velocity of the plate is U,, = eU,, where ¢ is the velocity parameter. Fig. 1
shows a schematic illustration and the coordinate system. We also note that both the viscous dissipation
and ohmic heating terms are considered in the energy equation. Based on these physical assumptions and
employing a boundary-layer approach, the governing equations for the conservation of mass, momentum,

and thermal energy are formulated as follows [20,65]:
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where (u,v) and (H »H y) represent velocity and magnetic components of the nanofluid towards the x and
y axes, respectively, 4, s and p, ; are the effective dynamic viscosity, and density of the nanofluid, o, s, and
K, s signify the electric conductivity and thermal conductivity of the nanofluid. T is the temperature of the
nanofluid inside the thermal boundary layer.

The appropriate boundary conditions for the current study are described by:

oH
u:ero,v:O,a—x:H),:O,T:TWAty:O
y

U—>Ux,Hy > Hyp, T > Too Aty — 00 (6)

The appropriate similarity transformations that convert the governing PDEs into ODEs are as follows:

T_Too (o) %
(%)

T,- T’ 2\vx

v = (Uaovy) £ (.0 = () Hog ()0 0n) -

Using Eq. (7) along with the boundary conditions Eq. (6), the governing Eqs. (3)-(5) are transformed
to the following non-dimensional form:

7 ouff - $aMgg" =0 (8)
g" +¢:Prm (fg" - gf") =0 ©)
(/)4 " , Ec 11\ 2 MEc 2 _

EQ +¢5f9 +4—¢2(f ) +4¢3Prm (g ) =0 (10)
where:

w=of¢fﬁb—¢+¢&)
Pf

2= (1-¢)"
by, 3llafn) e
of ((osfor) +2) = ¢ ((os/or) -1)
K, K5+Kf
.- Ko ) 1_¢+2¢K5—Kfln 2K,
TR, Ky Ke+K
f 1_¢+2¢K5—Kfln 2Kff
(pCyp)
b5 =1 gt
i (PCP)f

The relevant converted boundary conditions are given by:

f(0)=0,f"(0) = 2¢,¢(0) = ¢"(0) = 0,6 (0) =lasy = 0

' / (11)
ff=2,¢g-20->0asy—> o0
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2
In the above equations, ¢ = g—:; represents the velocity ratio of the plate, M = % is the magnetic
viPCp), . . .
parameter, Pr = i Kfp)f is the Prandtl number, Pr,, = p.v 707 is the magnetic Prandtl number, and Ec =

2

U .
< _ js the Eckert number.
AT(C,) s

The physical quantities of interest are the skin friction coefficient C and the local Nusselt number Nu,,
defined by:

Cyr= T—WzandNux: Xqw

proo Kf(Tw_Too)

where 7,, is the surface shear stress or skin friction, and g, is the heat flux from the plate; these are given by:

(12)

Ju oT
v = s | — dg, =K, | = 13
T Plf(ay)y—o and g f(a)")y—o (13)

Substituting Eqs. (7) into (12) and (13), the skin friction coefficient and the local Nusselt number are
obtained as:

1 Re,\? 1
VRe;Cp= ————=f"(0) and (—") Nu, =--D6' (0 (14)
f 4(1_¢)2.5f (0) 5 > (0)
where Re, = U;;" is the local Reynolds number.

The dynamic viscosity of the nanofluid, as given by Brinkman (1951), is:

_ Wy
e

where ¢ is the solid volume fraction of spherical nanoparticles. The effective density and heat capacitance of
the nanofluid are defined as:

pug = (1=¢) ps+dps
(pCP)nf =(1-¢) (PCP)f -6 (pCy),
The effective electrical conductivity of the nanofluid can be approximated, following Maxwell (1881), as:

o 3((efe) 1)
N CO DRI G

The effective thermal conductivity of the nanofluid is expressed by the Maxwell Garnett
(1904) model as:

K K, +K
1-¢+2p———1In /

Kuf _ K.-K; 2K;
K K, +K

Ky _geap—L Y
K. -K; 2K;

Based on Abu-Nada’s [12] research, Table 1 lists the thermophysical characteristics of the base fluid and
the nanoparticles.
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Table 1: Thermophysical characteristics of fluid and nanoparticles

