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ABSTRACT

The flow problem presented in the paper is a study on boundary layer flow of a nanofluid
through a porous medium subjected to a magnetic field, thermal radiation, viscous
dissipation and chemical reaction effects. The effects of porosity, thermal radiation,
magnetic field, viscous dissipation and chemical reaction to the flow field were thoroughly
explained for various values of the governing parameters. Copper (Cu) and Alumina
(Al,05) water nanofluids were considered. The partial differential equations appearing in
the governing equations of the problem were transformed into a couple of nonlinear
ordinary differential equations with the help of similarity transformations. The transformed
equations were solved numerically by the Keller Box method. For selected values of the
parameters involved in the governing equations like nanofluid volume fraction @, the
porous medium parameter K, magnetic parameter M, Eckert number Ec, Schmidt
number Sc, Soret number Sr, thermal radiative parameter R and chemical reaction
parameter y, numerical results of velocity field, temperature distribution, concentration,
Skin friction coefficient, Nusselt number and Sherwood number were obtained. The
results were analysed and discussed with the help of graphs and tables. Comparisons
with previously published works were performed and they are found in excellent
agreement.
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1. INTRODUCTION

Nanofluids are solid-liquid composite materials consisting of solid nanoparticles or
nanofibers, with sizes typically on the order of 1-100 nm, suspended in a liquid. Nanofluids
are characterized by an enrichment of a base fluid like water, toluene, ethylene glycol or oil
with nanoparticles in variety of types like Metals, Oxides, Carbides, Carbon, Nitrides, etc.
Today nanofluid are sought to have wide range of applications in medical application,
biomedical industry, detergency, power generation in nuclear reactors and more specifically
in any heat removal involved industrial applications. The ongoing research ever since then
has extended to utilization of nanofluids in microelectronics, fuel cells, pharmaceutical
processes , hybrid-powered engines, engine cooling, vehicle thermal management,
domestic refrigerator, chillers, heat exchanger, nuclear reactor coolant, grinding, machining,
space technology, defence and ships, and boiler flue gas temperature reduction [1].

Choi [2] studied much on enhancing thermal conductivity of fluids with nanoparticles,
developments and applications of non-Newtonian flows. Mnyusiwella [3] indicated some of
the possible dangers of nanotechnology in public health and environment. A comprehensive
survey of convective transport in nanofluids has been made by Buongiorno [4], who gave
satisfactory explanation for the abnormal increase of thermal conductivity and viscosity
relative to the base fluid. Hamada and Ismail [5] examined magnetic field effects on free
convection flow of a nanofluid past a vertical semi-infinite flat plate. A study on boundary
layer flow of a nanofluid past a stretching sheet with a convective boundary
condition was conducted by Makinde and Aziz [6]. Recently, Ahmad [7] presented a
numerical study on the Blasius and Sakiadis problems in nanofluids under isothermal
condition. Kameswaran et al. [8] examined hydromagnetic nanofluid flow due to a stretching
or shrinking sheet with viscous dissipation and chemical reaction effects. Khan and Pop [9]
studied Boundary-layer flow of a nanofluid past a stretching sheet. Khan [10] studied the
unsteady free convection boundary layer flow of a nanofluid along a stretching sheet with
thermal radiation and viscous dissipation effects in the presence of a magnetic field. One of
the factors affecting the flow of nanofluids is charges of the suspended nanoparticles.
Nanofluids consisting of negatively charged nanoparticles suspended in aqueous Nacl
solutions show significantly different velocity profiles compared to agueous Nacl solutions
containing no nanoparticles. The negatively charged nanoparticles induce an electric field
and the induced electric field changes the velocity profile of the flow. The new flow
phenomenon is attributed to the electrokinetic effect of charged nanoparticles that
significantly increases the induced electric field strength. The streaming current due to the
movement of charged nanoparticles induces an electric field and the induced electric field
changes the velocity distribution of the flow [11]. Aggregation and sedimentation are also
the other factors which reduce the stability of the flow of nanofluids. Nanoparticles’
aggregation means that nanoparticles aggregate to form a cluster or small nanoparticle
clusters aggregate to form a big cluster. Nanoparticles’ sedimentation means that some
nanoparticles or nanoparticle clusters settle down and finally separate out of nanofluid.
Nanoparticles’ aggregation and sedimentation limit its applications [12].

