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In this article we have presented, magnetohydrodynamic (MHD) boundary layer flow, heat and mass transfer
characteristics of Cu-water and Ag-water nanofluid (with volume fraction 1% and 4%) over a rotating disk
through porous medium with thermal radiation, chemical reaction and partial slip. Using similarity variables
the governing equations which represent the momentum, energy and diffusion are transformed into ordinary
differential equations. The transformed conservation equations are solved numerically by using versatile, exten-
sively validated, Finite elementmethod. The sway of significant parameters such as nanoparticle volume fraction
parameter (φ), Magnetic parameter (M), velocity slip parameter (λ), porous parameter (k), thermal radiation
(R), space-dependent (A) and temperature dependent (B) heat source/sink parameters, temperature slip param-
eter (ξ), and chemical reaction parameter (Cr) on radial velocity, azimuthal velocity, temperature and concentra-
tion evaluations in the boundary layer region are examined in detail and the results are shown in graphically.
Furthermore, the effect of these parameters on local skin friction coefficient (Cf), local Nusselt number (Nux)
and local Sherwood number (Shx) is also investigated. The results are compared with previously published
work and found to be admirable agreement. It is noted that the temperature profiles elevatedwith the increasing
values of nanoparticle volume fraction parameter (φ).
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List of symbols

Cp specific heat at constant pressure
Cw uniform constant concentration
K permeability parameter
Nux Nusselt number
Sc Schmidt number
qr radiative heat flux
Tw uniform constant temperature
k0 rate of chemical reaction
v velocity in theΦ - direction
K⁎ Mean absorption coefficient
R Radiation parameter
Rer local rotational Reynolds number
q′ ′ ′ Non-uniform heat source/sink
ks thermal conductivity of nanoparticle
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Shx Sherwood number
T temperature of the fluid
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u velocity in the r – direction
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(r, Φ, z) Cylindrical polar coordinates
ϕ nanoparticle volume fraction
Ω Angular velocity
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θ non-dimensional temperature
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σ electrical conductivity

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2016.11.017&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2016.11.017
mailto:achamkha@pmu.edu.sa
Journal logo
http://dx.doi.org/10.1016/j.powtec.2016.11.017
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


47P.S. Reddy et al. / Powder Technology 307 (2017) 46–55
ξ temperature slip parameter
μf dynamic viscosity of the base fluidɳ dimensionless similarity variable
ρf density of the base fluid
κf thermal conductivity of base fluid
φ non-dimensional concentration
σ⁎ stephan-Boltzmann constant
λ velocity slip parameter

