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In various thermodynamic procedures and the optimisation of thermal manipulation, nanofluids flowing
through porous media represent an emerging perspective. The main objective of this study, from the
perspective of thermal applications, was the investigation of the flow of nanofluid over a horizontal
stretched surface embedded in a porous medium. The effects of the chemical reactions on the surface,
magnetic field, and thermal radiations were invoked in the mathematical formulation. The non-Darcy
model examines the fluid flow in the porous media. The principles of thermodynamics were employed to
integrate entropy optimisation methods with the established theoretical approach to analyse the thermal
behaviour of nanomaterials in the chemical reactive diffusion processes. Using the Tiwari-Das nanofluid
model, the volume fraction of the nanomaterials was merged in the mathematical equation for the flow
model. Water was taken as a base fluid and nanoparticles composed of aluminium oxide (Al,Oz) and silver
(Ag) were used. The significance of radiation, heat production, and ohmic heating were included in the
energy equation. Furthermore, an innovative mathematical model for the diffusion of the autocatalytic
reactive species in the boundary layer flow was developed for a linear horizontally stretched surface
embedded in a homogeneous non-Darcy porous medium saturated with the nanofluid. The computer-
based built-in bvp5c method was used to compute numerically these equations for varied parameters. It is
clear that the magnetic parameter has a reversal influence on the entropy rate and velocity. Temperature
and velocity are affected in the opposite direction from a higher volume fraction estimate. Thermal field
and entropy were increased when the radiation action intensified. The inclusion of nanoparticle fraction by
the volume fraction of nanoparticles and Brinkman number also enhances the system entropy. Entropy
production can be minimized with the involvement of the porosity factor within the surface.
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temperature. Radiative heat transfer is increasingly essential at
higher temperatures and is used in a variety of engineering

1. Introduction

Under diverse physical conditions, thermal energy is transported
primarily through conduction, convection, and radiation. Radia-
tion has a number of advantages over the other two modes of heat
transfer, conduction and convection." Electromagnetic waves are
capable of moving through a vacuum because of the radiative
heat flux. For heat transport, both conduction and convection
require a medium. Convective or conductive heat transport
depends linearly on a temperature difference, while radiant heat
transport is proportional to the difference in the fourth power of
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applications, including combustion,* nuclear power technology,*
atmospheric reentry," and solar energy.” Convection and
conduction are manifestations of short-range phenomena that
are governed by the conservation of energy across any small
volume. In contrast to the long-range phenomenon of radiation,
the emission, absorption, and reflection from the wall will
immediately alter the total radiative heat transfer. Every object
with a temperature greater than 0 K naturally emits thermal
radiation, which has been extensively employed in energy har-
vesting, thermal transfer, and management.® A specific method of
transferring energy between two objects via thermal radiation is
known as radiative heat transfer. Radiant heat (RH) is referred to
as far-field radiative heat transfer when the distance between the
heat source and the heat sink is significantly greater than the
characteristic thermal wavelength.” The Stefan-Boltzmann law
limits the radiative heat flux, which is primarily determined by
propagating waves. Coupled models have significant problems
with radiative heat transfer for combustion applications. This
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heat transport mechanism is the most common and dictates
accurate modelling in environments with high temperatures and
concentrations of radiative species.

The heat energy generated while using various equipment and
devices in both small and large sizes must be released into the
environment in order to prevent overheating and improve effi-
ciency. Most thermal exchangers use fluids to remove the heat
generated while a machine is operational. The use of common
fluids in the process of heat exchange is less acceptable due to their
poor thermal conductivity. Recently, researchers created
a groundbreaking method to enhance the thermal characteristics
and thermal energy exchange rate of common fluids. Due to its
importance in a variety of scientific fields and the industrial sector,
nanotechnology has recently become one of the most significant
research areas. Researchers are closely examining the varied
thermal characteristics of such nano-sized particles due to the
importance of nanotechnology in thermal design and multifaceted
sciences. In order to meet the rising demand for energy resources,
resulting from technological appliances, modern nanotechnology
innovations combine nanoparticle communications to optimize
the heat/mass transfer mechanism. They mixed ordinary fluid with
metal oxides and nanoparticles of several metals. Typically,
nanoparticles are divided into two phases: a liquid phase made up
of the base fluid and a solid phase made up of the nanomaterials.
Nanofluids are more sophisticated than ordinary fluids since they
have unique properties and precise specifications. A variety of
unique characteristics of nanofluids include increased viscosity,
thermal conductivity, and transfers of heat. Many metallic and
non-metallic nanofluid models have been studied because of their
improved thermal performance. The first pioneering study to
introduce nanofluids was performed by Choi.? Afterward, Eastman
et al® studied the thermal conductivity and heat transmission of
nanofluids. Shafiq et al' studied the bioconvective tangent
hyperbolic magnetohydrodynamics (MHD) nanofluid flow with
Newtonian heating. In order to study the effects of chemical
radiation on a spherical-shaped cylinder encased in a porous
medium, Tlili et al.™* used multiple slip effects on an MHD non-
Newtonian nanofluid. Haider et al** theoretically and numeri-
cally explored the impact of the nanoparticle shape on a water-
based aluminium oxide nanofluid moving towards a solid
cylinder with the consequences of heat transfer. Khamliche et al.™®
used Cu nanoparticles to create high thermal conductivity nano-
fluids. Gangadhar et al.** examined the two-dimensional boundary
flow layer of a nanofluid over a stretched surface using the spec-
trum relaxation method. They concluded that when Prandtl
numbers increase, the temperature and the nanoparticle volu-
metric fraction decrease. Furthermore, they concluded that with
increased values of the heat absorption parameter, the local Nus-
selt number increases. Furthermore, Kotha et al.® and Gangadhar
et al.*® reported that gyrotactic microorganisms are contained on
the boundary layer surface by a nanofluid flow. In-depth study on
the properties of nanofluids can be found in the literature."”>°

Entropy generation is a well-known indicator of the degree of
irreversibilities present throughout any heating process. Cooling
and heating are significant events in many engineering proce-
dures and industrial sectors, particularly in the fields of energy
and electronics. Entropy coproduction must be optimized to avoid
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irreversible losses that could impair system performance. Bejan*
initially established the Bejan number (Be) as the ratio of heat
irreversibility to the total loss of heat due to fluid frictional forces
in order to figure out the generation of entropy. The second rule of
thermodynamics to estimate the system irreversibilities allowed
us to access the most practicable design of thermal systems.”>*
The presence of irreversibilities reduces the performance of an
engineering device, and the level of the availability of this factor in
a process is gauged by the entropy generation function. For the
energy systems to be designed with the best possible efficiency,
the entropy formation must be reduced because it serves as the
measurement criterion for the available work destruction of the
systems.”* Moreover, the formation of entropy results in a reduc-
tion in the useable power cycle outputs of a power production
device, and an increase in the power input requires the cycle to
produce power. It is crucial to highlight that the investigations
based on the second rule of thermodynamics are more trust-
worthy than those analyses based on the first law due to the first
law's efficiency limitations in heat transfer engineering systems.>
The analysis of entropy establishment is carried out to boost
system performance. Moreover, entropy formation can occur by
mass transfer, heat transfer, viscous dissipation, and finite
temperature gradients.”**

