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The current study investigated the formation of entropy in a nanofluid flow in a wedge with thermal radiation and convective
boundary conditions. Nanoparticle aggregation is also taken into consideration. The rate of heat transmission of a water-based
aggregated fluid over a wedge has been investigated due to the effects of thermal radiation. A set of nonlinear differential
equations governs the flow process, and these are numerically solved using a helpful approach called the Runge-Kutta-Fehlberg
scheme. This method starts by breaking down the equations into a collection of first-order equations. The RK method then
solves those equations. The effects on flow and heat transmission are studied using graphical analysis. Entropy generation and
Bejan number changes are also graphically displayed, and the results are discussed in detail. These equations’ answers were
also incorporated into a dimensionless entropy generating equation. According to the findings, raising the radiation parameter
and decreasing boundary convection minimize entropy generation, while nanoparticles boost entropy production.

1. Introduction

The “nanofluid” is characterized by conventional nanofluid
papers as the scattering of solid nanoparticles, rods, and
pipes in the standard heat transfer flow, for instance, water,
lubricating oil, ethane-1,2 diols, and petrol. Many scholars
have investigated the degree to which thermophysical char-
acteristics of nanofluid boost heat dissipation by their scale,
shape, concentrating, etc. The hollow cylindrical nanostruc-
tures are carbon nanofluids, whose walls are constructed
from dense carbon sheets. (CNTs) are known as walled sin-
gle nanotubes and wall-mounted nanotubes. CNTs have
usually lots of processing and biomedical applications while
the most critical function of nanotubes in fluid dynamics is
the control of heat transfer to fluids [1]. In various engineer-
ing and science fields, the theory for boundary layers plays
an important role. The boundary layer flow of a single-
walled carbon nanotube nanofluid approaching three non-

linear thin isothermal needles of paraboloid, cone, and cylin-
der shapes with convective boundary conditions is predicted
in [2] using an artificial neural network (ANN). Under the
phenomenon of zero heat and mass flux, a single and dual
phase technique is employed to build the management
model. In ref [3], the role of Casson carbon nanotubes in
boundary layer flow is being studied, having implications
for both single-walled and multiwalled CNTs. The rate of
heat transmission is examined under convective conditions.
Various studies of nanofluid boundary layer motion around
a wedge have been found in the literature. Khan and Pop [4]
numerically analyzed the flow of the nanofluid limit layer
through a wedge. The thermal radiation, viscose dissipation,
and chemical reactions of MHD boundary layer nanofluid
flow by the wedge were investigated by Pandy and Kumar
[5]. Flows past a wedge could be used in polymer processing,
crude oil extraction, the flow of molten metals over ramped
surfaces, liquid metal flows in heat exchangers, the throwing
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of chilled air through AC panels, nuclear power plants,
designing flaps on aeroplane wings for increased lift, drag,
and maneuverability, modeling of warships and submarines,
and a variety of other scientific and engineering fields. Many
scholars have recently shown a strong interest in studying
fluid flow past a wedge surface.

The irreversibility of simple heat transfer methods is
assessed using the Second Thermodynamics Law. Entropic
generation is studied to understand the connection between
thermal energy and other energy types that influence process
matter. Malvandi et al. [6] are investigating the formation of
entropy in nanofluid on a flat plate.

In recent decades, the issue of MHD and nanofluid has
become more industrial. Initially, the magnetic field’s influ-
ence on the convection of natural heat transfer was investi-
gated by Sparrow and Cess. The hydromagnetic flow and
heat transport through the stretching layer have been inves-
tigated by Chakrabarti and Gupta [7]. Casson nanofluids,
which belong to the class of non-Newtonian fluids, have rhe-
ological properties in the shear stress-strain relationship.
These are routinely used in several processes in engineering
and technology [8].