Subscripts

f Base fluid
nf nanofluid

1. Introduction

Natural convection flow, heat andmass transfer through porousme-
dium over curved bodies is an important area in recent years because of
its wide range applications such as chemical engineering, thermal ener-
gy storage devices, heat exchangers, ground water systems, electronic
cooling, boilers, heat loss from piping, nuclear process systems etc.
Spherical geometries, cones, cylinders, ellipses, wavy channels, disks,
torus geometries are some examples of curved bodies. In recent years,
flow due to rotating disk has received much attention because of its
wide range of applications in several industrial and engineering process
such as spin coating, manufacturing, centrifugal pumps, pumping of liq-
uid metals at high melting point, turbo-machinery etc. Good number of
experimental and theoretical studies on transport phenomena over cy-
lindrical bodies has been reported in literature which deals the process
of polymer systems. Von Karman [1] was first studied and written the
mathematical modeling of the problem of flow due to rotating disk.
Attia [2] has analyzed the impact of temperature dependent viscosity
on unsteady flow andheat transfer analysis due to rotating disk through
porous medium. Asghar et al. [3] have reported unsteady flow due to
non-coaxial rotations of disk and a fluid at infinity by taking slip effects
into the account. All these studies are mainly focused on flow and heat
transfer characteristics of the commonly used base fluids like water,
ethylene glycol, oil etc. In recent times, the study of nanofluids has be-
come the topic of extensive research because the presence of nanopar-
ticles would appreciably increases the thermal conductivity of the fluids
in heat transfer process. A nanofluid is a fluid containing small volumet-
ric quantities of nanometer-sized (smaller than 100 nm) particles called
nanoparticles. Nanofluids are the emerging composites consisting of
nanometer size solid particles dispersed in the conventional heat trans-
fer fluids like water, ethylene glycol, toluene, and engine oil. The very
key characteristic of nanofluids is their high thermal conductivity rela-
tive to the base fluids. The thermal conductivity enhancement of
nanofluids has become the most important phenomena than the limit-
ed heat transfer performance of available generalfluids. Choi [4]was the
first among all who introduced a new type of fluid called nanofluid
while doing research on new coolants and cooling technologies. East-
man et al. [5] have also showed that the thermal conductivity has in-
creased 40% when copper nanoparticles of volume fraction b1% are
added to the ethylene glycol or oil. Buongiorno [6] has developed an an-
alytical model for convective transport in nanofluids, in this study he
concluded that there are seven possible mechanisms associating con-
vection of nanofluids through moment of nanoparticles in the base
fluid. These are nanoparticle size, inertia, particle agglomeration,
Magnus effect, volume fraction of the nanoparticle, Brownian motion,
thermophoresis. Among all the mechanisms Brownian motion and
thermophoresis are found to be very important. The thermophoresis
acts against temperature gradient, so that, the particles move from the
region of higher temperature to the region of lower temperature. Also,
Brownianmotion tends tomove the particles fromhigher concentration
areas to lower concentration areas. Tiwari et al. [7] have presented heat
transfer augmentation of nanofluids in a two-sided lid-driven heated
square cavity. Santra et al. [8] have reported heat transfer augmentation
of copper-water nanofluid in differentially heated square cavity. Abu-
nada et al. [9] have analyzed natural convection applications of
nanofluids over inclined two-dimensional enclosures filled with Cu-
water nanofluid. Kuznetsov and Nield [10] studied the influence of
Brownian motion and thermophoresis on natural convection boundary
layer flow of a nanofluid past a vertical plate. Khan and pop [11] have
discussed boundary layer flow, heat and mass transfer of a nanofluid
past a stretching sheet. Ghasemi et al. [12] have discussed periodic nat-
ural convection flow and heat transfer over enclosure filled with
nanofluid under the influence of oscillating heat flux. Bachok et al.
[13] have presented boundary layer flow and heat transfer of nanofluid
over a rotating disk embedded in porous medium. Niu et al. [14] have
perceived the effect of partial slip on flow and heat transfer over a
microtube filled with non-Newtonian nanofluid. Chamkha et al. [15]
have discussed the mixed convection flow about vertical cone through
porous medium saturated by a nanofluid with thermal radiation.
Rashidi et al. [16] have discussed the nanofluid flow due to rotating
porous disk with magnetic field and entropy generation. In addition,
Gorla et al. [17] have studied nanofluid natural convection boundary
layer flow through porous medium over a vertical cone. Chamkha et
al. [18] were presented non-Darcy free convective nanofluid along a
vertical plate with suction/injection and internal heat generation.
Sheikholeslami et al. [19] have deliberated boundary layer flow and
heat transfer analysis of nanofluid due to rotating disk. Turkyilmazoglu
et al. [20] discussed MHD nanofluid flow and heat transfer due to rotat-
ing disk. Chamkha et al. [21] have investigated Non-Newtonian
nanofluid natural convection flow over a cone through porous medium
with uniform heat and volume fraction fluxes. Zakari et al. [22] have
presented the natural convection boundary layer flow, heat and mass
transfer analysis of nanofluid influenced by various aspects like, size,
shape, type of nanofluid, type of base fluid and working temperature
of the base fluid. Ghalambaz et al. [23] have reported natural convection
flow over a heated vertical plate through nanofluid saturated porous
medium. Ghalambaz et al. [24] have analyzed natural convection of
Al2O3-water nanofluid over a vertical cone with the influence of nano-
particles diameter, concentration and variable thermal conductivity.
Noghrehabadi et al. [25] have noticed the boundary layer natural
convection of nanofluid over a vertical plate. Sheremet et al. [26] pre-
sented Buongiorno's mathematical model of nanofluid over a square
cavity through porous medium. Sheremet et al. [27] have deliberated
three-dimensional natural convection Buongiorno's mathematical
model of nanofluid over a porous enclosure. Zargartalebi et al. [28]
have discussed Stagnation-point natural convection heat and mass
transfer flow of nanofluid over a stretching sheet under the variable
thermo-physical properties. Mliki et al. [29] presented MHD convective
nanofluid flow over a linearly/sinusoidally heated cavity with heat gen-
eration/absorption.

