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Abstract. Entropy generation analysis in steady two-dimensional, viscous, incompressible forced convective
Falkner–Skan flow of Maxwell nanofluid over a static wedge embedded in a porous medium with temperaturedependent viscosity is examined. The Buongiorno’s model has been utilised, to get the flow governing higher-order
coupled nonlinear partial differential equations (PDEs) from mass, momentum, energy and concentration
conservations. Suitable transformations have been done to convert governing PDEs into the coupled non-linear
ODEs along with no-slip boundary conditions, which are then solved using the MATLAB programme bvp4c. The
influences of diverse flow governing parameters on various flow properties and quantities of physical interest are
displayed in graphical mode and discussed. It is found that entropy generation reduces only with Eckert number
(Ec), while more entropy is generated for pressure gradient parameter (m), local Deborah number (β), variable
viscosity parameter (δ) and permeability parameter (K ). Entropy generation due to heat transfer irreversibility is
prominent with increase in m and δ, but it is not so for other parameters. The drag force on the wedge surface
become stronger with β and m, but it reduces with δ. Rates of heat transfer and mass transfer enhance with m
and δ. In addition, surface drag force and heat transfer rate diminish with Brownian motion parameter (Nb) and
thermophoresis parameter (Nt).
Keywords. Entropy generation; Falkner–Skan flow; Maxwell nanofluid; wedge; Darcy porous medium;
temperature-dependent viscosity.
PACS Nos. 47.15.Cb; 47.50.−d; 47.61.−k

1. Introduction
In thermal fluid dynamical systems, irreversibility that
occurs with the fluid flow process has been quantitatively measured using entropy generation. The occurrence of the irreversible process enhances with enhanced
entropy generation in the system. Studies have shown
that sources which contribute to the irreversibility in
the heat transfer process are thermophysical processes,
namely, heat transfer, mass transfer, magnetic effect and
viscous dissipation. The performance of engineering
devices depends on entropy generation. In a thermal
engineering system, entropy generation destroys many
useful properties, thus diminishing the working capability of the system. The analysis of the distribution of
entropy generation within the flow field is vital to control
the quality of energy or to optimise the heat exchangers
0123456789().: V,-vol