More than one paper was then flooded and extensively
discussed in the field of nanofluid science. The transmission
of heat with fluid particulate suspension was documented
under Saeed et al. [9]. At the melting heat transfer to the
boundary nanofluid fluid layer stagnation point on to the
stretching shrinking sheet, Kumar and Bandari [10] were
recently noted. Features of double stratification on stagnation
point flow of Walter’s B nanoliquid driven through Riga
surface are examined in [11]. Via solutal stratification, radi-
ation, and thermal effects, heat and mass phenomena are
examined.

The limit layer flow was observed by Yacob et al. [12]
past a deteriorating/decreasing surface in nanofluid under
an external, consistent shear flow with a convective surface
border status. The MHD-forced layer flow of Al2O3 −H2O
nanofluid over a flat, motionless plate with convective sur-
face configuration was observed [13].

The intensive nanofluid study has undergone significant
advances and is applied to various surfaces, sizes, and condi-
tions by numerous researchers. The MHD convection and
thermal transfer over the inclined cylinder were investigated
by Dhanai et al. [14] for velocity and thermal slip effects:
Al2O3 −H2O. Nanofluid force convection in a nanoparticle
was observed by the Malvandi and Ganji [15].

The study of 3D flows is mentioned in comparison to
two-dimensional flows. The physical question is better
known. The 3D boundary layer flow caused by the extension
layer was addressed by Wang [16]. Different types of papers
were suggested for 3D flow accordingly. The three-
dimensional nanofluid flow model with the use for solar
energy was explored by Ahmad Khan et al. [17]. Some recent
demonstration on flow in circular rings and circular cylinder
can be seen in [18, 19].

At its general three-dimensional stagnation, Bachok
et al. [20] investigate the flow and heat transfer of nanofluid.
The 3D hydromagnetic point flow of stagnation to a heat
generating layer was addressed by Attia [21]. Mansur and

Ishak [22] depicted the nanofluid three-dimensional fluid
flow and thermal transmission across a permeable, convec-
tive boundary layer.

Khan et al. [23] convected exponentially expanded layers
to computer analysis of the 3D nanofluid flow. Hayat et al.
[24] have been studying 3D magneto-hydrodynamic nano-
fluid flow with slip speed and nonlinear thermal radiation.
The role of nanoparticle aggregation kinetics in thermal
conductivity is experimentally recognized by Prasher [25].
Chen et al. [26] recorded entropy characteristics to include
titanium particles. They used the nanoparticle aggregation
mechanism to predict thermal conductivity. Zhou and Keller
[27] used ZnO to describe the effect of the fractal component
of the nanoparticle aggregation. They showed the effect of
pH on the phenomenon of aggregation. Mahanthesh et al.
[28] investigated the kinematics of nanoparticle aggregation
by using modified models for thermal conductivity and
dynamic viscosity developed by Maxwell–Bruggeman and
Krieger–Dougherty. Sedighi and Mohebbi [29] have investi-
gated the thermal conductivity and basic heat characteristics
of nanolithic aggregations by adding nanoparticles. Heris
et al. [30] conducted an inspection on ZnO nanolubricants.
The development of nanoparticle aggregation in the base
fluid was demonstrated by the correlation of Krieger and
Dougherty. Chen et al. [31] conducted a comprehensive
study on impact of the nanoparticle aggregation on the
nanofluid’s radiative properties. The increment of viscosity
nanoparticle aggregation was reported by He et al. [32].

In physics and engineering challenges, heat transmission
is crucial. The influence of Newtonian heating on nanofluid
flow over a nonlinear permeable stretching/shrinking sheet
towards the stagnation point is investigated in this work.
In the heat transfer process, entropy generation analysis also
plays a vibrant role. Entropic scrutiny is focused on irrevers-
ibility of the thermal system. Any thermal and heat transfer
equipment, including the heat exchanger and heat sink, shall
obey the irreversibility. The source of irreversibility should
be established and to some degree minimized. Mustafa
et al. [33] investigated the generation of entropy by nano-
fluid flow in the vertical microchannel. They found that
the number of grash increases the rate of entropy. A porous
Al2O3/water fluid phase has been shown by Makinde and
Eegunjobi [34]. They found that the nanoparticle concentra-
tion in Bejan increased.

