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ABSTRACT

In this article, we analyzed the second law of thermodynamics applied to an electrically conducting incompressible water based nanofluid flow over a
stretching sheet in the presence of thermal radiation and uniform heat generation/absorption both analytically and numerically. The basic boundary
layer equations are non-linear PDEs which are converted into non-linear ODEs using scaling transformation. The dimensionless governing equations
for this investigation are solved analytically using hypergeometric function and numerically by the fourth order Runge Kutta method with shooting
iteration technique. The effects of partial slip parameter with the nanoparticle volume fraction, magnetic parameter, radiation parameter, uniform
heat generation/absorption parameter, suction parameter, dimensionless group parameter, Hartmann number and Reynolds number on the entropy
generation are discussed for various nanoparticles such as Cu, Ag, Al2O3 and T iO2. It is found that the entropy generation enhances with the
increase of magnetic parameter and Hartmann number and decreases with slip parameter.

Keywords: Nanofluid, Entropy, Thermal radiation, Heat generation/absorption, Partial slip.

1. INTRODUCTION

Thermodynamic irreversibility in any fluid flow process can be quantified
through entropy analysis. The first law of thermodynamics is simply an
expression of the conservation of energy principle. The second law of
thermodynamics states that all real processes are irreversible. Entropy
generation is a measure of the account of irreversibility associated with
the real processes. Bejans, (1982 and 1996) presented a method named
Entropy Generation Minimization (EGM) to measure and optimize the
disorder or disorganization generated during a process specifically in the
fields of refrigeration (cryogenics), heat transfer, storage and solar ther-
mal power conversion. The shape of nanosize particles on entropy gener-
ation is considered by Ellahi et al., 2015. Ellahi, 2015 studied the analyt-
ical solutions of shape effects of nanoparticles suspended in HFE-7100
over wedge with entropy generation

Nanofluids are fluids that contain small volumetric quantities of
nanometer-sized particles, called nanoparticles. Due to low heat transfer
performance of the conventional fluids like water, ethylene glycol, and
engine oil in thermal system, obstructs the performance enhancement and
the compactness of heat exchangers. The recent nanofluid research shows
that nanoparticles change the fluid characteristics because thermal con-
ductivity of these particles is higher than convectional fluids. The broad
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range of current and future applications involving nanofluids motivated
the researchers to find effective techniques for enhancing the heat trans-
fer (Das et al., 2007; Wang and Mujumdar, 2008; Moradi et al., 2015;
Akbarzadeh et al., 2016; Sheikholeslami et al., 2015; Sheikholeslami et
al., 2015; Noreen et al., 2015; Sheikholeslami et al., 2015).

Hydromagnetic phenomena are outcome of mutual interaction be-
tween magnetic field and electrically conducting fluid flowing across it.
The behavior of an electrically conducting fluid with electromagnetic
field has applications in many different fields of engineering as well as
geophysics, astrophysics, technological and industrial manufacturing. This
concerns the production of synthetic sheets, aerodynamic extrusion of
plastic sheets, cooling of metallic plates, etc. In recent year, several re-
searchers studied the nanofluid boundary layer flow with various physi-
cal effects in the presence of magnetic field. (Hamad, 2011; Rashidi et
al., 2014; Malvandi et al.,2014; Sheikholeslami et al.,2014; Ellahi et al.,
2015; Ellahi et al., 2015; Noreen et al., 2015). When the fluid is partic-
ulate such as emulsions, suspensions, foams and polymer solutions, the
no-slip condition is inadequate. In such cases, the suitable boundary con-
dition is the partial slip boundary condition (Rashidi et al., 2011; Rashidi
et al., 2012). Abdul Hakeem et al., 2014 investigated the partial slip ef-
fect on the flow of Newtonian fluid over a stretching sheet. Very recently,
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the same author, (2015) studied the second order slip effects on MHD
boundary layer flow of nanofluid with thermal radiation effect. The en-
tropy generation analysis has been carried out on the nanofluid flow over
stretching surfaces in the following publications without considering the
slip effects, (Abolbashari et al., 2014; Govindaraju et al., 2015). The
entropy generation on two- phase nanofluid flow has been analyzed by
Noghrehabadi, 2013 in the presence of the slip boundary condition.