Earlier studies in fluid flow through a porous media have revealed the Darcy law which
relates linearly the flow velocity to the pressure gradient across the porous medium. The
porous medium is also characterized by its permeability which is a measure of the flow
conductivity in the porous medium. Later developments in porous media led to extended

829



American Chemical Science Journal, 4(6): 828-846, 2014

advanced models for the Darcy law such as Forchheimers equation and Brinkmans
equation [13] where the former is applicable for large flow velocities while the latter takes
into account the boundary effects. Radiation and free convection flow through a porous
medium using Rosseland approximation for the radiative heat flux was analyzed by Raptis
[14]. Chamkha[15] regarded solar radiation assisted free convection in the boundary layer
adjacent to a vertical flat plate in a uniform porous medium with a more general Darcy-
Forchheimer-Brinkman flow model. Kairi [16] studied the effect of viscous dissipation on
natural convection in a non-Darcy porous medium saturated with non-Newtonian fluid of
variable viscosity. Murthy [17] examined the combined radiation and mixed convection from
a permeable vertical wall in a non-Darcy porous media. The thermal radiation phenomena
of non Newtonian fluids over a horizontal plate with variable surface temperature in
porous medium was investigated by Mohammadein and EI-Amin [18]. Magnetic field effects
on convective flows in porous media and thermal radiation have been widely studied
[19-33].

Viscous dissipation changes the temperature distributions by playing a role like energy
source, which leads to affect heat transfer rates. The effect of viscous dissipation depends
on whether the sheet is being cooled or heated. Heat transfer analysis over porous surface
is of much practical interest due to its abundant applications. To be more specific, heat-
treated materials travelling between a feed roll and wind-up roll or materials manufactured
by extrusion, glass-fibre and paper production, cooling of metallic sheets or electronic chips,
crystal growing are few practical applications of flow over a stretching sheet [26]. Murthy
and Singh [34] studied viscous dissipation on non-Darcy natural convection regime in
porous media saturated with Newtonian fluid.

The combined heat and mass transfer problems with chemical reactions are of importance
in many processes, and therefore have received a considerable amount of attention in
recent years. In processes, such as drying, evaporation at the surface of a water body,
energy transfer in a wet cooling tower and the flow in desert cooler, groves of fruit trees,
electric power generation; the heat and mass transfer occur simultaneously. In many
chemical engineering processes, a chemical reaction between a foreign mass and the fluid
does occur. These processes take place in numerous industrial applications, such as the
polymer production, the manufacturing of ceramics or glassware, food processing.
Randasamy and Palanimani [35] studied on effects of chemical reactions, heat and mass
transfer on nonlinear magnetohydrodynamic boundary layer flow over a wedge with a
porous medium in the presence of ohmic heating and viscous dissipation. Postelnicu [36]
studied the Influence of chemical reaction on heat and mass transfer by natural convection
from vertical surfaces in porous media considering Soret and Dufour effects. The flow of
nanofluids may also be affected by chemical heating (heat generated in exothermic
reactions). Most chemical reactions involve the breaking and formation of chemical bonds. It
requires energy to break a chemical bond but energy is released when chemical bonds are
formed. The amount of heat generated by a reaction can be quantified. According to Aziz
[37], because chemical reactions release or absorb energy, they affect the temperature of
their surroundings. Exothermic chemical reactions heat up while endothermic reactions cool
down their surroundings.

Most of the studies on flows of nanofluids focus mainly on boundary layer flow and heat
transfer of incompressible Newtonian fluids. Now a days, since the increasing demand of
nanofluids in science and technology is growing alarmingly, great attention has to be given
to convective transport of these fluids. However, heat and mass transfer of nanofluids
through a porous medium with effects of thermal radiation, viscous dissipation and chemical
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reaction are not adequately studied in a comprehensive way. Thus, to the best of authors’
knowledge, so far the simultaneous effects of these quantities in the presence of magnetic
field on heat and mass transfer flow of nanofluids through a porous medium has not been
analyzed. Hence, this problem is investigated. The governing boundary layer equations are
reduced to a system of non linear ordinary differential equations using similarity
transformations and the resulting equations are solved numerically by using the Keller box
scheme. A parametric study is conducted to illustrate the influence of various governing
parameters on the Velocity, Temperature, Concentration, Skin-Friction Coefficient, Nusselt
number and Sherwood number are discussed in detail.

2. FORMULATION OF THE PROBLEM

Consider a steady two dimensional laminar boundary layer flow of an incompressible
nanofluid over a stretching sheet. It has been considered a Cartesian coordinate system
with the origin fixed in such a way that the x-axis is taken along the direction of the
continuous stretching surface and the y-axis is measured normal to the surface of the sheet.
A uniform transverse magnetic field of strength B, is applied in the direction of the y-axis.
The flow is generated due to the continual stretching of the sheet, caused by the
simultaneous application of two equal and opposite forces along the x —axis to keep the
origin fixed. It is assumed that the induced magnetic field, the external electric field and the
electric field due to the polarization of charges are negligible in comparison to the applied
magnetic field. In addition to these, the effects of chemical heating, agglomeration and
sedimentation of nanopatrticles are not included in the study.

