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Abstract
Nanofluids have been shown to exhibit exceptional electrical and thermal conductivities,
chemical and mechanical stability and physiochemical reliability in wide-ranging applica-
tions covering biomedicine, energy and aerospace. Motivated by emerging applications, the
characteristics of a Williamson fluid flow containing nanoparticles are included in this study.
The numerical examination of combined effects of Brownian motion, radiation, activation
energy, suspended nanoparticles on hydromagnetic flowWilliamson nanofluid over amelting
sheet has been presented. To formulate the physical model mathematically, a set of connected
partial differential frameworks is used. A bvp4c MATLAB solver is used to get the solutions
of governed equations. In addition, calculated findings are compared with previously pub-
lished publications, and high levels of consistency are noted. Besides, tabular data on shear
stress, heat transfer coefficient, and concentration is shown. It can be shown that, when the
Williamson parameter increases, the momentum boundary layer corpulence decreases, while
the thermal and solutal boundary layers thickness increases. This study is closely related
to metal spinning, drawing of plastic films, glass blowing, crystal growing, and cooling of
filaments.
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List of Symbols

B0 Radial magnetic field
Cp Specific heat (J kg−1 K−1)
C Nanoparticle volume fraction
Cf Skin friction coefficient
DB Coefficient of Brownian diffusion
E Activation energy parameter
Dm Mass diffusion
DT Coefficient of thermophoretic diffusion
f Dimensionless stream function
Ha Hartmann number
g Gravitational acceleration
K Permeability
k Thermal conductivity of the fluid (W/mK)
k* Mean absorption coefficient
Gr Grashof number
M Melting parameter
Nb Brownian motion parameter
Nt Thermophoresis parameter
Nu Heat transfer coefficient
Pr Prandtl number
R Radiation parameter
T Fluid temperature (K)
T0 Reference temperature (K)
Le Lewis number
S Suction parameter
Sh Sherwood number
qr Radiative heat flux (Jm−1 s−1)
U Velocity of shrinking sheet
λ Williamson fluid parameter
Kr Reaction rate
U0 Reference velocity
u, v Dimensionless velocity components in X and Y direction respectively (m/s)
V(x) Special type wall velocity
V0 Constant
X Stream wise coordinate
Y Transverse coordinate
Ec Eckert number
Sc Schmidt number

Greek Symbols

δ Temperature difference parameter
τ Ratio of nanofluid and base fluid heat capacity
β Volumetric volume expansion coefficient of the fluid
σ* Stefan–Boltzmann constant
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(ρc)p Nanoparticles heat capacity
σ Electric conductivity of the fluid (S−1)
η Similarity variable (kg m−1 s−1)
Γ Inertial drag coefficient
(ρc)f Base fluid heat capacity
μf Dynamic viscosity (kg/ms)
ξ Non-dimensional tangential coordinate
ψ Non-dimensional stream function
ν Kinematic viscosity (m2 s−1)
φ Dimensionless concentration
ρ Fluid density of the particles (kg/m3)
θ Dimensionless temperature

Subscripts

w Conditions on the wall
∞ Free stream condition
α Thermal Diffusitivity
σ1 Chemical reaction parameter

Introduction

Non-Newtonian fluid analysis has attracted considerable attention in contemporary applied
sciences like geothermal engineering, astrophysical bio-fluid analysis, geophysical analysis,
and the petroleum industry. Applications based on the properties of non-Newtonian fluids
can be found in the ceramics, wire coating, oils, printing, fiber engineering, and petroleum
sectors. The rapid advancement ofmodern technology necessitates dramatic improvements in
the area of temperature transmission. The flow and heat transfer properties of non-Newtonian
fluids are important for numerous systems and awide range of applications in the pharmaceu-
tical, chemical engineering, and biotechnology industries, despite the inherent complexities
of these fluids. Non-Newtonian fluids descripted by conservation theory in terms of their
mechanical properties such as shear thinness and/or thickness, normal stress variations, and
viscoelastic interactions; thus, sophisticated and effective foresight is required. Melting heat
transfer involves the exchange of heat leading to a phase change from solid to liquid, gov-
erned by mechanisms such as conduction, convection, and sometimes radiation. The process
is characterized by the absorption of latent heat at the melting point, where temperature
remains constant while the phase change occurs. Key equations include Fourier’s law for
heat conduction and energy balance equations, while the Stefan problem models the moving
boundary of themelting front. Applications span from cryogenics and thermal energy storage
to climate studies andmanufacturing processes, often requiring numerical methods like finite
difference or finite element methods for accurate analysis and prediction.