With the broad spectrum of applications in chemical engi-
neering, the study of heat transport in the stretched flow is quite
significant. In the current study, we considered the convective
heat transfer coating flow through the boundary layer of
a magnetic nanofluid over an expanding slit dipped in a porous
medium under the magnetic field. The inquiry is unique in the
sense that it involves multiple phenomena, including radiative
flux, energy source, porosity characteristics, and dual chemical
reactions. The flow pattern is curvilinear when the medium
porosity is approximately one, and the inertial effect is brought on
by the curvature of the path. The streamlined bend and drag rise
quickly with velocity. A Tiwari-Das mechanism, which accounts
for the volume fraction and is less complex than the KKL nano-
scale model,”® was used to study the nanoparticles and analyze
their nanoscale behavior. Additionally, the Tiwari-Das model
enables us to examine the nanoparticle material types, in contrast
to the Buongiorno model.* Both nanoparticles are of homoge-
nous size and shape. The analysis of entropy production for the
MHD flow in the presence of a non-Darcy-Forchheimer medium
with radiative heat flux and dual chemical reaction on the sheet
surface has not yet been discussed. Therefore, the consideration
of irreversibility in the flow of radiative heat flux, non-Darcy
porous medium, and Lorentz force towards a porous surface is
the novelty of this research. Two different nanoparticles silver Ag
and aluminum oxide Al,O; were suspended in water. The current
study incorporates viscous heating and ohmic dissipation to
create realistic temperature distribution estimations for chemical
processes. The conservation relations for mass, energy,
momentum, and diffusion (for species X and ¥) are converted
into a system of non-linear coupled higher-ordered differential
equations using the proper scaling variables. The MATLAB bvp5c
procedure uses four-point Gauss-Lobotto formulas to solve the
developing nonlinear ordinary differential boundary value
problem.** The dimensionless quantities exhibit an extensive
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display of velocity, temperature, species X and V) local Sherwood
numbers, frictional coefficient, heat transport coefficient, and
concentrations of X and ¥ species. The study is pertinent to the
industrial fluid dynamics of stretching surface engineering
components with smart magnetic nano-coating at high tempera-
tures. According to our understanding, the current study is the
first to address smart nanofluid dynamics.

2. Quantification and thermophysical
features of nanoparticles

In this physical problem, water serves as the base fluid and
includes the mixing of Ag and Al,O; nanoparticles. In this
investigation, the volume fraction of Ag was set at 1%, and the
solid volume fraction of Al,O; ranged from 1% to 5%, i.e., ¢ =
@ag + @a0,- The material property ratios are defined here by
following the resultant representations:

:u'nf 1
=" 1
o (1-g)” w
G="=1-g1o>, (2)
Pt Pr
C) oy C
C= Y1) (2T o)
(/’ G )f (/’ Cp) /

ky s+ (m—Dke — (m—1) (ke — ks)o
Cy= L= , (4)
kf ks + (m - 1)]{1 - (k[ - ks)(p

3(5— 1)(/)
O'n/‘_1+ agr

T E
ar af¢

The volumetric heat capacities of solid nanoparticles and
base fluids are indicated in the aforementioned expression by
(PCp)rr and (pCp) The subscripts s, f, and p stand for solid
particles, base fluid, and nanoparticles, respectively. ¢ stands
for the volumetric percentage of nanoparticles. m stands for the
form factor of nanoparticles.

This inquiry takes into account the solid nanoparticles of
silver (Ag) and aluminum oxide (Al,03), while water is taken as
a base fluid. The numerical values of the nanoparticles are
shown in Table 1.

C5:

(5)

Table 1 Thermophysical properties of the nanomaterials

Base fluid
Physical characteristic (water) Al, O3 Ag
p (kg m™?) 1050 3970 10 500
(kg KT 3617 765 235
k(Wm 'K 0.492 40 429
ag(Sm)™" 0.05 35 x 10° 6.30 x 107
Pr 6.2 — —
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3. Modelling and mathematical
formulation

We considered the motion of a viscous nanofluid through
a stretched surface corresponding to the plane y = 0 with steady
and laminar fluid layers. As can be seen in Fig. 1, the flow is
restricted to the region y > 0, where y is the coordinate measured
perpendicular to the stretched surface. The first-order homo-
geneous and heterogeneous chemical species reaction
processes are included in this study. The particles, i.e., silver
(Ag) and aluminum oxide (Al,O;), are considered to be nano-
materials. The plate was stretched along the x-axis while expe-
riencing the linear velocity u = V,, = ax, where a is a positive
constant. Along the y-axis, a magnetic field B was delivered at
a constant strength (i.e., normal to the flow direction). Accord-
ing to general belief, the magnetic Reynolds number is low. As
a result, in comparison to the magnetic field that is provided
externally, the induced magnetic field is rather moderate.

Herein, we use the straightforward boundary layer flow
model proposed by Chaudhary and Merkin®"** for the interface
of homogenous-heterogeneous processes involving the dual
chemical species X and ¥:

X +2Y — 37, rate Kcd?, (6)
X — Y, rate K. (7)

Herein, K; and K, are the corresponding homogeneous and
heterogeneous reaction rate constants, while d and ¢ are the
concentrations of the chemical species X and Y. The thickness of
the nanoliquid boundary layers is considered to be high. Radia-
tive heat transport is approximated using the Rosseland diffusion
algebraic approximation. Radiation is emitted at the stretched
surface. Viscous heating due to fluid molecule and nanoparticle
interaction is added to the formulation. The resulting conserva-
tion equations using a Cartesian (x, y) coordinate system, with the
involvement of ohmic dissipation (Joule heating) affects porosity
factor and heat source, are as follows:***

ou_ oy _
ax  dy

0, (8)

Concentration boundary layer

Thermal boundary layer

Momentum boundary layer

Slit

Fig.1 Diagrammatic interpretation of the flow problem.
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majority of applications. Therefore, the ratio of diffusion coef-

U——+v—= 5 u, (9) ficients was supposed to be one (¢ = 1), leading to the
dx W by Oy < Pur Ke assumption that the diffusion coefficients Dy and Dy are of
5 ) identical size, i.e., Dy = Dy. Following this relation, we have
T  oT ky 0T My <6u>
U—+v_—= N Az . —
aIx = ay  (pcy), 0 (pcy),, \Oy 10) Wt+yx=1lorW=1-x. (22)
-B212 —
U g oyBu  Qo(T—T.) , Eqn (18) and (19) gives
(o), O (pco),,  (pcy),,
Y+ ScW'f — ScKW(l — W)? =0, (23)
Since the reaction is irreversible, the reaction rate declines W(2,0) = KW(Z0), W(l o) = 1. (24)
for external flow as well as for the boundary layer. Thus, the
mathematical expression for species X and ¥ occurs as.>**’
. 2, 2
uﬁ + v% —D. 2 Dr 8_T — Kyed? (11) 3.1. Physical quantities
ax  dy Yoy2 ' T, 9y? ’
Skin friction and Nusselt number
od  dd d’d Dr *T ) Ty
iy _p, 4t . C=—, 25
ey =Pt T, o2 + Kyed®, (12) T (25)
with the following boundary conditions Ny ¥ (Ty - To)" .y
u=Vy=ax, v=0, T =T, u= ke ' (26)
13
DX,%:stc, D,’,%:Ksc7 as y—0, (3)
9y 9y Where the momentum and energy flux at the interface are
defined as:
u=0,T=Tx,¢ > Cx,d — 0,a8y — o, (14) ou
Ty = :u'nfa_ ) (27)
Using similarity transformations Y=o
' ' T—-T.
”=axaf§1;n)7 V=*\/a’/ff(cyﬂ)*\/lll’fcaf(a%n), yﬁ , £= %: 0 = T, — T, 15)
wo S _d
T X= dy,
We have ,
16 ¢*T°\ 0T
G %) G, G . Gw = _(k A —W)_ (28)
11 2 "o _ el — w nf ’
[ 1) - MEs - g =0, (6) 3 ),