The aim of the present analysis is to discuss the partial slip effects
on entropy generation of magnetohydrodynamic flow of an incompress-
ible viscous nanofluid over a stretching sheet in the presence of thermal
radiation and uniform heat generation/absorption both analytically and
numerically. The entropy generation is calculated using the entropy rela-
tion by substituting the velocity and temperature fields obtained from the
momentum and energy equations.

2. FORMULATION OF THE PROBLEM

Consider a steady, laminar, two-dimensional radiative slip flow of an in-
compressible viscous heat generating/absorbing nanofluid over a stretch-
ing sheet in the presence of magnetic field. The velocity of the stretching
sheet is ūw = ax̄. We also consider influence of a constant magnetic
field of strength B0, which is applied normally to the sheet. The tem-
perature at the stretching surface takes the constant value Tw, while the
ambient value, attained as ȳ, tends to infinity and takes the constant value
T∞. It is further assumed that the induced magnetic field is negligible
in comparison to the applied magnetic field (as the magnetic Reynolds
number is small). The fluid is a water based nanofluid containing differ-
ent types of nanoparticles: copper (Cu), silver (Ag), alumina (Al2O3)
and titanium oxide (T iO2). It is assumed that the base fluid water and
the nanoparticles are in thermal equilibrium and no slip occurs between
them. The thermo-physical properties of the nanofluid are considered as
in Hamad,2011. Under the above assumptions, the boundary layer equa-
tions governing the flow and thermal fields can be written in dimensional
form as:

∂ū

∂x̄
+
∂v̄

∂ȳ
= 0, (1)

ρnf

(
ū
∂ū

∂x̄
+ v̄

∂ū

∂ȳ

)
= µnf

∂2ū

∂ȳ2
− σB2

0 ū, (2)

(ρcp)nf

(
ū
∂T

∂x̄
+ v̄

∂T

∂ȳ

)
= knf

∂2T

∂ȳ2
+Q(T − T∞)− ∂qr

∂ȳ
. (3)

Here, x̄ and ȳ are the coordinates along and perpendicular to the sheet;
ū and v̄ are velocity components in x̄ and ȳ directions, respectively; T
is the local temperature of the fluid; σ is the electric conductivity; Q is
the temperature-dependent volumetric rate of heat source when Q > 0
and heat sink when Q < 0 dealing with the situations of exothermic and
endothermic chemical reactions respectively and qr is the radiative heat
flux.
Using Rosseland approximation for radiation, Abdul Hakeem et al., 2014
we have:

qr = − 4σ∗

3k∗nf

∂T 4

∂ȳ
. (4)

Here, σ∗ is the Stefan-Bolltzmann constant and k∗nf is the absorption co-
efficient of the nanofluid. Further, we assume that the temperature differ-
ence within the flow is such that T 4 may be expanded in a Taylor series.
Hence, expanding T 4 about T∞ and neglecting higher order terms, we
get:

T 4 ∼= 4T∞
3T − 3T∞

4. (5)

Therefore, Eq.(3) is simplified to:

(ρcp)nf

(
ū
∂T

∂x̄
+ v̄

∂T

∂ȳ

)
= knf

∂2T

∂ȳ2
+Q(T − T∞) +

16σ∗T 3
∞

3k∗nf

∂2T

∂ȳ2
.

(6)

The effective density of the nanofluid, ρnf , the effective dynamic viscos-
ity of the nanofluid, µnf , the heat capacitance, (ρCp)nf , and the thermal
conductivity, knf , of the nanofluid are given as:

ρnf = (1− φ)ρf + φρs, µnf =
µf

(1− φ)2.5
,

(ρCp)nf = (1− φ)(ρCp)f + φ(ρCp)s,

knf = kf

(
ks + 2kf − 2φ(kf − ks)
ks + 2kf + φ(kf − ks)

)
.