The study of fluid dynamics is vitally important in a wide variety of manufacturing
processes, as well as in the fields of chemical engineering, biomedicine, and advanced tech-
nology, particularly nanotechnology. Across order to gain a deeper comprehension of its
rheology, a large number of researchers are focusing their efforts on developing explanations
for the integrity of fluid dynamics. Researchers explored in engineering and science zeroed
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emphasis on non-Newtonian fluids as a primary area of interest for their investigation. Non-
Newtonian fluid qualities can be found in a wide variety of commercial liquids, including
polycrystal melts, slurries, oils, paints, some fuels, paper products, paints, cosmetics, solu-
tions, and slurries. The Williamson fluid is one of the most important non-Newtonian fluids.
It is distinguished from other non-Newtonian fluids by the fact that its viscosity decreases
as the rate of shear stress increases. Additionally, the Williamson fluid is extremely close to
the properties of polymeric solutions, for instance. In a different sense, the Williamson fluid
model predicts that the effective viscosity will decrease endlessly as the shear rate increases.
This means that the viscosity will be infinite when the shear rate is steady, but it will become
zero as the shear rate approaches infinity. However, the Williamson model was not taken
into account in any of this research. This is a shear-thinning non-Newtonian model, and it
models polymer viscoelastic flows pretty effectively throughout a broad spectrum of shear
rates. When the shear stress rate increases, Williamson fluids have a decrease in their vis-
cosity. The use of this paradigm in engineering simulations has gained considerable traction
recently. Numerical analysis of the two-dimensional time-independent flow phenomenon of a
Maxwell fluid carrying nanoparticles with the relevance of the magnetic dipole is performed
by Kumar et al. [1] through a stretchy surface. The importance of physical boundary con-
ditions in the bioconvection radiative flow problem of a non-Newtonian Maxwell fluid was
investigated by Abdal et al. [2]. They saw that as the thermal radiation parameter increased,
the Maxwell fluid’s heat transfer rate did as well. The radiative flow mechanism produced
by two stretchy disks in a Maxwell fluid was discussed by Chu et al. [3], who incorporated
the two-phase Buongiorno model. Additional studies of oblique stagnation point flow that
incorporate the effects of a wide variety of physical variables are covered in the cited works
[4–8].

Real-world situations do not always require the surface, such as stretching plastic sheeting
during installation. Over the past few years, heat transfer around continuous stretchable plane
under surface temperature attracted a great deal of attention. This is due to the importance of
the process in the industrial metal wires, paper production, and films. When making plastic,
cooling in polymer is largely contingent on the characteristic of the eventual produce. This
is also true in the manufacturing of polymer. From a manufacturing and industrial point of
view, the quality of final items is significantly impacted by the presence of surfaces that have
the property of stretching. Stretching sheet has a wide range of uses, including the spinning of
metals, the fabrication of fibers, and extrusion. The transfer of heat via a stretching sheet is an
important topic of research because of its application in a variety of technical and industrial
projects, such as improving the capacity of paints for use in fibers and so on. This is due to its
various and substantial uses in technological and industrial issues, including wire drawing,
plastic sheet extrusion, hot rolling,metal spinning, andmany others. Vaidya et al. [9] explored
mass transfer and heat transfer implications on a hydromagnetic nanofluid were manifested
as the fluid moved towards a nonlinearly stretched Riga plate. Vedavathi et al. [10] conducted
a numerical investigation of Fluid flow in a non-darcy environment across a stretched regime
under convective Nield’s context with activation-energy. Dharmaiah et al. [11] conducted
research on the topic of the influence of magnetohydrodynamic Radiation nonlinearities
in micropolar nanofluids across a stretchable surface using Buongiorno’s model. Multidi-
mensional explores Williamson nanofluid through a medium containing Darcy-Forchheimer
pores, a case of stretchable sheets of varying thicker ness, activation energy, binary chemical
reactions were the subject of research carried out by Gautam et al. [12].