and fuel cells or to diminish the entropy generation. The
entropy generation analysis in forced convective heat
transfer was done by Bejan [1]. Later, Bejan [2] analysed various factors that destroy entropy generation in
thermal engineering systems. To measure the sources of
irreversibility in thermal systems, some investigations
[3–11] with various flow geometries have been reported,
emphasising the entropy generation analysis.
The constructions of realistic models for systems,
such as heat transfer devices, power components or
complex plants, are based on entropy generation minimisation method which relies on simultaneous heat
transfer and engineering thermodynamics approach.
After establishing the model, the strong link between
the efficiency and the global entropy generation rate
is exploited by the designer who can compare design
options which either requires certain amount of resource
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input to generate a larger output or yield the same output with lesser irreversibility. These attractive features
have made entropy generation analysis a popular thermodynamic method for the design and the optimisation
of less unsustainable systems. Actually, in real-world
design applications of entropy generation minimisation
is not an easy task. The complexity of the model augments when operating points vary with time or when
there are complicated boundary conditions. Guelpa et al
[12] studied entropy generation for the design improvement of a latent heat storage system, whereas Sciacovelli
et al [13] described the entropy generation as a design
tool in their detailed review.
In recent decades, the non-Newtonian flows have
achieved vital dominance because of their utilisations
in the fields of geophysics, chemical and biorheology,
hydraulic power systems and petroleum industries. The
fluids in which relations between shear rate and velocity gradient are non-linear are known as non-Newtonian
fluids. The subcategory of non-Newtonian fluid that
exhibits both viscous and elastic characters when stress
is applied and removed is known as viscoelastic fluids. The viscoelastic fluids which are common in nature
are polymers, bitumen, blood, paints, flour dough, etc.
There are several applications of viscoelastic materials, such as in helmet and shoe sole, to reduce the
impact transmitted to a person’s skeleton, automobile
bumpers, computer drivers to keep it safe from mechanical shock, as lubricants and shock absorbers, etc. The
non-Newtonian fluids show flow characteristics different from Newtonian fluids. Because of the complexities
of non-Newtonian fluids, there does not exist a single
constitutive equation that exhibits all the flow characteristics of these fluids. So, there exist various models, and
among these, the significantly used non-Newtonian fluid
model is related to the simple model via the power-law
model and grade two or three models (Hassanien [14],
Baris and Dokuz [15], Siddiqui et al [16]). The fluids in
which viscosity is shear dependent, were explained by
power-law model but this model cannot explain elastic
effects. The elastic effect was explained by grade two
or three models but in these models, viscosity is not
shear-dependent (Hayat et al [17]). The stress relaxation effects are not predicted by these models. The
non-Newtonian fluids are categorised into rate, differential and integral types in which the Maxwell fluids
are the simple and interesting subcategory of rate-type
fluids. The impact of shear-dependent viscosity inside
the boundary layer is excluded in the Maxwell model
and it permits one to emphasise only the influence of
a fluid’s elasticity on the features of its boundary layer
(Sadeghy et al [18]). Some other important properties
of non-Newtonian Maxwell fluids may be found in the
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works of Hayat et al [19,20], Mukhopadhyay and Bhattacharyya [21], Abbasbandy et al [22], Kashyap et al
[23].
Due to rapid developments of science and technology,
many industrial equipments operate at high temperature and require fast and powerful output. Poor thermal
performance of the traditional heat transfer fluids, such
as water, oil, ethylene glycol, biofluid and polymer
solutions is the main reason for the undesirable performance of the aforesaid devices and this limitation
must be removed. So, to overcome these limitations,
Choi [24] designed nanofluids, which are suspensions of
nanometer-sized solid particles or nanofibres with sizes
1–100 nm in a classical heat transfer liquid. During the
modern era of science, nanofluid exhibits improved thermophysical characters, such as viscosity, density and
high heat transfer rate. In several areas of science, engineering and technology, nanofluids demonstrate fascinating heat transfer capability. Convective heat transport
in a nanofluid due to thermophoresis and Brownian
motion was described by Buongiorno [25]. He noticed
that when the influence of turbulence was ignored, thermophoresis and Brownian motion dominate the other
crucial mechanisms in nanofluids, such as, diffusiophoresis, fluid drainage, Magnus effect, gravity and
inertia. When nanometre-sized particles disperse in a
classical fluid, it causes a force in the way of temperature
gradient. The thermophoretic velocity is the velocity
with which particles transport heat from hot area to the
cold territory and the force which diffuses nanoparticles
is recognised as the thermophoretic force. The erratic
and unpredictable motion of scattered particles within a
fluid is familiar as Brownian motion. It has significant
applications, in the aerosol collection, to recapture tiny
particles from gas streams and nuclear reactor safety.
Khan and Aziz [26] examined Blasius flow by considering the Buongiorno nanofluid model. Anuar and
Bachok [27] studied the thermophysical characteristics
of nanofluids flow of Blasius and Sakiadis problems.
Khan et al [28] studied the influences of variable viscosity and Lorentz force on Williamson nanofluid flow over
a stretching sheet. Ahmed et al [29] analysed the flow of
Maxwell nanofluid near a stagnation point and observed
that temperature rises with thermophoresis parameter.
In the past few decades, researchers have given considerable attention on the boundary-layer flows over a
wedge with heat-mass transfer as such flows have extensive physical and engineering uses in engine greasing,
cooling of the hot inclined surface, geothermal industries, groundwater flows, aerodynamics, etc. Falkner and
Skan [30] proposed this concept in their model and
they concluded that pressure gradient plays a crucial
role in wedge flow. Hartree [31] in his study got the
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solutions and velocity profile for various approximations of the pressure gradient parameter. Rajagopal et al
[32] adopted the perturbation technique for the solution
of Falkner–Skan flow of non-Newtonian second-grade
fluid. The free convection Falkner–Skan flow was scrutinised by Watanabe [33]. Yih [34] numerically studied
forced convection over a wedge and showed that local
skin friction considerably escalates with suction. Yacob
et al [35] analysed Falkner–Skan flow due to a moving and static wedge introducing nanofluid. The related
investigations on nanofluid considering Falkner–Skan
problem and important problems are available in [36–
44].
Porous media is another desirable mode for heat
transfer enhancement in engineering, science and manufacturing system. Oil manufacturing, electronic cooling
system and heat exchangers are some practical applications using porous media. Solid matrix consisting of
pores that are occupied with fluid is known as porous
media. The pores are linked and filled with the fluid
entirely, so that fluid could flow through it. Lately, heat
transfer community uses nanofluid and porous media
together extensively. These two attract substantial attentions since contact area between liquid and solid is
enhanced by porous media and usage of nanofluid,
which augments thermal properties. So, use of porous
media and nanofluid enhances the durability and efficiency of the engineering system dramatically. Due to
the interactions between fluid and packing particles,
particle and column wall, and fluid and column wall,
the flow behaviour is quite complex in porous media
(Grattoni and Dawe [45]). Darcy did an experiment to
explain the flow behaviour in porous media and established that velocity and pressure gradient are linearly
related, for single-phase and sufficiently small Reynolds
number fluid flow in porous media. Richardson and
Power [46] examined low Reynolds number motion of
porous particles near the plain interface. Preziosi and
Farina [47] studied Darcy’s law for porous media. ElAmin [48] analysed the influence of magnetic field on
non-Newtonian fluid over a plate embedded in porous
medium. The following researchers considered both
nanofluid and porous media in their investigations to
get very high heat transfer rate: Nield and Kuznetsov
[49], Kuznetsov and Nield [50], Jaimala et al [51] and
Elgazery and Elelamy [52]. However, Baag et al [53]
analysed entropy generation in viscoelastic MHD flow
over a stretching sheet in porous media.
In many investigations, it was found that fluid viscosity remains unaltered throughout the flow regime,
but this physical property may alter considerably with
high temperature. According to Charraudeau [54], fluid
viscosity is a linearly varied function of temperature,
whereas, Lai and Kulacki [55] proposed that viscosity
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Figure 1. Physical model of the problem.
Table 1. Comparison of the values of f  (0) for various values of m, when δ = β = K = 0.
m

