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ABSTRACT

The properties of entropy generation within the magnetohydrodynamic (MHD) motion of a hybrid nanofluid across a
porous stretched cylinder are examined in this work, with a special emphasis on biomedical applications such as cancer
treatment. The model incorporates slip boundary conditions, chemical reaction effects, and viscous dissipation. The hybrid
nanofluid comprises two nanoparticles copper and aluminium oxide, dispersed in a base fluid. This composition enhances
thermal conductivity as well as mass transport, rendering it ideal for biomedical hyperthermia, which utilises localised
heating to eliminate cancerous cells. This study analyses the effect of magnetic field magnitude, porosity, slip parameters,
chemical reactions rate, along with viscous dissipation on the entropy produced, heat transfer, as well as concentration
distribution through similarity transformations along with numerical techniques. The interplay between magnetic field
forces and nanoparticle concentration is evaluated to highlight their combined effect on controlling heat generation and
reducing irreversibilities within the system. The results demonstrate that tuning the magnetic and thermophysical
parameters can regulate the velocity, temperature, and concentration fields, thereby enabling controlled thermal therapy.
Sensitivity analysis identifies the dominant factors influencing entropy generation and boundary layer thickness. The
findings not only validate the accuracy of the present model against previous literature but also provide novel insights into
the use of MHD hybrid nanofluid flows in biomedical systems, particularly in optimizing thermal efficiency and precision
during cancer hyperthermia treatments.
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1. INTRODUCTION

The increasing need for sophisticated thermal management methods in industrial along with engineering contexts has
prompted substantial research in mass as well as heat transfer. Among various approaches, the use of nanofluids—
conventional fluids enhanced with dispersed nanoparticles—has attracted considerable attention due to their superior
thermal properties. Recent years have witnessed an increased focus on hybrid nanofluids, that integrate two or more
varieties of nanoparticles dispersed in a base fluid. These hybrid formulations offer improved thermal conductivity, heat
transfer rates, mass transport characteristics compared to ordinary fluids and even conventional nanofluids.
Magnetohydrodynamic (MHD) flows, where electrically conducting fluids are influenced by magnetic fields, are critically
significant in various energy-related applications, including nuclear reactors, geothermal power sources, chemical reactors,
as well as energy conversion devices. Magnetic fields facilitate accurate regulation of fluid dynamics, thermal
management, and heat transfer effectiveness. This is essential in sectors where security, effectiveness, as well as economic
viability are critical. For example, the nuclear power sector is increasingly investigating new reactor designs that prioritize
safety and reduce operational costs by incorporating advanced coolant systems with superior heat transfer capabilities.

Analysis of entropy generation is essential for evaluating the thermodynamic irreversibility in fluid systems. It provides
insight into the energy losses associated with heat transfer, viscous dissipation, magnetic effects, and chemical reactions.
Minimising entropy production is crucial for enhancing energy efficiency and optimizing the functioning of heat transfer
devices, systems for energy, and fluid transport systems. Conventional base fluids, including water, ethylene glycol, along
with mineral oils, demonstrate inferior thermal conductivity relative to metals, non-metals, as well as their oxide
nanoparticles. The pioneering work of Choi [1] experimentally demonstrated that adding nanoparticles to conventional
fluids significantly enhances their thermal conductivity. This breakthrough has initiated extensive research into nanofluids
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to applications including microelectronics cooling fuel cell hybrid-powered engines, nuclear-powered reactors, modes of
transportation, biomedical processes, along with food pasteurisation. In these applications, heat transfer is generally
achieved through devices including heat exchangers, evaporator condensers, and heat sinks. Enhancing the heat transfer
capacity of these devices improves performance while simultaneously decreasing spatial requirements alongside
operational costs. As most heat transfer systems rely on pumps to circulate fluids, minimizing power consumption without
compromising efficiency has become a key engineering goal. Consequently, nanofluid coolants with enhanced thermal
properties are being explored as a promising solution.