Magneto nanofluids have specific applications in biomedicine, opti-
cal modulators, magnetic cell separation, magneto-optical wavelength
filters, silk float separation, nonlinear optical materials, hyperthermia,
optical switches, drug delivery, optical gratings etc. A magnetic
nanofluid has both the liquid and magnetic properties. The used mag-
netic field influences the suspended particles and reorganizes their con-
centration in the fluid regime which powerfully influences the heat
transfer analysis of the flow. Magneto nanofluids are useful to guide
the particles up the blood stream to a tumor with magnets. This is due
to the fact that the magnetic nanoparticles are regarded more adhesive
to tumor cells than non-malignant cells. Such particles absorb more
power thanmicroparticles in alternating currentmagnetic fields tolera-
ble in humans i.e. for cancer therapy. Several authors, Kefayati et al. [30],
Chamkha et al. [31], Sudarsana Reddy et al. [32,33], Tasawar Hayat et al.
[34] have discussed theMHD boundary layer flow, heat andmass trans-
fer characteristics of nanofluids over different geometries.



Table 1
Thermo-physical properties of water and nanoparticles.

Fluid ρ ðKgm3Þ Cpð J
kgKÞ kðWmKÞ β×105(K−1)

Pure water 997.1 4179 0.613 21
Copper(Cu) 8933 385 401 1.67
Silver(Ag) 10,500 235 429 1.89
Alumina (Al2O3) 3970 765 40 0.85
Titanium oxide (TiO2) 4250 686.2 8.9538 0.9
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The main aim of this article is to examine the impact of slip effects,
heat generation/absorption, thermal radiation and chemical reaction
onMHDboundary layer flow, heat andmass transfer analysis due to ro-
tating disk embedded in porousmedium saturated by Cu-water and Ag-
water based nanofluids. Numerical solutions of radial velocity, azimuth-
al velocity, temperature and concentration distributions are obtained
using Finite element method. To our knowledge, the problem is new
and no such articles reported yet in the literature.

2. Mathematical model

Consider the steady, viscous incompressible, laminar, MHD bound-
ary layer flow of Cu-water and Ag-water nanofluid due to rotating
disk through porousmediumwith thermal radiation, chemical reaction
and heat source/sink as depicted in Fig. 1. The disk is located in the plane
at z=0, and rotates with constant angular velocity Ω. The components
of flow velocity are (u,v,w) in the direction of increasing (r,ϕ,z) respec-
tively. A constant magnetic field of strength B0 is applied perpendicular
to the surface of the disk. The surface of the rotating disk is maintained
at a uniform temperature and concentration Tw and Cw while the tem-
perature and concentration far away from the surface is T∞ and C∞, re-
spectively. We consider a non-uniform internal heat generation/
absorption in the flow to get the temperature and concentration differ-
ences between the surface and ambient fluid. In the present problem,
the fluid is a water-based nanofluid containing two different types of
nanoparticles Cu and Ag. The thermo-physical properties of the
nanofluid are given in Table 1 [35]. Under the above assumptions, the
governing equations describing themomentum, energy and concentra-
tion of nanoparticles in the presence of thermal radiation, chemical re-
action and heat generation/absorption take the following form:
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Fig. 1. Flow configuration and geometrical coordinates.
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The associated boundary conditions are

u ¼ L
∂u
∂z

; v ¼ rΩþ L
∂v
∂z

;w ¼ 0; T ¼ Tw þ K1
∂T
∂z

;C ¼ Cw at z ¼ 0 ð7Þ

u→0; v→0;T→T∞;C→C∞; as z→∞ ð8Þ

where, z is the vertical axis in the cylindrical systemwith r andΦ as the
radial and tangential axes respectively. T is temperature andC is concen-
tration of the nanofluid, K is permeability of the porous medium, k0 is
the chemical reaction parameter, σ is the electrical conductivity.