Watanabe [33]

Yih [34]

Present

0
0.0141
0.0435
0.09009
0.1429
0.2
0.3333
1

0.46960
0.50461
0.56898
0.65498
0.73200
0.80213
0.92765
–

0.469600
0.504614
0.568978
0.654979
0.731998
0.802125
0.927656
1.232588

0.46960049
0.50461466
0.56897792
0.65365339
0.73199856
0.80212560
0.92765359
1.23258766

of fluid is inversely related to its temperature. Gary et al
[56] and Mehta and Sood [57] stated that by considering
temperature-dependent viscosity, flow characteristics
are substantially changed. Hossain et al [58] theoretically studied forced convective flow over a permeable
wedge with viscosity being dependent on temperature.
Recently, Abbasi et al [59] found that entropy generation number declines with variable viscosity parameter.
The intention of the present work is to interpret
entropy generation (irreversibility) in steady, two-dimensional, viscous, incompressible, forced convective
Falkner–Skan flow of Maxwell nanofluid over a fixed
wedge in a porous medium with a viscosity model
which varies linearly with temperature. To the best
of our knowledge, it can be stated that the entropy
generation analysis for Falkner–Skan flow of Maxwell
nanofluid with variable viscosity is completely novel
and yet to be recognised. The flow governing nonlinear PDEs are transformed into higher-order nonlinear
ODEs by employing suitable transformations and those
are solved numerically with built-in routine MATLAB
bvp4c solver. The obtained results related to velocity,
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Figure 2. Velocity profiles for various values of (a) m, (b) β, (c) δ and (d) K .

temperature, nanoparticle concentration, entropy generation rate and heat transfer irreversibility are presented
and discussed. These types of problems with steady state
condition have many important practical applications in
industries, such as in cooling processes, movement of
biological fluids, melt spinning, etc.

2. Mathematical model
Consider a two-dimensional steady, viscous, incompressible, laminar boundary-layer, forced convective
Falkner–Skan flow of Maxwell nanofluid over a fixed
wedge whose angle is of the form β1 π where β1 is
the wedge angle parameter and is a function of m, the
pressure gradient parameter. The free stream velocity
is U = U∞ x m , where U∞ is a positive constant. The
x-axis is along the surface of the wedge, while the yaxis is normal to the wedge surface. The geometry of
the physical model is shown in figure 1. Let us assume
that temperature and concentration of the wedge surface
and the free stream are Tw , T∞ , Cw , C∞ , respectively
with Tw > T∞ , Cw > C∞ . The fluid properties are

assumed to be constant, except fluid viscosity which differs with temperature. Now, using the above assumption
and boundary-layer approximations, the flow governing
equations are [60,61]
∂u ∂v
+
= 0,
∂x
∂y


