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Abstract. Entropy generation in hybrid nanofluid flows under electromagnetic and thermal effects is crucial for
enhancing energy efficiency in advanced engineering systems. This study focuses on the steady electromagneto-
hydrodynamic (EMHD) stagnation point flow of a Cu—AloO3/water hybrid nanofluid over a stretching surface,
taking into account the roles of thermal radiation and surface melting. To effectively capture uncertainties
arising from fluctuating thermal properties and boundary conditions, a neutrosophic approach is adopted. The
governing partial differential equations are transformed into Neutrosophic Differential Equations (NDEs), inte-
grating degrees of truth, indeterminacy, and falsity. These equations are numerically solved using a fourth-order
Runge-Kutta method in combination with a shooting technique.

The analysis examines how key physical and neutrosophic parameters influence the velocity field, temperature
distribution, entropy generation, and Bejan number. Comparative assessments with classical deterministic
and Homotopy Perturbation Method (HPM) models confirm the improved adaptability and robustness of the
neutrosophic framework. Additionally, sensitivity analysis underscores the model’s effectiveness in handling
parameter uncertainty.

The results provide valuable insights for optimizing heat transfer systems in contexts where precise data may
be unavailable, with applications ranging from microscale cooling devices to industrial thermal processes. The

study also outlines model limitations and directions for future research.
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1. Introduction

The study of nanofluid heat transfer has become fundamental to thermal engineering re-
search. One of the earliest and most recognized models is the convective transport framework
proposed by Buongiorno [1], which explains enhancement in thermal conductivity due to Brow-
nian motion and thermophoresis effects.

Abelman [2] extended this to incorporate MHD nanofluid flow using a two-phase mixture
model, which offers greater realism than single-phase models by accounting for nanoparticle
interactions. Hayat et al. [3] investigated MHD stagnation point flow of hybrid nanofluids over
a stretching sheet, emphasizing the role of convective boundary conditions on heat transfer
efficiency. Chamkha et al. [4] presented entropy generation in MHD nanofluid flow within
porous enclosures and underlined the importance of magnetic field effects in optimizing entropy
generation.

Smarandache [5] introduced neutrosophic sets, extending fuzzy logic to better represent un-
certainty, laying the theoretical groundwork for applying such logic in fluid dynamics. Nadeem
and Tjaz [6] analyzed MHD nanofluid flow with chemical reaction effects, showing its influence
on entropy generation. Rashidi et al. |7] conducted a detailed entropy analysis considering
conduction and convection effects.

Khan et al. [8] compared Cu, Ag, and AlyO3 nanoparticles in EMHD hybrid nanofluids
and demonstrated their relative thermal performance. Liu and Zhang [9] numerically exam-
ined entropy generation in hybrid nanofluid flow and investigated the impact of nonlinear
stretching sheets. Kumari and Hussain |10] studied entropy generation under variable thermal
conductivity conditions.

Kayalvizhi and Vijayakumar [11] incorporated entropy generation in EMHD hybrid
nanofluid stagnation point flow with melting effects, validating MATLAB solutions against
HPM. Daniel [12] studied entropy generation in electrically driven MHD nanofluid flow under
combined thermal radiation and chemical reaction influences.

Recent works also investigated entropy generation in more complex geometries and heating
conditions, such as in a wavy cavity [13], under variable magnetic fields [14], or in 3D flows
over variable-thickness surfaces [15]. These studies contribute to modeling improvements but
often rely on deterministic assumptions.

Traditional models generally neglect the role of uncertainty in boundary conditions, ther-
mophysical properties, and flow variations. While fuzzy logic and probabilistic approaches
have been used, neutrosophic logic allows a more general framework by accounting for degrees

of truth, indeterminacy, and falsity simultaneously.
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This study addresses the existing gap by applying neutrosophic logic to the modeling of
entropy generation in EMHD hybrid nanofluid stagnation point flow, including thermal radia-
tion and melting effects. By reformulating the governing equations as Neutrosophic Differential
Equations (NDEs), the study aims to enhance the realism and flexibility of entropy prediction

under uncertain conditions.

1.1. Motivation and Novel Contributions

Entropy generation plays a central role in determining the performance and irreversibility
of thermal systems, especially in high-efficiency applications such as micro-electromechanical
systems (MEMS), solar energy collectors, and cooling technologies in aerospace and biomedical
devices ( [6,9]). The analysis of entropy in such systems becomes more critical when hybrid
nanofluids and electromagnetic fields are involved, as they introduce nonlinear effects and
parameter sensitivities ( [8/11]).

While classical models based on deterministic approaches have been extensively used to
study magnetohydrodynamic (MHD) and nanofluid flows ( [1,3,/4]), they often fail to accom-
modate uncertainties in input data, including material properties, boundary conditions, and
external forcing. These uncertainties are particularly relevant in real-world scenarios, where
experimental or operational variability can influence heat transfer rates and entropy produc-
tion.

To overcome these challenges, this work introduces a Neutrosophic Differential Equation
(NDE) framework for modeling electromagnetohydrodynamic (EMHD) hybrid nanofluid flows
over a stretching surface [5]. By incorporating the triple components of truth, indeterminacy,
and falsity, the neutrosophic model offers a more flexible and realistic approach to uncertainty
representation than conventional fuzzy or interval methods.