(7)

Here, φ is the solid volume fraction.
The boundary conditions of Eqs.(1)-(3) are:

ū = ax̄+ l
∂ū

∂ȳ
, v̄ = v̄w, T = Tw at ȳ = 0

ū→ 0, T → T∞ as ȳ →∞.
(8)

where µf is the dynamic viscosity of the basic fluid, ρf and ρs are the
densities of the base fluid and nanoparticle, respectively, (ρCp)f and
(ρCp)s are the specific heat parameters of the base fluid and nanopar-
ticle, respectively, kf and ks are the thermal conductivities of the base
fluid and nanoparticle, respectively, and a is constant.
By using the stream function ψ, which is defined as u = ∂ψ/∂y and
v = −∂ψ/∂x and introducing the following non-dimensional variables:

x =
x̄√
νf/a

, y =
ȳ√
νf/a

, u =
ū
√
aνf

, v =
v̄
√
aνf

, θ =
T − T∞
Tw − T∞

.

(9)

Then the equations (2) and (6) become:

∂ψ

∂y

∂2ψ

∂x∂y
− ∂ψ

∂x

∂2ψ

∂y2
=

1

(1− φ+ φ ρs
ρf

)

{
1

(1− φ)2.5

∂3ψ

∂y3
−Mn

∂ψ

∂y

}
,

(10)

∂ψ

∂y

∂θ

∂x
− ∂ψ

∂x

∂θ

∂y
=

(
3Nr + 4

3Nr

)
1

Pr

1

(1− φ+ φ(ρCp)s/(ρCp)f )

×
(
knf
kf

)
∂2θ

∂y2
+

βθ

(1− φ+ φ(ρCp)s/(ρCp)f )
.

(11)

with the boundary conditions:

∂ψ

∂y
= x+ L

∂2ψ

∂y2
,

∂ψ

∂x
= S, θ = 1 at y = 0

∂ψ

∂y
→ 0, θ → 0 as y →∞.

(12)

where Pr =
νf
αf

is the Prandtl number, Mn =
σB2

0
aρf

is the magnetic

parameter and β = Q
a(ρCp)f

is heat generation/absorption parameter.
Now by using the simplified form of Lie-group transformations namely,
the scaling group G of transformations, Hamad,2011 we get the similarity
transformations as:

η = y, ψ = xF (η), θ = θ(η). (13)
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3. SOLUTION OF FLOW FIELD

Now, using the similarity transformations Eq. (13) in Eq. (10), we get:

F ′′′ + (1− φ)2.5{[1− φ+ φ(ρs/ρf )](FF ′′ − F ′2)−MnF ′} = 0.

(14)

where primes denote the differentiation with respect to η. The corre-
sponding boundary conditions become:

F (0) = S, F ′(0) = 1 + LF ′′(0) and F ′(∞) = 0. (15)

The exact solution to the differential equation (14) satisfying the bound-
ary condition Eq. (15) is obtained as: (see Abdul Hakeem et al., 2014)

F (η) = S +X

(
1− e−mη

m

)
, (16)

where m is the parameter associated with the nanoparticle volume frac-
tion, the magnetic field parameter, slip parameter, suction parameter, the
fluid density, and the nanoparticle density as follows:

m =
−0.3333α1

L
− (0.4199(3α2 − α2

1))

L(α3 +
√
α2

3 + 4α3
4)1/3 + δ

. (17)

where:

δ =
0.2645α3 +

√
(α2

3 + 4α4
4)1/3

L
,

α1 = {ρf − LS(1− φ)2.5ρf + LS(1− φ)2.5φρf −
LS(1− φ)2.5φρs}/ρf ,

α2 = {L(1− φ)2.5(−LMnρf − Sρf + Sφρf − Sφρs)}/ρf ,
α3 = −2 + 27LA2 + 18LA2 − 3SA2 + 9MnSLA2

2 + 3S2A2
2

+2A3
2S

3 − 27LA2φ+ 3SA2φ− 9LMnSA2
2φ− 6A2

2S
2φ

−6A3
2S

3φ+ 3A2
2S

2φ2 + 6A3
2S

3φ2 − 2A3
2S

3φ3 + 9LA1

−SA1 + 3LA2
1MnS + 2A2LA

2
1S

2 + 2A3
1S

3 − 3A2
1S

2

−4A3
1S

3 + 2A3
1S

3 +A2
1S

2 + 2A3
1S

3 − 2A3
1 + 0.667A3

1S
3,

α4 = {3A2(−LMn ρf − Sρf − Sρf + Sφρs)}/ρf − {(ρf
−SA2ρf +A2Sφρf − SA2φρs)

2}/ρ2
f ,

A1 =
3L(1− φ)2.5φρs

ρf
, A2 = L(1− φ)2.5 and X =

1

Lm+ 1
.

