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Abstract - An attempt has been to analyse the combined influence of thermo-diffusion, thermal radiation, on convective 
squeezing flow of a nanofluid in a rotating channel in the presence of heat source. By employing fourth-fifth order Runge-
Kutta-Fehlberg scheme with the help of Maple, the non-linear equations have been solved. The effect of radiation, Soret 
effect, Heat source, rotation on velocity, temperature and concentration are exhibited through graphs. The stress, Nusselt 
and Sherwood number on the walls are evaluated numerically for different variations. It is found that an increase in Hall 
parameter enhances the velocities, reduces the temperature and concentration. The axial velocity reduces in the region 
(0,0.5) and enhances in (0.6,1.0) with increase in Soret parameter (Sr), radiation absorption(Q1) and nanoparticle volume 
fraction. The temperature and concentration reduces with Sr, Q1 and nanoparticle volume fraction. 

keywords - Nanofluid, Radiation, Thermal Radiation, Absorption, Squeezing, Heat source, Hall effect. 
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1.INTRODUCTION: 

The inspiration of suspended nanoparticles in a base fluid to increase the thermal conductivity was proposed by Choi 
[6] about a decade ago. Thereafter, theoretical and experimental investigations on the nanofluid heat transfer property have been 
conducted by Wang et al. [40], Eastman et al. [9], Buongiorno [5], etc. They have concluded that the thermal conductivity of 
the base fluid can be dramatically enhanced in the presence of nanoparticles. Besides, there are two models are available to 
incorporate nanoparticle effect on fluid flow problems namely single phase model and two-phase model. Further, Buongiorno 
or Tiwari and Das model is used to model the single-phase nanofluid. Two important mechanisms such as Brownian motion and 
thermophoresis are treated in Buongiorno model. However, in Tiwari and Das model, the effective fluid properties are taken 
into account. The nanofluids have tremendous applications such as engine cooling, solar water heating, cooling of electronic 
equipments, cooling of transformer oil, cooling of heat exchanging devices, in chillers, refrigerator–freezers, nuclear reactors, 
and space vehicles, due to their higher thermal conductivity and convective heat transfer rates. 

Rotating flows of nanofluids have also garnered considerable attention. Such studies invoke Coriolice body force terms 
due to the rotation of the nanofluid (Mahajan and Arora [20]) considered convective instability in a thin layer of a rotating 
magnetic nanofluid, considering Brownian diffusion, thermophoresis and magnetophoresis effects. Using a Chebyshev pseudo 
spectral numerical method and considering different boundary conditions, they found that for water and ester based magnetic 
nanofluids, the magnetic field dominates the buoyancy mechanism in fluid layers about 1 mm thickness  (Nadeem and Saleem 
[26]) is investigated with a homotopy analysis method (HAM) the transient mixed magnetohydrodynamic rotating nanofluid 
convection on a rotating cone with magnetic field, and considered three different cases where the fluid is rotating and the cone 
is at rest, the fluid and the cone are rotating with equal angular velocity in the same direction and where only the cone is in 
rotation.  Beg et al. [4] analyzed the transient stagnation-point boundary layer flow of nanofluids from a spinning sphere, using 
both homotopy and Adomian decomposition methods. Rana et al. [27] studied with a variational finite element algorithm, the 
transient magneto-hydrodynamic boundary layer flow and heat transfer in an incompressible rotating nanofluid over a stretching 
continuous sheet, showing that both primary and secondary velocity are strongly retarded with increasing Hartmann (magnetic) 
number whereas temperature and nanoparticle concentration are enhanced. They also found that greater rotational parameter 
decelerates both primary and secondary velocity, and reduces temperature and nanoparticle concentration. Sheikholeslami et al. 
[28] used a fourth-order Runge–Kutta method to study magnetohydrodynamic (MHD) nanofluid flow and heat transfer in a 
rotating parallel plate channel system, considering copper, silver, alumina and titanium oxide nano-particles suspended in water. 
Hamad and Pop [12] also examined rotating hydromagnetic nanofluid convection from a permeable plate, noting that with 
increasing rotation and heat source parameters, the skin friction is reduced as is the temperature and thermal boundary layer 
thickness. 