The core contributions of this study are as follows:

e Development of a neutrosophic formulation for EMHD hybrid nanofluid flow, integrat-
ing the effects of thermal radiation and surface melting.

e Reformulation of governing equations using neutrosophic logic, allowing uncertainty to
be embedded directly into the mathematical structure.

e Implementation of a fourth-order Runge-Kutta method coupled with a shooting tech-
nique for solving the neutrosophic equations.

e Comprehensive analysis of the impact of neutrosophic parameters on entropy genera-
tion, velocity, temperature, and Bejan number.

e Validation of the proposed model through comparative results with crisp solutions and
the Homotopy Perturbation Method (HPM) [11].
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e Inclusion of sensitivity analysis to quantify the effects of neutrosophic uncertainty on

entropy behavior.

This framework provides enhanced adaptability for modeling thermofluid systems under
uncertain operating conditions, contributing both theoretically and computationally to the

field of thermal sciences.

1.2. Literature Review

Numerous studies have been conducted to examine the behavior of hybrid nanofluids in
the presence of electromagnetic effects, radiation, and entropy generation. Buongiorno [1] in-
troduced a two-phase model for nanofluid convection considering Brownian motion and ther-
mophoresis. Abelman [2] extended this to MHD flows using a two-phase mixture model.

Hayat et al. |3] analyzed stagnation point flow of hybrid nanofluids over stretching surfaces
under convective boundary conditions. Chamkha et al. [4] explored MHD nanofluid behavior
in porous media and emphasized entropy generation analysis. These studies largely adopted
deterministic approaches, assuming fixed thermophysical parameters.

Rashidi et al. [7] and Khan et al. [8] emphasized entropy generation in hybrid nanofluids
under magnetic field influence. Nadeem and Ijaz [6] explored chemical reaction effects on
MHD nanofluid flow, while Liu and Zhang [9] examined entropy generation in flow over non-
linear stretching surfaces. Kumari and Hussain [10] considered variable thermal conductivity
impacts.

Daniel et al. [12] investigated combined effects of thermal radiation and electric fields on
entropy generation in nanofluids, highlighting the role of external forces. Kayalvizhi and
Vijayakumar |11] studied EMHD hybrid nanofluid flows with melting effects and validated
their findings using MATLAB and HPM solutions.

In recent years, several studies have extended entropy generation analysis to more com-
plex domains. For instance, Ibrahim [32] considered magnetized hybrid nanofluid flow in a
wavy enclosure with heat generation and thermal radiation. Al-Kouz et al. [33] examined
heat transfer and entropy generation in a trapezoidal enclosure filled with water—Fe3O,/CNT
hybrid magnetic nanofluid. Mebarek-Oudina et al. [34] analyzed the role of porous structures
in magneto-convective hybrid nanofluid systems. Murugan et al. [35] incorporated thermo-
radiative and ohmic dissipation effects on hybrid nanofluid motion. More recently, Shateri et
al. [36] studied entropy behavior in star-shaped porous cavities with magnetic field inclination
and hybrid nanofluid flow.

Despite the comprehensive nature of these models, most adopt crisp parameter values
and deterministic boundary conditions, overlooking the inherent uncertainties in real-world
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systems. Fluctuations in nanoparticle distribution, material properties, and magnetic field
strength can significantly influence entropy generation predictions.

To address this research gap, the present study employs neutrosophic logic, originally pro-
posed by Smarandache [5], to embed uncertainty directly into the governing equations. This
approach enables modeling of truth, indeterminacy, and falsity within a unified differential
equation framework.

Thus, this review establishes both the relevance and the novelty of applying neutrosophic
modeling to entropy generation analysis in EMHD hybrid nanofluid flow with radiation and

melting effects.

2. Methodology
2.1.  Owerview of the Modelling Strategy

Flow chart summarises the workflow adopted in this study. The key stages are:

(1) Parameter Definition: Specify the thermophysical properties of the Cu-—
Al O3 /water hybrid nanofluid, electromagnetic field strengths, and boundary condi-
tions (see Table 2 of the [11]).

(2) Classical Governing Equations: Begin with the steady, laminar EMHD stagnation-
point momentum and energy equations, including viscous dissipation, thermal radia-
tion, and surface melting terms (Egs. (1)—(2) [11]).

(3) Neutrosophic Reformulation: Replace each crisp variable and parameter by its
neutrosophic counterpart, e.g. u — wN = (Ty, I, F,), to obtain the Neutrosophic
Differential Equations (NDEs) given in Egs. (3)-(4).

(4) Similarity Transformations: Apply the transformations in Eq. (23) to reduce the
NDEs to coupled ordinary differential equations (ODEs) with neutrosophic coefficients
(Egs. (24)—(25)).

(5) Numerical Scheme:

(a) Discretise the domain 0 < 7 < 7.
(b) Convert the 3" and 2"d-order ODEs to a first-order system (Eq. (S)) by intro-
ducing the state vector SN = [fN | fN7, fN7 gN gNT

(6) Shooting Method: Guess the missing initial slopes fV/(0) and #V(0), integrate the
ODE system with a 4"-order Runge-Kutta routine, and iteratively update the guesses
via a Newton-Raphson loop until the far-field conditions f/(1s) — 1 and 6V (1) — 1

are met (tolerance 107°).
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(7) Post-Processing: Compute skin-friction, Nusselt number, entropy generation N el ,
and Bejan number BeN; validate against crisp and HPM solutions; perform parameter

sweeps and sensitivity analysis.

2.2. Algorithmic Flowchart
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FicUre 1. Algorithmic flowchart for the neutrosophic EMHD hybrid nanofluid

model.