∂u
∂u
1 ∂
∂u
u
+v
=
μ (T )
∂x
∂y
ρ f ∂y
∂y
μ (T )
dU
−
+U
(u − U )
dx
ρk1


∂ 2u
∂ 2u
∂ 2u
+ v2 2 ,
− λ u 2 2 + 2uv
∂x
∂ x∂ y
∂y
2
∂T
∂T
∂ T
u
+v
=α 2
∂x
∂y
∂y

  
∂C ∂ T
DT ∂ T 2
+
+ τ DB
∂y ∂y
T∞ ∂ y
+

μ (T )

u2,
ρc p f k1

∂C
∂ 2C
∂C
u
+v
= DB 2 +
∂x
∂y
∂y

(1)

(2)

(3)


DT
T∞



∂2T
,
∂ y2

(4)
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where u and v are the velocity components in x and
y directions, μ(T ) is the temperature-dependent viscosity, ρ f is the fluid density, λ is the relaxation time,
k1 = k0 /x m−1 is the variable permeability of the
porous medium, k0 is a positive constant, T is the temperature, α = k/(ρc p ) f is the thermal diffusivity of
the liquid where k is the thermal conductivity of the
fluid, τ = (ρc p ) p /(ρc p ) f is the ratio of the effective
heat capacity of the nanoparticles to the effective heat
capacity of the base fluid and ρ p is the density of the
nanoparticles, D B is the Brownian diffusion coefficient,
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DT represents thermophoretic diffusion and C is the
nanoparticle volume fraction/concentration. The last
term on the right-hand side of eq. (3) is due to Darcy
dissipation.
The linear temperature-dependent viscosity is given
by Charraudeau [54] and Hossain et al [58]:
μ (T ) = μ0 {1 − α0 (T − T∞ )} ,

(5)

where α0 is the viscosity variation constant which
depends on the fluid and μ0 is the constant viscosity
of the fluid in the free stream.

(a)

(b)

(c)

(d)

(e)
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Figure 3. Temperature profiles for various values of (a) m, (b) β, (c) δ, (d) K , (e) Ec, (f) N b, (g) N t and (h) Le.
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Figure 3. Continued.

Boundary conditions are
u = 0, v = 0, T = Tw , C = Cw at y = 0,
u → U, T → T∞ , C → C∞ as y → ∞.


(6)

Now, we know that for two-dimensional incompressible
flow
u=

∂ψ
∂ψ
and v = −
,
∂y
∂x

(7)

where ψ (x, y) is the stream function. The stream
function analysis for a semi-infinite system is a wellestablished, classical, efficient and convenient way to
describe two-dimensional flow dynamics of an incompressible fluid.
The dimensionless variables for ψ, T and C are given
by
2υxU
(m + 1) U
ψ=
,
f (η) , η = y
2υx
(m + 1)
(T − T∞ )
(C − C∞ )
θ (η) =
and φ (η) =
.
(Tw − T∞ )
(Cw − C∞ )
From (8) we get
∂ψ
=Uf
∂y




2m 
1 − f 2
(1 − δθ) f  + f − δθ  f  +
m+1
 

2K
−
(1 − δθ) f − 1
m+1
2m (m − 1) 3
+ β (3m − 1) f f  f  −
f
m+1

1 − m 2  m + 1 2 
ηf f −
f f
=0
(10)
−
2
2
θ  + Pr f θ  + N tθ 2 + N bθ  φ 

2EcK
2
= 0,
+
(1 − δθ) f
m+1
N t 
θ = 0.
φ  + Pr Le f φ  +
Nb
Boundary conditions finally become
f (0) = 0, f  (0) = 0, θ (0) = 1, φ(0) = 1
f  (η) → 1, θ (η) → 0, φ(η) → 0 as η → ∞,

(12)

(13)

where prime signifies the differentiation with respect to
η,
(8)

β = λU∞ x m−1
is the local Deborah number,
δ = α0 (Tw − T∞ )

is the variable viscosity parameter,
υ
K =
and
k 0 U∞


is the permeability parameter,
m+1
2υU
m−1 
∂ψ
=−
f +
ηf .
v=−
μ0
∂x
2
2
(1 + m) x
υ=
ρf
(9)
is the kinematic viscosity of the fluid,
Using the transformations given by eqs (7)–(9), eq. (1)
υ
Pr =
is identically satisfied and eqs (2)–(4) yield
α
u=