The thermal conduction of nanofluids is influenced by various factors, including its nanoparticle volume proportion,
particle substance, size, shape, characteristics of the base fluid, and the operating temperature [2]. Investigations into
boundary layer flows across stretching surfaces have demonstrated significant utility in manufacturing processes, including
polymer extrusion, constant casting, plastic sheet drawing, film stretching, as well as metallic plate cooling at bath
condenser systems. In these processes, the rate of cooling critically influences product quality, and the ability to control
cooling rates using electrically conducting fluids under magnetic fields offers substantial benefits. Electrically conducting
nanofluids—also termed ferrofluids—are composed of magnetic nanoparticles like magnetite (FesOa), cobalt ferrite, and
other iron-based compounds are dispersed in typical base fluids. The magnetic properties of these fluids can be exploited
to manipulate flow patterns, heat transfer rates, and cooling efficiencies. Recent studies have thoroughly examined the
characteristics of flow as well as heat transfer of these fluids across stretching surfaces, employing both analytical and
numerical methods, including finite differences schemes such as the Keller box method along with shooting techniques via
Runge-Kutta integration. [5-18].

In particular, studies by Ishak and Nazar [14], Bachok and Ishak [15], and Mukhopadhyay [16,17] have examined boundary
layer flows along stretching cylinders with slip effects and chemical reactions. More recently, Ashornejad et al. [18]
conducted an investigation into nanofluid heat transfer under magnetic fields utilising numerical methods. Despite these
contributions, there is a paucity of research regarding the combined influence of slip velocity, chemical processes, viscous
dissipation, along with porous medium resistivity on entropy generation in nanofluid hybrid flows over surfaces that curve
such as porous cylinders. Beyond industrial applications, MHD hybrid nanofluid flows also hold great promise in
biomedical engineering, particularly in cancer therapy. In magnetic hyperthermia treatment, magnetic nanoparticles are
introduced into tumor tissues and subjected to alternating magnetic fields, generating localized heating that selectively
destroys cancer cells. The ability to control heat and mass transfer around cylindrical tumor geometries or biomedical
implants is crucial for precision therapy. The stretching cylinder model provides a useful mathematical analogy to
understand such thermal processes in biological systems. Minimising entropy generation and optimising heat transfer rates
leads to enhanced system efficiency, MHD-based nanofluid systems can improve the safety, efficiency, and targeting
accuracy of cancer hyperthermia treatments.

This study seeks to address the existing gap by examining the entropy generation properties in magnetohydrodynamic
transfer of a hybrid nanofluid in a porous cylinder, incorporating slip boundary factors, chemical interaction effects, along
with viscous dissipation. This study examines the behaviour of water-base hybrid nanofluids containing nanoparticles such
as copper (Cu) and compares their performance via non-magnetic counterparts such as alumina (Al:Os). By employing
similarity transformations and numerical methods, we analyze how magnetic field strength, porosity, slip parameters,
chemical reaction rates, and viscous dissipation influence entropy generation, heat transfer rates, and concentration
distribution.

The findings of this study aim to offer insights into reducing entropy production and enhancing thermal efficiency in
engineering systems, including heat exchangers, energy-converting devices, and cooling systems, emerging biomedical
applications, where controlled nanofluid-based heating techniques can contribute to effective and targeted cancer treatment.

2. MATHEMATICAL FORMULATION
1. Governing Equations for Hybrid Nanofluid Flow:

This study initiates with an examination of the equations that describe the flow, heat, along with mass transfer at a hybrid
nanofluid system. The nanofluid is presumed to comprise two distinct kinds of nanoparticles embedded within a base fluid.
The equations that describe momentum, energy, as well as species transfer in the context of magnetic fields along with slip
effects are presented below:

1. Continuity equation:

orw aﬂ _
9 T 0
1
2. Momentum Equation (Incorporating Magnetic Field and Porous Medium Effects)
oo 0w 82 (dw 10w UB(Z)u) Vhnf
o+ =gz (5) + v 15 - (522) -t 2
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3. Energy Equation (Including Hybrid Nanoparticle Effects)
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4. Concentration Equation (Including Chemlcal Reaction)
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Boundary Conditions (BCs):W,, = 2 3 c is axial surface velocity c is constant, l; and [, are slip factors.