Recently, Sheikholeslami and Ganji [32] studied the MHD effects on nanofluid flow in a permeable channel. Kuznetsov 
and Nield [20] critically analyzed the natural convection flow of a nanofluid past a vertical plate. The problem of transient MHD 
free convection flow of a nanofluid over a rotating vertical plate is addressed by Hamad and Pop [12].  They solved the governing 
equations analytically using the perturbation method and found that, the inclusion of nanoparticles into the base fluid is capable 
of varying the flow pattern. Turkyilmazoglu [34] reported the exact solution for heat and mass transfer of magnetohydrodynamic 



Publication	Since	2012	|	ISSN:	2321-9939	|	©IJEDR	2020	 Year	2020,	Volume	8,	Issue	1	
 

IJEDR2001104	 International	Journal	of	Engineering	Development	and	Research	(www.ijedr.org)	 540	
 

flow of nanofluid. Further, Turkyilmazoglu and Pop [35] have examined the heat and mass transfer of unsteady natural 
convection flow of nanofluid past a vertical infinite plate with thermal radiation.  Das [7] discussed the problem of free 
convection flow of nanofluid bounded by moving vertical plate with constant heat source and convective boundary condition in 
a rotating frame of reference. He found that, the skin friction coefficient increases with an increase in the nanoparticle volume 
fraction. Recently, Sheikholeslami and Ganji [29] have presented the heat and mass transfer behaviour of unsteady flow of 
nanofluid between parallel plates in the presence of thermal radiation. They conclude that, the solutal boundary layer thickness 
increases with increase in radiation parameter. 