Physical property Base fluid (Water) Cu Ag Al, O3 TiO,
C, (Tkg'K™) 4179 385 235 765 686.2
p (kgm) 9971 8933 10,500 3970 4250
K (Wm™K™) 0.613 401 429 40 8.9538

o (Sm™) 0.05 5.96x107 3.6 x107 3.5x107 2.6 x 10°

3 Solution Procedure with the Spectral Relaxation Method Scheme

The Spectral Relaxation Method (SRM) is widely recognized for solving similarity boundary layer
problems with exponentially decaying profiles. There is currently a substantial quantity of literature on the
practical application of spectral collocation methods [66-69]. The SRM algorithm can be applied to the
problem under study through the following steps:

(1)  Transformation of Equations: Introduce the transformations f’ (1) = F (1) and ¢’ (n) = G (1) to
reduce the order of the momentum equations, rewriting the original equation in terms of 7.

(2) TIteration Scheme Development: Construct an iterative scheme for the linear terms of F () and G (7),
represented as F,; () and G, (7). This is done by assuming that f () and g (%), denoted as f, (1)
and g, (1), along with all other linear and nonlinear terms, are obtained from previous iterations.
Additionally, nonlinear terms in F (#) and G () are approximated using values from prior iterations.

(3) Treatment of Other Governing Variables: The remaining dependent variables in the governing
equations are handled using a similar approach.

This structured methodology ensures the efficient application of SRM to solve the given problem.

The SRM iteration scheme can be described as follows:

Flo + ¢ifrFly — $2Mg, G =0 (15)
fla=Fmn (16)
Gl + ¢3 Py (fr11Gray — & Friy) = 0 (17)
g1 = Gra (18)
¢4 " / Ec 7 \2 MEc N2

—0.,+d¢s5fr10,., + — (F + G =0 19
Pr r+1 ¢5f +1Yr+1 4¢2 ( r+l) 4¢3 Pr,, ( r+1) ( )
subject to the boundary conditions:

Fr (0) :2€’Fr+1(00) =2 (20)
fr41(0) =0 (21)
G:+1 (0) =0, G:+1 (oo) =2 (22)
r+1 (O) =0 (23)
9r+1 (0) =1, 6r+1 (OO) =0 (24)

The Chebyshev spectral collocation method is used to discretize the linear partial differential Fqs. (8)-

(10). To implement the spectral procedure, the computational domain [0,L] is converted to the interval
[-1,1] using the linear transformation = %, where L is the scaling parameter used to apply the boundary

conditions at infinity. The fundamental principle of the spectral collocation approach is the introduction of
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a differentiation matrix D, which is utilized to determine the derivatives of the unknown variables at the
collocation points [70-74]. The matrix is described in the following form:

N
dfr+1:ZDikfr((k):Dfr)iZO,l)z’---)N (25)
dn i

where N + 1is the number of grid points, D = 2P, and f = [f (o), f ({1)s- ... f (¢x)]" is the vector function
at the collocation points. Higher-order derivatives are obtained as powers of D, that is:

f(P) - DFf (26)

where p is the order of derivatives. The technique Trefethen [72] outlined in the cheb.m Matlab m-file is
employed in this study.

Applying the Chebyshev pseudo-spectral approach to Eqs. (15)-(24) yields

AiFr1 = B, Fr (On) = 2, Fria (o) = 2¢ (27)
Asfrr1 =By frn ({n) =0 (28)
A3Gri = B3, Gt (Ov) = 2,G1yy (G0) = 0 (29)
Asgri1 =By, g1 ((n) =0 (30)
A56r+1 = Bs, 6r+1 (CN) =0, 07+1 ((0) =1 (31)
where:

A, = D*+diag(¢:f,) D, B, = $:Mg, G (32)
Ay =D,B; =F (33)
As =D* +diag (¢3Pry, frr1) D, Bs = ¢3 Pryy, g F. | (34)
Ay =D,By =Gy (35)