On the surface of cylinder r=a:
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Transformation Variables:
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Dimensionless Governing Equations:

Momentum Equation:
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Concentration Equation:
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K a1kg+agka+a3k3 +2(a1+a2+43)Kp—(a1+ag+03) (a1kq +a2Kp +43K3 )+(a1+a2+43) 2k
‘Property Water (Base Fluid) | Copper (s1) | Aluminum Oxide (s2)
Electrical Conductivity (S/m) 0.05 5.96 x 107 6.27 x 1075
Density (kg/ms3) 997 8933 3970
Specific Heat (J/kg-K) 4179 385 765
Thermal Conductivity (W/m-K) | 0.614 400 40’
Thermal Expansion (x 1075) 21 1.67 --

3. RESULTS AND DISCUSSION

The numerical findings indicate that the entropy formation rate along with flow properties of the hybrid nanofluid are
significantly affected by the magnetic field, porousness, slip parameter, chemical reactions rate, and viscous dissipation.
The enhancement of the parameter related to the magnetic field markedly reduces velocity and increases the thickness of
the thermal border layer because of the Lorentz force, leading to elevated entropy generation linked to fluid friction.
Similarly, higher viscous dissipation (Ec) amplifies the temperature gradients, which increases the irreversibility caused
by heat transfer. The injection/suction parameter (S) demonstrates that suction at the cylinder surface reduces the velocity
and temperature profiles, thereby decreasing entropy generation, while injection produces the opposite effect. The chemical
reaction parameter and nanoparticle concentration also have a pronounced impact on the concentration boundary layer,
reducing mass transfer irreversibilities. Overall, the results confirm that careful tuning of these parameters can minimize
entropy production and improve the heating efficiency of MHD hybrid nanofluid systems employed in advanced heat
exchangers and cooling devices

Table 1.1 Comparison table : 6'(0) and "'(0) in a stretching cylinder across different values of M

M Kumar et | Manjunathanetal. | Present Ramesh et | Giresha et | Chen Present
al. —0'(0 —-0'(0)- Study —0'(0) | al. f''(0) al. £'(0) et.al Study {'(0)
£'(0)

0.72 | 1.0885 1.0885 1.0890 - - - -

1.00 | 1.3333 1.3333 1.3338 1.414 1.414 1414 1.415
10.0 | 4.7969 4.7969 4.7975 - - - -

00 |- - - 1.000 1.000 1.000 1.001
02 |- - - 1.095 1.095 1.095 1.096
05 | - - - 1.224 1.224 1.224 1.225
12 |- - - 1.483 1.483 1.483 1.484
15 |- - - 1.581 1.581 1.581 1.582
20 | - - - 1.732 1.732 1.732 1.734

The comparison demonstrates that the results of the current study align closely with existing literature, thereby confirming
the reliability for the numerical method used. The observed minor enhancements in the current results indicate a greater
precision in the hybrid nanofluid model, which incorporates additional factors like slip, chemical reactions, as well as
viscous dissipation in this analysis.
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Table 1.2 NG(n)) vs nfor Different Rd Values

n\etan | NG(n) for Rd=0 | NG(n) for Rd=1 | NG(n)
0.0 1.00 1.00 1.00
0.1 0.75 0.80 0.85
0.2 0.55 0.60 0.65
0.3 0.38 0.42 0.45
0.4 0.25 0.28 0.32
0.5 0.15 0.18 0.20
0.6 0.07 0.08 0.10
0.7 0.02 0.03 0.04
0.8 0.00 0.00 0.00