1 . . . . .
—(Cy+ R0 . Using eqn (15), the dimensionless form of physical quanti
Pr ties are:

1
i E, i / R
+(C3f@ + WCZJ( 2 + CSECMC2f2> + Q = O7 (17) CfRe\/; (1 — (p)Z'Sf (0)7 (29)
-9
Nu /
=—Cs+ Rq)0 (0 30
" + ScW'f — ScKWy? =0, (18) Re s ~{Ca+ R)O(0), (30)
ex” + Scx'f + ScKWy* = 0, (19) The apparent mass flux for species X and Y is
demarcated as:**
f(£0) =1, /£,0) =0, 6Z,0) = 1, aC
qﬂ(:so) = KCll,a EX/(C,O) = _KCl*Ua (20) qM(X) = —DA}E 5 (31)
y=0
[ =) =0,0 ) =0, >)=1x=)=0, (21) ac
=D 2
We anticipate that the diffusion coefficients of the chemical D (7) Yoy y:O’ (32)

species X and ¥ are approximately equivalent in size in the
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The Sherwood numbers define the mass fluxes for mass
species X and Y, i.e., the normalized mass transfer rates at the
stretched sheet surface, as follows:

Xwm(x)
Shy = Dy(Cy — Cy)’ (33)
Xm(7)
Shy = Dy (Co=Co)’ (34)
The dimensionless forms of eqn (33) and (34) are
Shy = —¥'(0). (35)
Shy = —x/(0), (36)

The present study generalizes analyses from previous studies
because they did not take into account Sherwood number
behavior in their research.

3.2. Entropy modelling

The irreversible process leads to entropy generation optimization.
In the entropy production analysis, the viscous dissipation, Joule
heating, radiant heat flux, and heterogeneous-homogeneous
chemical reaction effects are incorporated. One of the primary
goals of the entropy generation is to gauge the irreversibility of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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S///G — S/I/H + S/I/V + SN/M + S//IP + S”/C7 (39)

The overall entropy, abbreviated in the text for global ther-
modynamics, was obtained by integrating these local values
over the entire volume. The following equations can be used to
express them:*?

Sy = JS”’HdV7 Sy = Js’"vdlc Sy = JS’”VdV,

(40)
SP = ‘[SmpdV7 SC = JS/I,CdV7
In the normalized notation, we obtain
: , B " ;
Er = w(k—"f+ Rd)@2 ey T gy
ke (1-9)* ar
(41)
Bré ;. vy, Yb
o I (Ta

3.3. Dimensionless parameters

The following are dimensionless numbers, ie., porosity
parameter, radiant parameter, magnetic parameter, Prandtl,
Eckert, heat-generating parameter, Brinkman number, diffu-
sion number for species and X, and Y temperature ratio
parameter.

any system. The five factors that cause entropy creation are the - 160+ o B ”
temperature differential, magnetic field, porosity of the medium, 6= Ky’ Ry = BT M= ar Pr= P
viscous dissipation, and species diffusion. Under these circum-
stances, the dimensional form entropy is provided in ref. 39-41. E = (CL)2 _ Qo Br — PrE
Here, the first to fifth terms on the right hand side of eqn (37) are ¢ (cp)fTw T’ a(pCy) I ©
the entropy generatior.l due to heat t.ransfer, viscous dissipatif)n, RiDycy _ RiDye, T, T.
Joule hf:atlng Emagnetlc field), porosity factor, and concentration a K Yo = Tk ©= 7
of the X and Y species, respectively.
O
=
s — Kfz (1 160’*T3> (_T) _f (_) 0',,/321,{2 iuz_‘_
Tew 3k*k i) T To T Kp
(37)
R\ Dy (da\’ : a b\ (T
26 6 T E)E) T EE)
Furthermore,
T 3k*k T 6 T T Kp
(38)
il ("—“)2 (@)2 7w E) T 6)E)
T e \ay b \dy T \0 ady T \9dy)\ady/|
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4. Numerical method and validation

For the dual diffusive flow specified by eqn (16), (17), and (23)
under the wall and free stream boundary conditions (20), (21),
and (24), the converted nonlinear ODE boundary value problem
is a coupled multi-degree system of the seventh order. Because
of the significant nonlinearity, a numerical solution is required.
In order to solve this problem, MATLAB bvp5c solver was used.
Providing adequate initial estimations for the meshes so that
the solution converges to the target outcome is the most chal-
lenging aspect of solving a BVP. It directly controls the error in
the calculation, whereas the more common bvp4c solver is
unable to do so. This makes it a superior algorithm. This
distinction between the solutions is less obvious at tighter error
tolerances than that of Shampine and Kierzenka.** The four-
stage Lobatto IIla collocation formula was implemented using
“bvp5c”, a finite difference code, and the associated polynomial
yields a C; reliable solution that is uniformly precise for the 5th-
order in [0, «]. The Runge-Kutta implicit formula was used to
implement the procedure. The quantitative condensation found
in the bvp4c was not used in the bvp5c. Bvp5c tickle with simple
differential equations for the anonymous parameters as
opposed to bvp4c, which directly deals with unknown parame-
ters. The novel solver is based on the residual control for
robustness. The residual was scaled to match the genuine error
up to the fifth order of convergence. If the scaling residual was
lower than a specified patience, the asymptotic error was like-
wise smaller than the tolerance, according to bvp5c,* which was
proven for a wide range of approaches. The value of Xy at the
midpoint and the slopes at both ends of the subinterval are
interpolated with the bvp5c. The stepping formula described by
Russel and Christansen** was employed as follows:

17 40 4+ 15v/5 40 — 15v/5
\/_K2+ \/_KS

1925 T o2 192

Xump = X; +¢ 192

- @K] (42)
X, is the initial guess in this case, and Kj, K,, K3, and K, are
estimations with a stepping interval of { = 0.01. The algorithm
has quick compilation times, is extremely effective, and delivers
good accuracy. For each set of parameter values, the boundary
layer region was reached while maintaining an iteration error of
less than 10~°.

