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Abstract
Purpose – Outstanding features such as superior electrical conductivity and thermal conductivity of alloy
nanoparticles with working fluids make them ideal materials to be used as coolants in microelectromechanical
systems (MEMSs). This paper aims to investigate the effects of different alloy nanoparticles such as AA7075
and Ti6Al4V on microchannel flow of magneto-nanoliquids with partial slip and convective boundary
conditions. Flow features are explored with the effects of magnetism and nanoparticle shape. Heat transport of
fluid includes radiative heat, internal heat source/sink, viscous and Joule heating phenomena.
Design/methodology/approach – Suitable dimensionless variables are used to reduce dimensional
governing equations into dimensionless ordinary differential equations. The relevant dimensionless ordinary
differential systems are computed numerically by using Runge–Kutta–Fehlberg-based shooting approach.
Pertinent results of velocity, temperature, entropy number and Bejan number for assorted values of physical
parameters are comprehensively discussed. Also, a closed-form solution is obtained for momentum equation
for a particular case. Analytical results agree perfectly with numerical results.
Findings – It is established that the entropy production can be improved with radiative heat, Joule heating,
convective heating and viscous dissipation aspects. The entropy production is higher in the case of Ti6Al4V-
H2O nanofluid than AA7075-H2O. Further, the inequality Ns(j )Sphere > Ns(j )Hexahedran > Ns(j )Tetrahydran >
Ns(j )Column>Ns(j )Lamina holds true.
Originality/value – Effects of aluminium and titanium alloy nanoparticles in microchannel flows by using
viscous dissipation and Joule heating are investigated for the first time. Flow features are explored with the

Conflict of interest: The authors have no conflict of interest in publishing this paper.

HFF
29,10

3638

Received 16 June 2018
Revised 29 July 2018
Accepted 18August 2018

International Journal of Numerical
Methods for Heat & Fluid Flow
Vol. 29 No. 10, 2019
pp. 3638-3658
© EmeraldPublishingLimited
0961-5539
DOI 10.1108/HFF-06-2018-0301

The current issue and full text archive of this journal is available on Emerald Insight at:
www.emeraldinsight.com/0961-5539.htm

http://dx.doi.org/10.1108/HFF-06-2018-0301


effects of magnetism and nanoparticle shape. The results for different alloy nanoparticles such as AA7075
and Ti6Al4V have been compared.

Keywords Slip flow, Nanofluid, Joule heating, Microchannel, Alloy nanoparticles,
Convective condition

Paper type Research paper

List of symbols
Ta = ambient temperature (K);
v0 = axial velocity;
Be = Bejan number;
Bi = Biot number;
Br = Brinkman number;
Eg0 = characteristic entropy generation rate;
w = characteristic temperature ratio;
h1, h2 = convective heat transfer coefficients;
FFI = dissipative irreversibility;
Ec = Eckert number;
Eg = entropy generation rate;
Ha = Hartmann number;
Q = heat source parameter;
HTI = heat transfer irreversibility;
Th = hot fluid temperature (K);
B0 = magnetic field strength;
K

�
= mean absorption coefficient (m�1);

T = nanofluid temperature (K);
Pe = Peclet number;
Pr = Prandtl number;
p = pressure;
P1 = pressure gradient parameter;
Rd = radiation parameter;
qr = radiative heat flux;
Re = Reynolds number;
A

0
1; A

0
2 = slip lengths;

c = specific heat (J/kg K);
k = thermal conductivity (W/mK);
« = thermal conductivity parameter; and
Q*

T = thermal dependent heat source coefficient.

Greek symbols
r = density (Kg/m3);
m = dynamic viscosity (kg m�1s�1);
s = electrical conductivity (s/m);
k = nanoparticle volume fraction;
s � = Stefan–Boltzmann constant (Wm�2K�4);
j 0 = transversal coordinate; and
�0 = uniform suction/injection velocity.
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Subscripts
nf = nanofluid;
f = base fluid;
s = nanoparticles; and
1,2 = lower and upper plates.