The activation energy of a material is defined as the lowest amount of energy it requires
receive in order to undergo a particular chemical process and subsequent transformation. In
order for a chemical reaction to take place, the reactants must supply an amount of energy
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known as the activation energy. Oil storage, industrial engineering, geothermal production,
base substances liquid mechanics, oil emulsification, and food production are just few of
the many activation energy significances. New mass flux theory and the Arrhenius activa-
tion energy in a magnetically influenced Carreau nanofluid were theoretically analyzed by
Irfan et al. [13]. Features of Activation Energy-Dependent, Multiple-Slip, and Hall Effect-
Induced 3D Magneto-Convective Radiative Williamson Nanofluid Flow were reported by
Nandi et al. [14]. Suganya et al. [15] provided a speciation of Cu-TiO2 transport by activa-
tion energy significances. There is a critical role for melting and solidification phenomena
in advanced technology processes. Melting phenomena of the solid–liquid phase shift have
many applications, including welding, crystal formation, thermal protection, heat transfer,
and permafrost melting [16–20].

The extinction of oscillatory velocity gradients caused by viscous strains is referred to
as “viscous dissipation,” which is a term that used in the field of fluid mechanics. It is the
transformation of kinetic energy into the internal energy of the fluid. By converting the
kinetic energy of an electric current into thermal energy, joule heating can also be called
resistive heating or ohmic heating. The reason for this is that when an electric current travels
through a solid or liquid conductor, the energy contained in the current is transformed into
heat by resistances that formwithin the conductor. Here, free electrons exchange their energy
through kinetic collisions. Ali et al. [21] investigated the dynamics of Soret–Dufour effects
as well as the thermal features of Joule heating in numerous slips of Casson–Williamson
nanofluid. Researchers Muhammad et al. [22] examined the thermal performance of Joule
heating in Oldroyd-B nanomaterials while taking into consideration thermal-solutal convec-
tive circumstances. A study by Muhammad et al. [23] investigated Joule heating effect on
nonlinear mixed convection radiative flows of Carreau nanofluid. Ali and Irfan [24] inves-
tigated the thermal characteristics of repeated slip and Joule heating in a Casson fluid with
viscous dissipation and thermosolutal convective circumstances.

Many different fields have used fluid flow in porous media, including material refinement,
heat energy, identified oil, and fuel mechanism. By combining heat transfer nanofluid bound-
ary layer flows in permeable spaces with external magnetism, thermal performance can be
improved. Many researchers have been focusing their attention on porous medium while
attempting to solve a variety of difficulties. Porous media flow is especially important in
following fields: material refinement, combustible cell mechanism, drying refinement, drib-
bling chromatography, and many more. By taking advantage of the magnetohydrodynamic
boundary layer flow of a nanofluid across a porous medium, the combined effect of mass and
heat transfer can be utilized to improve thermal performance.

This flow pattern is described as amagnetohydrodynamic boundary layer flow. The impact
porous surfaces with heat and mass transfer, Navier slip appears on Walter’s liquid B flow
during thermal flow was described by Anusha et al. [25]. The viscous dissipation, radiant
heating, and temperature-dependent viscosity of a CuAl2O3/H2O hybrid nanofluid are all
studied by Venkateswarlu and Narayana [26], as they follow the path of a stretched sheet
through a porous media. Sharma [27] has modelled FHD flow and heat transfer due to the
Coriolis force, viscous dissipation, and thermal radiation, over a rotating porous disc. Sharma
et al. [28] proposed Flow of hydromagnetically heated boundary layers via a revolving disc
through permeable media.

