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ABSTRACT 
The effect of chemical reaction on MHD free convection heat transfer flow of a nanofluid bounded a semi-infinite flat surface in a rotating frame of 
reference is theoretically investigated. The velocity along the plate (slip velocity) is assumed to oscillate on time with constant frequency. The 
analytical solutions of different water based nanofluids containing TiO2, Al2O3, Ag, Cu and CuO of the boundary layers are assumed, to keep the 
problem as realistic as possible. The dimensionless governing equations for this investigation are solved analytically by using the small perturbation 
Technique. The effects of various physical parameters on velocity, temperature and concentration fields are presented graphically. The enhancement 
in magnetic parameter leads to a considerable reduction in velocity and chemical reaction parameter is predominant in controlling the concentration 
profile. The results obtained in the simulation of perturbation method are in well agreement with realistic situation of the scientific scenario. 

Keywords: Chemical reaction, water based nano-fluids, Rotating frame, constant heat source. 

* Corresponding Author: dharma.g2007@gmail.com 

1. INTRODUCTION

The idea of nanofluid isn't new as in 1857 Michael Faraday initially 
announced the examination on the combination and shades of colloidal 
gold. The blend of suspended nanoparticles in a base fluid is typically 
alluded to as a nanofluid. Nature is brimming with nanofluids, similar 
to blood, a complex organic nanofluid where distinctive nanoparticles 
(at atomic dimension) achieve diverse capacities, and utilitarian parts 
effectively react to their neighborhood condition. As indicated by the 
sorts of fluids (natural and inorganic) and sorts of nanoparticles, one 
can get distinctive kinds of nanofluids like process extraction 
nanofluids, ecological (contamination controlling nanofluids), bio-, and 
pharmaceutical nanofluids. Another class of polymer nanofluids, drag-
diminishing nanofluids, go for improved heat exchange, and in 
addition, stream grinding decrease. An extensive variety of dynamic 
self-get together systems for nanoscale structures begin from a 
suspension of nanoparticles in liquid. Present day nanotechnology 
enables one to process and deliver materials with normal crystallite 
estimate <50 nm. Nanofluid have someone of a kind highlights that are 
very not quite the same as regular two-stage stream blends in which μm 
as well as mm particles are suspended. Contrasted with a regular fluid 
and traditional two-stage blend, the nanofluid has higher thermal 
conductivity, does not square stream channels, and initiates a little 
weight drop. Strong particles are included as they lead warm much 
superior to a fluid. Furthermore, nanoparticles oppose sedimentation, 
when contrasted with bigger particles, because of Brownian movement 
and interparticle powers and have a lot higher surface zone (1,000-time) 
which improves the heat conduction of nanofluids since heat exchange 
happens on the surface of the liquid. Three properties that make 