Figure [1| outlines the complete numerical procedure followed in this study. It begins with
the definition of hybrid nanofluid parameters and governing equations, which are reformulated
using neutrosophic logic to account for uncertainty. The resulting Neutrosophic Differential
Equations (NDEs) are simplified through similarity transformations and solved numerically
using a fourth-order Runge-Kutta method coupled with a shooting technique. The process
continues until convergence is achieved, after which entropy generation and Bejan number
results are computed and analyzed.
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3. Mathematical Preliminaries

In classical fluid dynamics, the governing equations assume deterministic behavior with
known physical properties and boundary conditions. However, in many real-world scenarios,
parameters such as surface temperature, viscosity, or magnetic field strength are not precisely
measurable due to experimental variability and environmental fluctuations. To address such

uncertainty, this study incorporates the neutrosophic framework.

3.1. Neutrosophic Numbers and Functions

Let 2V denote a Neutrosophic number defined as:
N=(T(x), I (x), F
v = (7 (2), I (z), F(z)),

where .7 (x), . (z), and . (x) € [0, 1] represent the degrees of truth, indeterminacy, and falsity
associated with the quantity x.
A Neutrosophic function fV (acN ) transforms a Neutrosophic input into a corresponding

Neutrosophic output:

NEN) = (T (), 7 (@), Z(f (@) -

This representation extends beyond classical and fuzzy logic by explicitly modeling ambiguity,

partial ignorance, and conflicting information within a unified mathematical structure.

3.2. Extension to Governing Equations

In a classical model, variables such as fluid velocity u, temperature T', and entropy genera-
tion S are treated as deterministic functions governed by partial differential equations. In the

Neutrosophic approach, these variables are reformulated as:
N = (T, S0 F) . TV = (T, 90, Fr), SN = (Ts, Is. Fs).

These neutrosophic variables capture both the expected behavior and the range of uncer-

tainty surrounding each physical quantity. For instance, the momentum equation becomes:

duN

AU N (N N N
i SN, TN MY )

where M? is the Neutrosophic magnetic parameter. Each component in the equation reflects
not only its nominal value but also its degree of uncertainty.
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3.3. Treatment of Neutrosophic Parameters

To simulate uncertain parameters numerically, we use bounded intervals derived from
the truth and indeterminacy parts. For example, the Neutrosophic viscosity ratio N =

(%, Ie, F.) is approximated by:
510w0r — 2 . jaa gupper _ % +fa-

This bracketed range allows the system to be evaluated under best-case and worst-case as-

sumptions, producing a behavioral envelope rather than a single outcome.

3.4. Reduction to Classical Case

When the indeterminacy vanishes, i.e., .#(z) = 0, and the falsity satisfies .# (z) = 1—-.7 (z),

the Neutrosophic expression simplifies to:

LUN—>$.

Thus, the classical deterministic model is recovered as a special case of the general Neutrosophic

formulation, ensuring theoretical consistency and compatibility.

4. Neutrosophic Mathematical Modeling

This section describes the mathematical formulation of EMHD hybrid nanofluid flow over
a stretching surface with thermal radiation and melting effects, and its extension into the

Neutrosophic framework.

4.1. Classical Formulation

The dimensionless momentum and energy equations, assuming laminar and steady flow,

are given by:

"+ == Mf =0, (1)
0" + Prf0 + EcPr f" — RO+ 6,,0 = 0, (2)

Here, f is the non-dimensional stream function, 6 is the non-dimensional temperature,
and M, Pr, Ec, R, and J,, represent the magnetic field parameter, Prandtl number, Eckert
number, radiation parameter, and melting coefficient, respectively.

The entropy generation number N and the Bejan number Be are given by:
k(Ty — Two)? RS

pud 2 +~0%

where v quantifies the relative weight of heat transfer irreversibility. These classical expressions

Ns _ (f//2 + 79/2) ’ Be

provide the basis for subsequent Neutrosophic extension.

Srinivasan J!, Balakrishnan S?* Kanchana M3, Entropy Generation in EMHD Hybrid
Nanofluids: A Neutrosophic Approach with Thermal Radiation and Melting Effects




Neutrosophic Sets and Systems, Vol. 97, 2026 J[E

4.2. Neutrosophic Reformulation

To incorporate parametric uncertainty, we extend the classical system using Neutrosophic
logic. Each parameter « is replaced with a Neutrosophic counterpart oV = (Tos Zay Fao), and

the dependent variables are represented as Neutrosophic-valued functions:
M) = (75, 95, 7). 0N () = (%, To, Fo).
The reformulated Neutrosophic momentum and energy equations take the form:
)"+ PN = ()2 = MY () =0, (3)
@Y + PV N ON) + BN PrV (V) - RNV + 60N = . (4)
Similarly, the entropy generation and Bejan number under neutrosophic uncertainty are:
AN (9/\/’)2
()2 4N (0N)*

These coupled equations are solved using a fourth-order Runge-Kutta shooting technique,

NN = <f/\/">2+,ij (ejv'>2, BN _

with simulations performed across the lower and upper neutrosophic bounds for each param-

eter.

5. Neutrosophic Mathematical Formation of EMHD

The physical model considers a steady, incompressible, two-dimensional, electrically con-
ducting hybrid nanofluid over a stretching sheet embedded in a porous medium, under the
influence of a magnetic field, thermal radiation, melting effects, and viscous dissipation. Neu-
trosophic Logic is applied to model uncertainty via three membership values: truth (7),
indeterminacy (.#), and falsity (.#).

The velocity field at the wall and free stream are expressed as u,(z) = cx and u(z) = wx,

respectively. Their Neutrosophic representations are described as:

e 7,: Accurate modeling under known boundary conditions.
e 7,: Uncertainty due to slip, roughness, or other physical variations.

e .%,: Simplified assumptions such as neglecting micro-scale turbulence.