Williamson fluid and nanofluid have been studied independently in previous research
along various geometries. This work consisted of taking various fluid properties documented
a physical significance in various branches of the scientific community. Aim of the study is to
elucidate a characteristics of nanoWilliamson flow fluid across non-linearly stretched regime
that is inherent in permeable medium. This objective was arrived at after drawing motivation
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from the studies that were successful and significant that were discussed earlier. The novelty
of this paper is to examineWilliamson nanofluid flow with melting heat transfer. The current
flow problem has been set up mathematically in a manner that is consistent heat transfer and
motion are fundamental laws. Governing equations transformed into nonlinear equations
of the ordinary differential type by utilizing the similarity transformations. As a result, the
nonlinear equations of the ordinary differential type with connected boundary conditions
could be numerically solved by using the bvp4c package in MATLAB. Different flow factors
are consideredwhen examining the graphical behavior of the resulting equations. For a variety
of physical flow parameters, the graphs have been constructed for distinct examined profiles.
Fluid flow problems have risen in importance as a result of the widespread use ofWilliamson
fluid flows over a stretching sheet in many different domains of science and industry. Making
plastic and rubber sheets, creating glass fiber, melting spinning, and cooling metal plates are
only a few more practical applications for this kind of research. Scientists have investigated
its properties and behavior across a wide range of flow conditions, including how it reacts to
heat transfer. Insights about Williamson fluid behavior gained from these studies can pave
the way for new and useful technologies.

Here are a few research questions related to the simulation of hydromagnetic Williamson
nanofluid flow with melting heat transfer and activation energy across a porous exponential
stretching surface:

How does the magnetic field influence the velocity and thermal boundary layers in the flow
of Williamson nanofluid over a porous exponentially stretching surface?
What is the effect of melting heat transfer on the thermal distribution and heat transfer rate
in the presence of an exponentially stretching sheet?
How do activation energy and chemical reaction influence the concentration distribution and
mass transfer characteristics of the nanofluid?
What role doBrownianmotion and thermophoresis play in the heat andmass transfer behavior
of the Williamson nanofluid?
How does the permeability of the porous medium affect the flow stability, skin friction, and
heat transfer rate in the presence of a magnetic field?

Mathematical Foundation

Consider a steady two-dimensional flow of a non-Newtonian fluid, specifically the
Williamson nanofluid, over an exponentially stretching surface that is embedded with a
porous medium. Assume a viscous, incompressible fluid is moving across a flat sheet on the
y � 0 plane. Assume that all of the flow is moving along y > 0. The wall is extended while
the origin remains constant owing to the application of two equivalent and opposing forces
along the x-axis. Physical structure interpretation is featured in Fig. 1. The induced magnetic
field is ignored because of the small magnetic Reynolds number. This simplification lets us
concentrate on the effects of a uniform magnetic field (B0) applied perpendicular to the flow.
Joule heating is a process in which heat dissipates in MHD flows of fluids. The Cauchy stress
tensor, is entirely regulated via an additional stress tensor, is embodied in Williamson liquid
(Refs. [8, 12, 14]).

The Cauchy stress tensor (S) for the Williamson nanofluid is defined as [29]

S � −pI + τ (1)
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Fig. 1 Schematic of problem

τ �
[
μ∞ +

(μ0 − μ∞)

1 − �γ̇

]
A1 (2)

where (μ0, μ∞) → limiting viscosity at zero and at an infinite shear rate, respectively, τ →
extra stress tensor, I → unit tensor, (� > 0) → time constant, A1 → first Rivlin–Erickson
tensor, p → pressure,

γ̇ → is defined as

γ̇ �
√

π

2
, π � trace(A1)

2 (3)

here it is considered the case for � γ < 1 and μ∞ � 0; thus, with help of Eq. (3), the Eq. (2)
can expressed as follows:

τ �
[

μ0

1 − �γ̇

]
A1 � μ0(1 + �γ̇ )A1 (4)

The mathematical formulation is based on the following key assumptions:
Steady-State and Two-Dimensional Flow:
The flow is steady and two-dimensional over a stretching surface located at y � 0.
Williamson Non-Newtonian Fluid Model:
The fluid exhibits shear-thinning behavior.

The Williamson model is given by: τ �
[

μ0
1−�γ̇

]
A1 � μ0(1 + �γ̇ )A1.

Presence of Magnetic Field (MHD):
A uniform transverse magnetic field B0 is applied in the y-direction.
The Lorentz force −σ B2

0u opposes fluid motion.