1. Introduction
In recent years, theoretical investigation of heat transfer in nanoliquids is one among the hot
topic of research. The thermal conductivity of engineering liquids such as water, engine oil,
kerosene, ethylene glycol plays an imperative role in heating/cooling applications in
manufacturing processes. Enhancement of thermophysical properties of working fluids can
be done by submerging nanoparticles (Choi and Eastman, 1995). Applications of nanofluids
can be raised in electronic cooling systems, cooling of MEMS (microelectromechanical
systems), compact heat exchangers, solar collectors, and many others. The primary
emphasis of theoretical investigations of nanoliquids is to the improvement of effectual
coolants. Such coolants can be used in high thermal range with improved conductivity and
declined viscosity. A plenty of theoretical investigations on nanofluid are accessible in the
literature (Hayat et al., 2015; Sheikholeslami et al., 2016; Malvandi et al., 2016; Ayub et al.,
2016; Shirvan et al., 2017; Hayat et al., 2016; Hayat et al., 2017; Hayat et al., 2016; Hayat et al.,
2017; Muhammad et al., 2017; Mahanthesh et al., 2017; Waqas et al., 2017; Hayat et al., 2017;
Sheikholeslami et al., 2018; Hayat et al., 2018 and the references therein). They pointed out
that dramatical enhancement in heat transfer can be achieved through low concentration
(>20 per cent) of nanoparticles. They have considered conventional nanoparticles (Ag,
Al2O3, Cu, CuO, TiO2) in their analysis. On the other hand, alloys have diverse engineering
applications, for instance, advanced powder technology, nuclear reactors, fuel cells,
aerospace science technology and various industrial processes (Parayanthal and Pollak,
1984)-(Balazic et al., 2007). Recently, Sandeep et al. (2017) have used two distinct aluminium
alloy nanoparticles (AA7072 and AA7075) in the investigation of heat transfer of
nanoliquids. They found that H2O-AA7075 nanoliquid owed superior thermal features in
comparison with H2O-AA 7072 nanoliquid. Makinde et al. (2018) exhibited the impact of
aluminium and titanium alloy nanoparticles on the flow and heat transport in a rotating
disk. They disclosed that alloy particles enhance heat transfer phenomena.

Simulations of microchannel flow have importance in numerous real-life areas such as
micro heat exchanger, MHD micropumps, micromixers, cooling systems for microelectronic
devices, fuel cells and microturbines. Particularly, microfluidics of nanoliquids finds much
attention from the research community because of its applications. Mohammed et al. (2011)
explored nanofluid characteristics subject to constant heat flux and nanoparticle volume
fraction. They found that TiO2-H2O nanofluid is more suitable use as a coolant at low
Brinkman numbers than Al2O3-EG nanofluid. Gorla and Gireesha (2015) addressed entropy
generation analysis for both steady/transient flows in a microfluidic in the presence of
charged nanoparticles. (Ibáñez et al., 2016) determined the global entropy of magneto-
nanoliquid radiated flow past a microchannel with slip and convective conditions on the
surface of the wall. They found enhanced heat transfer for optimum values of nanoparticle
volume fraction. Mahanthesh et al. (2016) studied H2O and Cu-H2O liquid flow through a
channel induced by squeezing and rotation effects. The nanoparticles migration impacts are
disclosed by Malvandi et al. (2016) by considering mixed convection heat transport in
microchannel subjected to heat source/sink. Malvandi and Ganji (2016) extended the work of
Malvandi et al. (2016) by considering the modified two-component heterogeneous nanofluid
model. In a review article, Salman et al. (2013) discussed the influence of nanoparticle shape,
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types, migration and size on heat transfer enhancement of nanoliquids in microtube and
microchannels. In this context, various authors (Hedayati and Domairry, 2015; Abbaszadeh
et al., 2017; Hosseini et al., 2018; Nojoomizadeh et al., 2018; L�opez et al., 2017; Shashikumar
et al., 2017; Žitnõanský and �Caplovi�c, 2004; Shashikumar et al., 2018, and references therein)
studied the nanoliquid flow through a microchannel with different aspects.