Electromagnetic Effects: The flow obeys Maxwell’s equations and Ohm’s law in the

presence of electric and magnetic fields:
J=0(E+v xB),

where o is electrical conductivity, v is fluid velocity, and J is current density.

e I5: The magnetic field’s effect on velocity and temperature is captured as expected.
e Zp: Uncertainty arises from variable conductivity and field intensity.
e Zp: Simplifications include neglecting induced fields or assuming magnetic uniformity.
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e 7;: The law captures current density in magnetohydrodynamic flows.
e 7;: Indeterminacy from conductivity variations or perturbations.

e Z;: Ignoring dynamic redistribution of charges.

Thermal Effects and Melting: The temperature boundary condition involves a melting

temperature T}, and far-field temperature T, with T, < Tse.

o Jp: Well-established conduction and radiation terms.
o Jr: Effects like anisotropic radiation and variable nanofluid properties.
e Zp: Assuming constant thermal conductivity or ignoring temperature-dependent vis-
cosity.
Entropy Generation in Neutrosophic Context: Entropy production from viscous,

thermal, and electromagnetic irreversibilities is modeled via:
SN = T3S + IsS + FsS,

where:

e J5S: Represents true entropy due to physical mechanisms.
e 74¢5: Captures entropy due to uncertain effects like material inconsistencies.

e %#4S: Includes neglected or misrepresented sources such as thermoelectric loss.

Following the neutrosophic formulation in [15H17], the continuity equation remains un-

changed:
u + ov = 0.
or Oy
The momentum equation, incorporating Neutrosophic viscosity, density, conductivity, and
permeability, becomes:
u@ + v@ = uedue ng} @
Ox oy dx p(N ) Oy?

hnf
o) uN)
n 2 n
+ ) [EOBO - BO (ue - U)] — ) K(N) (Ue — U) (5)
Phnt Phnt

Uncertainty Considerations in Hybrid Nanofluid Flow:

In real-world thermal systems, physical parameters rarely remain fixed due to environmental

variability, manufacturing tolerances, or measurement errors. To model these uncertainties,

the governing equations are extended using neutrosophic logic, which associates each quantity

with three components: truth (.7), indeterminacy (.#), and falsity (.#). Parameters such as
() (AN

dynamic viscosity P f density Phnf electrical conductivity a,(;g;), and permeability K (")

are modeled as follows:

e 7: True component based on known or measured data.
e .7: Indeterminate component capturing fluctuations and experimental uncertainty.
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e .%: Falsity component representing simplifications or unrealistic assumptions.

This approach allows the model to incorporate realistic deviations in nanofluid behavior and

enhances the robustness of entropy and heat transfer predictions.
Boundary Conditions under Neutrosophic Logic:

The classical melting surface condition as given by Roberts [19] is:

wy (0T Ve
kl(znf) (ay>y:0 = p(nf) [Cs(Tm - TO) + L] U(ﬂj‘, 0)

The slip velocity condition from Lin Wu [20] reads:

() O%u

9, slip TZJQ

Uslip = )\( ay

+p

Rewriting these classical expressions with neutrosophic parameters leads to:

U= Uglip + U (x), Ty =T

T—T), uw—u(z), y—

e

) (9T _ ()
Khnf (8y >y:0 = Ppnj l¢s(Tm — To) + L] v(z, 0)
ou 0%u
N ()
o T("). Neutrosophic form of temperature.

(AN

o ut”) (x): Flow velocity with uncertain influences.

° k}({T/LVf): Thermal conductivity incorporating uncertainty.

Thermophysical Property Modeling under Uncertainty: |18]

Neutrosophic forms of key thermophysical properties used in this study are:

Thermal Conductivity:
)

hnf _ 201 — @)y + (14 2¢1)k1s + (1 + 262) ko
kg (2= @)kg + (1= d1)krs + (1 — da)kas
Dynamic Viscosity:
Hinf
ny _ 1— ¢ —-2.5
=)
Density:
()
Phn s s
hf:u_@+¢m1+®m
Py Pf Pf
Heat Capacity:
(A)

PIhng (| (pep)is . (pep)as
Gor T )y T ey

(13)

(14)

(15)
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Electrical Conductivity:
()

Uh'nf _ 1+ 3010501 + 02052 — 300 (16)
o ol =¢1) +0o2(l—¢2)+ 2+ ¢)oy
Neutrosophic Form of Radiation Heat Flux:
4a* () gTAAN)
g = om0 (17)
3kx() 9z
Applying a binomial approximation near Ty.:
T4 o T 4 4T3 — 1) (18)
Thus, the radiative heat flux under neutrosophic approximation becomes:
46*1) 9
(N) o 207 "9 ( A7) _ 3p(A) Tsw) 1
e o*(/): Neutrosophic Stefan-Boltzmann constant.

e k*(¥): Neutrosophic Rosseland absorption coefficient.

o T"): Temperature field under neutrosophic uncertainty.

5.1. Neutrosophic Energy Equation

To incorporate the uncertainties in thermophysical properties more effectively, the classical
energy equation is reformulated using Neutrosophic logic. This approach allows a compre-
hensive representation of physical deviations and modeling imperfections. The revised energy

equation is expressed as follows:

() (A) 2
u) oT") + o) o _ khn(f ) 82T(§M) Mhn(fm (auw)
Oz %y (Pp)im f Oy (PCp) i f 0y
N 16 [(U*)(t/i/)] [(Tgo)(/l/)] aQT(JV)
3k (Pcp);mf
(A) (A)
hnf (AN) p(A) ()2 Qo V% Va
+— (u By - Ey) +W(T( -1y
(Pcp)}mf (Pcp)}mf

(20)
Fach term is defined by Neutrosophic representations to reflect possible deviations in ex-

perimental or practical environments.