Porous Medium:
The stretching sheet is embedded in a Darcy Brinckmann-type porous medium.
The drag force term ismodeled as−μ

k u, whereK is the permeability of the porousmedium.
Nanofluid Effects (Brownian Motion & Thermophoresis):
Nanoparticles exhibit Brownianmotion and thermophoresis, affecting heat andmass trans-

fer.
Melting Heat Transfer Condition:
The heat transfer at the surface is governed by a melting temperature Tm .
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The solid surface melts into the fluid at a specific melting rate.
Activation Energy and Chemical Reaction:
The chemical reaction rate follows an Arrhenius-type expression:

−Kr

(
T

T∞

)n

exp

(−Ea

KT

)
(C − C∞)

The equations ofmotion for the associated quantities ofmomentum, energy, and continuity
are (Ref. [8, 12, 14, 30])

∂u

∂x
+

∂v

∂y
� 0 (5)

u
∂u

∂x
+ v

∂u

∂y
� 1

ρ

∂

∂y

(
μ(T )

∂u

∂y
+ μ(T )

√
2�

(
∂u

∂y

)2
)

− σ B2
0

ρ
u − v

k0
u (6)

(
u

∂T

∂x
+ v

∂T

∂y

)
� αm

∂2T

∂y2
+ τ

(
DB

∂T

∂y

∂C

∂y
+
DT

T∞

(
∂T

∂y

)2
)

+
16σ ∗T 3∞

3k∗
∂2T

∂y2
+

μ

ρCp

(
∂u

∂y

)2

+
σ B2

0

ρCp
u2 (7)

u
∂C

∂x
+ v

∂C

∂y
� DB

∂2C

∂y2
+
DT

T∞
∂2T

∂y2
− Kr

(
T

T∞

)n

exp

(−Ea

KT

)
(C − C∞) (8)

here τ � (ρcp)p
(ρcp) f

, The corresponding boundary circumstances are (Ref [15, 21]):

u � U , T � Tm , k

(
∂T

∂y

)
y�0

� ρ(λ + cs(Tm − T0))v(x , 0), C � Cm , at y � 0

u → 0, T → T∞, C → C∞, at y � ∞ (9)

here V (x) � V0e
x
2L specified as the suction velocity if V (x) > 0 and the blowing velocity

if V (x) < 0, also U � −U0 e
x
L indicate the shrinking/stretching velocity, U0 is the reference

velocity. The mathematical model of temperature dependent viscosity model used by [31].
The similarity transformations are:

η � y

√
U0

2νL
exp

( x

2L

)
, ψ � √

2νLU0 f (η) exp
( x

2L

)
, αm � km

(ρc) f
,

u � U0 exp
( x

L

)
f ′(η), v �

√
υU0

2L
exp

( x

2L

)(
f (η) + η f ′(η)

)
,

T − T∞ � T0θ(η) exp
( x

2L

)
, C − C∞ � C0φ(η) exp

( x

2L

)
,

Ec � U 2
w

Cp(T∞ − Tm)
; Kp � v

k0a
; v � Ea

k f T∞
; σ1 � K 2

r

a
(10)

In this study, the equation for the dimensionless viscosity μ is generalized for the temper-
ature dependence as follows [31]:

μ(T ) � μ∞e−αθ (11)

Also, the stream function ψ is expressed as:

u � ∂ψ

∂y
, v � −∂ψ

∂x
(12)
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By using the above-mentioned similarity changes, obtained the following similar equa-
tions:

e−αθ
[(
1 + λ f ′′) f ′′′ − αθ ′ f ′′(1 + 0.5λ f ′′)] + f f ′′ − 2 f ′ 2 − Ha f ′ − Kp f ′ � 0 (13)

1

Pr

(
1 +

4R

3

)
θ ′′ + f θ ′ − f ′θ + Nbθ ′φ′ + Ntθ ′ 2 − Ecf ′′ + EcHa f ′ 2 � 0 (14)

φ′′ + Sc
(
f φ′ − f ′φ

)
+

Nt

Nb
θ ′′ − Scσ1(1 + δθ)n exp

( −E

1 + δθ

)
φ � 0 (15)

The boundary constraints for above noticed similar equations are:

Pr f (0) + Mθ ′(0) � 0, f ′(0) � 1, θ(0) � 1, φ(0) � 1

f ′(∞) � 0, θ(∞) � 0, φ(∞) � 0

}
(16)