The dynamic viscosity μnf, density ρnf, thermal diffusivity αnf, kine-
matic viscosity νnf and heat capacitance (ρcp)nf of the nanofluid are de-
fined as follows:
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The stream function ψ can be defined as follows,

u ¼ ∂ψ
∂y

; v ¼ −
∂ψ
∂x:

The following similarity transformations are introduced to simplify
the mathematical analysis of the problem
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The non-uniform heat source/sink, q′ ′ ′, is defined as

q‴ ¼ kf

ν f
A1 Tw−T∞ð Þ f 0 þ B1 T−T∞ð Þ� � ð10Þ

where, A1 and B1 are the coefficients of space and temperature-depen-
dent heat source/sink, respectively. The case A1N0,B1N0 corresponds
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Fig. 2. Effect of ϕ on radial Velocity.
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to internal heat source and the case A1b0,B1b0 corresponds to internal
heat sink.

By using Rosseland approximation for radiation, the radiative heat
flux qr is defined as

qr ¼ −
4σ �

3K�
∂T4

∂z
ð11Þ

where σ⁎ is the Stephan-Boltzman constant, K⁎ is the mean absorption
coefficient. We assume that the temperature differences within the
flow are such that the term T4 may be expressed as a linear function of
temperature. This is accomplished by expanding T4 in a Taylor series
about the free stream temperature T∞ as follows:

T4 ¼ T∞
4 þ 4T∞

3 T−T∞ð Þ þ 6T∞
2 T−T∞ð Þ2 þ⋯ ð12Þ

Neglecting higher-order terms in the above Eq. (12) beyond the first
degree in (T−T∞), we get
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Fig. 3. Effect of ϕ on azimuthal Velocity.
Thus, substituting Eq. (13) into Eq. (11), we get
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Using Eqs. (9), (10) and (14), the governing non-linear partial differ-
ential Eqs. (1)–(6) together with the boundary conditions (7) and (8)
reduce to

f 000−
A1

2
f 0
� �2

−2 f f 00−g2
h i

−k1 f 0−
A1

A2
Mf 0 ¼ 0 ð15Þ

g″þ A1 f g0− f 0g½ �−k1 g−
A1

A2
Mg ¼ 0 ð16Þ

1þ Rð Þθ″þ PrA3 A4 f θ0 þ A4 A f 0 þ B θ
� � ¼ 0 ð17Þ

S″ þ Sc f S0−Sc Cr S ¼ 0 ð18Þ
0.01, 0.02, 0.03, 0.04.

SolidLine: Cu water

  Dashed Line: Ag  water

M 0.5, 0.5,  0.5, K1 0.5

A 1.0, B 1.0, R 0.1, Pr 6.2

Sc 1.0, Cr 0.1.

2 4 6 8 10 12

0.2

0.4

0.6

0.8

1.0

S

Fig. 5. Effect of ϕ on Concentration.



M  0.1, 0.5, 1.0, 1.5.

SolidLine: Cu water

 Dashed Line: Ag water

 0.05, 0.5,  0.5, K1 0.5

A 1.0, B 1.0, R 0.1, Pr 6.2

Sc 1.0, Cr 0.1.

2 4 6 8 10 12

0.2

0.4

0.6

0.8

Fig. 8. Effect ofM on temperature.

M  0.1, 0.5, 1.0, 1.5.