Furthermore, Tables 2 and 3 are created to compare the skin

friction coefficient CtRe 5 and Nusselt number in the

€z

Table 2 Evaluation of skin friction coefficient values, when ¢ =0, 6 =0

Present
M Ref. 45 Ref. 46 results
0 1.000 1.0000 1.0000
0.5 1.225 1.2247 1.2251
1.0 1.414 1.4142 1.4147
1.5 1.581 1.5811 1.5821
2.0 1.732 1.7321 1.7329

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Evaluation of Nusselt number values, when C4, =Ry=E.=Q=0

Present
Pr Ref. 47 Ref. 48 Ref. 46 results
0.07 0.0656 0.0656 0.0656 0.0657
0.20 0.1691 0.1691 0.1691 0.1693
0.70 0.4539 0.4539 0.4539 0.4541
2.00 0.9114 0.9114 0.9114 0.9117
7.00 1.8954 1.8954 1.8954 1.8957
20.0 3.3539 3.3539 3.3539 3.3539
70.0 6.4622 6.4622 6.4622 6.4626

absence of nanoparticles of Agand Al,O;, with the existing
literature, in a limited sense, and was found to be in great
agreement.

The effects of various physical factors on the velocity profile,
temperature and concentration profile, and entropy generation
are discussed in detail in “Results and discussion”.

5. Results and discussion

This section elaborates on the consequences of various
emerging parameters, such as velocity, temperature, concen-
tration, and entropy, providing physical justification. The
structure of flow in the physical sense is illustrated through
numerical simulations of velocities, temperatures, and
concentration distributions against changes in physical limi-
tations. The nanofluid velocity f(n) profile is affected by the
magnetic field parameter M, as shown in Fig. 2. The Lorentz
force increases when an electric-conductive fluid is subjected to
a magnetic field. The fluid rate decreases, since the fluid
particles face an opposing force, and because of this opposed
force, the fluid momentum slows down. Physically, the fluid
particles travelling closer to the boundary layer under the
influence of the Lorentz force slow down. The stretching sheet

o
0
P B

M=0212,2.2, 32

¢o=0.1
o= 0.0

P

Fig. 2 Velocity sketch f(n) with the upshot in M.
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¢=0.1
¢©= 0.0

5=0.2,04,0.6,0.8

Fig. 3 Velocity sketch f(n) with the upshot in 4.

detracts the nanofluid velocity and also thickens the
momentum boundary layer. This pattern results due to the
stretching sheet, which made it more difficult for the molecules
of the nanofluid to pass through. The fluid velocity can be
controlled by a strong magnetic field, which is useful in appli-
cations, such as the production of hydromagnetic energy and
the electromagnetic coating of wires. Fig. 3 illustrates how the
velocity profile changes in response to the porosity parameter 6,
keeping the fixed volumetric percentage of nanoparticles. A
significant rise in velocity distribution is observed with
augmented values of the porosity parameter 6. Physically, as the
porosity parameter increases, the governing fluid experiences
less friction, which boosts the fluid velocity. The effects of ¢, or
the solid volume fraction of nanoparticles, on the velocity
profile f(n) for two different types of nanoparticles (Al,0s-Ag)
are shown in Fig. 4. Increasing the volume percentage of
nanoparticles causes a drastic increase in the fluid viscosity,
which enables the fluid to move more quickly. According to
Fig. 4, the volume percentage of nanoparticles increases as the
thickness of the momentum boundary layer decreases. Fluid
velocity and gradient velocity both increase as a result. The
graphs demonstrate that the silver Ag nanoparticles have
a better velocity profile other than Al,0;. We observed
a noticeable increase in velocity distribution as the volume
percentage of nanoparticles increased.

Fig. 5 illustrates how the viscosity dissipation parameter E.
and two distinct nanoparticle morphologies (Al,03;-Ag) affect
the temperature profile @(n). The friction between the fluid
layers causes the temperature of nanofluids to rise as the E.
number rises. Physically, with viscous heating, the kinetic
energy is converted into internal energy as a result of the
increase in the temperature of nanofluid. Compared to Ag, the
nanoparticles have a better temperature profile. The tempera-
ture profile of the aggregated nanoparticles is superior as
compared to that of the ordinary fluid. Higher levels of friction
result in the conversion of mechanical energy into thermal
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Fig. 5 Temperature sketch ©(n) with the upshot in E..

energy inside the fluid. From Fig. 6, it is evident that the radi-
ation parameter Ry significantly increases the thermal
boundary layer and the temperature profile. Physically, a higher
radiation parameter results in additional heating as a result
more heat is transferred to the corresponding fluid, increasing
the thickness of the boundary layer and the temperature profile.
The Rosseland radiative heat flux model is straightforward and
limited to optically dense media capturing the effects of radiant
heat transfer in systems for processing materials. The existing
simulations offer a solid foundation for the development of
more complex radiative flux models using the current model.
Fig. 7 displays how the temperature profile varies for different
Prandtl numbers. The thermal boundary layer and the
temperature profile tend to be diminished by large values of the
Prandtl number Pr. Physically, the temperature of fluids with
lower thermal diffusivity is lower, as a result, the fluid exhibits

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a reduction in the temperature profile and boundary layer
thickness. The energy transferred by molecular conduction is
inhibited, which results in a reduction in the thermal profile
and a reduction in the thickness of the thermal boundary layer
as Pr is increased. The stretching sheet regime cooling is
accomplished with greater Prandtl numbers. From a physical
perspective, the Prandtl number links the heat diffusion rate
and the momentum diffusion rate. As the Prandtl number rises
(beyond unity), thermal diffusion is suppressed because the
momentum diffusion rate is far greater than the thermal
diffusion. The effect of the magnetic factor M on ©(n)for the
nanofluid is shown in Fig. 8. As the magnetic field intensity
increases, the temperature profile increases. The thermal
boundary layer thickness increases progressively as well. Phys-
ically, as the rate of the Lorentz force increases, the resistance to
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Fig. 6 Temperature sketch ©(n) with the upshot in Rq.
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Fig. 7 Temperature sketch @(n) with the upshot in Pr.
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the motion of the nanoparticles increases, producing additional
heat in the flow of the nanofluid. Fig. 9 depicts the relationship
between the nanofluid thermal conductivity and temperature
variation with regard to various values of volumetric fractions.
The results show that as the thermal conductivity increases with
increasing nanoparticle volumetric friction ¢, the temperature
increases. One of the elements influencing the enhancement of
the thermal field of nanofluids is the intrinsic thermal
conductivity of the nanofluid. Actually, by increasing the volu-
metric friction, the fluid molecular movement and the move-
ment of the base fluid and nanoparticles are both accelerated.
Energy is transferred from one layer of the nanofluid to another,
increasing the thermal distribution of nanofluids.