Thus, the non-dimensional velocity components are:

u = xXe−mη, v = −
(
S +X

(
1− e−mη

m

))
. (18)

The dimensional velocity components are:

ū = Xax̄e−m
√
a/νf ȳ, v̄ = −

(
S +X

(
1− e−m

√
a/νf ȳ

m

))
√
avf .

(19)

The shear stress at the stretching sheet characterized by the skin friction
coefficient, Cf , is given by:

Cf =
−2µnf

ρf (uw (x))2

(
∂u

∂y

)
ȳ=0

. (20)

Using Eqs. (9), (13), (16) and (19), the skin friction can be written as:

Re1/2
x Cf = − 2

(1− φ)2.5F
′′

(0) , (21)

where Rex = x̄ūw(x̄)/νf is the local Reynolds number based on the
stretching velocity ūw(x̄). Re1/2

x Cf is the local skin friction coefficient.

4. SOLUTION OF THE THERMAL FIELD

Substituting the similarity transformations Eq. (13) in Eq. (11), we get:

θ
′′

+
Prkf [1− φ+ φ(ρCp)s/(ρCp)f ]

knf
Fθ

′
(

3Nr

3Nr + 4

)
+

(
3Nr

3Nr + 4

)
Prkf
knf

βθ = 0.

(22)

and the corresponding boundary conditions are:

θ(0) = 1 and θ(∞) = 0. (23)

Introducing the new variable:

ξ = −Prkf [1− φ+ φ(ρCp)s/(ρCp)f ]

m2knf

(
3Nr

3Nr + 4

)
Xe−mη, (24)

and inserting Eq. (24) in Eq. (22), we obtain:

ξθξξ + (1− a0 − ξ) θξ +

(
3Nr

3Nr + 4

)
Prkf
knfm2ξ

βθ(η) = 0. (25)

and Eq. (23) transforms to:

θ(− Pr

αm2
) = 1 and θ(0) = 0. (26)

The solution of Eq. (25) with the corresponding boundary conditions
(26), in terms of η is written as:

θ(η) =
M
[
a0+b0

2
, b0 + 1,−Pr

α
3Nr

3Nr+4
X
m2 e

−mη
]

M
[
a0+b0

2
, b0 + 1,−Pr

α
3Nr

3Nr+4
X
m2

] e−m
a0+b0

2
η. (27)

where: M
[
a0, b0 + 1,−e−mη

]
is the Kummer’s function. which is

given as in Abdul Hakeem et al., 2014.
Where

α =
knf

kf (1− φ+ φ
(ρCp)s
(ρCp)f

)
, a0 =

Pr

α

(
3Nr

3Nr + 4

)(
S

m
+

X

m2

)
and

b0 =

√
a2

0 −
4βPrkf
m2knf

(
3Nr

3Nr + 4

)
.

The Nusselt number, Nux, is defined as:

Nux =
x qw

kf (Tw − T∞)
,

Where:

qw = −

(
knf +

16σT 3
∞

3k∗nf

)(
∂T

∂y

)
y=0

is the local surface heat flux.

We obtain the following Nusselt number:

Re−1/2
x Nux =

knf
kf

(
3Nr + 4

3Nr

)
[−θ′ (0)],

Where:

θ′(0) = −ma0 + b0
2

+
a0 + b0

2(1 + b0)

3Nr

3Nr + 4

XPr

mα

×
M
[
a0+b0

2
+ 1, b0 + 2,− Pr

αm2
3Nr

3Nr+4
X
]

M
[
a0+b0

2
, b0 + 1,− Pr

αm2
3Nr

3Nr+4
X
] .