SolidLine: Cu water

 Dashed Line: Ag  water

 0.05, 0.5,  0.5, K1 0.5

A 1.0, B 1.0, R 0.1, Pr 6.2

Sc 1.0, Cr 0.1.

2 4 6 8 10

0.005

0.010

0.015

0.020

0.025

f
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The transformed boundary conditions are

η ¼ 0; f ¼ 0; f 0 ¼ λ f 00; g ¼ 1þ λ g0; θ ¼ 1þ ξ θ0; φ ¼ 1

η→∞; f 0 ¼ 0; g ¼ 0; θ ¼ 0; φ ¼ 0: ð19Þ

where, prime indicates ordinary differentiation with respect to ɳ. In
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Quantities of practical interest in this problem are the local skin-fric-
tion coefficient Cf and Cg in radial and azimuthal directions, the local
Nusselt number Nux, and the local Sherwood number Shx. These are de-
fined, respectively, as

C f ¼
τrz

ρ f rΩð Þ2
; Cg ¼ τΦz

ρ f rΩð Þ2
; Nux ¼ qw

κ Tw−T∞ð Þ ; Shx ¼ Jw
Dm Cw−C∞ð Þ

where τrz, τΦz ,qw and Jw are the disk radial shear stress, azimuthal
shear stress, surface heat flux and the mass flux, respectively. The
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dimensionless versions of these key design quantities:

C f ¼
f ″ 0ð Þ
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2
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Since the highly non-linear nature of ordinary differential Eqs.
(15)–(18) together with boundary conditions (19), they cannot be
solved analytically. So, the variational finite-element method [36,37,
38,39] has been implemented.

3. Numerical method of solution

3.1. The finite-element method

The finite-element method (FEM) is such a powerful method for
solving ordinary differential equations and partial differential equa-
tions. The basic idea of this method is dividing the whole domain into
smaller elements of finite dimensions called finite elements. This
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Fig. 11. Effect of λ on azimuthal Velocity.
method is such a good numerical method in modern engineering anal-
ysis, and it can be applied for solving integral equations including heat
transfer, fluid mechanics, chemical processing, electrical systems, and
many other fields. The steps involved in the finite-element are as
follows.

i. Finite-element discretization
The whole domain is divided into a finite number of subdomains,
which is called the discretization of the domain. Each subdomain is
called an element. The collection of elements is called the finite-ele-
ment mesh.

ii. Generation of the element equations

a. From the mesh, a typical element is isolated and the variational
formulation of the given problem over the typical element is con-
structed.

b. An approximate solution of the variational problem is assumed,
and the element equations are made by substituting this solution
in the above system.

c. The element matrix, which is called stiffnessmatrix, is constructed
by using the element interpolation functions.
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Fig. 13. Effect of k1 on radial Velocity.
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Fig. 16. Effect of A on temperature.
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Fig. 14. Effect of k1 on azimuthal Velocity.
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iii. Assembly of element equations
The algebraic equations so obtained are assembled by imposing the
interelement continuity conditions. This yields a large number of al-
gebraic equations known as the global finite-element model, which
governs the whole domain.

iv. Imposition of boundary conditions
The essential and natural boundary conditions are imposed on the
assembled equations.

v. Solution of assembled equations
The assembled equations so obtained can be solved by any of the nu-
merical techniques, namely, the Gauss elimination method, LU de-
composition method, etc. An important consideration is that of the
shape functions which are employed to approximate actual
functions.

4. Results and discussion

Comprehensive numerical computations are calculated for different
values of the parameters that describe the flow characteristics and the
results are illustrated graphically. A representative set of computational
R 0.1, 0.2, 0.3, 0.4.
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Fig. 15. Effect of R on temperature.
results are presented in Figs. 2–19. In order to validate the present nu-
merical procedure the results are compared with the results reported
by Tasawar Hayat et al. [34] are shown in Table 2 and found to be excel-
lent agreement.