When heat and mass transfer occur simultaneously in a moving fluid, the relation between the fluxes and the driving 
potentials are of more intricate nature.  Mass fluxes can be created by temperature gradients and this is the Soret effect or thermo-
diffusion effect. Adrian Postelnicu [1] has studied thermo-diffusion and diffusion thermo effects on combined heat and mass 
transfer through a porous medium under different conditions. Sreevani et. al. [31] has studied the unsteady free convective heat 
and mass transfer flow through porous medium dissipative effect in rotating channel. All the above mentioned studies are based 
on the hypothesis that the effect of dissipation is neglected.  This is possible in case of ordinary fluid flow like air and water 
under gravitational force.  But this effect is expected to be relevant for fluids with high values of the dynamic viscosity force.  
On the other hand, Barletta [3] and Zanchini [37] pointed out that relevant effects of viscous dissipation on the temperature 
profiles and the Nusselt number may occur in the fully developed convection in tubes.  In view of this, several authors, notably, 
Muthu kumaraswamy et. al. [24] have studied the rotation effects on flow past an accelerated isothermal vertical plate with 
chemical reaction of first order. Jafarunnisa [16] has discussed the effect of thermal radiation and thermo diffusion on unsteady 
convective heat and mass transfer flow in the rotating system with heat sources. Alam et. al. [2] have discussed the steady MHD 
combined heat and mass transfer flow through a porous medium past an infinite vertical plate with viscous dissipation and joule 
heating effects in a rotating system. Srirangavani et al [30] has considered the effect of thermo-diffusion on convective heat and 
mass transfer flow with radiation absorption. Jayasudha [17] has discussed combined influence of thermo-diffusion and radiation 
absorption on convective heat ad mass transfer flow past a stretching sheet with constant wall heat and mass transfer. 
Madhavilatha et al [19] have discussed the effect of non-linear density-temperature and concentration on rotating convective 
heat and mass transfer fluid flow past a porous stretching sheet with Soret and Dufour effects. Sukanya et al [33] have discussed 
combined influence of Hall Currents and Soret effect on convective heat and mass transfer flow past vertical porous stretching 
plate in rotating fluid and dissipation with constant heat and mass flux and partial slip. 
 On the other hand, an unsteady squeezing flow of an electrically conducting fluid occurs in many engineering and 
industrial applications such as lubrication, food industries, transient loading of mechanical components, power transmission, 
polymer processing, compression and injection modelling. The squeezing flow of a fluid was first introduces by Stefan [32], 
Following this work, many researchers have investigated such flow with different aspects. Numerical solution for a fluid film 
squeezed between two parallel plane surfaces have been reported by Hamza and Macdonald [14].  Domairry and Aziz [8] studied 
the squeezing flow of viscous fluid between parallel disks with suction or blowing analytically. Heat and mass transfer in the 
unsteady squeezing flow between parallel plates is analyzed by Mustafa et al [24], Hamza [13] discussed the effect of suction 
and injection on the squeezing flow between parallel plates. It is noted that very little attention has been given to study the three-
dimensional flow in a rotating channel. Munawar et al [23] studied the three-dimensional flow in a rotating channel of lower 
stretching sheet in the presence of MHD effects. The mathematical equations are modelled with the help of Navier-Stokes 
equation and then they are solved numerically. Hayat et al [15] have discussed an unsteady mixed convection three-dimensional 
squeezing flow of an incompressible Newtonian fluid between two vertical parallel planes. Mahanthesh et al[21] have studied 
mixed MHD convection squeezing three-dimensional flow in a rotating channel filled with nanofluid.  
 Freidoonimehr et al. [10] presented the analytical solution for three-dimensional squeezing nanofluid flow in a rotating 
channel using Tiwari and Das model. With the aid of same model Gireesha et al. [11] have studied the effect of nanoparticles 
on flow and heat transfer of dusty fluid. Das [7] have found that the volume fraction parameter decreases the rate of heat transfer 
in a fully developed mixed convection flow through a vertical channel filled with water based nanofluid with the uniform 
transverse magnetic field. 
 The main objective of the present investigation is to study MHD effects on the three dimensional squeezing flow of an 
electrically conducting in a rotating channel and its heat and mass transfer characteristics. To the best of author’s knowledge, 
such study has not received attention in the engineering sciences literature thus far. The governing equations are reduced to set 
of ordinary differential equations and then numerically solved by employing Runge-Kutta-Fehlberg fourth-fifth order method. 
Effect of pertinent parameters on velocity, temperature and concentration fields is examined through the plots. Skin-friction 
coefficients, Nusselt number and Sherwood number for different variations are studied numerically. The author have hope that 
the results obtained in the present study not only provide useful information for applications, it also serves as a complement to 
the previous studies. 
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2.  MATHEMATICAL FORMULATION 
 

Consider an unsteady three-dimensional squeezing flow of an electrically conducting incompressible nanofluid in a 

vertical rotating channel. The plane positioned at y = 0 is stretched with velocity ( )t
axUwo a-

=
1

 in X-direction and maintained 

at the constant temperature T0 and concentration 0C . The temperature at the other plane is Th and located at a variable distance 

)1()( tth f an -= . In negative Y-direction, the fluid is squeezed with a time dependent velocity 
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  and it is applied along y-axis. The fluid is 

sucked/injected from the plane located at y = 0 as shown in figure 1. The magnetic Reynolds number is assumed to be small thus 
induced magnetic field is negligible. In addition, effects of Hall current, viscous dissipation and Joule heating are neglected. 
 Under those assumptions, the governing equations for the velocity and temperature fields in the presence of internal 
heating source/sink are given by [Hayat et al [15], Munawar et al [23]]. 
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               where u, v and w are velocity components along X,Y and Z  directions respectively, p is pressure, B0 is the magnetic 
field, s is the electrical conductivity, g is the magnitude of acceleration due to gravity, a is characteristic parameter with the 
dimension of reciprocal of time t and 1<ta . T is temperature of the fluid Q0 is uniform volumetric heat generation/ absorption, 

here 00 <Q  and 00 >Q  are respectively corresponds to internal heat absorption and generation, rnf is effective density of the 

nanofluid, 
nf

nf
nfv r

µ
= is effective kinematic viscosity of the nanofluid,  knf  and (rCp)nf are effective thermal conductivity and 

heat capacity of the nanofluid respectively. They are defined as follows: 
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hence f is the solid volume friction of the nanofluid, rf is the density of base fluid, rs is the density of the nanoparticle, µf is the 
dynamic viscosity of the base fluid, (rCp)f is the heat capacity of the base fluid, (rCp)s is the heat capacity of the nanoparticle, 
kf is the thermal conductivity of the base fluid and ks is the thermal conductivity of nanoparticles. 
  