The fluid is a water based nanofluid containing two different types of nanoparticles Copper
(Cu) and Alumina (Al,03). It is assumed that the base fluid and the nanoparticles are in
thermal equilibrium and no slip occurs between them. The thermophysical properties of the
nanofluid are given in Table 1 (see Motsumi [38]). The sheet is then stretched with a
velocity U,, (x), varying linearly with the distance from the slit. It is assumed that the surface
has temperature T,, and concentrationC,,; the fluid has uniform ambient temperature T.. and
concentration C... Following these conditions, the governing boundary layer equation of
momentum, energy and diffusion with radiation, viscous dissipation and chemical reaction
effects of the nanofluids can be written as [8,39,40].

Table 1. Thermophysical properties of water, copper and alumina, motsumi [38]

Physical Quantity Properties
p(kg/m?) Cp(J/kgK) k(W/mK)
Pure water 997.1 4179 0.613
Cu 8933 385 400
Al,04 3970 765 40
ou , v __
Tr=0 @)
ou  0u_ Mnp0®u  oBe®  _ Hnfl
Yox TVoy T oupv2  oup ' pnpK @
o | LA _ T 1 dar | kny (0w
Uax TV oy~ Unf gy (pCp),; 0y (PCp), (6y) )
ac ac a%¢c a%T
ua'i-l?E:Dﬁ-l'Dlm—Ko(C—Cw) (4)
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where (u,v) are velocities in the direction of x and y axes, respectively; T is temperature, C
is concentration of the nanofluid, g, is the radiative heat flux, D is species diffusivity, D; is
the coefficient contribution of mass flux through temperature gradient, K is the permeability
of the porous medium, K, is the chemical reaction parameter and o is electrical conductivity.

The dynamic viscosity u,r, effective density p,r, thermal diffusivity a,, and heat
capacitance (pC,), of the nanofluids are given by [8].

__ ¥
('u'nf - (1-9)25

pny = (1 — D)ps + Dps
knf (5)

lanf - (PCpIns
(pCp)nf = (1 - w)(pcp)f + ®(pcp)s

The thermal conductivity of nanofluids restricted to spherical nanopatrticles is approximated

by the Maxwell-Garnett model [41] and Guerin et al. [42]
_ k5+2kf—20(kf—k5)

kng = f<k5+2kf+®(kf—ks)) (6)

The subscripts f and s refer to the subscripts of quantities in the base fluid and nanoparticle
respectively.

The boundary conditions associated to the differential equations are:

2 2
u=U,=bx, v=0,T=T,=T.+A(%), c=c,=c.+B(5) aty=o,
u—->0, T->T, C->C, aSy > @)

provided that A, B and b are constants, b > 0 and [ is the characteristic length. According to
the Rosseland diffusion approximation Hossain [43] and following Raptis [18], the radiative

heat flux g, is given by
40* OT*

qT=_3k*E! (8)

where ¢* and k* are the Stefan-Boltzmann constant and the Rosseland mean absorption
coefficient, respectively. We assume that the temperature differences within the flow are
sufficiently small such that T* may be expressed as a linear function of temperature.

T* ~ AT3T — 3T.2. 9)

Using (8) and (9) in equation (3), we obtain

ar _ 160*T3 62_T
E - 3K* ayz‘ (10)
Let we introduce a stream function ¥(x, y) in the flow field such that
v =%
u=2t p=-2 (11)

It is obvious that the continuity equation (1) is satisfied. Using the similarity transformations,
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1
u=bxf'(m), v=—(bv)*f(n),
T=T.+ (Tw - Tw)g(n),
C=C.+(C,—CHh(M, (12)
b 1/2 1
1=(2)" v v=0urrm.
On using equations (5), (6) and (10) to equations (2, 3, 4, 7) transform the governing
boundary value problem in to couples of ODEs:

[+ (ff =" =) —Kkaf =0, (13)
(1+5) g + Préa L (ra - 2f'g+5217) =0, (14)
h'—Sc(2fh—fh'+yh) +Srg" =0, (15)

where 7 is the similarity variable, f is the dimensionless stream function, g dimensionless
temperature and h is dimensionless nanoparticles concentration.

The corresponding boundary conditions become:

, f0) =0 f0 =1 g0) =1 h0) =1 (16)
f@—0, g -0, h(n) >0, as n - .