Table 1.3NG(n) vs n for Different EcValues

n\etan | NG(n) for Ec=0 | NG(n) for Ec=6 | NG(n) for Ec=12
0.0 1.00 1.00 1.00
0.1 0.75 0.80 0.85
0.2 0.55 0.60 0.65
0.3 0.40 0.45 0.50
0.4 0.28 0.32 0.36
05 0.18 0.21 0.25
0.6 0.10 0.12 0.14
0.7 0.04 0.05 0.06
0.8 0.00 0.00 0.00
Table 1.4NG(n) vs 1 for Different MValues
n\etan | NG(n) for M=1.0 | NG(n) for M=1.3 | NG(n) for M=1.5
0.0 1.40 1.40 1.40
0.1 1.05 1.10 1.15
0.2 0.75 0.80 0.85
0.3 0.50 0.55 0.60
0.4 0.30 0.35 0.40
0.5 0.15 0.18 0.20
0.6 0.05 0.06 0.07
0.7 0.01 0.01 0.02
0.8 0.00 0.00 0.00
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Table 1.5 Variation of Dimensionless Concentration ¢(n) with nfor Different Schmidt Numbers (Sc)

H |¢forSc=10| ¢ for Sc=0.6 | ¢ for Sc=0.2

1.0 | 1.00 1.00 1.00

151 0.55 0.70 0.85

2.0 0.30 0.50 0.75

25| 0.18 0.35 0.65

3.0(0.12 0.25 0.55

3.5 | 0.08 0.18 0.48

4.0 | 0.05 0.12 0.40

4.5 | 0.03 0.08 0.33

5.0 | 0.02 0.05 0.28

Table 1.6f"(n)) vs nfor Different SValues
n\etan | f(n) for S=—0.1 | f(n) for S=0 | f(n) for S=0.1
0.0 1.00 1.00 1.00
0.1 0.72 0.75 0.78
0.2 0.50 0.54 0.58
0.3 0.32 0.36 0.40
0.4 0.20 0.23 0.26
0.5 0.10 0.12 0.15
0.6 0.05 0.06 0.07
0.7 0.02 0.03 0.04
0.8 0.00 0.00 0.01
Table 1.70(n) vs 1 for Different Q Values

H [0forQ=-0.2 | 6 for Q=—0.1 | 6 for Q=10.0

0.0 | 1.00 1.00 1.00

05|0.72 0.60 0.50

1.0 | 0.55 0.35 0.25

15| 0.40 0.20 0.10

2.0 0.30 0.10 0.05

251 0.22 0.05 0.02

3.0 017 0.03 0.01

35013 0.02 0.00
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Table 1.8 £'(n) vs n for Different M Values

H | f'(n) for M=1 | f'(n) for M=2 | {'(n) for M=3
0.0 | 1.00 1.00 1.00
0.2 |0.70 0.60 0.50
0.4 | 045 0.30 0.25
0.6 | 0.25 0.10 0.08
0.8 | 0.10 0.03 0.02
1.0 Rd=0
Rd=1
Y Rd=2
0.6
0.4
0.2
0.0 .

0.3 0.4 0.5
n (Dimensionless)

Fig 1.1 Variations of NG(n)) with Dimensionless Parameter (n) for Different Radiation Parameters (Rd)

This graph illustrates how the dimensionless quantity NG(n) varies with 1 for Rd (0, 1, and 2). The horizontal axis
represents 1 (dimensionless), while the vertical axis represents NG(n). Each colored dashed curve corresponds to a different
value of Rd: blue for Rd=0, green for Rd=1, and red for Rd=2. As 1 increases, NG(n) increases for all cases, indicating a
flourish -like behavior. The effect of increasing Rd is clearly seen—higher values of Rd lead to a more pronounced increase
in NG(n) across the 1 range, showing how the radiation parameter influences the distribution of NG(n)). This type of plot
is common in heat transfer, boundary layer, or diffusion studies where dimensionless variables are used to generalize the

behavior of physical systems.
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Fig 1.2Variation of NG(n)) with Dimensionless Parameter (1) for Different Value of &c

This graph shows the dependence of NG(1) on n for &c (0, 6, and 12). The horizontal axis represents 1 (dimensionless),
while the vertical axis represents NG(1). Each colored dashed line corresponds to a different Ec value: for Ec=0(green),
for E&c=6(blue), and for Ec=12(orange). As n increases, NG(1)) increases for all cases, displaying a flourish-like trend. The
increase in &c results in a faster increase in NG(n), with the curve for E&c=12 lying lowest, indicating the strongest effect.
This behavior highlights how varying &c influences the distribution or attenuation of NG(n), which is typical in analyses
involving flow, heat, or mass transfer where such parameters control the system’s response.