The approximate boundary conditions for the present problem are 
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 Here V0 is constant, 00 <wV  corresponds injection whereas 00 >wV  corresponds wall suction. 
 
 To reduce the governing equations into a set of similarity equations, introduce the following similarity transformations 
[Munawar et al [22]]. 

 

)(),(
1

,

),(
1

),(
1

,
)(

),(
1

00

0
0

0
0

hh
a

a
h

h
e

hq
e

hh
a

a
y

h gUwf
t

v
vfUu

C
t

C
CC

t
T

TT
th
yxf

t
v

w
f

w

f

=
-

-==

-
+=

-
+==

-
=

         (10) 



Publication	Since	2012	|	ISSN:	2321-9939	|	©IJEDR	2020	 Year	2020,	Volume	8,	Issue	1	
 

IJEDR2001104	 International	Journal	of	Engineering	Development	and	Research	(www.ijedr.org)	 543	
 

where a suffix h denote the differentiation with respect to h and vf is the kinematic viscosity of the base fluid. Using the above 
transformations (10), the equation (1) is automatically satisfied, while the equation (2) – (6) are respectively reduces to the 
following nonlinear ordinary differential equations 
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Reduced boundary conditions are; 
 fh = 1,   f = S,     g = 0,   q = 0 ,  C=0     at h = 0 
 fh = 0,   f = 2

b ,   g = 0,   q = 1  ,   C=1  at h = 1                         (16) 
where   

b = a/a is the squeezing parameter,  
R = w /a is rotation parameter,  

fBM ars /20
2 =  is magnetic parameter,  

Grm = Gr / Re2 is mixed convection parameter,  
)1(/ 23

0 tvxTgGr ff ab -=  is modified Grashaf number,  
Re = xUw0 / vf is Reynolds number,  
Pr = (µcp)f / kf is the Prandtl number,  
Q = Q0 / a(rCp)f  is heat source / sink parameter and  
S = Vw0 / ah is suction / injection parameter. 
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Q = Q0 / a(rCp)f  is heat source / sink parameter 
 
It is important to mention that, b = 0 represents plates are stationary, b > 0 corresponds to the plate which is located at 

y = h(t) moves towards the plate which is located at y = 0 and b <0 corresponds to the plate at y = y(t) moves apart with respect 
to the plate at y= 0. 
 Now in order to reduce the number of independent variables by cross differentiation, the set of equations (11) - (14) 
takes the following form: 
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For engineering and industrial point of view, one has usually less interest in velocity and temperature profiles nature than in the 
value of the skin-friction and rate of heat transfer. Therefore expression for the local skin-friction coefficient and the local 
Nusselt number at both the walls are defined as; 
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where txy is the shear stress and qxy is the heat flux, which are given by 
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In view of equation (22) and similarity transformations (10) equations (21) & (22) will takes the following form: 
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Table 1 : In the absence of Hall effects(m=0) the results are in good agreement with Mahantesh et al(21) 
 

Parameters Mahantesh et al(21) Present results 
R           0.5 

1.0 
1.5 
2.0 

4.34299 0.277668 -
0.99998 

-
1.31302 

4.34293 0.277666 -
0.99998 

-
1.31300 

4.30684 0.833542 -
0.99998 

-
1.31305 

4.30686 0.833541 -
0.99998 

-
1.31303 

4.23431 1.391062 -
0.99999 

-
1.31311 

4.23434 1.391063 -
0.99999 

-
1.31309 

4.12494 1.951422 -
0.99999 

-
1.31322 

4.12496 1.951426 -
0.99999 

-
1.31324 

Nr          0.5 
1.5 
3.5 
5.0 

4.34299 0.277668 -
0.99996 

-
1.31302 

4.34297 0.277665 -
0.99998 

-
1.31301 

4.34302 0.277667 -1.0004 -
1.31368 

4.34300 0.277663 -
1.00044 

-
1.31366 
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4.34305 0.277665 -
1.00088 