Primes denote differentiation with respect to n, Pr = Z—f (Prandtl number),y = % (Scaled
£

. . v . Bo? .

chemical reaction parameter), K; =$ (Porous medium parameter), M =‘;T° (Magnetic
f

40*T3

K*knf

Dy (y=Te) ( Soret number), Sc = ~ (Schmidt number), R =
D (Cw_Cw) D

parameter), Sr = (Radiation

2
parameter), Ec = —* (Eckert number) and
(Cp) r(Tw—Tw)

0= -0 |1-0+0(2)] 0,=1-0+0(%), 05=1-0+0Z2"

(Pcp)f,
(pCp)s

B, = (1— )2 [1—¢+¢m]. (17)

The quantities of engineering interest are the skin-friction coefficient Cy, the local Nusselt

number Nu, and the local Sherwood number Sh,.These parameters respectively
characterize the surface drag, wall heat and mass transfer rates. The quantities are defined
as:

= 2w = Xaw = Xw
Cf - Pfua/ [} Nux - kf((TW_Too) 1 th - D((CW—Coo) . (18)

where 1,, q, and J, are the shear stress, heat flux and mass flux at the surface,
respectively and are defined by

u

Tw = —HUnf (E)y=0’ Gw =~ (knf + 163(:?3) (Z_;)

J, =D (Z—i) . (19)

)
y=0 ¥=0
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Using (18) and (19), the dimensionless skin friction coefficient (surface drag), wall heat and
mass transfer rates become:

Cr(1— )25 [Re, = —2f'(0) , NRL’;,:I—C =-(1+%)4'0) and J%x = —h'(0), (20)

XUy

where Re, = - is the local Reynolds number.
f

3. NUMERICAL SOLUTION

Since equations 13-15 are highly non-linear, it is difficult to find the closed form solutions.
Thus, the solutions of these equations with the boundary conditions (16) are solved
numerically using the Keller box method. The accuracy of the method depends on the
choice of the initial guesses. The following initial guesses are chosen:

foM=1-e, g =e", hy@m=e™. (21)

The choices of the initial guesses depend on the convergence criteria and the boundary
conditions (16). The value of the wall shear stress -f'(0) is commonly used as a
convergence criterion because in the boundary layer flow calculations the greatest error
appears in the wall shear stress parameter as it is explained in Cebeci and Pradshaw [44].
Thus, we used this convergence criterion in the present study. A uniform grid of size 0.01 is
chosen to satisfy the convergence criteria of 1077 in our study, which gives about six
decimal places accurate to most of the prescribed quantities.

4. RESULTS AND DISCUSSION

In the numerical solutions, the effects of viscous dissipation, thermal radiation and chemical
reaction on heat and mass transfer characteristics through a porous media of nanofluid
were considered. Two types of nanoparticles, namely, Copper and Alumina, with water as
the base fluid with a constant Prandtl number Pr = 6.2 were considered. The transformed
nonlinear ordinary differential equations (13)-(15) subject to the boundary conditions (16)
were solved numerically using the Keller box method as described in Cebeci and Bradshaw
[44]. Velocity, temperature and concentration profiles were obtained and we applied the
results to compute the skin friction coefficient, the local Nusselt number and local Sherwood
number in Equ(18). The numerical results were discussed for the various values of the
parameters graphically and in tabular form. To validate the accuracy of the numerical
results, comparisons were made with previously published journals by Yohannes and
Shankar [39], Kameswaran [8] and Hamad [33] in the absence of thermal radiation,
magnetic field and chemical reaction. As shown in Table 2 and Table 3, the results are in
nice agreement.

The skin friction coefficients for different values of nanoparticle volume fraction @ and when
Pr=62,Ec=0,Sc=1.0, R=0, Sr=0.2, K;, =0 andy = 0.08 are given in Table 2. It is
observed that increasing the values of M results in an increase in the skin friction
coefficient. The calculated values show good agreements with Hamad [33] and Yohannes
and Shankar [39].
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Table 2. Comparison of —f"(0) for various values of M and @ when Pr = 6.2,Ec = 0,
Sc=1.0, K;,=0,R=0, Sr=0.2 and,y = 0.08