The thermal characteristics that define the physical situ-
ation have often been challenged by scientists and inventors.
Ibanez et al. investigated entropy generation using the sepa-
rate flow model in a nanofluid-driven microchannel. The
MHD nanofluid stream over L-shaped ribs was examined
by Torabi et al. [35]. Toghraie et al. [36] use the spectral qua-
silinearization (SQLM) approach to solve the complex dif-
ferential equations that govern nonlinear mixed convective
heat transfer of a Williamson fluid down a vertical micro-
channel. They demonstrated that the boundary conditions
of convection heating at the microchannel walls cause the
most entropy formation.

The present article addresses the entropy generation of
internal layer flow and MWCNT-containing nanofluid ther-
mal transmission. In this research project, the uniqueness
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and impact of nanoparticles, convective surfaces, and heat
radiation are calculated. The solutions are obtained by
numerical calculation. In both situations, the physical effects
of nanofluid flow, i.e., (i) without aggregating the nanoparti-
cles and (ii) with nanoparticles, are examined.

The main objectives of this work are as follows.

(i) The characteristics of flow and thermal field are
interpreted and missing by filming with nanofluid
aggregation

(ii) Examine the heat transfer phenomenon root of
irreversibility

(iii) Find out which physical factor contributes to the
generation of entropy

(iv) Find out how entropy production can be minimized
by manipulating flow parameters

2. Description of the Model

Consider a two-dimension, laminar, steady, incompressible
nanofluids of viscous flow through a wedge in a stream of
water-based nanofluid containing multiwall CNT (see
Figure 1). The set of Cartesian coordinates is used in the prob-
lem under consideration. The lower surface of the wedge is
supposed to be heated by convection from a hot fluid at a tem-
perature Tf that yields the heat transfer coefficient hf : The
nanoparticles and the base fluid (water) are also considered
to be in equilibrium, with no slip between them.

The equations that govern the nanofluid model over
wedge geometry was described in the following form [37]:

∂u
∂x

+
∂v
∂y

= 0,

u
∂u
∂x

+ v
∂u
∂y

=U∞
∂Ue

∂x
+
μnf
ρnf

∂2u
∂y2

,

u
∂T
∂x

+ v
∂T
∂y

= αnf
∂2T
∂y2

+
μnf

ρCp

� �
nf

∂u
∂y

� �2
−

1
ρCp

� �
nf

∂qr
∂y

,

ð1Þ

where u and v represent the components of velocity in the
x and y direction of the fluid flows, respectively. The coordi-
nate system and problem geometry are described in Figure 1.
T represents the temperature of nanofluid. Furthermore, μnf
and ρnf are the dynamic nanofluids viscosity and density,
and σnf is the thermal diffusivity of the nanofluid.

2.1. Thermal Physical Characteristics of Nanofluids

2.1.1. The Conventional Model without Aggregation (Case 1).
The productive hybrid nanofluid density ρnf and capacity of

heat ððρCpÞnf Þ are defined by

ρCp

� �
nf
= 1 − ϕð Þ ρCp

� �
f
+ ϕ ρCp

� �
s
, ρnf = 1 − ϕð Þρf + ϕρs,

ð2Þ

where ϕ is a nanofluid fixed volume fraction. The nano-
fluid dynamic viscosity is calculated as [38]

μnf
μf

=
1

1 − ϕð Þ2:5 : ð3Þ

The effective nanofluid thermal conductivity is deter-
mined by

knf
kf

=
ks + 2kf − 2ϕ kf − ks

� �
ks + 2kf + ϕ kf − ks

� � , ð4Þ

where knf is the nanofluid thermal conductivity, and kf
is the thermal conductivity of base fluid. Recommended
boundary conditions are implemented through the disk as

u = 0, v = 0,−knf
∂T
∂y

= hf T f − T
� �

, at y = 0,

u =Ue xð Þ =U∞xm, v = 0, T = T∞, at y⟶∞:

ð5Þ

2.1.2. The Conventional Model with Aggregation (Case 2). The
fluid model, for example, Brinkman, Einstein, and Maxwell,
depends only on the fraction of the nanoparticle volume.
The nanofluid’s normalized shear viscosity does not depend
on the temperature. The model of aggregation clarifies these
features. In addition, nanofluid thermal conductivity is higher
with experimental results than with common fluid models.
This difference is explained by the neglected effect of nanopar-
ticles [9, 10]. Therefore, consideration of the film aggregation
of nanoparticles is necessary to explore the ratio of thermal
conductivity. Thermophysical properties of base fluid and

Ue (x)
U∞

T∞

MWCNT

Hot
fluid

y x

y
x

𝜋𝛽

Figure 1: Physical model of the problem.
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nanoparticles are given in Table 1.

ρnf = 1 − ϕað Þρf + ϕaρs,

μnf

μf
= 1 −

ϕa
ϕm

� � η½ �ϕm
,

ρCp

� �
nf
= 1 − ϕað Þ ρCp

� �
f
+ ϕa ρCp

� �
s
,

knf
kf

=
ka + 2kf − 2ϕa kf − ka

� �
ka + 2kf + ϕa kf − ka

� � ,

ð6Þ

where ϕm is an extreme fraction of the volume, [η] is an
Einstein coefficient, and ϕa is an effective fraction of the vol-
ume of the aggregates.

ϕa = ϕ
ra
rp

 !3−D

: ð7Þ

Experimental values are very well agreed with the com-
monly accepted values D = 1:8, ðra/rpÞ=3.34, ϕm = 0:605,
and ½η� = 2:5. Nanoparticle aggregation is included in the
thermal conductivity deduction by Bruggeman:

knf
kf

=
1
4

3ϕm − 1ð Þ ks
kf

+ 3 1 − ϕmð Þ − 1ð Þ
(

+ 3ϕin − 1ð Þ ks
kf

+ 3 1 − ϕinð Þ − 1ð Þ
 !2

+ 8
ks
kf

" #)
,

ϕin =
ra
rp

 !D−3

: ð8Þ

By using similarity transformations,

η =
m + 1ð ÞUe xð Þ

2υbf x

 !1/2

y, u =Ue xð Þf ′ ηð Þ,

θ ηð Þ = T − T∞ð Þ
Tw − T∞ð Þ , v =

m + 1ð Þυbf Ue xð Þ
2x

� �1/2

f +
m − 1ð Þ
m + 1ð Þ

� �
ηf ′ ηð Þ

� �
:

ð9Þ

Substituting values to get

f ′′′ + 1 − ϕð Þ2:5 1 − ϕ + ϕ
ρnf
ρf

 !
f f ′′ + 2mð Þ

m + 1ð Þ 1 − f ′2
� 	� �

= 0,

ð10Þ

knf
kf

+
4

3Nr

 !
θ′′ + 1 − ϕ + ϕρnf /ρf

� 	
Pr f θ′ + Br

1 − ϕð Þ2:5 f
′′2 = 0,

ð11Þ
where Nr is the radiation parameter, and Br = Pr:Ec

(where Ec represents the Eckert number) is the Brinkman
number. Bi is the surface convection parameter, Pr = vf /αf

is the Prandtl number, and primes signify derivative w.r.t η.
The modified BCs transform into

f 0ð Þ = 0, f ′ 0ð Þ = 0, θ′ 0ð Þ = −Bi 1 − θ 0ð Þð Þ, ð12Þ

f ′ ηð Þ = 1, θ ηð Þ = 0 as ηð Þ⟶∞: ð13Þ

2.2. Entropy Generation. Entropy generation includes the
existing irreversibility of the physical phenomenon. The term
entropy is used

Sg =
knf
T2
∞

∂T
∂y

� �2
+
16σ∗T2

∞
3kbf k

∗
∂T
∂y

� �2
" #

+
μnf
T∞

∂u
∂y

� �2
= 0:

ð14Þ

The nondimensional entropy generation is given by

Ns =
Sg
Sg0

=
m + 1
2

� �
Rex

knf
kbf

1 +
4

3Nr

� �
θ′2 + Br

Ω 1 − ϕð Þ2:5 f ′′
� 	2" #

,

ð15Þ

where Sg0 = ðkbfΔT2/T2
∞x2Þ is the characteristic entropy

generation rate, and Ω−1 = T∞/ΔT is the dimensionless
temperature difference.