The non-dimensional quantities are as follows:

Ha � 2Lσ B2
0

ρU0cp
, Sc � ν

DB
, Nb � DBτC0

ν
, λ � �

√
U 3
0 exp

( 3x
L

)
vL

, Nt � DT τT0
T∞αν

,

M � cp(Tm − T∞)

λ + cs(Tm − T0)
, K � 2vL exp

( x
2L

)
ρk0

, R � 4σT 3∞
kk∗

The shear stress and wall heat stress on the permeable sheet are defined as follows:

C f � 2τw

ρU 2
w

, Nu � Lqw

(Tw − T∞)k
, Sh � Lqm

(Cw − C∞)D
(17)

The terms τw , qw and qm are meant as below

τw � μ(T )

(
∂u

∂y

)
y�0

+
�√
2

(
∂u

∂y

)2

y�0
, qw � k

(
∂T

∂y

)
y�0

, qm � D

(
∂C

∂y

)
y�0

(18)

Dimensionless forms of Cf, Nu and Sh are

√
RexC f � −2

(
f ′′(0) + λ

2

(
f ′′(0)

)2)e−αθ ,
Nu√
Rex

� −
(
1 +

4

3
Rd

)
θ ′(0), Sh√

Rex
� −φ′(0)

(19)

Rex �
√
2U0L

υ∞
ex/L

Method of Solution

To solve the difficult 2-point boundary value issue given by Eqs. (7) and (8), by the help
of BVP4C scheme in combination with the shooting performance of integration. Here, the
nonlinear ODEs are solved numerically by BVP4C scheme. The CPU time to compute profile
values is 1.78 s, and the error tolerance is 10−6. The schema chart is modeled in Fig. 2.
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Fig. 2 Numerical solution algorithm flow chart

Table 1 Assessment values for
−θ ′(0) for Pr Pr Mukhopadhyay and Gorla [32] Present study

1.0 0.9547 0.9550

2.0 1.4714 1.4715

3.0 1.8691 1.8692

5.0 2.5001 2.4999

10.0 3.6603 3.6602

Numerical Validations

For the purpose of validating the correctness of our method, the findings of this examination
are compared to those available from text, and a remarkable quantity of consistency is seen.
An essential to emphasize the fact that the existing model equations reduced to work by
Mukhopadhyay and Gorla [32] for −θ ′(0), for various values of Pr with Ec � Nt � Nb � 0.
Comparisons are exposed in Table 1. This table demonstrates that the current findings are in
magnificent accord about previous work that has been published.

Results and Discussion

The current research uses the default settings for the following parameters in all computations:
Here the fixed values are: α � 0.5; λ � 0.2; Ha � 1.0; K � 0.2; Pr � 0.71; Ec � 0.5; Nt �
0.5; Nb � 0.5; R � 0.2; Sc � 1.4; σ1 � 0.1; δ � 1; E � 1; n � 0.1; Me � 0.1.
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Figure 3 displays the influence of thermal diffusivity (α) on velocity distribution. t is
revealed that velocity diminishes with an escalation in thermal diffusivity (α). Rate of change
in temperature as a result of heating or cooling is quantified by a property called thermal
diffusivity. Substances with a low thermal diffusivity take longer to heat up or cool down than
those with a higher value. The impact of Ha on f′(η) fields is illustrated in Fig. 4. It is revealed
that velocity diminishes with an escalation in Ha. This notifies that increase in magnetic field
obtains the resistive force (Lorentz force) leading to a reduction in the fluid velocity. This also
means a reduction in the thickness of the thermal boundary layer. The heat generated causes
resistance of the fluid for a greater value of Ha, which escalates the fluid temperature, and
similar behaviour is also seen for the concentration field. In magnetohydrodynamic research,
these phenomena are extensively documented by [24, 25]. Figure 5 presents the disparity of
permeable parameter K on f′(η) field. Figure 5 displays the enhancing values of permeable
parameter K on velocity field. Here, velocity declines with a larger value of K. This is because
enhancing values of K lessens that This medium introduces resistance and impediments to
the fluid’s movement. Figure 6 presents Williamson fluid parameter (λ) on f′(η) sketch. The
f′(η), is seen to lessen with improving Williamson fluid parameter (λ) values. Physically, by
lowering the momentum boundary layer denseness. Furthermore, radiation continuance and
viscous dissipation processes, along with the nonlinearly expanding sheet, yields the fluid’s
motion. Figure 7 demonstrates the impact of thermal radiation parameter on the temperature
profile. observed enhancement in temperature field with higher value of radiation parameter.
Physically R is the relative involvement of heat transmission conduction to thermal radiation
transfer. Augmentation in R generates more heat which turn increases the nanofluid tem-
perature. The impacts parameter Nb and parameter Nt on the θ(η) are elucidated in Figs. 8
and 9. Enhancing Nb leads to the faster random motion of nanoparticles in fluid flow which