The production of thermal and engineering devices is concerned by irreversible losses
that lead to increase the entropy and decrease system efficiency. Thus, it is necessary to find
the factors that minimize the entropy generation and maximize the flow system efficiency.
To analyse the irreversibility’s in the form of entropy generation, the second law of
thermodynamics is applied. Most of the energy related applications such as geothermal
energy systems, solar power collectors and cooling of modern electronic systems depend on
entropy generation. Several important studies (Hayat et al., 2018; Khan et al., 2018; Khan
et al., 2018; Shashikumar et al., 2018) have been carried out on entropy generation with
distinct aspects. Recently, heat transfer and entropy generation in an electrically conducting
Casson nanofluid flow through a microchannel is studied by Shashikumar et al. (2019).

Inspired by the overhead research and its considerable solicitations, the main focus the
current study is to scrutinize the features of alloy nanoparticles (AA7075 and Ti6Al4V) on
entropy generation, heat transfer flow through a microchannel with partial slip, convective
condition, Joule heating, viscous heating, radiative heat and internal heat source/sink effects.
Appropriate dimensionless variables are functional to alter the dimensional governing
equations into dimensionless equations. Subsequent non-linear ODEs are then solved
numerically using RKF-45 (Mahanthesh et al., 2017; Mahanthesh et al., 2017) scheme. The
stimulus of adjusting parameters on entropy number, velocity and temperature are drafted
and conferred in detail.

2. Mathematical formulation
Consider a fully developed steady state flow of nanoliquid through a microchannel bounded
by two horizontal parallel porous plates separated by a distance a. Flow is generated due to
longitudinal constant pressure gradient dp/dx0 and magnetic field of constant intensity B0.
The base fluid H2O is packed with aluminium (AA7075) and titanium (Ti6Al4V) alloy
nanoparticles. The AA7075 is made up of 90 per cent Al, 5-6 per cent Zn, 2-3 per cent Mg, 1-2
per cent Cu with additives such as Fe, Mn and Si etc. The AA7075 and Ti6Al4V
nanoparticles of five diverse shapes are in thermal equilibrium. The upper plate is located at
j 0 = a and the lower plate is at j 0 = 0, j 0 denoting the transversal coordinate (Figure 1). It is
assumed that parallel plates are infinitely long so that the velocity component and
temperature profiles are fully developed. It is also assumed that the uniform suction and
injection of boundary condition occur at the upper and lower plates of microchannel,
respectively. Moreover, the lower plate microchannel exchanges heat by convection with a
hot fluid with temperature Th while the microchannel upper plate is in contact with the
ambient temperature Ta. For the solution of the momentum balance equation we assume
that the velocity satisfies the slip condition at the plates and the heat transfer equation is
solved considering thermal radiation flux, viscous dissipation, Joule heating and convective
boundary conditions.

From the above assumptions the balance of linear momentum, energy and entropy
generation rate equations (Ibáñez et al., 2016) and (L�opez et al., 2017) as:

rnf �0
dv

0

dj
0 ¼ � dp

dx0 þ mnf
d2v

0

dj ’2 � snf B2
0v

0
: (1)
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rcð Þnf �0
dT
dj

0 ¼ @

@j
0 k*nf

@T
@j

0 � qr

� �
þ mnf

dv
0

dj
0

 !2

þ snf B2
0v

02 þ Q*
T T � Tað Þ: (2)

Eg ¼ 1
T2
a

k*nf þ
16s *T3

a

3K*

� �
@T
@j

0

� �2

þ mnf

Ta

dv
0

dj
0

 !2

þ snf B2
0

Ta
v
0ð Þ2; (3)