nanofluids promising coolants are: (i) expanded heat conductivity,(ii) 
expanded single-stage heat exchange, and (iii) expanded basic heat 
motion. Research has demonstrated that generally little measures of 
nanoparticles, of the request of 5 Vol. percent or less, can upgrade 
thermal conductivity of the base liquid to a huge degree. Along these 
lines, abusing the extraordinary qualities of nanoparticles, nanofluids 
are made with two highlights essential for heat exchange systems:(i) 
outrageous strength, and (ii) ultra-high thermal conductivity. The 
ongoing research ever since then has extended to utilization of nano-
fluids 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, defense and ships, and boiler 
flue gas temperature reduction. 
     A rotating frame of reference is used to model flows in rotating 
machines. In these cases, the flow is unsteady in an inertial frame (non-
accelerating coordinate system in the inertial frame) because the blades 
or rotors sweep the domain periodically. However, it is possible to 
perform the calculations in a domain that moves with the rotating 
coordinate which is fixed on the rotating part. In this approach, the flow 
is steady relative to the rotating (non-inertial) frame, which reduces the 
expensive computations needed for an accurate analysis. This approach 
is appropriate when the flow at the boundary between the rotating parts 
and the stationary parts is weakly affected by the interaction. It provides 
a reasonable time-averaged simulation result for many applications. 
Rotating frames don't physically rotate anything and therefore do not 
show transient effects due to the real motion. Instead, a quasi-steady 
state solution is calculated due to the rotating equipment. Any problems 
where transient effects due to rotor-stator interaction are small are 
candidates to use the rotating frame of reference approach. A typical 
example is the mixing tank where the impeller-baffle interactions are 
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relatively weak; large-scale transient effects are not present. The study 
of fluid flow due to a rotating frame has become increasingly popular in 
fluid dynamic research for the interest not only practical but also 
academic. The flow over a rotating frame is important because of its 
wide applications in many engineering, industrial, geothermal, 
geophysical, and technological fields. 
     In the last few years, the dynamical study of non-Newtonian fluids 
has got vital attention among various researchers. The flow produced 
from these type of fluids can be used to analyze a broader class of fluids 
that exist in the physical world. The distinctive property of non-
Newtonian fluids is to have the variable viscosity. Non-Newtonian 
fluids are rheologically complex fluids represented by the non-linear 
relationships among shear stress and strain rate. The micropolar fluid 
model, also known as polar fluid, is one of the non-Newtonian models 
that have microstructure. Micropolar fluids come into the category of 
fluids that have nonsymmetrical stress tensor and consist of stiff and 
arbitrarily structured particles hanging in a viscous channel where the 
deformation of fluid particles is uncountable. In recent times, a lot of 
researchers have been giving their attention to the theory of micropolar 
fluids and this is because conventional Newtonian fluids does not have 
the ability to explain the properties of the fluid flows containing 
suspended particles. The main reason for the significant attention to the 
investigation of the flows of micropolar fluids was their usages and 
applications in different industrial processes, which include: 
solidification of liquid crystal, the extrusion of polymer fluids, animal 
blood, exotic lubricants, cooling of a metallic plate in a bath, and 
colloidal and suspension solutions. More complex fluids can be 
described by the extension of Newtonian fluids to the theory of 
micropolar fluid flow. 
    The thermal conductivity of solid metals is larger than fluids; 
therefore suspending these particles can increase thermal conductivity 
and heat transfer performance. Thermal radiation is important in some 
applications because of the manner in which radiant emission depends 
on temperature and nanoparticles volume fraction. The thermal 
radiation effect on mixed convection heat transfer in porous media has 
many important applications such as the sensible heat storage bed, the 
nuclear reactor cooling system, space technology, and underground 
nuclear waste disposal. Several studies have been conducted this field 
as presented by Choi and Eastman (1995) experimentally and 
numerically (e.g., Rasidi et al., 2015; Rashidi et al., 2014). Makinde 
and Aziz (2011) examined on boundary layer flow this is propagated in 
a nanofluid due to linearly stretching sheet. Thermal radiation has 
prospective role in manufacturing design of nuclear power plants and 
various engineering processes. Several researchers have paid their 
interest to address the mechanism of thermal radiation. Hayat et al., 
(2015) analyzed in their studies the mixed convection flow of non–
newtonian nanofluid in the presence of thermal radiation, heat 
source/sink and first order chemical reaction. Buongiorno (2005) 
performed the flow characteristics of viscous, with incompressible 
fluids with suspended nano-sized solid particles high significant due to 
the application of such fluids in heat transfer devices. Xie et al. (2010) 
explained magnesium oxide nanofluids; higher thermal conductivity 
and lower viscosity with ethylene glycol-based nanofluids containing 
oxide nanoparticles. The existing literature was shown that ensures the 
enlargement of nanoparticles in the base fluid may bring about an 
essentially reducing in the heat transfer; for comprehensive review, see 
(Kakac and Pramuanjaroenkij (2009), Sheikholeslami et al. (2014)). 
Rushi Kumar et al. (2015) presented on unsteady free convection flow 
in the occurrence of magnetic field fixed relative to the fluid or the 
plate. Nadeem et al. (2014) examined the steady flow of a Casson fluid 
in the presence of nanoparticles. Heat and mass transfer in MHD non-
Newtonian flow were numerically analyzed by Raju and Sandeep 
(2016). Tawade et al. (2016) studied the unsteady flow and heat transfer 
of thin film over a stretching surface in the presence of thermal 
radiation. Hydromagnetic phenomena are outcome of mutual 
interaction between magnetic field and electrically conducting fluid 
flowing across it. The behavior of an electrically conducting fluid with 