—f'(0) —f'(0) —f'(0)
M [0) Hamad [33] Yohannes and Present work
Shankar [39]
Cu Al,0; Cu Al,04 Cu Al,0,
0.05 1.10892 1.00538 1.1089 @ -------- 1.108923 1.005385
0 0.1 1.17475 0.99877 1.1747  -----—- 1.174748 0.998781
0.15 1.20886 0.98185 1.2089  -------- 1.208864 0.981854
0.2 1.21804 0.95592 1.2180 @ -------- 1.218045 0.955931
0.05 1.29210 1.20441 1.2921  -------- 1.292102 1.204412
0.5 0.1 1.32825 1.17548 1.3282 - 1.328249 1.175484
0.15 1.33955 1.13889 1.3396  -------- 1.339554 1.138892
0.2 1.33036 1.09544 1.3304 @ -----—-- 1.330356 1.095444
0.05 1.45236 1.37493 1.4524 - 1.452361 1.374930
0.1 1.46576 1.32890 1.4658 @ -------- 1.465763 1.328901
1 0.15 1.45858 1.27677 1.4586 «  -------- 1.458582 1.276766
0.2 143390 1.21910 1.4339 @ - 1.433898 1.219104
2 0.05 1.72887 1.66436 1.7289 -----—-- 1.728872 1.664356
0.1 1.70789 159198 1.7079  -------- 1.707892 1.591984
0.15 1.67140 1.51534 1.6714  -----—-- 1.671398 1.515336
0.2 1.62126 1.43480 1.6213 = -------- 1.621264 1.434799

The heat transfer coefficients are shown in Table 3 for different values of Prandtl numbers.
In this case, we took @ =R =M = Ec =0. As it is shown in the table the heat transfer
coefficient increases with an increase of Prandtl number. This is true because by definition,
Prandtl number is the ratio of kinematic viscosity to thermal diffusivity. An increase in the
values of Prandtl number implies that momentum diffusivity dominates thermal diffusivity.
Hence, the rate of heat transfer at the surface increases with increasing values of Prandtl
number. The present results are in good agreement with the earlier findings by Yohannes
[37] and Kameswaran [8].

Table 3. Comparison of the values of wall temperature gradient —g'(0) for different
values of Prandtl numbers Pr when §=R=M=K,=Ec=0

Pr 0.72 1 3 10 100
Kameswaran [8] 1.08852 1.33333 2.50973 4.79687 15.71163
Yohannes and Shankar [39] 1.0886 1.3333 2.5097 4.7970 15.7198
Present study 1.088621 1.333332 2.509727 4.797002 15.719830

Let us see the effects of viscous dissipation parameter, thermal radiation parameter, scaled
chemical reaction parameter, Soret number, Schmidt number, Prandtl number and magnetic
parameter on various fluid dynamic quantities as presented graphically. Unless otherwise
mentioned, the default values are Pr =6.2, M =0.5,Ec =1, = 0.1, Sc =1, y = 0.08, Sr =
0.2, R = 2 and K; = 1 for our subsequent results.

Figs. 1-3 illustrate the effects of the nanoparticle volume fraction @ on the velocity,

temperature and concentration profiles in the case of both nanofluids. As the nanoparticle
volume fraction increases, the Cu -water nanofluid velocity decreases while the Al,0; —
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water nanofluid velocity increases. As it is shown in Fig. 2, the increment of volume fraction
of nanoparticles increases the thermal conductivity of the nanofluid and in turn results a
thickening of the thermal boundary layer. It is also observed that the temperature
distribution in a Cu—water nanofluid is higher than that of Al,0;—water nanofluid; this is an
anticipated result because Cu is good conductor of heat and electricity. The Al,0;-water
nanofluid concentration decreases as the nanoparticle volume fraction of it increases. But
the contrary is true to that of Cu -water nanofluid as shown in Fig. 3.

Fig. 4 illustrates the effect of porous medium parameter K; on velocity in the case of Cu-
water and Al,0;-water nanofluids. When the porous medium parameter increases, the
velocity profiles of both nanofluids decrease. As it is observed from the figure, the velocity
profile of Al,0;—water nanofluid is higher than that of Cu —water nanofluid.

Figure -1 Figure -2
1 T . ! " ' "
0.9t
Solid Line : Cu-water
08 0.3 '\ Dashed Line: Alumina-water
Solid Line - Cu-water k
Dashed Line: Alumina-water 07
06 06
= —_ N
£ E0s
9=00050102
04 0.4
9=0,0.0501,02 0
02
0.2
0.1
[] 1 1 L
0 1 2 n ] 4 5 0 L
0 2 4 6 8 10
|
Fig. 1. Effects of @ on velocity profile Fig. 2. Effects of @ on temperature
Figure - 3 Figure - 4
1 1
0.9 09k
0.8 08 k
Solid Line  : Cu-water
0Tk Solid Line  : Cu-water 4 07 '\ Dashed Line: Alumina-water
Dashed Line: Alumina-water i (8
0.6 06
E 05 Z0s
0.4r 04
0.3
oal 6=0,005 01,02 03
' 0.2
0.1
0.1
0 n
0 2 4 6 8 10 0 -
1 0 4 5

Fig. 3. Effects of @ on concentration profile  Fig. 4. Effects of K; on velocity profile

Fig. 5 illustrates the effect of magnetic parameter M on velocity in the case of Cu-water and
Al,05-water nanofluids. When the magnetic parameter increases, the velocity profiles of
both nanofluids decrease. This is because the application of transverse magnetic field in an
electrically conducting fluid produces a retarding Lorenz force. The force slows down the
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motion of the fluid in the boundary layer and hence reduces velocity at the expense of
increasing its temperature and the solute concentration. But the solute concentration of
Alumina water nanofluid is against this fact as shown in Fig. 3. As it is seen from Fig. 5, the
velocity profile of Al,0;—water nanofluid is higher than that of Cu —water nanofluid.