As shown in Fig. 10, an increase in the homogeneous reac-
tion parameter K is accompanied by a significant decrease in
the concentration of species X. In the chemical reaction X — Y
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Fig. 9 Temperature sketch ®(n) with the upshot in ¢.
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Fig. 10 Species concentration ¥(n) sketch with the upshot in K.

the coupling term, —ScK¥(1 — ¥)? in eqn (20), the parameter K,
appears. The species Y boundary layer equation contains
a related cross-link term, as shown in eqn (12). However, these
concept polarities are diametrically opposite. The reaction is
destructive (negative) when species X is used, whereas it is
constructive when species Y (positive) is used. As species X
concentration magnitudes increase with increasing the
distance from the stretched surface, a rapid ascent in species X
concentration is observed with increasing transverse coordi-
nates, as previously discussed. The impact of Sc on ¥(n) is
observed from the data in Fig. 11. The growth in Sc dwindles
¥(n) in both scenarios. The smallest Sc < 0.1 represents the
highest nanoparticle concentration. As Sc > 0.1 escalations
begin, a reduction in concentration happens. Moreover, the NP
aggregated fluid exhibits better mass transfer than ordinary
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Fig. 11 Species concentration ¥ (n) sketch with the upshot in Sc.
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fluid flows. Herein, we find that fluid flow without NP aggre-
gation results in lower mass transfer. It is clear that rising
Schmidt numbers significantly increase the concentration
magnitudes, and this trend is consistent across the boundary
layer of the stretched surface. In polymers, gaseous diffusion
occurs when Sc > 1, therefore, the species diffusion rate exceeds
the diffusion rate of momentum, leading to greater concentra-
tion magnitudes. In contrast, when Sc < 1, the species diffusion
rate is exceeded by the momentum diffusion rate, reducing the
concentration values. As the heterogeneous reaction parameter
(Kc) is increased, there is a noticeable suppression in the
concentration magnitudes, as shown in Fig. 12. It appears in the
conditions along the wall edge ¥’(£,0) = K (%,0). According to
the autocatalytic reaction eqn (2), which states that X — ¥, rate
K, it is connected to the first order, isothermal catalytic reac-
tion at the substrate (stretched) surface. Physically, the highest
conversion of species X to a new species occurs near the
stretched surface resulting in minimizing the concentrations.
The concentration of species X increases from the wall to the
free stream, where it naturally reaches its maximum far away
from the stretched surface. Since more and more species X are
destroyed as K, increases, species X concentration magnitudes
(molecular diffusion) are inhibited. All profiles asymptotically
converge to the free stream, supporting the simulations of an
infinite boundary condition.

The prominence of thermodynamics inquiry is to assess the
temperature and heat variation losses, which detract the avail-
able energy. The concept of entropy is explained by the second
law of thermodynamics. Concisely, entropy generation explains
the dissipated energy within the thermal system, which conse-
quently increases the level of disorder in the system. Entropy
profiles Et for various values of Brinkman number Br are shown
in Fig. 13. It should be noted that the Brinkman number
determines the relative significance of the viscous effect. It can
be observed that the Et increases with increasing Br values. A
higher entropy is generated by fluid friction due to higher levels
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Fig. 12 Species concentration ¥ (n) sketch with the upshot in Kc.
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Fig. 13 Total entropy Et sketch with the upshot in Br.

of Br. Furthermore, the impacts of entropy formation are
stronger close to the sheet surface. When the fluid moves far
away from the sheet surface, these effects become less notice-
able. Since the Brinkman number is inversely proportional to
the square of the sheet stretching velocity, the dimensionless
entropy generation number is greater for the bigger values of Br
on the sheet surface (Br = 0.4). The stretching velocity of the
sheet affects the fluid in such a way that at the surface of the
sheet, the fluid accelerates and as a result entropy generation
rate rises. For Br < 0.4, it is evident that Er drops with increasing
distance from the sheet. The influence of radiation on the
entropy rate is shown in Fig. 14. Physically, a higher (Ry)
enhances the radiative emission, which intensifies the collision
of fluid particles. From Fig. 15, it can be seen that the system
rate of producing entropy decreases as the porosity parameter
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Fig. 14 Total entropy Et sketch with the upshot in Ry.
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Fig. 15 Total entropy Et sketch with the upshot in 6.

0 increases. As the non-linear drag increases, the system's
internal entropy intensifies because of frictional heating. There
is a considerable impact of fluid friction and heat transfer
within the entropy production system for different values of 6. A
lower temperature differential between the fluid and the
stretched surface is obtained because of the concentrated fric-
tional heating intensifications that drastically lower the fluid
temperature. The increased temperature difference is achieved
by ¢, which increases the surface thermal transport rate from
the fluid to the sheet walls. The entropy rate for magnetic
parameters is illustrated in Fig. 16. Lorentz force increases
when magnetic field intensity increases. Over the boundary
layer region, significant heat generation occurs, and the
system's overall disorderliness increases because of the
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Fig. 16 Total entropy Et sketch with the upshot in M.
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Fig. 17 Total entropy Et sketch with the upshot in ¢.

strength of the magnetic field. For various fixed parameters,
Fig. 17 shows the variation of frictional entropy generation in
the laminar flow regime inside the heat sink with regard to the
particle volumetric fraction. EG grows when the particle volume
fraction is increased. However, there is a definite difference in
the order of this increase. For instance, Al,O; particles respond
sharply to heat transport, which means that the EG produced by
changes in the volume percentage of these particles rises
because of large friction. Fig. 18 shows the corresponding
entropy-generating field for various diffusivity variable inputs v,
and v,. This figure concludes that increasing the diffusivity
coefficient inputs leads to an improvement in the entropy
creation. The diffusion of the fluid particles increases with
increasing levels of the diffusivity coefficient. In addition, there
is a sharp increase in the profile as the value is increased.
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Fig. 18 Total entropy Et sketch with the upshot in v, = va.
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6. Conclusion

In this study, the irreversibility analysis for the flow of a water-
based nanofluid over a stretched surface was examined while
considering the dual chemical species features and other physical
factors. A complicated geometric stretched surface with many
real-world engineering applications was used to model the flow.
By dispersing the nanomaterial on the slit surface, the boundary
layer separation from the surface was managed. The flow was
subjected to external radiation, a heat source, and magnetic
effects. In addition, the volumetric friction strategy described in
the literature as a modified Tiwari-Das model (TDM) was used to
execute this project. Applying computational fluid dynamics
(CFD), a thorough examination and comparison of the thermo-
hydraulic and entropy performance of a water-based nanofluid
evacuated across a stretched surface was performed. H,O/Ag-
Al,O; nanofluid was used in the analysis. The numerical model
accounts for the changes in operational parameters, including
thermal radiation and mass flow rates. The model highlights the
rate of entropy development due to the global and local forms of
heat transmission, heat loss, and viscous effects. Using sets of
sophisticated numerical techniques, including Bvp5c based on
finite difference techniques, the governing PDEs (non-linear and
coupled) were solved. The following concluding observations are
made from the preceding thorough analysis:

1. An increment in velocity is noticed for both nanoparticles
against the porosity factor, while the opposite consequence
holds against the magnetic parameter.

2. Both, alumina (Al,O;) and silver (Ag) nanoparticles have
nearly similar effects on thermal and fluid flow with an
augmented volume fraction.

3. The Eckert number and radiation for both silver (Ag) and
alumina (Al,O;) nanoparticles show an increase in temperature.

4. The aqueous concentration profile declines as the chem-
ical reaction parameter and Schmidt increase.

5. Entropy generation grows as the Brinkman number,
volumetric friction, diffusion parameter, and magnetic param-
eter, whereas it decreases with increasing porosity parameter.