Fig. 3 Performance of α on velocity
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Fig. 4 Performance of Ha on velocity

Fig. 5 Performance of K on velocity
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Fig. 6 Performance of λ on velocity

Fig. 7 Performance of R on θ(η)
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Fig. 8 Performance of Nb on temperature

Fig. 9 Performance of Nt on θ(η)
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Fig. 10 Performance of δ on φ(η)

displays an extension in thermal boundary layer thickness and augments the temperature of
nanofluid more rapidly. A similar configuration is perceived for growing values Nt on θ (η).
As in procedure of thermophoresis, more heated particles near the surface travel away from
heated regions toward the cold region and rise temperature there and collective temperature
of the whole system rises. Effect of δ on θ (η) is presented in Fig. 10. Clearly temperature is a
decreasing function of δ. The impact of activation energy parameter E on concentration ϕ(η)
is presented in Fig. 11. The higher value of activation energy augmented the concentration
ϕ(η) of nanofluid. Figure 12 is sketch to examine the behavior of reaction rate σ1 on ϕ(η). It
is observed that concentration ϕ(η) is decreasing function for σ1. The influences of parameter
(Nb) and parameter (Nt) on the concentration profle ϕ(η) are elucidated in Figs. 13 and 14.
Increasing value of (Nb) reduces ϕ(η) while increasing (Nt) augmented ϕ(η). Boosting (Nt)
enhances the motion of nanoparticles from higher to lower temperature gradient which in
turn, exploit the concentration of nanoparticles. Figure 15 is drawn to scrutinize the behavior
of Sc on ϕ(η). Increasing Sc the mass diffusivity decays and thus concentration is declined.
Figures 16, 17 and 18 describes the profiles for velocity, temperature and concentration for
various melting parameter (M) values. An increase inM is observed to decrease the velocity
profiles slightly. It is also found that the thermal and concentration boundary layer thickness
are also reduced with greater M values. Growth of melting therefore inhibits all diffusion
types in the boundary layer i.e. momentum, thermal and nanoparticles species and neglect
ion of this effect in materials processing simulations leads to an over-estimate in velocity,
temperature and nanoparticles volume fraction characteristics.

The variation of the skin friction, Nusselt number, Sherwood numbers are shown Tables 2,
3 and 4 for various values of the governing parameters. The increased shear stress is generally
a disadvantage in applications. The negative value of skin frictionmeans that the plate exerts a
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Fig. 11 Performance of E on φ(η)

Fig. 12 Appearance of σ1 on concentration
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Fig. 13 Appearance of Nb on concentration

Fig. 14 Performance of Nt on φ(η)
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Fig. 15 Performance of Sc on φ(η)

Fig. 16 Performance of M on velocity
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Fig. 17 Performance of M on θ(η)

Fig. 18 Performance of M on φ(η)
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Table 2 C f values for distinct values with α � 0.5; λ � 0.2; Ha � 1.0; K � 0.2; Pr � 0.71; Ec � 0.5; Nt �
0.5; Nb � 0.5; R � 0.2; Sc � 1.4; σ1 � 0.1; δ � 1; E � 1; n � 0.1; Me � 0.1