Fig. 6 shows the effect of viscous dissipation parameter Ec on temperature profile in the
case of both nanofluids. As Ec increases, the temperature profiles of both nanofluids also
increase; from Fig. 6, we notice that the effect of an increase in the Eckert number Ec is to
increase the temperature distribution. This is in conformity with the fact that the energy is
stored in the fluid region as a consequence of dissipation due to viscosity and elastic
deformation. It is observed that the temperature increment of Cu-water is more than that of
Al,0;—water.

Figure - 5 Figure - 6
1 : : 1 ; .
0.9
08 Solid Line - Cu-water 05
: Dashed Line: Alumina-water : Solid Line - Cu-water
o7l Dashed Line: Alumina-water
06t
E o051
L=
Ec=10.01,051
04t W
03} ®
02t
01}
U 1 1 1 1
3 4 5 0 2 4, 6 8 10
Fig. 5. Effects of M on velocity profile Fig. 6. Effects of Ec on temperature
profile

Fig. 7 shows the effect of thermal radiation parameter R on temperature in the case of both
nanofluids. As R increases, the temperature profile of both nanofluids also increase; we
observed that the temperature increment of Cu -water is more than that of Al,0; —water.
The radiation parameter R is responsible to thickening the thermal boundary layer. This
enables the nanofluid to release the heat energy from the flow region and causes the
system to cool. This is true because increasing the Rosseland approximation results in an
increase in temperature.

Fig. 8 illustrates the effect of Schmidt number Sc on concentration profiles in the case of Cu-
water and Al,0; -water nanofluids. As the Schmidt number increases, the concentration
profiles of both nanofluids decrease. We observed that the concentration increment of Cu -
water is more than that of Al,0; —water.

Fig. 9 illustrates the effect of Scaled chemical reaction parameter y on concentration in the
case of Cu-water and Al,05-water nanofluids. It is observed that the concentration profile
decreases with the increase of chemical reaction parameter whereas its effect shows no
substantial changes on velocity and temperature profiles. It is observed that the
concentration of Cu -water is more than that of Al,0; —water.
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Figure -7 Figure -8
1 ‘ ‘ 1 —_—
0.9 q 0 Solid Line - Cu-water
Dashed Line: Alumina-water
08
08 Solid Line  : Cu-water
07 Dashed Line: Alumina-water | o7
06
0.6
- ) E0s
E05 1
= \ 04
04 R=0,1,213 1 b
\\ 03 A, Se=115225
03 k! y
02
0.2 \}\\ 1 o
01 \\ S il 0
T e e » 1 2 3 4 & & 1 8 4 1
0 L 1
0 2 4 ﬂ [} g 10
Fig. 7. Effects of R on temperature Fig. 8. Effects of Sc on concentration
profile profile

Fig. 10 illustrates the effect of the Soret number Sr on concentration profile in the case of
Cu-water and Al,0; water nanofluids. As the Soret number increases, the concentration
boundary layer thickness of both nanofluids also increase. It is observed that the
concentration increment of Cu —water is more than that of Al,0; —water nanofluid.

We note from Egs. (14) and (15) that the functions g and h are partially decoupled, hence
the chemical reaction parameter y, Schmidt number Sc and the Soret number Sr have no
influence on heat transport. Due to this reason, we have shown the variation of the wall
mass transfer rate against y, Sc and Sr as shown in Table 4. In the case of Cu—water
nanofluids it is observed that - h'(0) is an increasing function of Soret number, Schmidt
number and chemical reaction parameter. On the other hand, -h'(0) of Al,0;-water
nanofluid is an increasing function of both Schmidt number and chemical reaction
parameter whereas it is a decreasing function of Soret number. It is shown that the Al,0;—
water nanofluid exhibits higher mass transfer rates as compared to Cu—water nanofluid.