. . Ec MEc

As = dg(fi—) D* + diag (¢sfrm) D, Bs = = - (Fl)" - Yo (Gl1)’ (36)

here, diag denotes a diagonal matrix of size (N +1) x (N +1), where N is the number of grid points and
fr (1), g (1), and 6, (1) are the values of the functions f, g, and 6, respectively, when calculated at the grid
points, and the subscript 7 is the number of iterations. The spectral collocation approach can be used to
solve Eqs. (27)-(36), which make up the SRM scheme, beginning with the initial conditions listed below,
which are selected to fulfil the boundary constraints:

fo(n)=n+2en-ne,go(n)=2n-(2+n)e ", 00(n)=e" (37)

4 Computational Results and Physical Interpretation

Numerical computations for the solution of the system of ordinary differential Eqs. (8)-(10) with
associated boundary constraints Fq. (11) are carried out using the SRM. The results are attained using N = 60
grid points, and the infinity value 7., is taken as 15. To evaluate the accuracy and convergence of the SRM
method, Table 2 compares the outcomes with numerical methods reported to be correct within a specified
number of decimal digits. The numerical simulations for dimensionless velocity, temperature, skin friction,
Nusselt numbers, and streamlines under the impact of the flow parameters are presented in this section and
are displayed in Figs. 2-12. Figs. 2-6 present the results for an Al, O;-water nanofluid.
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Table 2: Comparison of —6’ (0) values for various values of Ec when ¢ = 0.1, Pr = 6.2, Pr,,, =0.1, M = 0.5, and ¢ = 0

Ec  SRM value Maple value

-0.01 137696704 1.37552829551420052
0.01  1.35935417 1.35838992707996642
0.03 134174131  1.34125155862905387
0.05 132412844  1.32411319017906837
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Figure 2: Impact of velocity ratio parameter ¢ on (a) velocity, (b) induced magnetic field, and (c) temperature

The trends observed in Fig. 2a—c can be justified based on fundamental principles of fluid dynamics,
heat transfer, and magnetohydrodynamics (MHD). The velocity ratio parameter ¢ plays a significant role in
modifying the behavior of the velocity, induced magnetic field, and thermal field. As ¢ increases, the velocity
of the plate relative to the free-stream fluid velocity becomes larger, enhancing the momentum transfer
from the plate to the surrounding fluid. This results in a higher velocity profile, as seen in Fig. 2a, where
the fluid near the plate experiences an increase in speed. Since the moving plate drags the adjacent fluid
layers along with it, the velocity boundary layer develops more efficiently, leading to a more streamlined
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flow. This increased velocity gradient near the plate also affects the thickness of the boundary layer, causing
it to decrease.
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Figure 3: Impact of magnetic parameter M on (a) velocity, (b) induced magnetic field, and (c) temperature

Similarly, the induced magnetic field, illustrated in Fig. 2b, also increases with ¢. This can be attributed to
the fact that a faster-moving electrically conducting fluid interacts more strongly with the applied magnetic
field, leading to a more pronounced electromagnetic induction effect. As the velocity of the fluid rises, the
stretching and convection of magnetic field lines become more significant, amplifying the induced magnetic
field intensity. This effect is particularly relevant in magnetohydrodynamic (MHD) flows, where fluid motion
actively influences the magnetic properties of the system. The enhanced induced magnetic field can, in turn,
alter the overall flow characteristics, contributing to changes in the velocity and temperature distributions.



1024 Front Heat Mass Transf. 2025;23(3)

2
18}
16+ 1.8}
14}
1.6}

$=0,0.05,0.1,02 ¢=0,0.05,0.1,0.2 .

06/ T " M=05,Pr=62,
=0 r=o.
I 4 ’ Ec=0.01,Pm=0.5
04 Ec=0.01,Pm=0.5 4 ‘
0.2
o 1 2 3 4 5 8 ¢ 1 2 3 4 5 6

M=05,Pr=6.2,
Ec=0.01, Pm = 0.5

¢=0,0.05,0.1,0.2
‘

0(n)

0 0.5 1 1.5 2 5 3

n
(c)

Figure 4: Impact of volume fraction parameter ¢ on (a) velocity, (b) induced magnetic field, and (c) temperature

Conversely, the thermal field, shown in Fig. 2¢, exhibits a decreasing trend with increasing e. This
occurs because as the fluid moves faster, it spends less time in the heated region near the plate, reducing the
amount of heat it absorbs from the surface. The dominance of convective heat transport over conductive
heat diffusion results in a reduced thermal boundary layer thickness. Essentially, the increased velocity
facilitates the removal of heat from the region near the plate, leading to lower overall temperature profiles. As
aresult, the thickness of the thermal boundary layer decreases, which is a typical characteristic of high-speed
convective flows.