Table 2 shows the comparison between results of previ-
ous publications [39, 40] and some of our results with a
perfect agreement.

We are introducing the Bejan number (Be) as the
ratio between entropy and total entropy output induced by
heat transfer.

Be =
Entropy genration due to heat transfer

Total entropy generation
: ð16Þ

If Be = 1 dominates irreversibility in heat transfers, while
Be = 0 dominates irreversibility as a result of fluid friction,
Be = 1/2 dominates when fluid rubbing, and heat transfers
are irreversible.

2.2.1. Mathematical Analysis. Equations (10) and (11) rela-
tive to equation (12) are combined with nonlinear DEs to
be numerically solved by Runge-Kutta-Fehlberg scheme for
differential values of physical parameters. In order to obtain
the numerical approaches, the governing nonlinear ODEs
(10) and (11) and BCs (12) transformed to a number of
simultaneous DEs of the first order.
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3. Interpretations of the Results

In the presence of thermal radiation, the numerical results
for entropy production inside the nanofluid border layer
over the wedge are graphically represented. The results show
extraordinary agreement and therefore trust us to use the
current code. For certain values of (Bi), m, Nr, Br, and ϕ,
the nonlinear ordinary differential equations (10) and (11)
subject to boundary condition (12) is numerically solved.
Many kinds of nanoparticles are considered that are the fluid
of base Cu, CuO,Al2O3 , and H2O. Let us take into account
of the value (Pr) of 6.2 for the current analysis.

The impact of Bi for the velocity component f ′ðηÞ and
the field of temperature, θðηÞ, respectively, are shown in
Figures 2 and 3. Biot number is a dimensional quantity com-
paring relative external and internal resistance transmission.
The heated fluid heats up the lower surface of the stretch
sheet as Bi rises, causing convective heat to be transferred.
As a result of the rise in the number of Biot, the temperature
increases. Eventually, it increases the thickness of the ther-
mal boundaries. It is important to note that the inclusion
of nanoparticle aggregation leads to an enhanced tempera-
ture profile.

For velocity components f ′ðηÞ and the distribution of
the temperature field θðηÞ, respectively, the effects of the
m parameter are shown in Figures 4 and 5. The findings
are very much in agreement. The f ′ðηÞ values are reduced
and for the largerm,θðηÞ increases. Physically, the increment
in θðηÞ is due to the resistive force that occurs from the mag-
netic field. The Lorentz force, which is induced by the mag-
netic field, is the physical reason behind this. Figures 6 and 7
display the effect of Nr on f ′ðηÞ and θðηÞ temperature. f ′ðηÞ
decreases and increases the thickness of thermal boundary
layer as Nr increases. Figures 8 and 9 show that with the rise
in ϕ, both the velocity profile f ′ðηÞ and the distribution of
the temperature field θðηÞ increase. Physically, this is due
to increased dynamic viscosity and increased momentum
diffusion. The increase in the thermal conductivity of the
nanoliquid is attributable to the existence of more nanopar-
ticles. The fluid close to the nanoparticles forms a nanolayer
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Figure 4: Impact of m parameter on f ′ðηÞ.

Table 1: Thermal physical characteristics of H2O and
MWCNT [31].