The effect of nanoparticle volume fraction (φ) on the radial velocity,
azimuthal velocity, temperature and concentration profiles are depicted
in Figs. 2–5 for the both Cu-water and Ag-water based nanofluids. It is
noticed from Fig. 2 that the radial velocity profiles are decelerates and
this deceleration is almost similar in both nanofluids as the nanoparticle
volume fraction increases. This is due to the fact that increasing the
nanoparticle volume fraction enhances the momentum boundary
layer thickness in theflow regime.However, the azimuthal velocity pro-
files elevateswith increasing values of (φ) in the boundary layer regime
(Fig. 3). The both temperature and concentration profiles heightens
with increase in the values of nanoparticle volume fraction in both Cu-
water and Ag-water nanofluids as shown in Figs. 4 and 5. This is because
of the fact that the thermal boundary layer and the solutal boundary
layer thickness enhances with higher values of (φ). The enhancement
in the both temperature and concentration profiles is higher in the
Ag-water based nanofluid than the Cu-water nanofluid.

Figs. 6–9 depict the radial velocity (f ′), azimuthal velocity (g), tem-
perature (θ) and concentration (S) distributions for different values of
B 2.0, 1.5, 1.0, 0.5.
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Fig. 17. Effect of B on temperature.



Table 2
Comparison of Nux with previously published data (Cu-water nanofluid only), when
Sc = 0, Cr= 0, A= 0, B = 0.

Parameter Nux

ϕ M Hayat et al. [34] Present study

0.0 0.0 0.43652 0.43703
1.0 0.43474 0.43496
2.0 0.43167 0.43189
3.0 0.42905 0.42936
4.0 0.42645 0.42687

0.05 0.0 0.47422 0.47486
1.0 0.47116 0.47142
2.0 0.46987 0.47010
3.0 0.46602 0.46621
4.0 0.46213 0.46224

0.1 0.0 0.51524 0.51531
1.0 0.51235 0.51249
2.0 0.50847 0.50850
3.0 0.50519 0.50526
4.0 0.50189 0.50201

 0.1, 0.4, 0.7, 1.0.

SolidLine: Cu water

  Dashed Line: Ag  water

 0.05, R 0.1,  0.5, K1 0.5

A 1.0, B 1.0, M 0.5, Pr 6.2

Sc 1.0, Cr 0.1.
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0.2

0.4

0.6

0.8

1.0

Fig. 18. Effect of ξ on temperature.
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the magnetic parameter (M). The both radial and azimuthal velocity
profiles depreciates throughout the boundary layer regime as the
strength of magnetic parameter is increases in both Cu-water and Ag-
water based nanofluids. This is due to the fact that the presence of mag-
netic field in the flow creates a force known as the Lorentz force which
acts as a retarding force and consequently, the momentum boundary
layer thickness decelerates throughout the flow region. The decelera-
tion in radial and azimuthal velocity profiles is more in Ag-water
based nanofluids than the Cu-water nanofluids (Figs. 6, 7). We define
the thermal energy as the additional force which drags the nanofluid
from the influence of magnetic field. This additional force increases
the thickness of the thermal boundary layer, so that the temperature
profile enhances with the rise in M and this rise is more in the Ag-
water nanofluid than the Cu-water nanofluids (Fig. 8). From Fig. 9, we
notice that as the values of M increases the concentration distributions
are increased in the both nanofluids.

The radial velocity, azimuthal velocity and temperature profiles of
the Cu-water and Ag-water based nanofluids for different values of
the velocity slip parameter (λ) is depicted in Figs. 10–12. It is seen
that the radial velocity (f ′) and azimuthal velocity (g) profiles deterio-
rates throughout the boundary layer regime as the values of velocity
slip parameter (λ) increases. This is due to the fact that as the values
of velocity slip parameter (λ) increases the stretching velocity is
Cr 0.1, 0.2, 0.3, 0.4
SolidLine: Cu water

 Dashed Line: Ag  water

0.05, R 0.1,  0.5, K1 0.5
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Fig. 19. Effect of Cr on Concentration.
transferred to the fluid, which causes the deceleration in the both veloc-
ity profiles. However, the thermal boundary layer thickness is improved
in the fluid regimewith the higher values of velocity slip parameter (λ).