5.2. Neutrosophic Similarity Transformations

To simplify the partial differential equations into a set of ordinary differential equations,
we employ similarity transformations that incorporate Neutrosophic uncertainty:
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(A)
U =N (), o) = f (77)(/) 7
PN A )y
f
T =0, = % (21)
T — 1 (w) fol )12

Here, the transformed variables allow a more compact representation of the governing

physics under Neutrosophic constraints.

5.3. Neutrosophic Transformed Ordinary Differential Equations

By applying the similarity transformations, the governing equations are reduced to the

following coupled Neutrosophic ODEs:

A (N) (N (N A"y (o) (N
PZa I (1 ) 1 Aw (B = [1=s7])
2 (22)
" (N
et -] =0
2
A AR pen 1~ g g )oY
PT(‘/V)< 5 +3R > +A51/1/) c (f ) f
A / )
4 BN pe N () g2 +L)9 _0
A4 A4
(23)

These equations encapsulate the system behavior under uncertain conditions, supporting
robust analysis across a range of parameter deviations.
where:
° Ag'/V), Ag‘/y), Ag’A/), Az(l‘/y), Aé‘A/) represent the Neutrosophic coefficients of hybrid
nanofluids.
o M) accounts for Neutrosophic magnetic field effects.
o E) incorporates Neutrosophic electric field components.
o K pr") Ee(X) R Q('/V) are the Neutrosophic permeability, Prandtl number,

Eckert number, radiation, and heat source/sink terms, respectively.

5.4. Neutrosophic Boundary Conditions

To accommodate uncertain thermophysical properties and surface effects, the non-
dimensional Neutrosophic boundary conditions are defined as:
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) 1)
FE0) Prenl gl ) a7 L — g
P ky

F0) = £ 08 + F0)a) A 9 (0) =0 as n—0

Fm) =1, 6 =1, as oo (24)

5.5. Neutrosophic Non-Dimensional Parameters

The following dimensionless groups are redefined using Neutrosophic logic to encapsulate

physical uncertainties:

()
prh) _ (Mcp)f
ky
() _ A o _wIB oy g
ek S w)
f f
V% V% V%
on T =T e)p"
1 LN + (15 — 1))
N 2(N
g — _Fo : M) 0By "
B, ue/V)’ wa(’/V)
N)?
EcY) — w g K — 9f
A AT w(ﬂ)kz‘ﬂ)
s (p(A)? ()
Kt kp wl )

5.6. Neutrosophic Coefficients in the Transformed Equations

The auxiliary coefficients used in the transformed governing equations are defined below:

(A) (A)
A Fhnf A Phn
1 ’ 2 )
122 Pf
N N
Agm _ O-i(mf)’ AELJV) _ (pcp)gmf)’
of (pep)
L)
A = ol (26)
ky
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5.7. Neutrosophic Expressions for Skin Friction and Heat Transfer

To assess frictional resistance and heat exchange under uncertainty, the skin friction coef-

ficient and local Nusselt number are defined as:

N V%
N :U’hnf <8Uf >
Cf -
y=0

 prug, \ Oy
s L (L 0
k(T =T) \ 9y /)y

Using previously derived expressions (Equations and ), the Neutrosophic forms of

friction and heat transfer become:

Ve 12 _ 1 Y
e e e Y .
k"/V 4 )
Nuy! (Rey)'/? = — (” + R”) 6" (0) (29)
ke 3

6. Neutrosophic Entropy Generation

Entropy generation in the hybrid nanofluid system is extended to the Neutrosophic domain,

accommodating uncertainties in radiative, electric, and magnetic effects [21-23]:

* N 2
SGW) — 1[ K 4 16(c )(W)(Téo ))3 T )
(To(é/y))Q hnf SK* N dy

2
(A) () 2
() [ Ou o (W) R(A) ()
+uhnf< 5 ) ey (w8 — )}

Here:

e SG): Entropy generation function under Neutrosophic conditions.

KY). Uncertain thermal conductivity.

® Kpnp:
° (o*)(‘/V ), K*(¥): Radiative transport parameters with imprecisions.
(A).

P f - Viscous contribution to entropy.

6.1. Neutrosophic Entropy Generation and Bejan Number

Using the similarity transformations, the dimensionless Neutrosophic entropy generation
rate can be expressed as:
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o (g Apon)) o0 g
NG = Tf + §R ay (6 )
p (31)
+ Br(w)(l _ ¢gﬂ/))—2.5(1 _ (bg/V))—Q.E:f(LA/)

+ M B (Y _ B2,

where:
SN gITE o :
e NGV = WAT(?") is the Neutrosophic dimensionless entropy generation.
N (A) . . .
° ag ) = AT:C —y is the temperature ratio variable.
e
o Bri") = W is the Brinkman number under uncertainty.

To quantify the share of thermal irreversibility, the Bejan number is redefined under Neu-
trosophic logic as:
Kind 4 ) ) o) (g’ y2
(Tf +3R > ay” (0%)

Bel) =

(A)
<2%L+%RM”>QWNMWVV+BMWM17¢”546u7¢&“rlwwﬁ”+M@”BﬂﬂmﬂﬂyfE@“P
(32)

where:

e Bel") denotes the Neutrosophic Bejan number.
e The numerator signifies heat transfer irreversibility, while the denominator encom-

passes total entropy generation including viscous and magnetic effects.

7. Solution Methodology Using Numerical Technique

To solve the neutrosophic non-dimensionalized equations, the coupled system is reduced to
first-order ODEs using similarity variables, followed by implementation via the fourth-order

Runge-Kutta method and shooting technique.