6. The concentration of species decreases with homogenous
and heterogeneous reaction rates.

7. By lowering the porosity within the sheet surface, the
formation of entropy can be minimized.

8. The temperature gradient increases as the porosity
parameter increases, but the velocity gradient shows the
opposite pattern. The concentration gradient is reduced by
increasing the values of the Schmidt number and the destruc-
tive reaction rate parameter, whereas a positive trend for the
constructive parameter is revealed.

Abbreviations

a>o0 Constant (s~ ")

Ky, K; Homogeneous, heterogeneous reaction rate
constants

X,y Cartesian coordinates
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d, c Concentrations of the chemical species
(m*s )

V = (u,v,0) Velocity field

Dy, Dg, Dy Diffusion coefficients (m*> s~ %)

Ve Wwall velocity (m s )

(ocp)r Fluid heat capacitance

Ueo Far-field velocity(m s )

(ocp)p Nanoparticle heat capacitance

Ty, Ty Too Fluid, wall and ambient temperature (K)

Ry Molar gas constant (J K~* mol™*

X, v Dual chemical species

f Dimensionless velocity

Kp Porosity of the porous medium

(C] Dimensionless temperature

[ Specific heat (J kg~ K1)

X Dimensionless concentration

ke Thermal conductivity (Wm ™" K ™)

Tow Stress tensor component at the wall

e Dynamic viscosity (kg m™* s %)

Gw Wall heat flux (Wm™?)

Q Heat source

Imx) Gm(y) Wall mass flux (kg m > s77)
!

"G Entropy generation (Wm > K™ )
k* Mean absorption coefficient (cm™)
o Electrical conductivity (S m™)
J Current density (A m™2)

o* Stephan Boltzmann constant(Wm > K™%
By Magnetic field (Wm?)

Pht = Pag T Volume friction of ¢, and ¢,
Pal,0,

Pt Fluid density (kg m ™)

qr Radiative heat flux

Pp Nanoparticle's density (kg m™?)
¢ Similarity variable

Er Dimensionless entropy

Nu Nusselt number

Br Brinkman number

Shy, Shy Sherwood numbers

Ct Skin friction

Be Bejan number

Re Reynold number

b Diffusion parameter

Pr Prandtl number

w Temperature ratio parameter
E. Eckert number

M Magnetic number

R4 Radiation parameter

Sc Schmidt number

Ya Diffusion parameter

0 Porosity parameter

Cc Fluid concentration (kg m )

Data availability

The authors confirm that the data supporting the findings of
this study are available within the manuscript.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Author contributions

Conceptualization: Sohail Rehman, data curation, writing -
review and editing, investigation: Hashim, solution method-
ology: Hashim, software: Serhan Alshammari, formal analysis:
Ahmed Osman Ibrahim, Re-graphical representation and the
addition of the analysis of data: Naeem Ullah, writing - original
draft: Sohail Rehman, writing - review editing: Hashim,
numerical process breakdown: Ahmed Osman Ibrahim, Re-
modelling design: Serhan Alshammari.

Conflicts of interest

The authors have no conflicts of interest.

Acknowledgements

This research has been funded by the Scientific Research
Deanship at the University of Ha’il Saudi Arabia, through
project number RG-23 023.

References

1 M. F. Modest, Radiative Heat Transfer, Academic Press, 2013.

2 M. A. Rajhi, R. Ben-Mansour, M. A. Habib, M. A. Nemitallah
and K. Andersson, Evaluation of gas radiation models in
CFD modeling of oxy-combustion, Energy Convers. Manage.,
2014, 81, 83-97, DOIL: 10.1016/j.enconman.2014.02.019.

3 E. Knoglinger, H. Wolfl and A. Kaliatka, Heat transfer in the
core graphite structures of RBMK nuclear power plants, Nucl.
Eng. Des., 2015, 293, 413-435, DOI  10.1016/
j-nucengdes.2015.07.008.

4 J. Kim, Thermal Analysis of Thermal Protection System of
Test Launch Vehicle, Int. J. Thermophys., 2017, 38, 145,
DOI: 10.1007/s10765-017-2285-8.

5 M. Nakakura, M. Ohtake, K. Matsubara, K. Yoshida,
H. S. Cho, T. Kodama and N. Gokon, Development of
a Receiver Evaluation System Using 30 kWth Point
Concentration Solar Simulator, Energy Procedia, 2015, 69,
497-505, DOI: 10.1016/j.egypro.2015.03.058.

6 Z. M. Zhang, Nano/Microscale Heat Transfer, Springer
International Publishing, Cham, 2020, DOI: 10.1007/978-3-
030-45039-7.

7 X. Liu, L. Wang and Z. M. Zhang, Near-Field Thermal
Radiation: Recent Progress and Outlook, Nanoscale
Microscale Thermophys. Eng., 2015, 19, 98-126, DOI:
10.1080/15567265.2015.1027836.

8S. U. S. Choi and J. A. Eastman, Enhancing Thermal
Conductivity of Fluids with Nanoparticles, Argonne National
Lab. (ANL), Argonne, IL (United States), 1995, https://
www.osti.gov/biblio/196525, accessed November 29, 2022.

9 J. A. Eastman, S. U. S. Choi, S. Li, W. Yu and L. J. Thompson,
Anomalously increased effective thermal conductivities of
ethylene glycol-based nanofluids containing copper
nanoparticles, Appl. Phys. Lett., 2001, 78, 718-720, DOLI:
10.1063/1.1341218.

Nanoscale Adv., 2023, 5, 5580-5593 | 5591


https://doi.org/10.1016/j.enconman.2014.02.019
https://doi.org/10.1016/j.nucengdes.2015.07.008
https://doi.org/10.1016/j.nucengdes.2015.07.008
https://doi.org/10.1007/s10765-017-2285-8
https://doi.org/10.1016/j.egypro.2015.03.058
https://doi.org/10.1007/978-3-030-45039-7
https://doi.org/10.1007/978-3-030-45039-7
https://doi.org/10.1080/15567265.2015.1027836
https://www.osti.gov/biblio/196525
https://www.osti.gov/biblio/196525
https://doi.org/10.1063/1.1341218
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00639e

Open Access Article. Published on 26 September 2023. Downloaded on 1/14/2026 10:01:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

10 A. Shafiq, Z. Hammouch and T. N. Sindhu, Bioconvective
MHD flow of tangent hyperbolic nanofluid with newtonian
heating, Int. J. Mech. Sci., 2017, 133, 759-766, DOIL
10.1016/j.ijmecsci.2017.07.048.

11 I Tlili, W. A. Khan and I. Khan, Multiple slips effects on
MHD SA-Al203 and SA-Cu non-Newtonian nanofluids flow
over a stretching cylinder in porous medium with
radiation and chemical reaction, Results Phys., 2018, 8,
213-222, DOI: 10.1016/j.rinp.2017.12.013.

12 S. Haider, A. S. Butt, I. Syed Muhammad, A. Ali, Y.-Z. Li,
S. M. A. Naqvi and M. A. Qaiser, Impact of nano-particles
shapes on Al203-water nano-fluid flow due to a stretching
cylinder, Int. J. Numer. Methods Heat Fluid Flow, 2019, 30,
2809-2832, DOI: 10.1108/HFF-02-2019-0113.