Equations (1) and (2) must satisfies the following boundary conditions

v
0 � A

0
1
dv

0

dj
0 ¼ 0; at j

0 ¼ 0; v
0 þ A

0
2
dv

0

dj
0 ¼ 0; at j

0 ¼ a; (4)

knf
dT
dj

0 � h1 T � Thð Þ ¼ 0; at j
0 ¼ 0; knf

dT
dj

0 þ h2 T � Tað Þ ¼ 0; at j
0 ¼ a; (5)

in the above equations, v 0 is axial velocity, r is density, �0 is uniform suction/injection
velocity at the parallel microchannel plates, p is pressure, m is dynamic viscosity, s is
electrical conductivity, T is nanofluid temperature, Ta is ambient temperature, Th is hot
fluid temperature, c is specific heat, k is thermal conductivity, qr is radiative heat
flux, Q*

T is thermal dependent heat source coefficient, nf denotes the nanofluid, f denotes
the base fluid. A

0
1 and A

0
2 are slip lengths, h1 and h2 are convective heat transfer

coefficients for each plate. Here, sub-indices 1 and 2 refer to the lower and upper plates,
respectively. The third term on the right-hand side of the equation (2) is the Joule
dissipation described in terms of Ohm’s law, the fourth term takes into an account heat
flux due to the thermal radiation.

Based on mixture theory the nanoliquid’s correlations are given by (Lin et al., 2016; Xu
and Chen, 2017):

rnf

r f
¼ 1� kð Þ þ k

r s

r f
;
rcð Þnf
rcð Þf

¼ 1� kð Þ þ k
rcð Þs
rcð Þf

;

mnf

m f
¼ 1

1� kð Þ2:5
;
knf
kf

¼ ks þ m� 1ð Þkf � m� 1ð Þk kf � ks
� �

ks þ m� 1ð Þkf þ k kf � ks
� � :

(6)

Figure 1.
Physical model of the
problem
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where k is nanoparticle volume fraction. The thermophysical properties of aluminium,
titanium and pure water are shown in Table I. Also, the values of the empirical shape factor
for different particle shapes are shown in Table II.

The variable thermal conductivity of the fluid k*nf (Akbar and Khan, 2016), (Hayat et al.,
2016), is assumed to be varied linearly with temperature as given below:

k*nf ¼ knf 1þ «uð Þ; (7)

where « is a small parameter known as thermal conductivity parameter. The thermal
radiation flux using Rosseland diffusion approximation method of radiation transfer can be
written as follows:

qr ¼ � 16s *

3K* T3
a
dT
dj

0 ; (8)

where s
�
is the Stefan–Boltzmann constant and K

�
is the Rosseland mean absorption

coefficient.
Introduce the following non-dimensional variables:

v ¼ r f aj
0

m f
; j ¼ j

0

a
; X ¼ x

0

a
; P ¼ a3r f p

m 2
f

; A1 ¼ A
0
1

a
; A2 ¼ A

0
2

a
; u ¼ T � Ta

Th � Ta
:

(9)

By using equations (7)-(9), equations (1)-(5) will take following form:

rnf

r f
Re

dv
dj

¼ P1 þ
mnf

m f

d2v

dj 2 � Ha2v; (10)

rcð Þnf
rcð Þf

Pe
du
dj

¼ knf
kf

þ Rd þ «u

 !
d2u

dj 2 þ «
du
dj

� �2

þ Br
mnf

m f

dv
dj

� �2

þ Ha2v2
" #

þ Qu ;

(11)

Table I.
Thermophysical

properties of
aluminium, titanium

and pure water
(Makinde et al., 2018)

r (kg/m3) c(j/(kg.k)) k(W/(m . k))

Aluminium (AA7075) 2,810 960 173
titanium (Ti6Al4V) 4,420 0.56 7.2
Water 997.1 4,179 0.613

Table II.
Values of the

empirical shape
factor for different
particle shapes (Lin
et al., 2016; Xu and

Chen, 2017)

Particle shapes Sphere Hexahedron Tetrahedron Column Lamina

M 3 3.7221 4.0613 6.3698 16.1576
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Ns ¼ Eg

Eg0
¼ knf

kf
þ Rd þ «u

 !
@u

@j

� �2

þ Brw
mnf

m f

dv
dj

� �2

þ Ha2v2
" #

¼ HTI þ FFI ;