Neutrosophic Variable Substitution

Let:
f(JV) _ S§JV), f(L/V)' _ 554/1/), f(/)“ _ Sé,//)

Then, the third derivative is expressed as:

N
(ww__Ag)§W@WL_§WM 1
f =TT |Pr 78 (S5 )"+
Al
A A P
+A3wwmﬂm—u—$>»+ﬁmKWm—$>)
2 2
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Let:
N

)

The second derivative of temperature becomes:

)

B N N
(AL 4 AR AL | ALY
()

LA M B (S5 — B2

AL

Neutrosophic Boundary Conditions

= 5t

)
+ Qm 4
A .

S

The boundary conditions under neutrosophic treatment are given by:

Pr a5 0) + M AL s (0) = 0

S (0) = A 4 oy (0) 4 g

Neutrosophic Matriz System for Numerical Implementation

The final matrlx formulation suitable for numerical mtegratlon is:

7! 52
s %)
SéﬁM o ( 3

A N) (AN N A. /
S| = e {S§ Jsi) — (S5 >)2+1+A§”) M(EA —
$ e

(A) () AL ) N alh) A

% _—W [A<~> BS54 50 s )+A§~”>

8. Results and Discussion

(1

-5y )+
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A

(s - B

A B )
1 )K(J )(1 _ Sé

B (8572 4 st 5L

(/V)) Q(/V)

(/V)

//))}

s\ ﬂ

This section presents the numerical results obtained by solving the Neutrosophic extended

governing equations using the Runge-Kutta fourth-order method with the shooting technique.

The analysis focuses on the effects of key dimensionless parameters, including the Reynolds
number (Re(")), Prandtl number (Pr(*)), Magnetic field (M

(Br(")), on velocity, temperature, entropy generation, and Bejan number.

4 )), and Brinkman number

Srinivasan J!, Balakrishnan S?* Kanchana M3, Entropy Generation in EMHD Hybrid
Nanofluids: A Neutrosophic Approach with Thermal Radiation and Melting Effects




Neutrosophic Sets and Systems, Vol. 97, 2026 :}E

8.1. Effect of Parameters on Velocity Profile

The velocity profile f'(n) for different values of Re"), Pr(*) and M") is shown in
Figure 2a It is observed that:

e Increasing M ") causes a decrease in velocity due to the Lorentz force opposing the
fluid motion.

e As Ret") increases, the boundary layer thickness reduces, leading to enhanced velocity
gradients.

e The effect of Pr*) on velocity is relatively minimal compared to M ") and Re(").

A 3D visualization of the velocity distribution (Figure further confirms these trends, show-

ing how velocity reduces with increasing M ") and Re(").

1 2Efﬁfex:': of Reynolds Number & Magnetic Field on Velocity 3D Surface: Velocity Profile for H20, Cu, Al203

Re=100, M=0.5
Re=100, M=1

Re=100, M=2 1
Re=500, M=0.5

Velocity f'(n)
Velocity f'(n)

6 8 10 Magnetic Field (M) 0 o
n (Similarity Variable) 7 (Similarity Variable)
(A) Velocity profile for varying Re("), Pr("), (B) 3D visualization of velocity distribution.

and M),

F1cURrRE 2. Comparison of velocity distributions in 2D and 3D visualizations.

8.2. Effect of Parameters on Temperature Distribution

The temperature distribution 6(n) is presented in Figure The key observations include:

e Higher P")r values lead to a thin thermal boundary layer, reducing the temperature.
e Increasing M) enhances Joule heating, increasing the fluid temperature.

e The thermal effect of Re is less significant compared to M ") and Pr(-"),

These effects are further illustrated in Figure [3b] showing the overall temperature variation in
3D space.
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1E%fect of Prandtl Number & Magnetic Field on Temperature 3D Surface: Temperature Profile for H20, Cu, AIzO:i ]
Pr=1, M=0.5 '
Pr=1, M=1 1
Pr=1, M=2
Pr=5, M=0.5 0.9
———Pr=5, M=1 1
Pr=5, M=2 = 0.8
= Pr=10, M=0. =
s Pro10, Mol b 0.8 0.7
v Pr=10, M=2 5 06
% E 0.6
g Q0.4 05
5 § o2 04
o] 0.3
2
10 [ 02
1
5 0.1
8 10 Magnetic Field (M) 0 0
7 (Similarity Variable) n (Similarity Variable)
(A) Temperature distribution for varying Re("), (B) 3D visualization of temperature distribution.

Pr") and M),

F1GURE 3. Comparison of temperature distributions in 2D and 3D visualiza-

tions.

8.3. Entropy Generation Analysis
Entropy generation (A4 G )) is influenced by M) Re") and Pr¢*), as shown in
Figure [{a] The key findings are:

e Increasing M ") results in higher entropy generation due to enhanced viscous dissipa-
tion and Joule heating effects.
e Higher Re(") increases entropy due to higher velocity gradients.

e Pr(") has a comparatively lower influence on entropy generation.

Figure [4b| provides a 3D visualization of entropy generation, summarizing these effects.