electromagnetic field has applications in many different fields of 
engineering as well as geophysics, astrophysics, technological and 
industrial manufacturing. This concerns the production of synthetic 
sheets, aerodynamic extrusion of plastic sheets, cooling of metallic 
plates, etc. In recent year, several researchers studied the nanofluid 
boundary layer flow with various physical effects in the occurrence of 
magnetic field. (Hamad, 2011; Rashidi et al., 2014; Malvandi et 
al.,2014; Sheikholeslami et al.,2014; Ellahi et al., 2015; Ellahi et al., 
2015; Noreen et al., 2015). Further, Sandeep (2016) and Ramana Reddy 
et al. (2017) considered the heat transfer behaviour of MHD flows. The 
study of MHD flow and heat transfer due to the effect of a magnetic 
field in a rotating frame of reference has attracted the interest of many 
investigators in view of its applications in many industrial, 
astrophysical (dealing with the sunspot development, the solar cycle 
and the structure of a rotating magnetic stars), technological and 
engineering applications (MHD generators, ion propulsion, MHD 
pumps, etc.) and many other practical applications, such as in 
biomechanical problems (e.g., blood, flow in the pulmonary alveolar 
sheet). Many authors have studied the flow and heat transfer in a 
rotating system with various geometrical situations (2011). Hamad 
(2011) investigated the effect of a transverse magnetic field on free 
convection flow of a nanofluid past a vertical semi infinite flat plate. 
Recently, Satya Narayana et al. (2013) studied the Hall current and 
radiation absorption effects on MHD micropolar fluid in a rotating 
system. Some other related works can also be found in recent papers 
(2012). 
    Motivated by the aforementioned work and its applications in various 
fields of science and technology, it is of interest to discuss and analyze 
the heat source and radiation effects on the free convection heat and 
mass transfer flow of nanofluid over a vertical plate. An objective of the 
paper is to study only on micropolar fluid flow over a rotating the effect 
of chemical reaction on MHD free convection heat transfer flow of a 
nanofluid bounded by a semi-infinite flat surface is theoretically 
investigated. The velocity along the plate (slip velocity) is assumed to 
oscillate on time with a constant frequency. The analytical solutions of 
different water-based nanofluids containing TiO2, Al2O3, Ag, Cu and 
CuO of the boundary layer equations are assumed, of oscillatory type 
and are obtained by using the small perturbation approximations. The 
influence of various relevant physical characteristics are presented and 
discussed. 

 
2. ANALYSIS OF THE FLOW OF THE PROBLEM 

  
This paper we consider an unsteady three-dimensional flow of an 
electrically conducting incompressible nanofluid past a semi-infinite 
vertical permeable plate with radiation and heat absorption. A uniform 
external magnetic field B0 is taken to be acting along the z* axis. It is 
assumed that there is no applied voltage which implies the absence of 
an electric field. The flow is assumed to be in the x* – direction which 
is taken along the plate in the upward direction and z* axis is normal to 
the plate (see Fig. 1). Also it is assumed the whole system is rotated 
with a constant vector Ω about the z*-axis. The fluid is grey, absorbing 
emitting but not scattering medium. The radiation heat flux in x*-
direction is considered negligible in comparison that in the z*- 
direction. Due to semi-infinite plate surface assumption the flow 
variables are functions of z and time t only. 
     Assumed that the regular fluid and the suspended nano particles are 
in thermal equilibrium and no slip occurs between them.  Boundary 
layer approximations, the boundary layer equations governing the flow, 
temperature and concentration along with the Boussinesq are: 
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The boundary conditions for the problem are given by 
 

* ( *, *) 0, * ( *, *) 0, , * 0 *u z t v z t T T C C for t and any z∞ ∞= = = = ≤  
                          (6) 

in*t* in*t*
0* ( , *) 1 ( ) ,

2
( , *) , ( , *) * 0

u t U e e

T t T C t C for t

ε −

∞ ∞

 ∞ = + +  
∞ → ∞ → ≥

                                 (7) 

Here u*, v* and w* are the velocity components along the x*, y* and 
z* axis respectively. The properties of nanofluids which are given by 
[Oztop  and Abu-Nada (2008)] 

 
 

Fig. 1 Physical Model of the problem 
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By using the Rosseland approximation, the radiative flux vector rq can 
be written as: 

4*

1

4*
3

w
r

Tq
k z
σ∗ ∂

= −
′ ∂

                                                                (9) 

Where, σ∗  and *
1k  are respectively the Stefan-Boltzmann constant and 

the mean absorption coefficient. 