(28)
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5. NUMERICAL METHOD FOR SOLUTION

The non-linear differential Eqs. (14) and (22) along with the boundary
conditions Eq. (15) and Eq. (23) form a two point boundary value prob-
lem and are solved using shooting technique together with the fourth or-
der Runge-Kutta integration scheme by converting it into an initial value
problem. In this method we have to choose a suitable finite value of
η →∞, say η∞. We set following first order system:

F ′ = p, p′ = q,

q′ = −(1− φ)2.5
[
[1− φ+ φ( ρs

ρf
)](Fq − p2)−Mnp

]
,

θ′ = z,

z′ = −Prkf [1− φ+ φ(ρCp)s/(ρCp)f ]

knf

3Nr

3Nr + 4
Fz

− 3Nr
3Nr + 4

Prkf
knf

βθ.

(29)

with the boundary conditions:

F (0) = 0, p(0) = 1 + q(0) and θ(0) = 1. (30)

To solve Eq. (29) with Eq.(30) as an initial value problem, we must need
the values for q(0) i.e.F ′′(0) and z(0) i.e. θ′(0) but no such values are
given. The initial guess values for F ′′(0) and θ′(0) are chosen and the
fourth order Runge-Kutta integration scheme is applied to obtain the so-
lution. Then we compare the calculated values of F ′(η) and θ(η) at η∞
with the given boundary conditions F ′(η∞) = 0 and θ(η∞) = 0, and
adjust the values of F ′′(0) and θ′(0) using shooting technique to give
better approximation for the solution. The process is repeated until we
get the results correct up to the desired accuracy of 10−9 level, which
fulfills the convergence criterion.

6. ENTROPY GENERATION ANALYSIS

The local volumetric rate of entropy generation in the presence of mag-
netic field and thermal radiation can be expressed as: (Woods, 1975 and
Arpaci, 1987)

SG =
knf
T 2
∞

[(
∂T

∂x̄

)2

+

(
1 +

16σ∗T 3
∞

3k∗nfknf

)(
∂T

∂ȳ

)2
]

+
µnf
T∞

(
∂ū

∂ȳ

)2

+
σB2

0

T∞
ū2.

(31)

The contributions of three sources of entropy generation are consid-
ered in Eq. (31). The first term indicates the entropy generation due to
heat transfer across a finite temperature difference, the second term repre-
sents the local entropy generation due to viscous dissipation and the third
term indicates the local entropy generation due to the effect of the mag-
netic field. A dimensionless number for entropy generation rate NS is
defined as the ratio of the local volumetric entropy generation rate (SG)
to a characteristic entropy generation rate (SG)0. For a prescribed bound-
ary condition, the characteristic entropy generation rate is:

(SG)0 =
knf (∆T )2

x̄2T 2
∞

, (32)

therefore, the entropy generation number is:

Ns =
SG

(SG)0
, (33)

Using Eqs. (27), (31), (32) and (33), the entropy generation number is
given by:

Ns =

(
3Nr + 4

3Nr

)
θ′2(η)Rex +

Br

Ω
F ′′2(η)Rex +

BrHa2

Ω
F ′2(η).

(34)

where Br is the Brinkman number, Ω is the dimensionless temperature
difference and Ha is the Hartmann number. These number are given by
the following relationships:

Br =
µnf ū

2
w

knf∆T
, Ω =

∆T

T∞
, Ha = B0x̄

√
σ

µnf
. (35)

7. RESULTS AND DISCUSSION

In order to gain a clear insight of the physical problem, the results are dis-
cussed with the help of graphical illustrations for Ag-water. The effects
of partial slip parameter (L) with magnetic parameter (Mn), radiation
parameter (Nr), uniform heat generation/absorption (β), nanoparticle
volume fraction (φ), suction parameter (S), dimensionless group param-
eter (BrΩ−1), Hartmann number (Ha) and Reynolds number(Rex) on
the entropy generation are discussed. The Prandtl number is fixed as 6.2
which is for base fluid water. The values of local skin friction co-efficient
and the reduced Nusselt number are tabulated for different nanoparticles
such as Cu, Ag, Al2O3 and T iO2. The present results are compared
with those of Wang, 1989 and an excellent agreement is observed for a
special case which is shown in Table .1.

Table 1 Comparison of results for the reduced Nusselt number −θ
′
(0).