Figure - Figure - 10
— — — 1 . . . .

n Solid Line - Cu-water
0Tk Dashed Line: Alumina-water

Solid Line - Cu-water
Dashed Line: Alumina-water

N 8=0,01,02,03

Fig. 9. Effects of y on concentration Fig. 10. Effects of Sr on Concentration
profile profile
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Fig. 11 shows the skin friction coefficient - £'(0) as a function of the nanoparticle volume
fraction @. The skin friction coefficient of Cu-nanofluid increases continuously with
increasing values of @ to a maximum value and eventually starts to decline as @ gets larger.
On the other hand, the skin friction coefficient for Al,0;-water nanofluid decreases as the
nanoparticle volume fraction increases. Fig. 12 shows heat transfer coefficient - g'(0) as a
function of the nanoparticle volume fraction . The presence of nanoparticles tends to
reduce the wall heat transfer rate. - g'(0) of Cu-water nanofluid declines linearly while that
of Al,05 declines very fast for larger values of @.

Table 4. Comparison of the values of skin friction coefficient—f"(0), wall temperature

gradient - g'(0) and mass transfer rate - h'(0) for different values of Soret number Sr,
Schmidt number Sc and scaled chemical reaction parameter y

Sr Cu-water Al,Oz-water
=01 Ec=1, M=0.5,Sc=1,R=2,y=0.08, Pr=6.2, K; =1
—f"(0) -g'(0) —h'(0) —f"(0) —g'(0) —h'(0)
0 1.662602 0.272617 1.202751 1.543296 0.397251 1.231680
0.1 1.662602 0.272617 1.203155 1.543296 0.397251 1.222683
0.2 1.662602 0.272617 1.203559 1.543296 0.397251 1.213685
0.3 1.662602 0.272617 1.203963 1.543296 0.397251 1.204688
Sc =01, M=05, Ec=1, Sr=02, R=2,y=0.08, Pr=62, K, =1
1 1.662602 0.272617 1.203559 1.543296 0.397251 1.213685
1.5 1.662602 0.272617 1.573745 1.543296 0.397251 1.586397
2 1.662602 0.272617 1.886822 1.543296 0.397251 1.900611
2.5 1.662602 0.272617 2.162307 1.543296 0.397251 2.176723
14 ®p=01,Ec=1R =2, Sc=1,M = 0.5, Sr=02,Pr=62K, =1
0 1.662602 0.272617 1.139639 1.543296 0.397251 1.154748
0.1 1.662602 0.272617 1.217724 1.543296 0.397251 1.226969
0.5 1.662602 0.272617 1.437431 1.543296 0.397251 1.438171
1 1.662602 0.272617 1.641639 1.543296 0.397251 1.638450
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Fig. 13 shows the dimensionless wall mass transfer rate —-h'(0) as a function of the
nanoparticle volume fraction @. It is observed that - h'(0) is an increasing function of @ for
both nanofluids. The Al,0;—water nanofluid exhibits higher wall mass transfer rate as
compared to Cu—water nanofluid. The presence of nanoparticles tends to increase the wall
mass transfer rate.

136 ' ' ' o

Solid Line :Cu-water /
132+ Dashed Line: Alumina-water ,

1.28 - /!

-h'(0)

0.00 0.05 0.10 0.15 020
0

Fig. 13. Effects of @ on mass transfer coefficient

Fig. 14 and Fig. 15 show the wall heat transfer rate - g'(0) and the wall mass transfer rate
- h'(0) respectively, as functions of the viscous dissipation parameter Ec for different values
of the magnetic parameter M. It is observed that - g'(0) is a decreasing function of both Ec
and M while - h'(0) is an increasing function of Ec and a decreasing function of M. This is
due to the fact that the transverse magnetic field contributes to the thickening of the thermal
boundary layer. This in turn results in lowering the heat transfer rate. Consequently, the
warmer the boundary layer the more the nanofluid diffuses, which brings about a rise in the
nanoparticle volume fraction @. This causes the thermal concentration rate to decrease. On
the other hand, an increment in the solid volume fraction @ and the Eckert number Ec yields
an increment in the nanofluid’s temperature; this leads to a rapid decline in the heat transfer
rates. The Al,0;—water nanofluid exhibits higher wall heat and mass transfer rates as
compared to Cu—water nanofluid.
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The effect of porous media and thermal radiation on wall heat transfer rate is shown in
Fig.16 in the case of Cu—water and Al,0;—water nanofluids. The influence of porous media
is to reduce the wall heat transfer rate. The Al,0;—water nanofluid exhibits higher wall heat
transfer rate as compared to Cu—water nanofluid.