(12)

v� A1
dv
dj

¼ 0; at j ¼ 0; vþ A2
dv
dj

¼ 0; at j ¼ 1; (13)

knf
kf

du
dj

� Bi1 u � 1ð Þ ¼ 0; at j ¼ 0;
knf
kf

du
dj

þ B2 uð Þ ¼ 0; at j ¼ 1: (14)

Here, Re = �0ar f/m f is Reynolds number, P1 ¼ � dP
dX

� �
is pressure gradient parameter,

Ha ¼ B0a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s f=h f

q
is Hartmann number, Pe = RePr is Peclet number, Pr = m fcf/kf is

Prandtl number, Rd ¼ 16s * T3
a=3K

*kf is radiation parameter, Br = PrEc is Brinkman
number, Ec ¼ m 2

f=a
2cf Th � Tað Þ is Eckert number, Q = a2Q

�
/kf is heat source parameter

andBi= ah/kf is Biot number for each plate.
In equation (12), the first term of the right-hand side is local entropy generation due to

heat transfer and radiation, the second term is the local entropy generation due to viscous
dissipation and local entropy generation due to the effect of the magnetic field.

Equation (12) represents the dimensionless entropy generation number. The parameters
exist in this equation are.

Eg0 ¼ kf Th�Tað Þ2
a2T2

a
is characteristic entropy generation rate;

w ¼ Ta
Th�Ta

is characteristic temperature ratio;

HTI ¼ knf
kf
þ Rd þ «u

� �
@u
@j

� �2
is heat transfer irreversibility; and

FFI ¼ Brw mnf

m f

dv
dj

� �2 þ Ha2v2
	 


is dissipative irreversibility.

The Bejan number (Be) is defined has the ratio of heat transfer irreversibility to the total
entropy generation and is given by

Be ¼ HTI
HTIþ FFI

¼ HTI
Ns

: (15)

The Bejan number Be takes the values between 0 and 1. The value Be= 0 corresponds to the
case when irreversibility is dominated by the fluid friction effects and also Be = 1
corresponds to the case when irreversibility due to the heat transfer by temperature
difference has taken its toll.

3. Special case
In this section, we obtained closed form solution to equation (10). This helps us to compare
the numerical solution obtained in the next section. The solution to equation (10) with the
boundary condition (13) is given by

v ¼ K3 þ e
K1
2 j C1sinh Bjð Þ þ C2cosh Bjð Þ½ �;
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where:

C1 ¼ K3

BA1
1� BA1 þ K4ð Þ 2� A1K1ð Þ

2� A1K1ð ÞK4 þ 2BA1K5

	 

;

C2 ¼ �2K3 BA1 þ K4ð Þ
2� A1K1ð ÞK4 þ 2BA1K5

;

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

1

4
þ K2

r
;

K1 ¼
m f

mnf

rnf

r f
Re;

K2 ¼
m f

mnf
Ha2;

K3 ¼ P1

Ha2
;

K4 ¼ e
K1

2 sinhB 1þ A2
K1

2
þ BA2coshB

� �	 

;

K5 ¼ e
K1

2 coshB 1þ A2
K1

2
þ BA2sinhB

� �	 

:

4. Numerical procedure
The boundary value problem comprised in the expressions (10), (11), (12) and (14) is
converted to initial value problems and then they solved by RKF-45 method. Now, use the
following set of variables;

v ¼ x1;
dv
dj

¼ x2; u ¼ x3;
du
dj

¼ x4: (16)

In view of (16), the governing equations will take the following form:
dx1
dj

¼ x2; (17)

dx2
dj

¼ m f

mnf

rnf

r f
Rex2 � Aþ snf

s f
Ha2x1

� �
; (18)

dx3
dj

¼ x4; (19)

dx4
dj

¼ 1
knf
kf
þ Rd þ «x3

� � rcð Þnf
rcð Þf

Pex4 � « x4ð Þ2 þ�Br
mnf

m f
x2ð Þ2 þ snf

s f
Ha2x21

	 

� Q0x3

( )
;

(20)