The observed reduction in the thermal boundary layer thickness with increasing e suggests that adjust-
ing the plate velocity can be an effective method for controlling heat dissipation in thermal management
systems. The interplay between velocity, induced magnetic field, and temperature fields aligns well with
classical boundary layer theory and magnetohydrodynamic flow principles. These findings further confirm
the accuracy of the numerical analysis performed using the Spectral Relaxation Method (SRM).
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Figure 6: Temperature distributions for different values of Eckert number Ec

The effects of the applied magnetic field on nanofluid flow, as illustrated in Fig. 3a—c, highlight the
influence of the magnetic parameter M, which represents the ratio of electromagnetic to viscous forces and
quantifies the strength of the externally applied magnetic field. As shown in Fig. 3a,b, an increase in M results
in a reduction in the thickness of the momentum boundary layer. This behavior is attributed to the presence
of the Lorentz force, an opposing electromagnetic force generated when a magnetic field interacts with an
electrically conducting fluid. The Lorentz force acts as a resistive force against the fluid motion, effectively
slowing down the flow and restricting the development of the velocity boundary layer. As M increases,
the dominance of this resistive force further suppresses the velocity of the nanofluid, leading to a thinner
momentum boundary layer. Additionally, the natural viscous resistance of the fluid further contributes to
reducing its velocity, enhancing the damping effects caused by the applied magnetic field. The magnetic field,
therefore, plays a crucial role in controlling and modifying the flow characteristics of the nanofluid, which is
particularly relevant in magnetohydrodynamic (MHD) applications such as electromagnetic pumps, cooling
systems, and energy conversion devices.
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Figure 8: Impact of M on skin friction for different nanofluids
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In contrast to its effect on velocity, Fig. 3¢ reveals that the temperature profile increases with M. This
phenomenon can be attributed to the influence of viscous heating, which becomes more pronounced in
the presence of a magnetic field. As the fluid motion is hindered by the Lorentz force, kinetic energy is
converted into internal energy, leading to an overall rise in temperature. The resistive effect of the Lorentz
force, which opposes the fluid motion, effectively retards the free convection flow within the boundary
layer while simultaneously increasing its thermal energy. This results in an increase in temperature, as
the suppressed convective transport limits the dissipation of heat away from the heated surface. The
observed trend is consistent with the fundamental principle that an applied magnetic field enhances energy
dissipation through Joule heating effects, which further contributes to the rise in temperature. This behavior
is particularly significant in MHD-based thermal management applications, where controlling heat transfer
and flow characteristics is essential for optimizing system performance. The findings confirm that while the
magnetic field suppresses fluid velocity and reduces the boundary layer thickness, it simultaneously enhances
thermal energy retention, leading to a rise in temperature within the boundary layer.

An increase in the volumetric fraction ¢ of nanoparticles has a significant influence on various fluid
dynamics and thermal characteristics, as illustrated in Fig. 4a—c. As the volume fraction of nanoparticles
rises, the velocity profile, magnetic stream function gradient, and temperature field exhibit distinct trends.
Specifically, an increase in the volume fraction leads to a reduction in the thicknesses of both the momentum
boundary layer and the induced magnetic boundary layer. This reduction occurs due to the enhanced
viscosity and altered flow dynamics caused by the suspended nanoparticles, which, in turn, affect the overall
velocity distribution. Conversely, the thermal boundary layer exhibits an opposite trend, expanding as
the nanoparticle volume fraction increases within the range of 0 < ¢ < 0.2. This expansion is attributed
to the enhanced thermal conductivity of the nanofluid, which allows for more efficient heat conduction
within the fluid medium.