When φ = Mn = Nr = L = S = β = 0.

Pr Present results Wang, 1989

Analytical Numerical
0.7 0.4539 0.4539 0.4539
2 0.9114 0.9114 0.9114
7 1.8954 1.8954 1.8954
20 3.3539 3.3539 3.3539
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Fig. 1 Effect of nanoparticles volume fraction parameter with partial slip
parameter on entropy generation with Pr = 6.2, Mn = 1.0,
Nr = 1.0, S = 0.5, BrΩ−1 = 1.0, Ha = 1.0, Rex = 1.0 and
β = 0.2.

Fig. 1 shows the combined effect of the nanoparticles volume frac-
tion and partial slip parameter on the entropy generation number. It is
found that the entropy generation number decreases with the increasing
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values of nanoparticle volume fraction due to the higher dissipation en-
ergy resulted from the sharper velocity gradient near the wall. It is note-
worthy that an increase in the slip parameter, the friction between the
stretching surface and the nanofluid decreases which ultimately results in
less entropy production.
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8
Mn=2.0 

Mn=1.0 

L=0.001 
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NS 

Fig. 2 Effect of magnetic parameter with partial slip parameter on entropy
generation with Pr = 6.2, φ = 0.1, Nr = 1.0, S = 0.5,
BrΩ−1 = 1.0, Ha = 1.0, Rex = 1.0 and β = 0.2

The combined effect of magnetic parameter and partial slip param-
eter on the entropy generation number (Ns) is presented in Fig. 2. This
figure shows that the entropy generation increases with magnetic param-
eter. This happens because the magnetic field supports entropy in the
nanofluid. Physically, the presence of the magnetic field creates more
entropy generation in the nanofluid as the fluid flow velocity is reduced.
The effect of slip parameter reduces the entropy generation in Ag-water.
It is also found that the presence of slip parameter decreases the entropy
generation.
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Fig. 3 Effect of radiation parameter with partial slip parameter on entropy
generation with Pr = 6.2, φ = 0.1, Mn = 1.0, S = 0.5,
BrΩ−1 = 1.0, Ha = 1.0, Rex = 1.0 and β = 0.2

Fig. 3 demonstrates the combined effect of radiation parameter and
partial slip parameter on the entropy generation number. It is observed
that the entropy generation increases with the increasing values of radi-
ation parameter near the wall and decreases far away from the wall. An
increase in entropy generation is due to the increase of the emission rate
of radiation. The combined effect of radiation and slip parameters con-
trols the entropy generation number in Ag-water.
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Fig. 4 Effect of uniform heat source/sink parameter with partial slip
parameter on entropy generation with Pr = 6.2, φ = 0.1,
Nr = 1.0, S = 0.5, BrΩ−1 = 1.0, Ha = 1.0, Rex = 1.0
and Mn = 1.0
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Fig. 5 Effect of suction parameter with partial slip parameter on entropy
generation with Pr = 6.2, φ = 0.1, Nr = 1.0, Mn = 1.0,
BrΩ−1 = 1.0, Ha = 1.0, Rex = 1.0 and β = 0.2

The combined effect of uniform heat generation/absorption param-
eter and partial slip parameter on the entropy generation number is dis-
played in Fig. 4. It is clear that the effect of heat generation (β > 0) in
the boundary layer generates the energy which causes the entropy gener-
ation to decrease, while the presence of the heat absorption (β < 0) in the
boundary layer absorbs the energy which causes the entropy generation

5



Frontiers in Heat and Mass Transfer (FHMT), 8, 10 (2017)
DOI: 10.5098/hmt.8.10

Global Digital Central
ISSN: 2151-8629

 
0.25 0.5 0.75 1 1.25 1.5

2

4

6

8

BrΩ-1=2.0 

BrΩ-1=1.0 

L=0.001 

L=0.1 

12 
Ag-water  

NS 

10 

η 

Fig. 6 Effect of dimensionless group parameter with partial slip parameter
on entropy generation with Pr = 6.2, φ = 0.1, Nr = 1.0,
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Table 2 Values of −F
′′

(0) for various parameters.