The impact of porous parameter (k1) on radial velocity and azimuth-
al velocity profiles is shown in Figs. 13 and 14 for both Cu-water and Ag-
water based nanofluids. It is noticed that the radial velocity and azi-
muthal velocity are both decelerates with the higher values of porous
parameter (k1). This is because of the fact that, the porosity parameter
in depending on the permeability parameter (K), the values of porosity
parameter increases means the values of permeability parameter de-
creases causes the depreciation in the both velocity profiles.

The effect of radiation parameter (R) on temperature profiles is
shown in Figs. 15 for both Cu-water and Ag-water based nanofluids. It
is seen that as the values of thermal radiation parameter increases, the
thermal boundary layer thickness is enhanced in both nanofluids. This
is due to the fact that the presence of thermal radiation effect increases
the temperature of the fluid in the entire flow region. In general, this is
true because increasing the Rosseland diffusion approximation for radi-
ation enhances the temperature of thefluid and this increase is higher in
the Ag-water nanofluid than the Cu-water nanofluids (Fig. 15).

The temperature profiles of the Cu-water and Ag-water nanofluids
for different values of the space-dependent (A) and temperature-de-
pendent (B) coefficients for heat a source/sink is depicted in Figs. 16–
17. It is observed that the temperature in the thermal boundary layer in-
creases with the increasing values of A and B (positive values), whereas
the thermal boundary layer thickness decelerates with decrease in the
values of heat absorption parameters A and B (negative values). This is
due to the fact that, with an increase in AN0,BN0 (heat source), the
boundary layer creates energywhich causes the rise in the temperature
profiles, whereas, with a decrease in Ab0,Bb0 (heat absorption), the
boundary layer absorbs the energy so that the thermal boundary layer
thickness decreases in the fluid regime as shown in Figs. 16 and 17.

Impact of thermal slip parameter (ξ) on the thermal boundary layer
is shown in Fig. 18 for both Cu-water and Ag-water based nanofluids. It
is observed from this figure that the temperature profiles deteriorate
with the increasing values of thermal slip parameter (ξ). This is because
of the fact that as (ξ) increases there is depreciation in the heat transfer
from the disk surface to the adjacent fluid, which causes the thinner
thermal boundary layer in the fluid regime. Fig. 19 illustrates the effect
of chemical reaction parameter (Cr) on the concentration distributions
for both the Cu-water and Ag-water nanofluids.We see from this figure
that the concentration profiles are highly influenced and are retards
with the higher values of chemical reaction parameter in the flow
region.

The values of the local skin-friction co-efficient (Cf), local Nusselt
number (Nux), and the local Sherwood number (Shx) for different values



Table 3
Effect of various parameters on local skin-friction co-efficient (Cf), local Nusselt number (Nux) and local Sherwood number (Shx) for fixed Pr=6.2 (water), Sc=1.0, A=−0.1, B=−0.3,
k1 = 0.5, ξ = 0.5.