From a physical perspective, the boundary layer thickness is influenced by the combined effects
of nanoparticle concentration and thermal conductivity. As the nanoparticle volume fraction increases,
the nanofluid’s overall thermal conductivity improves, facilitating more effective heat dissipation. This
improvement in thermal conductivity is often accompanied by higher thermal diffusivity values, which
significantly impact the temperature gradients within the fluid. Higher thermal diffusivity results in reduced
temperature gradients, leading to an overall increase in the thermal boundary layer thickness. Essentially, as
more nanoparticles are introduced into the fluid, their superior thermal properties enhance heat conduction,
thereby altering the thermal boundary layer structure.
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Moreover, the characteristics of the nanoparticles—such as their shape, size, volume percentage, and
material composition—play a crucial role in determining the efficiency of heat transfer within the nanofluid.
By optimizing these factors, the heat transfer process can be enhanced, ensuring better thermal performance.
The convective heat transfer efficiency of nanofluids is not solely dependent on thermal conductivity but
also on other thermophysical properties, including density, specific heat capacity, and dynamic viscosity.
These properties collectively influence the overall heat transfer mechanism and fluid behavior. Furthermore,
integrating multiple enhancement techniques—such as optimizing nanoparticle concentration and utilizing
high-conductivity materials—can significantly improve the heat transfer rate. By strategically combining
these approaches, a substantially higher heat transfer efficiency can be achieved, making nanofluids a
promising solution for various thermal management applications.

The impact of the magnetic Prandtl number Pr,, on the induced magnetic field profiles is clearly
depicted in Fig. 5. As Pr,, increases, the thickness of the induced magnetic boundary layer expands signif-
icantly. This phenomenon occurs because a higher magnetic Prandtl number corresponds to an increase in
the nanofluid’s magnetic diffusivity. Magnetic diffusivity plays a crucial role in determining how the induced
magnetic field interacts with the fluid flow, influencing the overall electromagnetic behavior of the system.
When the magnetic diffusivity is high, the magnetic field can penetrate deeper into the fluid, leading to an
extended boundary layer thickness.

Physically, the magnetic Prandtl number is defined as the ratio of kinematic viscosity to magnetic
diftusivity, indicating the relative dominance of momentum diffusion compared to magnetic field diffusion
within the nanofluid. A higher Pr,, suggests that magnetic diffusion occurs at an enhanced rate, allowing
the induced magnetic field to spread more efficiently throughout the flow domain. This, in turn, results in
stronger magnetohydrodynamic (MHD) effects, altering the velocity and temperature profiles within the
boundary layer. Additionally, as the induced magnetic field grows with increasing Pr,,, it influences the
Lorentz force acting on the fluid, further modifying the flow structure and increasing resistance to motion.

From a practical perspective, understanding and controlling the effects of the magnetic Prandtl number
are essential for optimizing MHD-based applications, such as cooling systems, electromagnetic pumps, and
energy conversion devices. By carefully adjusting the properties of the nanofluid—such as its electrical
conductivity, viscosity, and magnetic permeability—it is possible to regulate the influence of Pr,, and enhance
the efficiency of magnetically controlled fluid systems. Therefore, the manipulation of the magnetic Prandtl
number presents a valuable opportunity for improving thermal and fluid flow management in various
industrial and engineering applications.

Fig. 6 illustrates the influence of the Eckert number Ec on the temperature profile, revealing a notable
increase in temperature and an expansion of the thermal boundary layer thickness as Ec rises. This effect
occurs due to the enhancement of temperature dispersion within the boundary layer region. The primary
reason for this behavior is frictional heating, which stems from viscous dissipation. As fluid particles
experience shear forces and internal friction, mechanical energy is converted into thermal energy, leading
to an accumulation of heat within the fluid. Consequently, higher Ec values result in a more pronounced
increase in fluid temperature throughout the boundary layer.

Additionally, the presence of ohmic heating further contributes to this temperature rise. When an
electrically conducting fluid interacts with a magnetic field, resistive heating occurs due to the induced
electric currents. This phenomenon adds to the overall thermal energy within the fluid, thereby reducing the
surface temperature gradient. A lower surface temperature gradient implies a reduced rate of heat transfer
from the surface to the fluid, leading to a thicker thermal boundary layer. Overall, the combined effects
of viscous dissipation and ohmic heating intensify the thermal characteristics of the fluid, reinforcing the
direct correlation between Ec and temperature distribution. Understanding this relationship is crucial in
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applications where thermal energy management plays a key role, such as in MHD cooling systems, heat
exchangers, and energy conversion processes.