1%ffect of Reynolds Number & Prandtl Number on Entropy

1.6 - 2:188: ;Zé [~ 3D Surface: Entropy Generation for Hz0, Cu, Alz0s
) Re=100, Pr=10 |
Re=500, Pr=1
= 1.4 - Re=500, Pr=5 |- 1.2
o Re=500, Pr=10 _ e~ .
2 1.2 F R:=1000, el E15
c Re=1000, Pr=5 [~ Q
S Re=1000, Pr=10 = 1
c 1lr c
] S 1
g r © 0.8
& os 5 _
g o6 @
goe g 03 0.6
C
W04t 2
S 0.4
= 0 .
0.2 G 2
o ‘ ‘ ‘ ‘ | 10 0.2
0 2 4 6 8 10 1
n (Similarity Variable) 0
Magnetic Field (M) 0 0
(a) Entropy generation profile for varying Re("), 7 (Similarity Variable)
Pr) and M), B) 3D visualization of entro eneration.
)

FIGURE 4. Comparison of entropy generation profiles: (a) 2D profile for vary-

ing parameters, (b) 3D visualization.
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8.4. Bejan Number Analysis

The Bejan number (Be*")) characterizes the dominance of heat transfer irreversibility over
fluid friction irreversibility. Figure [al shows that:
e Increasing Br leads to a rise in Be"), indicating that heat transfer irreversibility
dominates.

e A higher magnetic field (M ")) decreases Bel") due to enhanced viscous effects.

The 3D visualization in Figure [5b| further supports these observations.

12 NeuﬁrOSOPhic Eejan Numlfier Compafison 3D Surface: Bejan Number for H20, Cu, Al203
H20
C
11 A|uzos 1 11
1.2
1 =
= T !
= 21
@ 0.9 5
[} 2
£ os g 08
2 =
G o7 c 0.6
v o
@ 0.6 o 0.4
2
0.5
1
5
04 ‘ ‘ ‘
0 1 2 3 4 5 Magnetic Field (M) 0 o
n (Similarity Variable) n (Similarity Variable)
(A) Bejan number profile for varying Re("), (B) 3D visualization of Bejan number distribu-
PrY) and M), tion.

FIGURE 5. Comparison of Bejan number profiles: (a) 2D profile for varying

parameters, (b) 3D visualization.

9. Fluctuation of Neutrosophic Entropy Generation

The Neutrosophic entropy generation, denoted by .4 G, exhibits fluctuations due to
uncertainties in thermophysical properties, applied forces, and non-ideal energy dissipation
mechanisms. In contrast to the classical (Crisp) model which assumes fixed parameter values,
the Neutrosophic model captures variability through truth (.7), indeterminacy (.#), and falsity
(%) components.

e Uncertainties in Thermophysical Properties: Minor variations in thermal con-
ductivity (k”), viscosity (), and density (p”*) — often arising from experimental
or material inconsistencies — lead to variations in entropy estimation.
e Nanoparticle Dispersion Effects: Non-uniform dispersion of nanoparticles affects
local heat transfer, which contributes to entropy generation fluctuations.
e Temperature Variations: Ambient and surface temperature instabilities influence
heat gradients and entropy production, modeled effectively via the Neutrosophic ap-
proach.
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e Magnetic and Electric Field Sensitivity: Uncertainty in applied magnetic (M)

and electric fields (E*") modifies flow resistance, introducing entropy deviations.

e Brinkman Number and Energy Dissipation: Since Br(') quantifies viscous
dissipation, its variability affects total entropy generation.

¢ Bejan Number Dependence: Fluctuations in the Bejan number (Bel")), which
measures irreversibility, reflect changes in entropy and highlight system efficiency lim-

its.

9.1. Comparison of MATLAB and HPM Solutions

Table [I] provides a comparison between MATLAB and Homotopy Perturbation Method
(HPM) solutions across different K (') values. The additional terms .#y; and & reflect the

uncertainty associated with magnetic and heat transport parameters in both methods.

TABLE 1. Comparison of MATLAB and HPM results for different K*).

S. No | K MATLAB HPM
1 0.0 | 1.000003 + #r | 1.000003 + Sy
2 0.1 | 1.000536 + #s | 1.000195 + S
3 0.2 | 1.000459 + .Z}; | 1.000402 + S
4 0.3 | 1.000098 + .5 | 1.000086 + Fx
5 0.4 | 1.000005 + #5s | 1.000019 + Ax

Comparison Between Crisp and Neutrosophic Models

To assess the influence of Neutrosophic uncertainty, we compare results from the classical
crisp model with those from the Neutrosophic formulation. Unlike the deterministic output
of the crisp model, the Neutrosophic approach provides a bounded solution space governed by
7, ¥, and % components.
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12

Crisp

= = = Neutrosophic-T
Neutrosophic-I

----------- Neutrosophic-F

Velocity Profile f( n)

.....

FI1GURE 6. Comparison of entropy generation between Crisp and Neutrosophic

models.

Figure [0] clearly shows that:

e The crisp model yields a fixed entropy generation value.

e The Neutrosophic model accounts for variability, offering upper and lower bounds
under real-world uncertainties.

e Thermal performance uncertainty, represented by Bejan number fluctuation, is more
realistically captured in the Neutrosophic framework.

e The approach proves advantageous in applications where operating conditions are not

precisely known.

9.1.1. Entropy Generation Comparison Between Crisp and Neutrosophic Model

Table [2| summarizes the numerical differences between the crisp and Neutrosophic results.
This comparison underscores the broader applicability and sensitivity of the Neutrosophic

approach.

TABLE 2. Entropy generation comparison between Crisp and Neutrosophic

model.
Parameter | Crisp Model | Neutrosophic (Lower Bound) | Neutrosophic (Upper Bound)
NG 0.8543 0.7912 0.9165
Be") 0.6189 0.5678 0.6752
0 0.4261 0.3923 0.4625
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FIGURE 7. Entropy generation between Crisp and Neutrosophic model.

Figure [7] illustrates how the red line (crisp model) remains fixed, while the shaded band
(Neutrosophic model) captures a confidence interval. This range incorporates uncertainty from

thermophysical data, measurement errors, and electromagnetic field variability.