The respective conditions are

x1 0ð Þ ¼ A1x2; x2 0ð Þ ¼ m1; x3 0ð Þ ¼ knf
kf Bi1

x4 þ 1

 !
; x4 0ð Þ ¼ m2; (21)
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wherem1 andm2 are unknowns and they are determined by shooting method. The Runge–
Kutta–Fehlberg scheme is used to determine the distributions of the velocity, Bejan number,
entropy number and temperature. The accuracy of the present analysis is verified by
comparing the numerical results obtained from RKF 45 with the analytical results for the
limiting case at different values of dimensionless space variable (j ) as shown in Table III. It
is found that the results obtained are in outstanding agreement.

5. Results and discussion
The numerical solutions for the dimensionless velocity v(j ), temperature u (j ), entropy
generation (Ns) and Bejan number (Be) are computed for distinct values of slip parameter
(A), nanoparticle solid volume fraction (x ), Hartmann number (Ha), Biot number Bi,
Brinkman number (Br), thermal conductivity parameter (« ), heat source parameter (Q) and
radiation parameter (R) (see Figures 2-22). The results are attained for AA7075-H2O and
Ti6Al4V-H2O nanoliquids. The numeric results were calculated by setting Bi = 1.5, Br = 1.0,
M = 2.0, P1 = 1.0, Pe = 1.0, Q = 0.5, Re = 1.0, Rd = 1.5, A = 0.1, x = 0.1, « = 0 and m =
6.3698. In the write-up we used the symbols such as <(j )m in which < may be v, u , Ns and
Bewhile the subscriptm for different nanoliquids or nanoparticles shape.

5.1 Entropy analysis
The distribution of entropy generation rate Ns(j ) for different values of the Biot number (Bi),
Brinkman number (Br), thermal conductivity parameter (« ), nanoparticle volume fraction (x ),
radiation parameter (R), heat generation (Q) and temperature ratio (w) are given in Figures 2-8
respectively for two different nanofluids. These figures emphasizes that Ns(j ) monotonically
increases with j and Ns jð ÞTi6Al4V�H2O > Ns jð ÞAA7075�H2O. Figure 2 illuminates a very
important effect of convective heating on the entropy. This figure emphasizes that as Biot
number increases, the entropy of the fluid increases significantly across the entire microchannel.
Physically, when we assign the Bi value more than 1, the temperature field within the
microchannel becomes non-uniform. Hence, the entropy rate Ns(j ) of the liquid increases with
Bi. It is also observed that the entropy profile Ns(j ) is more prominent on the upper plate of the
channel than the lower plate. Figure 3 gives the entropy number for different values of
Brinkman number (Br). The behaviour of entropy Ns(j ) for Brinkman number (Bi) is in
correspondence with that for Biot number (Bi). The Br is related to heat conduction from a plate
of the channel, therefore it is obvious that entropy rate Ns(j ) increases with Br. The behaviour
of entropy Ns(j ) for divorce values of « is illustrated in Figure 4. The intensity of thermal

Table III.
Comparison of
numerical and
analytical results for
velocity when Ha2 =
2.0, P1 = 1.0, Re = 1.0,
A = 0.1, x = 0.1

j
v(j ) (Exact Solutions) v(j ) (RKF solutions)

AA7075-H2O Ti6Al4V-H2O AA7075-H2O Ti6Al4V-H2O

0 0.024373867 0.023942394 0.024373867 0.023942395
0.1 0.046435467 0.045687329 0.046435467 0.045687330
0.2 0.064027639 0.063164214 0.064027640 0.063164215
0.3 0.077292995 0.076476296 0.077292997 0.076476298
0.4 0.086248124 0.085602851 0.086248126 0.085602853
0.5 0.09077215 0.090385025 0.090772152 0.090385027
0.6 0.090589765 0.09050566 0.090589768 0.090505663
0.7 0.085247665 0.085461785 0.085247667 0.085461788
0.8 0.074083006 0.074528084 0.074083009 0.074528087
0.9 0.056182102 0.05670917 0.056182105 0.056709173
1 0.030327102 0.030677905 0.030327102 0.030677905
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Figure 3.
Consequence of