The effect of thermal radiation and viscous dissipation on the wall heat transfer rate is
shown in Fig.17 in the case of Cu—water and Al,0;—water nanofluids. The influence of
viscous dissipation is to reduce the wall heat transfer rate. For smaller values of

-g'(0)
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Fig. 16. Effects of Rand K_1 on
mass transfer coeff.
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Fig. 17. Effects of R and Ec on heat
Transfer Coefficient
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Eckert number, thermal radiation reduces heat transfer rate faster but it enhances for larger
values of Eckert number as shown in Fig.17. The cumulative effect of the thermal radiation
and viscous dissipation is to reduce the wall heat transfer rate. It is fact to mention that the
radiation parameter R favours the nanofluids for the thickening of the thermal boundary
layer which releases heat energy from the flow region and causes the cooling of the system.
And it is also true because temperature increases by increasing the Rosseland
approximation; which leads to a decline in the heat transfer rates. It is investigated that
Al,05-water nanofluid exhibits higher wall heat transfer rate compared to that of Cu-water
nanofluid.

The effect of magnetic field on skin friction coefficient, wall heat and mass transfer rates are
shown in Fig. 18(a) in the case of Cu—water and Al,0;—water nanofluids. Skin friction
coefficient increases with magnetic parameter while a magnetic field is to reduce both the
wall heat and mass transfer rates. It is investigated that Al,0;-water nanofluid exhibits
higher wall heat and mass transfer rates compared to that of Cu-water. But it is found that
the Cu-water nanofluid exhibits higher skin friction coefficient than that of Al,0;.

£'(0) ]

-h'(0)

Solid Line : Cu- water
Dashed Line: AIQOS- water

-f(0), -g'(0), -h'(0)

| —

0.0 0.5 1.0 15 20

Fig. 18. (a) Effects of M

The effect of porous media on skin friction coefficient, wall heat and mass transfer rates are
shown in Fig. 18(b) in the case of Cu—water and Al,0;—water nanofluids. Skin friction
coefficient increases with porous medium parameter while porous media is to reduce both
the wall heat and mass transfer rates (although the effect of K; on mass transfer rate is not
obviously seen). It is investigated that Al,0;-water nanofluid exhibits higher wall heat and
mass transfer rates compared to that of Cu-water. But it is found that the Cu-water nanofluid
exhibits higher skin friction coefficient compared to that of Al,0;.

The effect of thermal radiation on skin friction coefficient, wall heat and mass transfer rates
are shown in Fig. 18(c) in the case of Cu—water and Al,0;—water nanofluids. It is observed
that radiation parameter has no effect on skin friction coefficient whereas it is to reduce the
wall mass transfer rate. It is investigated that Al,0;-water nanofluid exhibits higher wall
mass transfer rate compared to that of Cu-water for larger values of R. It is also observed
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that the heat transfer rate increases for smaller values of R but remains constant for larger
values R (This statement is obviously supplemented by Fig. 16).

-f(0), -g'(0), -h*(0)
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Fig. 18. Effects of M, K_1 and R on skin friction, heat transfer and mass transfer

coefficients

5. CONCLUSION

The problem of boundary layer flow of a nanofluid through a porous medium subjected to a
magnetic field, thermal radiation, viscous dissipation and chemical reaction effects has been
analyzed for Cu—water and Al,Os;—water nanofluids. The governing equations associated to
the boundary conditions were transformed to a two point non-linear ODEs with the help of
similarity transformation equations. The solutions of the problem were numerically solved
with the help of the Keller box method. The following results were investigated:

The velocity profile of both nanofluids decrease with an increase in magnetic and
porous medium parameters. An increase in nanoparticle volume fraction results in a
decline of the velocity profile of Cu_water nanofluid whereas it enhances the velocity
profile of Al,O3-water nanofluid.

An increase in nanoparticle volume fraction enhances the temperature profile of
both nanofluids; but this results in a decline of the concentration of Al,Os;.water
nanofluid and an increase of the concentration of Cu-water nanofluid.

Viscous dissipation and thermal radiation enhance the temperature profile.
Chemical reaction parameter and Schmidt number reduce the concentration profile
but the Soret effect enhances it in the case of both nanofluids.

Increasing the magnetic parameter results in an increase in the skin friction
coefficient where as it decreases the heat and mass transfer rates at the plate
surface of both nanofluids.

The presence of nanoparticle volume fraction, thermal radiation, porous media and
viscous dissipation in the flow field is to reduce the rate of thermal boundary layer
thickness of both nanofluids.
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The wall mass transfer rate is an increasing function of the Schmidt number, the
nanoparticle volume fraction, the viscous dissipation and chemical reaction
parameters while the Soret effect reduces the mass transfer rate at the plate
surface of both nanofluids.

In general, the Al,Oz-water nanofluid shows thicker velocity layer at the plate than
Cu-water nanofluids; Al,Oz-water nanofluid exhibits thicker thermal and
concentration boundary layer than that of Cu-water nanofluid; Cu-water nanofluid
shows higher skin friction coefficient than Al,Oz-water nanofluid.
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