-
1.31431 

4.34304 0.277662 -
1.00083 

-
1.31430 

4.34313 0.277662 -
1.00219 

-
1.31595 

4.34316 0.277659 -
1.00212 

-
1.31594 

b            0.2 
0.4 
0.6 
0.8 

4.34299 0.277668 -
0.99998 

-
1.31302 

4.34296 0.277666 -
0.99998 

-
1.31300 

3.67161 0.225586 -
0.99997 

-
1.36765 

3.67159 0.225580 -
0.99997 

-
1.36765 

3.03904 0.177955 -
0.99997 

-
1.42139 

3.03902 0.177956 -
0.99997 

-
1.42136 

2.41319 0.132139 -
0.99996 

-
1.47682 

2.41313 0.132135 -
0.99996 

-
1.47679 

 
3.  NUMERICAL METHOD AND VALIDATION 
 
 A set of non-similar equations (15) - (17) are nonlinear in nature and possess no analytical solution thus a numerical 
treatment would be more appropriate. These set of ordinary differential equations together with the boundary conditions (16) 
are numerically solved by employing fourth-fifth order Runge-Kutta-Fehlberg scheme with the help of Maple. This algorithm 
in Maple is proven to be precise and accurate and which has been successfully used to solve a wide range of nonlinear problem 
in transport phenomena especially for flow and heat transfer problems. In this study, we set the relative error tolerance to 10-6.   
Comparison results are recorded in table 1 and are found to be in excellent agreement. The effects of development of the 
squeezing three-dimensional flow and heat transfer in a rotating channel utilizing nanofluid are studied for different values of 
squeezing parameter, rotation parameter, magnetic parameter, suction/injection parameter, mixed convection parameter, 
nanoparticle volume fraction parameter, Prandtl number, radiation parameter, Schmidt number, Chemical reaction parameter 
and heat source/sink parameter. In the following section, the results are discussed in detail with the aid of plotted graphs and 
tables. 

Figs. 2a-2d are plotted for ,'f g ,q and C profiles against h for different values of G by fixing other parameters. 
Thermal Grashof number signifies the relative magnitude of the thermal buoyancy force and the opposing frictional 
force(viscous hydrodynamic  force) acting on the nanofluids.  It can seen from the profiles that the temperature, concentration 
decrease with increase in Grashof number  while the axial velocity 'f  enhances in the flow region (0.0.2), reduces in the region 
(0.2,0.5) and enhances in the region (0.5,1) and the transverse velocity g  reduces in magnitude in the  entire flow region (0,1.0). 
With increase in G. This may be attributed to the fact that an increase in G increases the thickness of the momentum boundary 
layer and decreases the thickness of the thermal and solutal boundary layer. 

Figs. 3a-3d depict  the effect of magnetic field parameter(M2) on 'f , g  ,q and C. the parameter M is related directly 

to the applied magnetic field strength 0H . Increasing magnetic field strength therefore elevates the Lorentz drag force which 

inhibits 'f   in the region (0.2,0.5) and enhances in the remaining region. It  can be found from the profiles that the  transverse 

velocity component g decreases in magnitude with increase in M in the entire flow region (fig.3b),while the axial velocity 'f  
reduces in the right half (0.2,0.5) and enhances in the left half (0.5,1.0) of the channel (fig.3a). Effectively the application of 
transverse magnetic field to the electrically conducting nanofluid  generates a resistive type force, which acts against the motion 
of the nanofluid.  The thickness of the thermal and solutal boundary layers decreases with increase in M which results in a fall 
in the temperature and concentration in the flow region(fig.3c & 3d). However the application of the magnetic field achieves  
excellent flow control in the regime and provides a simple but effective mechanism for regulating nanomaterials processing 
operation. 