The thermo physical properties of the base fluid (water) and other 
nanofluids are shown in Table 1.  
Table. 1 Nano fluids and their thermo physical Characteristics 
(Turkyilmanzoglu[2016]) 
 

Nanofluids Density(ρ) Specific 
Heat(Cp) 

Thermal 
Conductivity(k) 

βX10-5 
 

Titanium 
Oxide(TiO2) 

4250 686.2 8.9538 0.9 

Alumina(Al2O3) 3970 765 40 0.85 
Silver(Ag) 10500 235 429 1.89 
Copper(Cu) 8933 385 401 1.67 

Copper 
Oxide(CuO) 

6320 531.8 76.5 1.80 

Pure water 997.1 4179 0.613 21 
  
We assume that the temperature difference within the flow is 
sufficiently small such that  4*T  may be expressed as a linear function 
of the temperature. This is accomplished by expanding in a Taylor 
series about the free stream temperature *T∞  and neglecting higher order 
terms, thus  

4 3* * * *44 3w wT T T T∞ ∞≅ −                  (10) 
The solution of Eq. (1) is considered as 0*w w= −                (11) 
Introducing dimensionless variables in the following manner: 

2
0 0

2
0 0 0

2
0

2 2
0 0 0
* 3
1

1 2 *
0 1

** ** *, , , , ,

2 * ( )
, , ,Pr

( ) 4 *,
( )

f

f f

f f f f
H

ff

w

w

v nz U t Uu vu v z t n
U U v v U

v Q v v CpwS R Q
U KU K U

Q C C TQ F
T T U kk

ρ

σ∞ ∞

∞

= = = = =

Ω
= = = =

−
= =

−

               (12) 

 
Substituting Eq. (12) into Eqs. (2) – (5) yields the following 
dimensionless equations: 
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where the corresponding boundary conditions (6) & (7) can be written 
in the dimensionless form as:  
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                      (17) 
Using Eq. (13) the velocity characteristic U0 is defined as  

30 ( )f f wU g v T Tβ ∞= −       

Now, in order to obtain the desired solutions of Eqs. (13) – (16), we 
assume that the fluid velocity in the complex form as: 

( , ) ( , ) ( , )z t u z t iv z tχ = +                        (18) 
By using Eq. (18) we can simplify Eqs. (13) and (14) to the following 
equation 
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The boundary conditions (17) becomes 
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To solve Eqs. (13)- (16) under the boundary conditions (17) in the 
neighborhood of the plate, we assume that (see Ganapathy [1994]). 

{ }int int
0 1 2( , ) ( , )

2
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{ }int int
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2
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{ }int int
0 1 2( , ) ( , )

2
z t z t e eεψ ψ ψ ψ= + +                  (23) 

 
Invoking the above Eqs. (21) - (23) into the Eqs. (13) - (16) with 
boundary conditions (17), we obtain the expression for velocity, 
temperature and concentration as: 

{ }3 51 2 4 int int
3 4 5( , )

2
r z r zr z r z r zz t W e W e W e e e e eεχ − −− − − −= + + + +  (24) 

1 21 2( , ) r z r zz t W e W eθ − −= +                   (25) 

1( , ) zz t e ξψ −=                    (26) 
 

3. RESULTS AND DISCUSSIONS 
 

A theoretical study on the effect of the metallic nanoparticle on MHD 
free convection flow along a vertical permeable semi-infinite flat plate 
with heat source when the plate oscillates in time t in the presence of a 
rotating frame of reference has been performed in this paper. The 
effects of nanoparticles on the velocity, the temperature and 
concentration profiles. We have chosen here n = 10, nt = π/2, Pr = 6.72, 
ε = 0.02, ϕ = 0.10, Sc = 0.16, F = 1, Q1 = 1, M = 0.5, R = 0.02, QH = 10 
and S = 1.5 to draw graphs. The effects of chemical reaction parameter 
on velocity profiles for TiO2, Al2O3, Ag, Cu and CuO are illustrated 
graphically through Fig. 2. It is interesting to note that  the velocity of 
nanofluid Cu is very high than the other nanofluids, as Kr is increasing. 
The figure shows the boundary layer will be thicker when     the 
nanofluid Cu is accounted for. It is evident that momentum layer is 
redistributed as the nanoparticles vary from Cuo to TiO2. Figure 3 
exhibits the behavior temperature profile for changing chemical 
reaction parameter Kr. The figure shows that, as chemical reaction 
parameter is increasing, the temperature is more spread for the 
nanofluid TiO2. The adjusting feature of nanofluids on the thermal 
boundary thickness is apparent. Figure 4 presents typical profile for the  
nanofluid concentration profiles for different values of chemical 
reaction parameter Kr. From the graph, it is obvious that the nanofluid 
concentration of the fluid decelerates with increase in the strength of 
concentration Kr. The effects of suction parameter S on the 
dimensionless velocity is shown in Fig. 5. It is noticed that values of 
velocities for  TiO2 nano particles are larger than Al2O3, Ag, Cu and 
CuO nanoparticles and the hydro dynamic boundary layer decreases 
from TiO2 to CuO nanoparticles. The effects of suction parameter S on 
the dimensionless temperature are shown in Fig. 6. The thermal 
boundary layer decreases from TiO2 to CuO nanoparticles. Titanium 
oxide has the lowest thermal conductivity rather than other 
nanoparticles. The influence of suction parameter S on concentration 
profile is shown in Fig. 7. Concentration decreases with the increase in 
the suction parameter indicating that the nanoparticle volume fraction 