(11)
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is the Prandtl number,
Ec =

(c p ) f (Tw − T∞ )
τ DT (Tw − T∞ )
T∞ υ

is the thermophoresis parameter,
Nb =

is the Brownian motion parameter and

τ D B (Cw − C∞ )
υ

Le =

α
DB

is the Lewis number.
The quantities of engineering and physical relevance
such as local skin-friction C f is derived by using Newton’s law; local Nusselt number N u x is derived by the
Fourier law; local Sherwood number Sh x is derived by

(a)

(b)

(c)

(d)

(e)
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is the Eckert number,
Nt =
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(f)

Figure 4. Concentration profiles for various values of (a) m, (b) β, (c) δ, (d) K , (e) Ec, (f) N b, (g) N t and (h) Le.
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Figure 4. Continued.

the Fick’s law and are specified by
τw
xqw
, N ux =
,
2
ρfU
k (Tw − T∞ )
xqm
Sh x =
,
D B (Cw − C∞ )

Cf =

(14)

where shear stress τw , heat flux qw and mass flux qm at
the surface are given by
⎫
 
∂u
⎪
τw = μ (T ) (1 + β)
,⎪
⎪
⎪
∂ y y=0 ⎪
⎪
 
⎪
⎬
∂T
,
qw = −k
(15)
∂y y=0
⎪
⎪

⎪
⎪
∂C
⎪
⎪
⎪
qm = −D B
.
⎭
∂ y y=0
Using eq. (15) in eq. (14), we get
1/2

C f Rex = (1 + β) {1 − δθ (0)}
1+m 
θ (0),
2
1+m 
−1/2
φ (0) .
Sh Rex
=−
2
−1/2

N u x Rex

=−

⎫
1+m 
⎪
⎪
f (0), ⎪
⎪
⎪
2
⎪
⎬
⎪
⎪
⎪
⎪
⎪
⎪
⎭

(16)

Here Rex = U x/υ is the local Reynolds number.

3. Entropy generation analysis
Local volumetric rate of entropy generation after applying boundary layer approximation is given by [9,10]

 2

∂T
k
μ (T ) 2 R D B ∂C 2
∗
E gen
= 2
+
u +
T∞ ∂ y
T∞ k1
C∞
∂y
R D B ∂C ∂ T
,
(17)
+
T∞ ∂ y ∂ y

where R is the gas constant and D B is the Brownian
diffusion. First term on the right-hand side of eq. (17)
is irreversibility because of heat transfer, second term
because of Darcy dissipation, third term because of concentration diffusion irreversibility. The dimensionless
number related to the entropy generation rate N G∗ (η) is
specified as the ratio of volumetric rate of entropy gener∗ to characteristic entropy generation rate E ∗ ,
ation E gen
c
i.e.,
∗
N G∗ (η) = E gen
/E c∗ ,

(18)

where characteristic entropy generation rate is defined
as
E c∗ =

k (Tw − T∞ )2
.
2
x 2 T∞

(19)

The characteristic rate of entropy generation E c∗ gives
the optimal entropy generation, where the thermodynamic functioning of the system is minimised. Determination of E c∗ is desired in solving the optimisation
problems, with constraints given by the irreversibility
manipulations of the system. The material characteristic
of the system is different unless least entropy generation
was obtained.
Now using eqs (17), (19), and the transformations in
(7), (8) and (5) in eq. (18), N G∗ (η) becomes
N G∗ (η) =

m+1
Br
Rex θ 2 +
Rex K (1 − δθ) f 2
2

m + 1  χ 2
+
Rex φ 2
2

m + 1 χ 
+
(20)
Rex φ  θ  ,
2


where
Br =

μ0 U 2
k (Tw − T∞ )
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Figure 5. Local skin-friction coefficient, local Nusselt number and local Sherwood number for various values of ( a, c, e) m,
β, K and δ (b, d, f) N t, N b, Ec and Le.