α λ Ha K Me Cf

0.1
0.2
0.3
0.4

2.096318
2.241459
2.398925
2.571041

0.2
0.4
0.6
0.8

2.400313
2.760852
2.832459
2.915874

0.5
1.0
1.5
2.0

2.429038
2.760852
3.100488
3.464853

0.2
0.4
0.6
0.8

2.760852
2.894972
3.031180
3.170726

0.1
0.2
0.3
0.4

2.760852
2.760853
2.760854
2.760855

Table 3 Nu values for distinct values with α � 0.5; λ � 0.2; Ha � 1.0; K � 0.2; Pr � 0.71; Ec � 0.5; Nt �
0.5; Nb � 0.5; R � 0.2; Sc � 1.4; σ1 � 0.1; δ � 1; E � 1; n � 0.1; Me � 0.1

R Nt Nb Ec Nu

0.1
0.2
0.3
0.4

0.374331
0.388377
0.400528
0.411147

0.1
0.2
0.3
0.4

0.409675
0.404122
0.398725
0.393478

0.1
0.2
0.3
0.4

0.437412
0.424542
0.412085
0.400034

0.1
0.3
0.5
0.7

0.388377
0.236088
0.083221
- 0.070237
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Table 4 Sh values for distinct values with α � 0.5; λ � 0.2; Ha � 1.0; K � 0.2; Pr � 0.71; Ec � 0.5; Nt �
0.5; Nb � 0.5; R � 0.2; Sc � 1.4; σ1 � 0.1; δ � 1; E � 1; n � 0.1; Me � 0.1

Sc Nt Nb σ1 δ E Sh

0.22 (hydrogen)
0.62 (water vapour)
0.78 (ammonia)

− 0.021093
0.333551
0.449506

0.1
0.2
0.3
0.4

0.960262
0.925497
0.891806
0.859136

0.1
0.2
0.3
0.4

0.004119
0.519743
0.691143
0.776494

0.1
0.3
0.5
0.7

0.827437
0.983765
1.101436
1.200768

0.2
0.4
0.6
0.8

0.800872
0.808819
0.815792
0.821953

0.1
0.3
0.5
0.7

0.888989
0.873734
0.859389
0.845942

drag force on the fluid. FromTable 2 concludes that the skin-friction enhanceswith increase in
α, λ, Ha, K and Me. From Table 3 concluded that the Nusselt number enhance with increase
in R while decrease when increasing of Nt, Nb and Ec. Sherwood number is decreasing
tendency with Sc and E while raises of Nt, Nb and σ1.

Conclusions

The numerical examination of combined effects of Brownian motion, radiation, activation
energy, suspended nanoparticles on hydromagnetic flowWilliamson nanofluid over amelting
sheet has been presented. To formulate the physical model mathematically, a set of connected
partial differential frameworks is used. A bvp4c MATLAB solver is used to get the solutions
of governed equations. Furthermore, an affirmation of solutions with previously studies,
included. The observations are shown as:

1. For greater value of Ha the Lorentz forces enhances which rises the resistive force to the
nanofluid motion and in result the velocity reduces.

2. Themotion of aWilliamson fluid with variable viscosity is more affected by themagnetic
field than the motion of a Williamson fluid with constant characteristics. Addition-
ally, compared to Williamson fluid with constant values, the viscous zone is shorter
in Williamson fluid than viscosity and thermal conductivity.
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3. Higher values of melting parameter consistently decelerate the boundary layer flow and
suppress temperature and nanoparticle concentration.

4. Thermal conductance increases when temperature causes an increase in thermal conduc-
tance. However, it is noted that the thermal conductance of a fluid of constant viscosity
is greater than the thermal conductance of a fluid of variable viscosity.

5. Enhancing Nb leads to the faster random motion of nanoparticles in fluid flow which
displays an extension in thermal boundary layer thickness and augments the temperature
of nanofluid more rapidly.

6. A decrement in concentration values is observed with greater Schmidt number (lower
molecular diffusivity of the diffusing species) and chemical reaction rate parameter.

7. Nusselt number (heat transfer rate at the stretching wall) is reduced with higher magnetic.
8. The Joule heating results in an increase in the temperature of the fluids with constant and

variable diffusion coefficients

Future Scope

Themain focus of this work is theoretical, and it will be built upon a thorough examination of
the pertinent mathematical models. Believe that this work will have significant ramifications
for a variety of commercial applications and contribute to the illumination of the intriguing
interactions between polymers and nanoparticles in fluids. In the end, Hope this study will
act as a foundation for more research in this fascinating field.
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