decreases with the increase of suction parameter. The influences of 
Schmidt number Sc on the dimensionless velocity is    
 

 
Fig. 2 The effect of Chemical reaction Parameter on velocity profiles. 

 
Fig. 3 The effect of Chemical reaction Parameter on temperature 
profiles. 

 
Fig. 4 The effect of Chemical reaction Parameter on concentration 
profiles. 
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Fig. 5 The effect of Suction Parameter on velocity profiles. 
 

 
 
Fig. 6 The effect of Suction Parameter on temperature profiles. 

 
 

Fig. 7 The effect of Suction Parameter on concentration profiles. 
 

 
 

Fig. 8 The effect of Schmidt number on velocity profiles. 
 

 
 

Fig. 9 The effect of Schmidt number on temperature profiles. 
 

 
Fig. 10 The effect of Schmidt number on concentration profiles. 
 



Frontiers in Heat and Mass Transfer (FHMT), 12, 10 (2019)
DOI: 10.5098/hmt.12.10

Global Digital Central
ISSN: 2151-8629

Frontiers in Heat and Mass Transfer (FHMT), 12, 10 (2019)
DOI: 10.5098/hmt.12.10

Global Digital Central
ISSN: 2151-8629

    6 

 
Fig. 11 The effect of Prandtl number on velocity profiles. 
 

 
Fig. 12 The effect of Prandtl number on temperature profiles. 
 

 
Fig. 13 The effect of Radiation parameter on velocity profiles. 
 
 

 
Fig. 14 The effect of Radiation parameter on temperature profiles. 
 

 
Fig. 15 The effect of Heat Source parameter on velocity profiles. 
 

 
Fig. 16 The effect of Heat Source parameter on temperature profiles. 
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Fig. 17 The effect of Heat Absorption parameter on velocity profiles. 
 

 
Fig. 18 The effect of Heat Absorption parameter on temperature 
profiles. 
 

 
Fig. 19 The effect of volumetric fraction parameter on velocity 
profiles. 

 
Fig. 20 The effect of volumetric fraction parameter on temperature 
profiles. 
 

Fig. 21 The effect of rotation parameter on velocity profiles. 
 
 