is the local Brinkman number,
=

C∞ R D B
k

is the diffusive constant,
(Tw − T∞ )
=
T∞

is the dimensionless temperature difference and
χ=

(Cw − C∞ )
C∞

is the dimensionless concentration difference.
From eq. (20), there are three irreversibility sources
that contribute to entropy generation number N G∗ (η),
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∗ + N ∗ + N ∗ , where
which is written as N G∗ (η) = Nth
df
di f
⎫


⎪
∗ = m +1 Re θ  2 ,
⎪
Nth
⎪
x
⎪
⎪
⎪
 2
⎪
⎪
Br
⎪
∗
2
Rex K (1 − δθ) f , ⎪
Nd f =
⎬

 

(21)
χ 2
m+1
⎪
∗
2
⎪
Ndi f =
Rex φ
⎪
⎪
⎪
⎪

2
⎪


⎪
χ
m+1
⎪


⎪
Rex φ θ . ⎭
+
2
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Entropy generates due to heat transfer irreversibility,
Darcy dissipation and diffusive irreversibility. Therefore, to investigate when, entropy generation dominates because of heat transfer, Bejan number, Be, was
defined which is the ratio of entropy generation due
to heat transfer to entropy generation number and is
given as

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Local entropy generation number for various values of (a) m, (b) β, (c) δ, (d) K , (e) Ec, (f) Br , (g) Re and (h) .
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Figure 6. Continued.

Be =

m+1
2
2 Rex θ
.
N G∗ (η)

(22)

⎡




⎤


2K
2m
2
⎢ m + 1 (1 − δy4 ) (y2 − 1) − m + 1 1 − y2 − y3 (y1 − δy5 ) ⎥

 
⎢
⎥
m+1

⎢
⎥





y12 ,
y3 = ⎢
(1 − δy4 ) − β
⎥
2m
−
1)
1
−
m
(m
2
3
2
⎣ +β (3m − 1) y1 y2 y3 −
⎦
y2 −
ηy2 y3
m+1
2
y4
y6

= y5 ,

y5

= y7 ,

y7


= −Pr y1 y5 + N by5 y7 +

= −Pr Ley1 y7 +

N t Pr
Nb



N t y52

+

2EcK
m+1


(1 − δy4 ) y22

y1 y5 + N by5 y7 +

Bejan number lies in the interval [0, 1]. When Be ≈
1, heat transfer irreversibility dominates but when
Be ≈ 0, the combined effect of diffusion and fluid
friction irreversibility dominates. When Be = 0.5,
heat transfer irreversibility and combined contribution
of diffusion and fluid friction irreversibility are the
same.

4. Solution methodology
Systems of eqs (10)–(12) with (13) are coupled nonlinear higher-order differential equations and those
constitute a BVP. To obtain solutions of (10)–(12) along
with boundary condition (13) the MATLAB package
bvp4 is used [62]. As MATLAB bvp4c package solves
only first-order initial value problem, eqs (10)–(12) are
converted into a system of first-order differential equations and for this, new variables are introduced and are
utilised:
y1 = y2 , y2 = y3 ,



N t y52

+

,



2EcK
2
(1 − δy4 ) y2 ,
m+1

(23)

where f (η) = y1 (η), θ (η) = y4 (η), φ(η) = y6 (η).
Bvp4c package implemented three-stage Lobatto III,
a scheme having fourth-order accuracy, which is established in a finite-difference method and confer C 1 continuous solution. For continuous solution, the error
control is based on residual error. Here the tolerance
level is set to the order of 10−5 . For obtaining a solution,
adequate initial guess values of non-prescribed initial
conditions are essential. The choice of guess values is
done in a manner that it should fulfill all the boundary
conditions and shows asymptotic convergent behaviour.
It is also mentioned that eqs (20) and (22) are solved
with the help of eqs (23), i.e., it means that the numerical solution of (23) is done first by bvp4c package which
is used to solve eqs. (20) and (22).
5. Results and discussion
The two-dimensional steady, viscous, incompressible,
laminar boundary layer forced convective Falkner–Skan
flow of the Maxwell nanofluid over a fixed wedge is
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investigated and numerical solutions are achieved using
the MATLAB solver, bvp4c. To realise the impacts of
parameters, specifically, m, β, δ, K , N b, N t and Le on
velocity, temperature and concentration fields, along
with entropy generation number and Be, the computed
outcomes are exhibited using some figures. Also, influence of Br, Rex and  on entropy generation number
and Be are shown in graphical mode. Note that fixed
values of different parameters are taken as m = 0.4,
β = δ = 0.1, K = 0.5, Ec = 0.05, Pr = 6.2,
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N b = N t = 0.1 and Le = 5 for all computations,
except, those which are mentioned and to solve eq. (20),
fixed values of involved parameters are χ = 1,  =
 = 0.5, Br = Rex = 5.
To scrutinise the accuracy of numerical solution, the
obtained results f   (0) when δ = β = K = 0 are compared with the data available in literature by Watanabe
[33] and Yih [34] as shown in table 1 for various values
of m. An excellent match is found, which validates the
current analysis.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Bejan number for various values of (a) m, (b) β, (c) δ, (d) K , (e) Ec, (f) Br , (g) Re and (h) .
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(g)
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(h)