Note: While studying the effect of individual pa-
rameters the following values are assumed: Pr =
6.2,Mn = 1.0, φ = 0.1, L = 1.0 and S = 0.5.

parameters values Cu Ag Al2O3 T iO2

0.0 0.547029 0.559587 0.499649 0.502710
Mn 1.0 0.606464 0.614623 0.577746 0.579500

2.0 0.644161 0.650263 0.623306 0.624550
0.0 0.593809 0.593809 0.593809 0.593809

φ 0.05 0.602680 0.607441 0.586680 0.587623
0.1 0.606464 0.614623 0.577746 0.579500
0.6 0.817901 0.832594 0.766614 0.769727

L 0.8 0.695817 0.706502 0.658322 0.660606
1.0 0.606464 0.614623 0.577746 0.579500
0.2 0.567912 0.573774 0.547268 0.548529

S 0.4 0.593735 0.601159 0.567634 0.569227
0.6 0.618996 0.627843 0.587774 0.589683

to increase. The combined effect of uniform heat generation/absorption
parameter with slip parameter decreases the entropy generation.

Fig. 5 illustrates the combined effect of suction parameter and partial
slip parameter on the entropy generation. It is observed that the entropy
generation increases with suction parameter. The presence of suction pa-
rameter creates more entropy in nanofluid flow region. It is important
to note that the surface acts as a strong source of irreversibility. Fig. 6
shows the effect of dimensionless group parameter with partial slip pa-
rameter on the entropy generation number. It is observed that the entropy
generation augments with the increase of dimensionless group parameter.
This is because, the higher values of the dimensionless group parameter
increase the nanofluid friction. The combined effect of suction param-
eter and dimensionless group parameter with slip parameter reduces the
entropy generation in Ag−water flow region.

The combined effect of Hartmann number and partial slip parameter
on the entropy generation is depicted in Fig. 7. It is seen that the entropy
generation number enhances with the increase of Hartmann number. This
is due to the fact that an increase in Hartmann number raises the Lorentz
forces which strengthen the dissipation energy as a source of irreversibil-
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ity. The entropy generation is presented for different values of Reynolds
number and partial slip parameter in Fig. 8. The increasing values of
the Reynolds number increase the entropy generation. The enhance value
of Reynolds numbers fluid friction increasing the contribution of the en-
tropy generation number as the fluid becomes more viscous. The com-
bined effect of slip parameter with all other parameters leads to diminish
the entropy generation in the nanofluid flow region.

The values of local skin friction coefficient and the reduced Nusselt
number for different nanoparticles such as Cu, Ag, Al2O3 and T iO2

are tabulated in Table. 2 and Table. 3. On observation of these Tables,
it reveal that the skin friction increases with Mn and S and decreases
with L. It is also observed that the increasing values of φ increase the
skin friction coefficient of metallic nanofluids (Ag-water and Cu-water)
and it has an opposite effect on non-metallic nanofluids (Al2O3-water
and T iO2-water). The reduced Nusselt number increases with Nr and S
and decreases with Mn, φ, β and L. It is found that the reduced Nusselt
number of non-metallic nanofluids is higher than metallic nanofluids.

8. CONCLUSION

An analysis has been carried out to study the entropy generation of hy-
dromagnetic slip flow of an incompressible viscous nanofluid (Cu-water,
Ag-water, Al2O3-water and T iO2-water) over a stretching sheet in the
presence of thermal radiation and uniform heat generation/absorption.
The entropy generation is calculated using the entropy relation by substi-
tuting the velocity and temperature fields obtained from the momentum
and energy equations. The main conclusions derived from this study are
as follows.

• The increasing values of magnetic field, radiation parameter, suc-
tion parameter, heat absorption parameter, Hartmann number, di-
mensionless group parameter and Reynolds number are lead to en-
hance the entropy generation in the nanofluid flow field.

• The presence of uniform heat generation diminishes the entropy
generation.

• The increase of nanoparticle volume fraction parameter decreases
the entropy generation near the wall and increases far away from
the wall.
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• The presence of slip parameter reduces the entropy generation in
the nanofluid flow region.

• The reduced Nusselt number of non-metallic nanoparticles (Al2O3

and T iO2) is higher than the metallic nanoparticles (Cu and Ag).
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