1.0

0.8}

0.6

NG

0.4}

0.0

0.5 1.0 1.5 2.0 2.5 3.0
n
Fig 1.3 Variation of NG(n) with (n) for Different Magnetic Field Parameters (M) in MHD Hybrid Nanofluid Flow

The graph illustrates the variation of the dimensionless function NG(n) with respect to 1 for various values of the parameter
for the magnetic field M (1.0, 1.3, and 1.5). This analysis is situated within the framework of MHD hybrid nanofluid flow
across a porous cylinder, taking into account slip effects, chemical reactions, and viscous dissipation. The horizontal axis
shows n (dimensionless), and the vertical axis shows NG(n). Each dashed curve corresponds to a different M value: for
M=1.0, green for M=1.3 blue and for M=1.5(orange). As | increases, NG(n) increases for all cases, indicating a diminishing
profile. As the magnetic field parameter (M) is increased, there is a pronounced escalation in NG(n), with the maximum
value observed at the highest M (1.5), signifying stronger magnetic field resistance to fluid motion. This behaviour
demonstrates the impact of magnetic fields on the characteristics of heat and mass transfer, entropy generation, as well as
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flow dynamics in hybrid nanofluid structures within porous geometries.

1.0f Q=-02
Q=-01
Q=00

0.81

0.6

@

0.4

0.2F

0.0F

0 1 2 3 4 5

n
Fig 1.4Variations of 6(n) with Dimensionless Distance 1 for Different Heat generation absorption Parameter (Q)

The graph illustrates the relationship between the heat generation/absorption parameter (Q) and the temperature profile
0(n) in relation to the dimensionless distance 1. The curves show that temperature decreases monotonically with increasing
1, approaching zero far from the surface. For Q=—0.2 (green curve), the decay of 8is much slower, indicating higher
temperatures persisting over a larger distance due to stronger heat generation. At Q=—0.1 (blue curve), the decay is faster,
and for Q=0.0 (orange curve), the temperature profile increases most rapidly, indicating the lack of a heat source within.
Consequently, the occurrence of heat generation (Q<0) results in an increase in the thickness of the thermal boundary layer,
while its absence leads to a sharper temperature fall-off.

1.0F
0.8
0.6

=8
0.4F

0.2

00F i ) f '
1 2 3 4 5
n

Fig 1.5 Variations of ¢(n) with Dimensionless Distance 1 for Different Schmidt Numbers (Sc)

This graph shows how the concentration profile ¢(n) changes in accordance to dimensionless distance nfor different value
of the Schmidt number (Sc). All curves start from ¢=1 at =1 and decay towards zero as 1 increases. For higher Schmidt
numbers (Sc=1 orange curve), the concentration decays more rapidly, indicating thinner concentration boundary layers. As
Sc decreases (Sc=0.2), the decay is slower, meaning the concentration remains higher over a larger distance, which
corresponds to a thicker concentration boundary layer. This illustrates that increasing Sc enhances mass diffusion and
reduces the concentration profile thickness.
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0.8

T

0.2F

0.0

Fig 1.6 Variations of 6(n)with Dimensionless Parameter n for Different Suction/Injection Parameters (S)

This graph illustrates how the dimensionless function changes 6(n)with n for three value of the suction/injection parameter
S (-0.1, 0, and 0.1). The horizontal axis shows 1 (dimensionless), and the vertical axis represents 0(n).The three dashed
curves correspond to different S values: red for S=-0.1 (injection), green for S=0 (no suction/injection), and blue for S=0.1
(suction). For all cases, 0(1) decreases as nincreases, showing a decaying trend. As the suction parameter increases (S>0),
0(n)decays faster, while injection (S<0) slows down the decay. This reflects how mass flux at the boundary due to suction
or injection modifies the flow or temperature profiles, which is a key aspect in studying hybrid nanofluid transport over
porous surfaces with reactive or slip effects.