Figure 7. Continued.

Figure 2 demonstrates the velocity profile f  (η) for
different parametric variations of m, β, δ and K. It is
realised that velocity field grows with rising m and the
momentum boundary layer shrinks. Physically, positive values of m represent favourable pressure gradient
and flow is said to be accelerating [63]. Additionally,
m = 0 indicates boundary layer flow over a flat plate
and m = 1 shows boundary layer flow close to the stagnation point of a vertical flat plate. Velocity profile gets
elevated and boundary layer thickness diminishes, as
β gets larger values. Actually, larger β corresponds to
enhanced relaxation time and friction in fluid particle.
Also, as δ becomes larger, velocity profile escalates and
the momentum boundary layer reduces. Due to the increment in permeability parameter, resistance forces due to
porous medium increases and it diminishes momentum
boundary layer thickness, i.e., velocity variation occurs
in smaller region.
Figure 3 shows the variations in temperature profile
θ (η) for different parameters, namely, m, β, δ, K , Ec,
N b, N t and Le. The figure depicts that temperature and
thermal boundary layer thickness decline with m and
δ, while the effect of β is not significant; there is only
a small decrement in temperature profile for larger β.
But, as K enhances the temperature and thermal boundary layer thickness enhance, but this enhancement is
dominant away from wedge surface and not so significant near the wedge surface. Physically, this happens
as Darcy dissipation dominates over viscous dissipation everywhere inside the boundary layer except near
the wedge surface, i.e. near the wall viscous dissipation
is stronger than Darcy dissipation. From the figure, it
is detected that temperature field and thermal boundary layer thickness grow with rise in Ec. Physically,
as Ec increases kinetic energy enhances, resulting in
increment in temperature. Also, increment in temperature profile is much significant far from the surface