 
Fig. 22 The effect of Magnetic parameter on velocity profiles. 
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shown in Fig. 8. It is noticed the hydro dynamic boundary layer 
decreases from TiO2 to CuO nanoparticles. The influence of Schmidt 
number Sc on the temperature is shown in Fig. 9. It is found that the 
temperature of the nanofluids decreases from TiO2 to CuO with an 
increase in Schmidt number Sc. The influence of Schmidt number Sc 
on concentration profile is shown in Fig. 10. Concentration decreases 
with the increase in the Schmidt number indicating that the nanoparticle 
volume fraction decreases with the increase of Schmidt number. The 
effects of Prandtl number Pr on the dimensionless velocity is shown in 
Fig. 11. It is noticed the velocity profiles increases in the order TiO2, 
Al2O3, Ag, CuO and Cu. Figure 12 reveals the temperature profiles at 
prandtl number Pr for five different nanofluids. As prandtl values are 
increasing, the temperature is also increasing. The figure shows that the 
temperature is more spread for the nanofluid TiO2. The adjusting 
feature of nanofluids on the thermal boundary layer thickness is 
apparent. The effects of radiation parameter F on the dimensionless 
velocity is shown in Fig. 13. It is found that the velocity of the fluid  
decreases from TiO2 to CuO nanoparticles. Analyzes of radiation 
parameter F for five nanofluid are presented in Fig. 14. By increasing F, 
the temperature increases strongly from TiO2 to CuO nanoparticles. 
Figure 15 is sketched to see the influences of heat source parameter. 
These figures elucidate that the dimension less nanoparticles velocity 
decreases from TiO2 to CuO nanoparticles. The effect of heat  source 
QH on the temperature is depicted in Fig. 16. It is noted that heat source 
gives an increase in the temperature of the nanofluid and the thermal 
boundary layer thickness from TiO2 to CuO nanoparticles. The 
influences of heat absorption parameter Q1 on the dimensionless 
velocity is shown in Fig. 17. It is noticed  the velocity profiles increases 
in the order TiO2 to CuO. Figure 18 illustrates the effect of heat 
absorption on temperature profiles. To comply with the physical 
intuition, for all the nano fluids, increasing absorption induces the 
temperature profiles, where as heat generation causes an increase in 
temperature that is particularly pronounced near the plate. The 
contribution of nanoparticles volume fraction ϕ towards velocity 
profiles is shown in Fig. 19. Cu-water nanofluid is higher velocity 
profile that of other nano fluids. Figure 20 presents fluid temperature 
variations for five types of water based nanofluids effects of volume 
fraction. The temperature of Cuo-nanofluid is lower than the other 
nanofluids. When the volume fraction of nanoparticles increases the 
temperature of the fluid decreases. Figure 21 depicts the effect of 
rotation parameter R on the velocity profiles. It is observed that when 
the rotation parameter R increases, the nanofluid retards from TiO2 to 
CuO nano particles. The influence of magnetic field parameter on 
velocity is analyzed in Fig. 22. It is found that an increase in magnetic 
parameter M leads to reduction of the velocity profiles. The physical 
meaning of the behavior from Fig. 22 is due to the Lorentz force which 
results from the presence of a magnetic field in the nanofluid and it 
works to slow down the velocity. For velocity and temperature profiles 
all graphs are given due to brevity. 

CONCLUSIONS 
The effect of chemical reaction on MHD free convection heat transfer 
flow of a nanofluid bounded by a semi-infinite flat plate in a rotating 
frame of reference is theoretically investigated. 

• The flow of nanofluid Cu is very high than the other 
nanofluids, as Kr is increasing.  

• As chemical reaction parameter is increasing, the temperature 
is more spread for the nanofluid TiO2. 

• The nanofluid concentration of the fluid decelerates with 
increase in the strength of concentration Kr. 

• The velocity of the nanofluid flow decreases with the increase 
of  S, Sc, QH, F, R and M  where as increases with Q1 and Pr.  

• Boundary layer temperature of nanofluid flow increases with 
increase of nano particles Pr, F, QH and Q1 where as 
decreases with S, Sc and ϕ.  

• Concentration of fluid increases with the increase of S and Sc.   

NOMENCLATURE 

B0   Constant applied magnetic field (Wb m-2) 
Cp   Specific heat at constant pressure (J kg-1 K-1) 
E   Electric field (kJ) 
g   Gravity acceleration (m s-2) 
J   Current density 
M   Dimensionless magnetic field parameter 
n   Dimensionless frequency 
Pr   Prandtl number 
qw*   Dimensional heat flux from the plate 
Q   Dimensional heat source (kJ s-1) 
QH   Dimensionless heat source parameter (kJ s-1) 
R   Dimensionless rotation parameter 
S   Dimensionless suction parameter 
t   Dimensionless time (s) 
T   Local temperature of the nanofluid (K) 
Tw   Wall temperature (K) 
T∞   Temperature of the ambient nanofluid (K) 
u, v, w   Dimensionless velocity components (m s-1) 
U0   Characteristic velocity (m s-1) 
w0   Mass flux velocity 
 
Greek symbols 
 
α   Thermal diffusivity (m2 s-1) 
β   Thermal expansion coefficient (K-1) 
ε   Dimensionless small quantity (<<1) 
ϕ   Solid volume fraction of the nanoparticles 
κ   Thermal conductivity (m2 s-1) 
μ   Dynamic viscosity (Pa s) 
ν   Kinematic viscosity (m2 s-1) 
θ   Dimensionless temperature 
σ  Electrical conductivity (m2 s-1) 
Ω   Constant rotation velocity 
 
Superscript 
 
*   Dimensional quantities 
 
Subscripts 
 
f   Fluid 
s   Solid 
nf   Nanofluid 
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