The impact of different nanoparticles on the nanofluid’s velocity, induced magnetic field, and tempera-
ture distribution is illustrated in Fig. 7a—c. It is apparent that the type of nanoparticles significantly influences
the behavior of nanofluids, resulting in variations in their velocity. Among the examined nanofluids, Al,O;-
based nanofluids demonstrate a faster flow compared to those containing Cu, Ag, or TiO, nanoparticles.
This disparity in flow speed is primarily attributed to the density of the nanoparticles, which plays a critical
role in determining the fluid’s motion. Nanoparticles with lower densities, such as Al,Os, contribute to a
reduced viscosity and enhanced fluidity, enabling faster movement of the nanofluid.

In contrast, the silver-water nanofluid exhibits a relatively modest flow speed. This behavior can be
explained by the higher density of silver compared to other nanoparticles like copper, aluminum oxide, and
titanium dioxide. The increased density leads to a higher viscosity and greater resistance to motion, which
slows down the flow of the silver-based nanofluid. These findings emphasize the importance of nanoparticle
density in controlling the flow characteristics of nanofluids, which is crucial for applications requiring
specific flow dynamics.

Fig. 7c provides a comprehensive overview of the influence of nanoparticles on the thermal field when
water is used as the base fluid. The thermal conductivity of the nanoparticles plays a significant role in
shaping the nanofluid’s temperature distribution. Nanofluids containing nanoparticles with higher thermal
conductivity exhibit greater temperatures, as they are more effective in transferring and retaining thermal
energy. For instance, the Ag—water nanofluid, due to the superior thermal conductivity of silver, demonstrates
a stronger thermal field compared to nanofluids containing lower-thermal-conductivity nanoparticles like
Ti0O, or Al,O;. These observations highlight the dual impact of nanoparticle properties—density on velocity
and thermal conductivity on temperature—on the overall performance of nanofluids in heat transfer and
fluid flow applications.

Figs. 8 and 9 provide a comprehensive analysis of how the magnetic field parameter affects both the
skin friction coeflicient and the heat transfer rate for various nanoparticles. The graphical representations
clearly demonstrate that an increase in the magnetic field parameter leads to a rise in the shear stress at
the wall, which can be attributed to the influence of the Lorentz force. This force generates resistance in the
fluid motion, thereby increasing the drag along the surface. Simultaneously, a reduction in the magnetic field
parameter optimizes heat transfer by allowing enhanced thermal conduction and convection mechanisms.
Among the different nanofluids examined, Ag—water nanofluids exhibit the highest drag force due to their
superior electrical conductivity, which amplifies the Lorentz force effect. Additionally, Ag—water nanofluids
also achieve the most significant enhancement in heat transfer efficiency compared to other nanofluids.
This can be attributed to the exceptional thermal conductivity of silver nanoparticles, which facilitates more
efficient thermal energy transport within the fluid. Consequently, the presence of silver nanoparticles in the
base fluid results in a substantial improvement in heat dissipation performance, making Ag—water nanofluids
highly effective for thermal management applications.

Figs. 10 and 11 illustrate the variation of the skin friction coefficient and the mean Nusselt number with
increasing nanoparticle volume fractions for different nanofluids. The graphical trends indicate that both
skin friction and heat transfer rates increase almost monotonically with a rise in nanoparticle concentration
across all tested nanofluids. This behavior is primarily attributed to the enhanced viscosity and thermal
conductivity resulting from the presence of nanoparticles. Among the nanofluids examined, those containing
Ag nanoparticles exhibit the highest drag force. This is due to the significantly higher density of silver
compared to other nanoparticles such as Cu, Al,Os, and TiO,. The increased density leads to greater
resistance to flow, thereby elevating the skin friction coefficient.
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In terms of heat transfer performance, Cu-based nanofluids demonstrate the highest enhancement, sur-
passing those containing Ag, Al, O3, and TiO,. This superior performance is attributed to the high thermal
diffusivity of copper nanoparticles, which facilitates rapid heat dispersion and effectively reduces temperature
gradients within the fluid. The improved thermal diffusion ensures more efficient energy transport, making
Cu-based nanofluids particularly suitable for applications requiring enhanced heat dissipation.