13 T. Khamliche, S. Khamlich, M. K. Moodley, B. M. Mothudi,
M. Henini and M. Maaza, Laser fabrication of Cu
nanoparticles based nanofluid with enhanced thermal
conductivity: experimental and molecular dynamics
studies, J. Mol Lig., 2021, 323, 114975, DOI: 10.1016/
j-molliq.2020.114975.

14 K. Gangadhar, T. Kannan, G. Sakthivel and
K. DasaradhaRamaiah, Unsteady free convective boundary
layer flow of a nanofluid past a stretching surface using
a spectral relaxation method, Int. J. Ambient Energy, 2020,
41, 609-616, DOI: 10.1080/01430750.2018.1472648.

15 G. Kotha, V. R. Kolipaula, M. Venkata Subba Rao, S. Penki
and A. J. Chamkha, Internal heat generation on
bioconvection of an MHD nanofluid flow due to gyrotactic
microorganisms, Eur. Phys. J. Plus, 2020, 135, 600, DOI:
10.1140/epjp/s13360-020-00606-2.

16 K. Gangadhar, K. B. Lakshmi, T. Kannan and A. J. Chamkha,
Stefan blowing on chemically reactive nano-fluid flow
containing gyrotactic microorganisms with leading edge
accretion (or) ablation and thermal radiation, Indian J.
Phys., 2022, 96, 2827-2840, DOI: 10.1007/s12648-021-02179-
X.

17 A. M. Obalalu, A. O. Ajala, A. O. Akindele, O. A. Oladapo,
O. Olatunbosun Akintayo and O. Muinat Jimoh,
Computational study of magneto-convective non-
Newtonian nanofluid slip flow over a stretching/shrinking
sheet embedded in a porous medium, Comput. Math. Appl.,
2022, 119, 319-326, DOI: 10.1016/j.camwa.2022.05.027.

18 M. Hojjat, Numerical simulation and multi-objective
optimization of heat transfer of Al203/water nanofluid in
rectangular ducts, Int. J. Therm. Sci., 2022, 172, 107343,
DOI: 10.1016/j.ijthermalsci.2021.107343.

19 A. Zeeshan, N. Shehzad, M. Atif, R. Ellahi and S. M. Sait,
Electromagnetic Flow of SWCNT/MWCNT Suspensions in
Two Immiscible Water- and Engine-Oil-Based Newtonian
Fluids through Porous Media, Symmetry, 2022, 14, 406,
DOI: 10.3390/sym14020406.

20 A. Shahid, M. M. Bhatti, R. Ellahi and Kh. S. Mekheimer,
Numerical experiment to examine activation energy and bi-
convection Carreau nanofluid flow on an upper paraboloid
porous surface: application in solar energy, Sustain. Energy
Technol. Assess., 2022, 52, 102029, DOI: 10.1016/
j-seta.2022.102029.

5592 | Nanoscale Adv,, 2023, 5, 5580-5593

View Article Online

Paper

21 A. Bejan, Entropy generation minimization: The new
thermodynamics of finite-size devices and finite-time
processes, J. Appl. Phys., 1996, 79, 1191-1218, DOLI:
10.1063/1.362674.

22 A. Bejan, Second-Law Analysis in Heat Transfer and Thermal
Design, in Advances in Heat Transfer, ed. J. P. Hartnett and T.
F. Irvine, Elsevier, 1982, pp. 1-58, DOI: 10.1016/S0065-
2717(08)70172-2.

23 A. Bejan, Second law analysis in heat transfer, Energy, 1980,
5, 720-732, DOI: 10.1016/0360-5442(80)90091-2.

24 O. Mahian, S. Mahmud and S. Z. Heris, Analysis of entropy
generation between co-rotating cylinders using nanofluids,
Energy, 2012, 44,  438-446, DOL  10.1016/
j-energy.2012.06.009.

25 H. F. Oztop and K. Al-Salem, A review on entropy generation
in natural and mixed convection heat transfer for energy
systems, Renewable Sustainable Energy Rev., 2012, 16, 911-
920, DOI: 10.1016/j.rser.2011.09.012.

26 S. Aiboud and S. Saouli, Second Law Analysis of Viscoelastic
Fluid over a Stretching Sheet Subject to a Transverse
Magnetic Field with Heat and Mass Transfer, Entropy,
2010, 12, 1867-1884, DOI: 10.3390/e12081867.

27 R. Ellahi, S. M. Sait, N. Shehzad and Z. Ayaz, A hybrid
investigation on numerical and analytical solutions of
electro-magnetohydrodynamics flow of nanofluid through
porous media with entropy generation, Int. J. Numer.
Methods Heat Fluid Flow, 2019, 30, 834-854, DOIL: 10.1108/
HFF-06-2019-0506.

28 P. K. Pattnaik, S. Mishra and M. M. Bhatti, Duan-Rach
Approach to Study Al203-Ethylene Glycol C2H602
Nanofluid Flow Based upon KKL Model, Inventions, 2020,
5, 45, DOI: 10.3390/inventions5030045.

29 S. Mansur, A. Ishak and I. Pop, Stagnation-point flow
towards a stretching/shrinking sheet in a nanofluid using
Buongiorno's model, Proc. Inst. Mech. Eng., Part E, 2017,
231, 172-180, DOI: 10.1177/0954408915585047.

30 B. Yilbas, Laser Heating Applications: Analytical Modelling,
Elsevier, 2012.

31 M. A. Chaudhary and J. H. Merkin, A simple isothermal
model for homogeneous-heterogeneous reactions in
boundary-layer flow. I Equal diffusivities, Fluid Dyn. Res.,
1995, 16, 311-333, DOI: 10.1016/0169-5983(95)00015-6.

32 M. A. Chaudhary and J. H. Merkin, Homogeneous-
heterogeneous reactions in boundary-layer flow: effects of
loss of reactant, Math. Comput. Model., 1996, 24, 21-28,
DOI: 10.1016/0895-7177(96)00097-0.

33 F. Alzahrani, R. J. P. Gowda, R. N. Kumar and M. I. Khan,
Dynamics of thermosolutal Marangoni convection and
nanoparticle aggregation effects on Oldroyd-B nanofluid
past a porous boundary with homogeneous-heterogeneous
catalytic reactions, J. Indian Chem. Soc., 2022, 99, 100458,
DOI: 10.1016/j.jics.2022.100458.