than near it, because Ec comes with the Darcy dissipation. The figure also reveals the enhancement in
temperature as Nb and Nt increase. Physically, diffusion
rate escalates in the fluid resulting in deeper migration of nanoparticle towards the free stream due to
higher Nb. Therefore, temperature increases and similarly, for increasing the N t movement of fluid-particle
from hotter to colder region accelerates, and consequently temperature field grows. It is also noticed that as
Le increases, there is a small percentage of increase in
temperature near the wedge surface whereas away from
the wedge surface, the temperature field diminishes
slightly and hence thermal boundary layer becomes
thinner.
Figure 4 shows the influences of parameters m, β, δ,
K , Ec, N b, N t and Le on the nanoparticle concentration
profile φ(η). From the figure, it is perceived that concentration and concentration boundary layer thickness
diminish significantly with m, δ and K , whereas there
is small decrement in concentration for β. It is shown
that close to the wedge surface, concentration enhances
slightly with Ec and away from it the concentration
considerably decreases and consequently, concentration
boundary layer becomes thin. The decrement in concentration field is seen as Nb enhances and hence the
concentration boundary layer becomes thin with Nb.
The concentration initially decreases near the wedge
surface, but ultimately far from surface concentration
augments and concentration boundary layer becomes
thick with increasing values of Nt. The concentration
and the boundary layer thickness diminish substantially
with larger Le. Actually, for larger Le Brownian diffusion coefficient diminishes and as a consequence, the
penetration depth is small for nanoparticles, resulting in
a reduction of the concentration field.
Figure 5 demonstrates the influence of local skin1/2
friction coefficient C f Rex , the local Nusselt number
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N u x Rex , the local Sherwood number Sh x Rex
with m for various values of β, δ, K and with N t
for various values of Ec, N b, Le. It exhibits that
skin-friction coefficient increases with m, β, K and
Le, while it decreases with δ, N t, N b,Ec. It is perceived that Nusselt number increases with m and
δ, also for smaller m it decreases with β and K ,
but for larger m it shows the opposite behaviour.
In addition, the Nusselt number diminishes with Ec,
N b, N t and Le. The Sherwood number escalates
with m, δ, K , N t and Le, whereas it diminishes
with β for smaller m, but as m gets larger it augments with β and it also reduces with larger Nb and
Ec.
Figure 6 shows the impact of parameters m, β, δ, K ,
Ec, Br , Re and  on the entropy generation number
NG∗ (η). The rate of local entropy generation enhances
with m and this happens because with increasing m
the flow is accelerated and there is more disturbance
in the system; hence N G∗ (η) enhances. Moreover, the
entropy generation number N G∗ (η) increases with β,
δ, K , Br , Re and , whereas it declines only with
Ec. Due to the increase in β, the relaxation time
and friction in fluid particles rise which cause more
heat loss and hence N G∗ (η) escalates. For larger values
of K , the resistive force which arises due to friction and interactions between nanoparticles increases
which in turn increases the entropy generation. But,
for larger Br, extra amount of heat is transferred from
the surface to the fluid in conduction process and
thus N G∗ (η) increases. For K and Br, the enhancements are very prominent away from the surface and
the Darcy dissipation behind it (since Darcy dissipation dominates viscous dissipation away from the
wedge surface). Higher Reynolds number results to
hectic fluid motion and this hectic motion augments
contributions of fluid friction irreversibility and heat
transfer irreversibility towards entropy generation number. Physically, for higher  more disturbance is created
in the system and thus N G∗ (η) of the system enhances.
So to get optimised design or optimum entropy generation, the parameters m, K , Br , Re and  are
chosen suitably as their impact on entropy generation is
prominent.
To know the dominancy of heat transfer irreversibility
in entropy generation, Be is plotted for various values of
m, β, δ, K , Ec, Br , Rex and  in figure 7. In all the cases
except for , Be near the wedge surface is high and as
distance from the surface gets larger the value reduces.
It means that near the surface, entropy generation due to
heat transfer irreversibility is greater than away from the
surface. If m increases, Be near the surface of the wedge
is not increasing significantly, but far from the surface it
augments considerably and this means that far from the

(2021) 95:69

surface superiority of heat transfer irreversibility over
combined effect of Darcy and diffusion irreversibility
become considerably higher. Be shows minor reduction
with β and on the contrary, it grows with δ, whereas,
Be prominently declines with K , Ec and Br . So, the
combined effect of Darcy and diffusion irreversibility
dominates over heat transfer irreversibility and Darcy
dissipation is behind this result. From the figure, it is
pretty clear that local Reynolds number has no substantial effect on Be. Unlike the other cases, Be reduces for
increase in  near the wedge surface and away from the
surface,  does not have any effect on Be.

6. Conclusions
The entropy generation analysis in steady two-dimensional, forced convective Falkner–Skan flow of the
Maxwell nanofluid over a fixed wedge embedded in
a porous medium with linearly temperature-dependent
viscosity is reported. The findings of this investigation
can be summarised as
(a) Velocity increases while momentum boundary layer
thickness decreases with m, β, δ and K .
(b) ptTemperature and thermal boundary layer thickness increase with K , Ec, N b, N t and Le, whereas
opposite behaviour is witnessed for increments in m
and δ.
(c) Nanoparticle concentration φ(η) and its boundary
layer thickness diminish with m, δ, K , N b and Le,
while they escalate with N t.
(d) Local skin-friction coefficient increases with m, β,
K and Le, while it diminishes with δ, Ec, N b and
N t.
(e) Rate of heat transfer enhances with m and δ, and it
decreases with β and K for smaller m, but as m gets
larger it enhances with β and K. It decreases with
Ec, N b, N t and Le.
(f) Mass transfer rate augments with m, δ, K , N t and
Le, whereas opposite is found for β, Ec, Nb and
Le.
(g) Entropy generation diminishes only with increment
of Ec and for other parameters it enhances.
(h) Dominancy of heat transfer irreversibility in entropy
generation (i.e., Be) increases with m and δ, but it
reduces with β, Ec, K , Br and .
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