Conversely, TiO,-based nanofluids exhibit the lowest heat transfer efficiency among the four nanopar-
ticle types. This is because titanium dioxide has a relatively lower thermal conductivity compared to Ag, Cu,
and Al, O3, leading to a dominance of conduction over convection as the primary heat transfer mechanism.
The limited ability of TiO, nanoparticles to enhance convective heat transfer results in lower Nusselt
numbers, thereby reducing overall thermal performance. However, as the nanoparticle volume fraction
increases, the influence of convection becomes more pronounced, leading to a greater disparity in the
mean Nusselt number between different nanofluids. This trend highlights the critical role of nanoparticle
selection and concentration in optimizing the thermal performance of nanofluids for various industrial and
engineering applications.

As the Ec increases, the heat transfer rate, represented by the Nusselt number Nu, decreases for all
nanoparticles. This indicates that higher Ec values, which correspond to greater viscous dissipation effects,
reduce the efficiency of convective heat transfer. This phenomenon can be attributed to the fact that viscous
dissipation generates additional heat within the fluid, counteracting the temperature gradient responsible
for driving convective heat transfer. Among the studied nanoparticles in Fig. 12, the TiO,—-water nanofluid
exhibits the lowest cooling rate, as reflected by its comparatively lower Nusselt number. This suggests that the
thermal conductivity of TiO, nanoparticles, combined with their interaction with the base fluid (water), is
less effective in enhancing heat transfer performance relative to other nanofluids. Consequently, the TiO,-
water nanofluid is less suitable for applications requiring high cooling rates, particularly under conditions
of significant viscous dissipation. This trend underscores the importance of carefully selecting nanofluids
based on their thermal properties and compatibility with operational conditions, such as high Ec values, to
optimize heat transfer performance.

5 Conclusions

External magnetic fields play a crucial role in controlling nanofluid flow, heat transfer, and thermal
properties, with the applied field strength directly influencing thermal conductivity. Motivated by this, a
numerical study investigated a water-based nanofluid with various nanoparticles in an unstable aligned
MHD boundary layer over a moving surface, focusing on the induced magnetic field’s effects. Key parameters
such as the velocity ratio ¢, magnetic parameter M, nanoparticle volume fraction ¢, Eckert number Ec,
and magnetic Prandtl number Pr,, were analyzed in relation to momentum and thermal properties. The
study assumed a homogeneous nanofluid model and demonstrated its reliability in capturing the thermal
and hydrodynamic behavior of nanofluids. The present study stands out due to its unique combination of
viscous dissipation effects, aligned MHD flow, comparative nanoparticle analysis, and the use of SRM for
numerical computation. These aspects collectively enhance the understanding of nanofluid-based heat trans-
fer mechanisms, making the work highly relevant for both academic research and industrial applications. Key
findings include:

» Increasing ¢ enhances velocity and magnetic field changes, while temperature variation follows an
inverse trend.

»  Higher M reduces momentum boundary layer thickness but increases thermal boundary layer thickness.

« Rising Ec accelerates temperature changes in nanofluids.
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o  Ag nanofluids exhibit higher drag and a thicker momentum boundary layer, while Al,O5 has a thinner
layer and a greater impact on temperature.

» Ag-water nanofluids achieve the highest heat transfer rates, whereas TiO,-water nanofluids show the
lowest cooling efficiency.

The study can be extended to time- or space-dependent magnetic fields, unsteady or turbulent
MHD flows, and three-dimensional or non-Newtonian nanofluids for deeper insights into industrial,
biomedical, and manufacturing applications. Additionally, future research can explore alternative base fluids
(e.g., ethylene glycol, oil, or hybrid nanofluids) to enhance thermal performance. This study highlights
the importance of selecting nanoparticles based on specific thermal and flow requirements to optimize
performance in MHD-based heat transfer applications. It also demonstrates the diverse engineering and
industrial applications of MHD nanofluids in advanced cooling systems, aerospace, automotive, biomedical,
energy, and microfluidics. These nanofluids enhance heat dissipation in electronics and industrial heat
exchangers, improve thermal protection in spacecraft and vehicles, and enable targeted cancer treatment and
precision drug delivery. Additionally, they optimize nuclear reactor cooling, boost solar thermal efficiency,
and facilitate lab-on-a-chip diagnostics and soft robotics. By optimizing nanofluid formulations based on
specific operational needs, this research enhances their applicability across various high-tech industries.
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