Brinkman numberBr
onNs

Figure 4.
Consequence of

thermal conductivity
parameter « onNs

Figure 2.
Consequence of Biot

numberBi onNs
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Figure 6.
Consequence of
radiation parameterR
onNs

Figure 7.
Consequence of
characteristic
temperature ratiow
onNs

Figure 5.
Consequence of
nanoparticle solid
volume fraction x on
Ns
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Figure 9.
Nanoparticles shape

effects onNs

Figure 10.
Consequence of

Hartmann number
Ha on v(j )

Figure 8.
Consequence of heat
source parameterQ

onNs
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Figure 12.
Consequence of slip
parameterA on v(j )

Figure 13.
Consequence of heat
source parameterQ
on u (j )

Figure 11.
Consequence of
nanoparticle solid
volume fraction x on
v(j )
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Figure 15.
Consequence of

nanoparticle volume
fraction x on u (j )

Figure 16.
Consequence of Biot
number Bi on u (j )

Figure 14.
Consequence of

Brinkman numberBr
on u (j )
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Figure 18.
Consequence of heat
source parameterQ
onBe

Figure 19.
Consequence of
Hartmann number
Ha on Be

Figure 17.
Consequence of slip
parameterA on Be
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Figure 21.
Consequence of

thermal conductivity
parameter « onBe

Figure 22.
Consequence of

radiation parameterR
onBe

Figure 20.
Consequence of Biot

number Bi onBe
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diffusion increases with « , as a result the entropy rate increased. Also, the impact of « on Ns(j )
is more pronounced on the upper plate of themicrochannel than the rest part. An idea of how the
nanoparticles volume fraction x affects the entropy rate can be shown in Figure 5. The
increased thermal conductivity of nanoliquid increases the energy boundary layer which further
leads to decrease in entropy generation profile Ns(j ). It is also note that the entropy rate for
nanofluid is higher than the base fluid. Figure 6 exhibits the Ns(j ) field for the variation of R,
which has a tendency to enhance the entropy rate in the microchannel. Figure 7 gives the
behaviour of Ns(j ) for increasing values of w. The entropy rate Ns(j ) significantly increases
with w. Figure 8 is plotted to study the response of Ns(j ) for larger values of Q. Here, the
increase inQ leads to an increase inNs(j ) along the microchannel lower part and decrease inNs
(j ) at the rest part of the channel. Finally, Figure 9 illustrates the impact of nanoparticle shape
on Ns(j ). This figure emphasizes that Ns(j )Sphere > Ns(j )Hexahedran > Ns(j )Tetrahydran > Ns
(j )Column>Ns(j )Lamina.

5.2 Flow analysis
Figures 10-12 show the behaviour of velocity v(j ) for different values of Ha, x and A
correspondingly. Here the velocity profile v(j ) increases with A while it declined with increase
in x andHa. At the state of largeHa, the strongmagnetismmakes the Lorentz force (a resistive
kind of force) in opposed direction of liquid flow. Hence, increasing Ha leads to smaller v(j )
(Figure 10). When we submerge 20 per cent alloy particles in H2O increase the viscous force of
the suspension, due to which v(j ) decreases. Existence of alloy nanoparticles in H2O creates
pressure drop due to the movement of higher viscous liquid than that of lower viscous fluid.
The velocity v(j ) field of AA7075-H2O is higher than Ti6Al4V-H2O (Figure 11). The slip effect
has the momentous consequence on v(j ) profile. MoreA corresponds to more slip velocity at j
= 0 and j = 1, as a result the velocity of the liquid accelerated in the microchannel (Figure 12).
The reason is the velocity gradient at the walls reduces for larger slip parameter (A). It is also
noted that v(j ) is lower in the absence of slip conditions at the walls of themicrochannel.