9.2. Sensitivity Analysis

To further assess the reliability of the proposed neutrosophic EMHD hybrid nanofluid
model, we examined how the neutrosophic entropy generation, 4 G**) responds to changes

) ). Tn

in two key parameters: the magnetic parameter M and the Brinkman number Br
this study, each parameter was varied independently over a practical range, while all other
parameters were kept fixed at their baseline values. The results, presented in Fig. |8, reveal a
clear and consistent trend: 4 G“") increases steadily as either M) or Br(*) rises. The
shaded indeterminacy band, bounded by the truth (.7) and falsity (%) curves, represents
the uncertainty limits intrinsic to the neutrosophic framework. From a physical standpoint,
higher M ") strengthens the Lorentz force acting on the fluid, which enhances electromagnetic
damping but also elevates entropy production. Similarly, increasing Br(*) signifies greater
viscous dissipation relative to conduction, which naturally amplifies the system’s irreversibility.
These insights confirm that the model not only captures the expected physical behavior but also
quantifies the associated uncertainty, making it a valuable tool for analysing hybrid nanofluid
systems in complex EMHD environments.
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Sensitivity to M W) Sensitivity to Br/)

1.2 1.2
Z Indeterminacy band Z Indeterminacy band
1.15 T T
—_— —F 11F |[— — —=F /

W)

NG

0.7 . . .
0.2 0.4 0.6 0.8 1

BrW\)

FIGURE 8. Sensitivity of Neutrosophic entropy generation 4 G*") with re-
spect to M) and Br") variations.

10. Conclusion

This study presents a Neutrosophic extension of entropy generation analysis for electro-
magnetohydrodynamic (EMHD) hybrid nanofluid stagnation point flow. By incorporating
uncertainty into thermophysical properties and boundary conditions, the proposed framework
captures real-world fluctuations using the truth, indeterminacy, and falsity components of
Neutrosophic theory.

Key findings include:

e Velocity decreases with stronger magnetic field intensity and reduced permeability due
to Lorentz force opposition.

e The thermal boundary layer expands with increasing magnetic field, Eckert number,
and thermal radiation parameter, enhancing energy retention.

e Entropy generation rises with magnetic field and radiation effects, indicating domi-
nance of viscous and Joule heating.

e The Bejan number declines with magnetic field but increases with Brinkman number,
illustrating the interplay between heat transfer and frictional irreversibility.

e The Neutrosophic model introduces bounded entropy ranges, outperforming the Crisp
model in reflecting parametric uncertainty.

e Numerical consistency was verified via MATLAB-based Runge-Kutta shooting method
and Homotopy Perturbation Method (HPM).

e A sensitivity analysis was conducted to quantify the impact of uncertainty in input
parameters on entropy generation and Bejan number.
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Overall, the proposed Neutrosophic framework improves the accuracy and reliability of
hybrid nanofluid heat transfer modeling, with direct implications in aerospace thermal systems,
biomedical cooling, and industrial energy optimization.

Future Study

Turbulent hybrid nanofluid flows under Neutrosophic uncertainty conditions. Multi-phase
modeling of hybrid nanofluids in biomedical or manufacturing applications. Integration of
fuzzy-Neutrosophic logic to capture both randomness and vagueness in more complex sys-
tems. Experimental validation of the Neutrosophic-based model in practical environments
with sensor uncertainty. Application of uncertainty quantification methods to optimize design

in heat exchangers and thermal systems.
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Nomenclature

Physical Parameters

A = (T Ia,, Fa), i=12,345
BSY) = (T3, I8, Fi,)
Be'"Y) = (Tpe, Ipe, Fpe)
Br'“Y) = (T, Ipr, Fpr)
C;JV) = (Teps e Fey)
ES") = (T, I8y, Frs)
EY) = (g, I8, i)
E) = (Tpe, Ipe, Fre)
TN = (T, I, Fr)
™" = (I, Ir,, Fr,)
W) = Ty T Fu)
M) = (T, Inr, Far)
M(JV) (I, Iy F )
NG = (Ina, InG, FnG)
Nul") = (Tnu,, INues FNa,)
RY) = (Tn, Ir, Fr)
PrY) = (Tp,, Ipr, Fpy)
KY) = (T, Ik, Fk)
QY = (T, 29, Fq)
1) = (F,.4, )

Greek Symbols
B(”) = (T, I5, Fp)
= (Ty P Ty1)
W—(y Iy Fp)
o) =Ty, I, F)
3N = (Ty, I, Fy)

) _ (g

= (

= (7

(

(pcp)hnf -
N
)( ) —

%

(PCp)hnys ](pcp)hnf ’ y(pcp)hm,f)

%

(pep (pcp)fﬂj(Pcp)f’y(Pcp)f)

%

(pcp) Pcp)s fﬂ(l’cp)e ij(pcp) )

(A) _
khnf

(A) _
thf (‘Zthnfv ‘ﬂlt}mfv*%thnf)

%hnf’jkhnf’thnf)

Hybrid nanofluid constants
Magnetic field strength
Bejan number

Brinkman number

Skin friction

Electric field strength (N/C)
Electric parameter

Eckert number
Temperature

Wall temperature

Velocity of the sheet
Magnetic parameter
Melting parameter

Local entropy generation
Local Nusselt number
Radiation parameter
Prandtl number

Porous medium parameter
Heat source/sink parameter

Stretching parameter

Thermal expansion

Viscosity

Density

Electrical conductivity

Volume fraction of nanoparticles

Heat capacity of hybrid nanofluid

Heat capacity of fluid

Heat capacity of nanoparticles

Thermal conductivity of hybrid nanofluid

Viscosity of hybrid nanofluid
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Subscripts
f Fluid
hnf Hybrid nanofluid
s Solid particle
w Condition at the sheet

oo Ambient conditions
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