Physical properties ρ kg
m3

� 	
Cp

J
kgK

� 	‘
k W

m K
� �

Pure water H2Oð Þ 997.0 4179 0.613

MWCNT 1600 796 3000

Table 2: Comparison between present result and Ref [39, 40].

m Yih [36] White [37] Present

0 0:4696 0:4696 0:4696
1
11

0:6550 0:6550 0:6550

1
5

0:8021 0:8021 0:8021

1
3

0:9276 0:9276 0:9277

0.0

0 1

Without aggregation
With aggregation

2 3 4
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f' 
(𝜂
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𝜂
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1.0
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Figure 2: Impact of Bi parameter on f ′ðηÞ.
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Figure 3: Impact of Bi parameter on θðηÞ.
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Figure 10: Impact of Br parameter on f ′ðηÞ.
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since the nanoparticles are formed and serve as a bridge
between the particles and the fluid aggregates. The density
of the nanolayer plays an important part in improving ther-
mal conductivity. This nanolayer plays an important role in
the transmission of heat from solid to nearby liquid.

Br effects are shown in Figures 10 and 11 for f ′ðηÞ and θ
ðηÞ. It seems that f ′ðηÞ decreases, and the thermal limit thick-
ness increases with Br. The effect of Bi, Nr, and ϕ nanoparti-
cles on NgðηÞ is shown in Figures 12–14. It is evident that
with higher ϕ, NgðηÞ decreases and Bi increases. Increased

N
g 

(𝜂
)
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Figure 14: Impact of ϕ parameter on Ng ðηÞ.
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Figure 16: Impact of Nr parameter on Be ðηÞ.
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Figure 13: Impact of Nr parameter on Ng ðηÞ.
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radiation parameters in NgðηÞ and Nr continue to increase
the entropy generation. This action of entropy generation is
motivated by a reduction in the radiation absorption rate.
Therefore, the best way to reduce entropy production is to
increase the radiation parameter. It is illustrated that the nano-
particle aggregation model has a lower entropy generation.

The Bejan number for parameters ϕ, Nr, and Br is
shown in Figures 15 and 16. The BeðηÞ curve tends to
increase until the maximum value is reached first and then
begins to decrease unless the value is zero. It is observed
that the number of Bejan increases to increase the value
of Nr. The maximum value of BeðηÞ is increased with
greater Nr and decreased with ϕ and Br. It is known from
these graphs that the number of Bejan is greater for the
aggregation model.

4. Conclusions

This study develops a mathematical expression for the
entropy processing and heat transfer studies of
MWCNT-containing incompressible nanofluids under the
conditions of convective conditions and nanofluid thermal
radiation. A cinematic aggregation model for the analysis
of nanoliquid flow is considered. The significance of the
different speed profile parameters, thermal profile, entropy
generation, and the number of Bejan is considered. The
following fundamental conclusions are drawn from the
current study:

(i) The increase in volume phi and Biot Bi fraction
increases thickness of temperature but decreases
the radiation parameter

(ii) It is noted that the aggregation model has a higher
temperature profile than traditional models

(iii) Entropy production increases in nanofluid for a
wider volume fraction of nanoparticles

(iv) The entropy production is reduced in the aggrega-
tion model of nanoparticles

(v) The reduction of entropy can be achieved by
increasing the radiation parameter and reducing
crossborder convection

(vi) Nanofluid entropy production increases for higher
volume fraction values

(vii) The number Bejan is increased with the radiation
parameter and the number Biot

(viii) It has been emphasized that a model of aggregation
of nanoparticles shows a higher number Bejan

Nomenclature

u: Component of velocity in the x direction
v: Component of velocity in the y direction
μ: Dynamic viscosity
ν: Kinematics viscosity
Re: Local Reynolds number

T : Surface temperatures
T∞: Environmental temperatures
ðρCpÞnf : Nanofluid heat power
ρnf : Density of nanofluid
ρs: Density of solid particle
ϕ: Volume fraction of nanoparticles
kf : Conductivity of the base fluid
θ: Dimensionless temperature
η: Dimensionless variable
Nu: Nusselt number
Pr: Prandtl number
qr : Rosseland approximation
Ec: Eckert number
N : Radiation parameter
Ng: Entropy generation
Be: Bejan number
Ω: Thermal difference parameter
ka: Thermal conductivity of the aggregates
ϕa: Volume fraction of nanoparticle aggregates
ϕm: Maximum volume fraction of nanoparticles
ra, rp: Radii of aggregates and nanoparticles.
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