Parameter Cf Nux Shx

M ϕ λ R Cr Cu Ag Cu Ag Cu Ag
0.1 0.05 0.5 0.1 0.1 −0.03036 −0.03035 0.39359 0.36592 0.33148 0.33147
0.5 0.05 0.5 0.1 0.1 −0.02625 −0.02490 0.39138 0.36311 0.32859 0.32773
1.0 0.05 0.5 0.1 0.1 −0.0222 −0.02044 0.38936 0.36098 0.32596 0.32491
1.5 0.05 0.5 0.1 0.1 −0.01922 −0.01729 0.38797 0.35960 0.32416 0.32309
0.5 0.01 0.5 0.1 0.1 −0.03066 −0.02162 0.39248 0.36206 0.33007 0.32647
0.5 0.02 0.5 0.1 0.1 −0.02226 −0.01609 0.38988 0.36131 0.32660 0.32452
0.5 0.03 0.5 0.1 0.1 −0.01345 −0.01330 0.38696 0.35954 0.32281 0.32273
0.5 0.04 0.5 0.1 0.1 −0.00707 −0.00696 0.38469 0.35733 0.31992 0.31986
0.5 0.05 0.1 0.1 0.1 −0.01108 −0.01106 0.38436 0.35704 0.31953 0.31952
0.5 0.05 0.4 0.1 0.1 −0.00694 −0.00679 0.38426 0.35699 0.31951 0.31945
0.5 0.05 0.7 0.1 0.1 −0.00464 −0.00454 0.38416 0.35679 0.31926 0.31920
0.5 0.05 1.0 0.1 0.1 −0.00325 −0.00318 0.38393 0.35655 0.31896 0.31891
0.5 0.05 0.5 0.1 0.1 −0.02412 −0.02008 0.38920 0.36168 0.35176 0.36425
0.5 0.05 0.5 0.2 0.1 −0.02324 −0.01976 0.35245 0.32696 0.34527 0.35375
0.5 0.05 0.5 0.3 0.1 −0.02102 −0:01953 0.32491 0.30108 0.32974 0.33855
0.5 0.05 0.5 0.4 0.1 −0.02040 −0.01906 0.30324 0.28077 0.31704 0.31563
0.5 0.05 0.5 0.1 0.1 −0.02053 −0.02955 0.38893 0.36854 0.45434 0.45432
0.5 0.05 0.5 0.1 0.2 −0.04585 −0.03214 0.38693 0.36525 0.55373 0.55367
0.5 0.05 0.5 0.1 0.3 −0.05816 −0:06107 0.38434 0.36199 0.63775 0.63769
0.5 0.05 0.5 0.1 0.4 −0.07762 −0.08323 0.38258 0.35797 0.67058 0.71183
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of the key parameters for the both Cu-water and Ag-water based
nanofluids are presented in Table 3. It is noticed from this table that
the rate of velocity rises in the fluid regime as the values of (M) in-
creases. However, the dimensionless heat transfer rates andmass trans-
fer rates decrease in the both Cu-water and Ag-water based nanofluids
with the increasing values of magnetic field parameter (M). The skin-
friction co-efficient heightens with the higher values of nanoparticle
volume fraction parameter (ϕ). It is found that the dimensionless heat
transfer rates and the dimensionless mass transfer rates are both dete-
riorates in both Cu-water and Ag-water based nanofluids with the in-
creasing values of (ϕ). It is evident that (f′′(0)) rises in the fluid
regime as the values of velocity slip parameter (λ) increases. However,
(−θ′(0)) and (−ϕ′(0)) are both decreases in the both Cu-water and
Ag-water based nanofluids with the increasing values of (λ). The skin-
friction co-efficient elevates whereas the Nusselt number and Sher-
wood number are decelerates with the improving values of radiation
parameter (R). It also evident from this table that the rate of velocity
and heat transfer rates are both decelerates whereas the dimension
lessmass transfer rates improveswith the increasing values of chemical
reaction parameter (Cr).
5. Conclusion

The MHD flow of Cu-water and Ag-water nanofluid over a rotating
disk saturated by porousmediumwith heat generation/absorption, par-
tial slip and first order chemical reaction is investigated numerically.
The influence of various key parameters such as ϕ, M, λ, k1, R, A, B, ξ
and Cr on hydrodynamic, thermal and concentration boundary layer is
calculated and the results are shown in graphically. The summary of
the significant results of the study are as follows:

(1) As the values of nanoparticle volume fraction (ϕ) increases, the
temperature and concentration profiles of the both fluids increase.

(2) The radial and azimuthal velocity profiles deceleratewhereas the
thermal and concentration boundary layer thickness is heightens with
the rising values of (M).

(3) The velocity slip parameter (λ) deteriorates the both velocities
f ′(η) and g(η) in the fluid regime.

(4) The rate of fluid velocity (f′′(0)) rises and dimensionless heat
transfer rates (−θ′(0)) diminishes as the values of nanoparticle volume
fraction (ϕ) increases.
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