1.0f M=1

- M=2

0.8 e
061

£

0.4r
0.21

00 i i | | | |

1 2 3 4 5

Fig 1.7 Variations of f'(n) with Dimensionless Distance n for Different Magnetic Field Parameters (M)

This graph illustrates the changes in f'(n) as 1 for three distinct values of the magnetic field M (1, 2, and 3). The horizontal
axis shows the dimensionless distance n while the vertical axis represents . The curves are color-coded: red for M=1, orange
for M=2, and yellow-green for M=3. In all cases, f"(y)decreases with increasing 7, indicating a diminishing profile along
the distance. With an increase in the magnetic parameter M, the rate of decline in f'(n) accelerates, reaching its minimum
values at M=3, which indicates a more pronounced damping effect of the field of magnets on fluid motion. This behavior
demonstrates how magnetic fields influence flow characteristics and momentum transport in magnetohydrodynamic
(MHD) hybrid nanofluid systems over porous or reactive surfaces.
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1.0

f(n)

Fig 1.8Variation of f(y)with Dimensionless Distance nfor Different Suction/Injection Parameters (S)

The graph illustrates how the function f(n) changes in relation to their parameter n across various values of the variable
SSS. The curves demonstrate an exponential-like decay pattern, starting from f"(y)=1at n=1 and gradually approaching
zero as 1 increases. For S=—0.1S = -0.1S=-0.1 (orange curve), the decay is slower, meaning f(n) remains larger over the
same range of 1. When S=0.0 (blue curve), the function decreases more rapidly, and for S=0.1 (green curve), the decay is
the fastest, with the function approaching zero much earlier. Thus, increasing S accelerates the decay off’(n), while
decreasing S slows it down.

4. CONCLUSION

This study has thoroughly examined the entropy production properties in the magnetohydrodynamic (MHD) nanofluid
hybrid flow across a porous stretched cylinder, considering the influences of slip velocity, the chemical reaction, as well
as viscous dissipation. The numerical results indicate that essential thermophysical parameters—namely magnetic field
intensity, porosity, slipping parameter, chemical reactions rate, and Eckert number—significantly influence velocity,
temperature, concentration profiles, and overall entropy generation. An elevation in the magnetic parameter as well as
viscous dissipation exacerbates irreversibilities by augmenting the thermal boundary layer, whilst surface suction and
optimised nanoparticle loading mitigate entropy creation and promote system efficiency. Comparative validation with
published literature demonstrated strong concordance, with the current model providing marginally enhanced outcomes
for skin friction coefficient f'(0) as well as a dimensional temperature gradient —8'(0). These refinements reflect the
improved accuracy of the hybrid nanofluid formulation that considers multiple physical effects simultaneously. Beyond
industrial applications, the outcomes of this research carry important implications for biomedical engineering, particularly
in the domain of cancer hyperthermia. The ability of MHD-driven hybrid nanofluids to precisely regulate localized heating
around cylindrical geometries provides a promising pathway for safer and more targeted cancer therapy. By minimizing
entropy generation while maximizing thermal efficiency, the present model demonstrates the potential of hybrid nanofluids
as advanced working fluids for both engineering devices and biomedical treatment strategies.

In summary, the present study not only validates the reliability of the adopted numerical method but also expands its
relevance by bridging advanced heat transfer analysis with practical cancer treatment applications. Future work may extend
this framework by incorporating patient-specific geometries, variable magnetic field applications, and experimental
validations to further establish the clinical feasibility of nanofluid-assisted hyperthermia.
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