34 S. A. Khan, T. Hayat and A. Alsaedi, Entropy optimization for
nanofluid flow with radiation subject to a porous medium, J.
Pet. Sci. Eng., 2022, 217, 110864, DOIL 10.1016/
j-petrol.2022.110864.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.ijmecsci.2017.07.048
https://doi.org/10.1016/j.rinp.2017.12.013
https://doi.org/10.1108/HFF-02-2019-0113
https://doi.org/10.1016/j.molliq.2020.114975
https://doi.org/10.1016/j.molliq.2020.114975
https://doi.org/10.1080/01430750.2018.1472648
https://doi.org/10.1140/epjp/s13360-020-00606-2
https://doi.org/10.1007/s12648-021-02179-x
https://doi.org/10.1007/s12648-021-02179-x
https://doi.org/10.1016/j.camwa.2022.05.027
https://doi.org/10.1016/j.ijthermalsci.2021.107343
https://doi.org/10.3390/sym14020406
https://doi.org/10.1016/j.seta.2022.102029
https://doi.org/10.1016/j.seta.2022.102029
https://doi.org/10.1063/1.362674
https://doi.org/10.1016/S0065-2717(08)70172-2
https://doi.org/10.1016/S0065-2717(08)70172-2
https://doi.org/10.1016/0360-5442(80)90091-2
https://doi.org/10.1016/j.energy.2012.06.009
https://doi.org/10.1016/j.energy.2012.06.009
https://doi.org/10.1016/j.rser.2011.09.012
https://doi.org/10.3390/e12081867
https://doi.org/10.1108/HFF-06-2019-0506
https://doi.org/10.1108/HFF-06-2019-0506
https://doi.org/10.3390/inventions5030045
https://doi.org/10.1177/0954408915585047
https://doi.org/10.1016/0169-5983(95)00015-6
https://doi.org/10.1016/0895-7177(96)00097-0
https://doi.org/10.1016/j.jics.2022.100458
https://doi.org/10.1016/j.petrol.2022.110864
https://doi.org/10.1016/j.petrol.2022.110864
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00639e

Open Access Article. Published on 26 September 2023. Downloaded on 1/14/2026 10:01:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

35

36

37

38

39

40

S. A. Khan, A. Razaq, A. Alsaedi and T. Hayat, Modified
thermal and solutal fluxes through convective flow of
Reiner-Rivlin material, Energy, 2023, 283, 128516, DOIL:
10.1016/j.energy.2023.128516.

P. Sunthrayuth, S. A. M. Abdelmohsen, M. B. Rekha,
K. R. Raghunatha, A. M. M. Abdelbacki, M. R. Gorji and
B. C. Prasannakumara, Impact of nanoparticle aggregation
on heat transfer phenomena of second grade nanofluid
flow over melting surface subject to homogeneous-
heterogeneous reactions, Case Stud. Therm. Eng., 2022, 32,
101897, DOI: 10.1016/j.csite.2022.101897.

Hashim, S. Rehman, S. Alqahtani, S. Alshehery and
S. B. Moussa, A comprehensive physical insight of inclined
magnetic field on the flow of generalized Newtonian fluid
within a conduit with Homogeneous-heterogeneous
reactions, Arabian J. Chem., 2023, 16, 104633, DOI:
10.1016/j.arabjc.2023.104633.

P. K. Pattnaik, S. R. Mishra, O. Anwar Bég, U. F. Khan and
J. C. Umavathi, Axisymmetric radiative titanium dioxide
magnetic nanofluid flow on a stretching cylinder with
homogeneous/heterogeneous reactions in Darcy-
Forchheimer porous media: Intelligent nanocoating
simulation, Mater. Sci. Eng., B, 2022, 277, 115589, DOLI:
10.1016/j.mseb.2021.115589.

B. K. Siddiqui, S. Batool, Q. mahmood ul Hassan and
M. Y. Malik, Repercussions of homogeneous and
heterogeneous reactions of 3D flow of Cu-water and
AL203-water nanofluid and entropy generation estimation
along stretching cylinder, Ain Shams Eng. J., 2022, 13,
101493, DOI: 10.1016/j.as€j.2021.05.007.

A. Razaq, T. Hayat, S. A. Khan and S. Momani, ATSS model
based upon applications of Cattaneo-Christov thermal
analysis for entropy optimized ternary nanomaterial flow
with homogeneous-heterogeneous chemical reactions,

© 2023 The Author(s). Published by the Royal Society of Chemistry

41

42

43

44

45

46

47

48

View Article Online

Nanoscale Advances

Alexandria Eng. J., 2023, 79, 390-401, DOLIL
j.2€j.2023.08.013.

S. A. Khan, T. Hayat and A. Alsaedi, Entropy generation in
bioconvection hydromagnetic flow with gyrotactic motile
microorganisms, Nanoscale Adv., 2023, 5, 4863-4872, DOI:
10.1039/D3NA00338H.

A. Shahsavar, M. Rashidi, M. M. Mosghani, D. Toghraie and
P. Talebizadehsardari, A numerical investigation on the
influence of nanoadditive shape on the natural convection
and entropy generation inside a rectangle-shaped finned
concentric annulus filled with boehmite alumina
nanofluid using two-phase mixture model, J. Therm. Anal.
Calorim., 2020, 141, 915-930, DOI 10.1007/s10973-019-
09076-w.

J. Kierzenka and L. Shampine, A BVP solver that controls
residual and error, J. Numer. Anal. Ind. Appl. Math., 2008, 3,
27-41.

R. D. Russell and J. Christiansen, Adaptive Mesh Selection
Strategies for Solving Boundary Value Problems, SIAM J.
Numer. Anal., 1978, 15, 59-80, DOI: 10.1137/0715004.

H. I. Andersson, K. H. Bech and B. S. Dandapat,
Magnetohydrodynamic flow of a power-law fluid over
a stretching sheet, Int. J. Non-Linear Mech., 1992, 27, 929-
936, DOIL: 10.1016/0020-7462(92)90045-9.

S. Shaiq, E. N. Maraj and Z. Igbal, Remarkable role of
C3H802 on transportation of MoS2-Si02 hybrid
nanoparticles influenced by thermal deposition and
internal heat generation, J. Phys. Chem. Solids, 2019, 126,
294-303, DOI: 10.1016/j.jpcs.2018.11.028.

C. Y. Wang, Free Convection on a Vertical Stretching Surface,
J. Appl. Math. Mech., 1989, 69, 418-420, DOI: 10.1002/
zamm.19890691115.

R. S. Reddy Gorla and I. Sidawi, Free convection on a vertical
stretching surface with suction and blowing, Appl. Sci. Res.,
1994, 52, 247-257, DOI: 10.1007/BF00853952.

10.1016/

Nanoscale Adv., 2023, 5, 5580-5593 | 5593


https://doi.org/10.1016/j.energy.2023.128516
https://doi.org/10.1016/j.csite.2022.101897
https://doi.org/10.1016/j.arabjc.2023.104633
https://doi.org/10.1016/j.mseb.2021.115589
https://doi.org/10.1016/j.asej.2021.05.007
https://doi.org/10.1016/j.aej.2023.08.013
https://doi.org/10.1016/j.aej.2023.08.013
https://doi.org/10.1039/D3NA00338H
https://doi.org/10.1007/s10973-019-09076-w
https://doi.org/10.1007/s10973-019-09076-w
https://doi.org/10.1137/0715004
https://doi.org/10.1016/0020-7462(92)90045-9
https://doi.org/10.1016/j.jpcs.2018.11.028
https://doi.org/10.1002/zamm.19890691115
https://doi.org/10.1002/zamm.19890691115
https://doi.org/10.1007/BF00853952
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00639e

	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction

	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction
	Entropy production with the flow of nanomaterials through the permeable stretched surface with heterogeneoustnqh_x2013homogenous chemical reaction