5.3 Heat transfer analysis
The influences of Q, Br, x , Bi and m on temperature u (j ) is shown in Figures 13-17
respectively. The increase in Q and Br leads to an increase in the temperature field
(Figures 13 and 14). But the amount of enhancement in u (j ) respect of heat source processQ
is relatively more than viscous and Joule heating (Br). Physically, the thermal field increases
through the aspect of heat source process, viscous and Joule heating. The reason is
enhancing the internal heat of nanoliquid in the microchannel. From Figure 15, it is observed
that the temperature field u (j ) has dual behaviour in the channel for the effect of x . For
increasing values of x , the temperature field u (j ) declined to a certain distance from the
lower wall of the microchannel (about j % 0.58) while this trend is qualitatively opposite in
the rest part of the channel. Physically, the thermal conductivity of H2O augmented when x
is increased to 0 per cent to 20 per cent. Thus, the heat flux from the lower wall of
microchannel with high temperature to the right part of the channel with lower temperature
enhances. Consequently, the thermal field u (j ) at lower wall of the channel (about j % 0.58)
condensed while it augmented in the rest part. The effect of Biot number and nanoparticle
volume fraction is contrary on u (j ) field (Figure 16). That is, the u (j ) increases lower part of
the channel (about j % 0.4) and it decreases in the rest part.

5.4 Bejan number
The effects of A, Ha, Q, Bi, « , R and m on Bejan number Be(j ) is analysed in Figures 17-23.
Note from Figure 17 that an increase in slip parameter leads to increase in Be(j ) at the plates
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and decreases at the centreline region of the microchannel. The distributions of Be(j ) versus
j are plotted in Figure 18 for diverse values Q. Here, the Be(j ) decreases with an increase in
Q at lower half of the microchannel where as it increases in the rest part as Q rises.
Meanwhile, there exists a point j = 0.5 within the channel where Be(j ) is not affected by
rising Q. Figure 19 illuminates that Be(j ) increases at the plates and this trend is opposite at
the centreline of the channel for increasing values ofHa. Figures 20-22 reveal that the impact
of rising values of Bi, « and R is qualitatively same on the profile of Bejan number Be(j ).
That is, as Bi, « and R increases, the Bejan number Be(j ) increases across the entire
microchannel. These figures emphasizes that Be jð ÞTi6Al4V�H2O > Be jð ÞAA7075�H2O. Finally,
Figure 23 illustrates the impact of nanoparticle shape effect on Be(j ). This figure emphasizes
thatBe(j )Sphere> Be(j )Hexahedran> Be(j )Tetrahydran> Be(j )Column> Be(j )Lamina.

6. Concluding remarks
In this study, the impacts of alloy nanoparticles (AA7075 and Ti6Al4V) in the flow of viscous
fluid through a microchannel in the presence of partial slip and convective boundary
conditions are explored. The analysis is carried out under the influence of nanoparticles
shape factor, magnetism, radiative heat, internal heat source/sink, viscous heating and Joule
heating parameters. The major outcomes are listed below:

� Ns jð ÞTi6Al4V�H2O > Ns jð ÞAA7075�H2O.
� Ns(j )Sphere > Ns(j )Hexahedran> Ns(j )Tetrahydran> Ns(j )Column > Ns(j )Lamina

� The convective condition at the walls of a microchannel increases the entropy production.
� The parameters Br, R, w and Q have a tendency of decreasing entropy production.
� The radiative heat, heat source, Joule heating and viscous heating aspects lead to

enhance the thermal field in the microchannel.
� u jð ÞTi6Al4V�H2O > u jð ÞAA7075�H2O holds true in lower part of the microchannel

while this trend is opposite in the test part of the channel.
� The velocity v(j ) increases withAwhile it is declined with the increase in x andHa.
� v jð ÞTi6Al4V�H2O < v jð ÞAA7075�H2O holds true.
� The impact of Bi, « and R is qualitatively same for Bejan number.

Figure 23.
Nanoparticle shape

effects on Be
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� Be jð ÞTi6Al4V�H2O > Be jð ÞAA7075�H2O holds.
� Be(j )Sphere > Be(j )Hexahedran > Be(j )Tetrahydran > Be(j )Column > Be(j )Lamina.
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