Figs.4a-4d illustrates the variation of 'f , g ,q and C with Hall parameter(m). It can be seen from the profiles that the 
axial velocity component experience an enhancement in the flow region  except in the region (0.2,0.5) where it reduces with 
increasing value of Hall parameter.  This may be attributed to the fact that the thickness of the momentum boundary layer along 
X and Z directions reduces with Hall parameter (fig.4a&4b).  An increase in m reduces the thickness of the thermal and solutal 
boundary layer which leads to a rise in the temperature and concentration depreciate in the flow region(figs.4c&4d). 

The influence of rotation parameter( R ) on 'f , g ,q and C can be observed from the figs.5a-5d.The rotational 
parameter features in the Coriolice body force arising in both the dimensionless primary and secondary momentum equations 
(15&16). The axial velocity component enhances in the region (0,0.5) and reduces in (0.5,1.0) while the transverse velocity g  
increases with increase in R. The temperature and concentration distributions experience a reduction in the entire flow region 
with increase in rotation parameter (R). This is due to the fact thickness of the thermal and solutal boundary layers  decrease 
with R. 

 
Figs.6a-6d are plotted to illustrate the effect of heat source parameter (Q) on the flow variables. It can be seen from the 

profiles that the transverse velocity component ( g ) enhances in the flow region with increase in the strength of the heat 
generating / absorbing source. This may be attributed to the fact that in the presence of heat generating /absorbing source, energy 
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is generated in the flow region. From fig.6a, we find that the axial velocity  enhances in the region (0,0.5) and reduces in 
magnitude in the region(0.5,1.0) with increase in the strength of the heart generating source while it enhances with  the strength 
of the heat absorbing source. From fig.6c&6d we find that in the presence of heat generating /absorbing source, energy is 
absorbed in the flow region, which results in a reduction in the temperature. The effect of heat source parameter(Q) on  the 
concentration is to decrease C with Q in the entire flow region(fig.6d). 

Figs.7a-7d show the influence of thermal radiation on  'f , g ,q and C. It can be seen from the profiles  that there is a 

significant enhancement in the region (0,0.2) and depreciation in the magnitude of the velocity components 'f in the 
region(0.2,0.5) while in the region(05,1.0) it enhances. The transverse velocity g experiences an enhancement in the entire flow 
region with increase in Nr. The radiation parameter is found to increase the hydrodynamic boundary layer along x and y-
directions. The presence of the thermal radiation is very significant on the variation of temperature. It is seen  that the temperature 
decreases  rapidly in the presence of thermal radiation parameter throughout the flow region. This may be attributed to the fact 
that as the Roseland radioactive absorption parameter *R diminishes the corresponding heat flux diverges and thus falling  the 
rate of radiative heat transfer  to the fluid causing a fall in the temperature of the fluid. The thickness of the thermal boundary 
layer also decreases with increase in Rd (fig.7c).The effect of mass concentration can be seen from fig.7d.We find a reduction 
in the concentration with a rise in Rd, owing to a fall in the thickness of the solutal boundary layer . 
            The effect of nanoparticle volume fraction ( f ) on f , 'f , g ,q and C can be seen from the figs.8a-8d.As the volume 
fraction increases ,the thermal conductivity of the nano-fluid  is elevated. Therefore thermal diffusion is associated in the regime. 
It can be found from the profiles that an increase in nanoparticle volume fraction(f) leads to an enhancement in (0,0.2) and  
depreciation in the region(0.2,0.5) in the axial velocity component while the transverse velocity g  increases with increase in f 
.This may be attributed to the fact that the thickness of the momentum boundary layer  enhances with increase in f. Also the 
thickness of the thermal and solutal boundary layer decrease with increase in f  which leads to a fall in temperature and 
concentration in the flow region(figs.8c&8d). 

Figs.9a-9d present the typical profiles namely, 'f , g ,q and C respectively for different values of the squeezing 

parameter(b).  From figs.8a-8d show that the magnitude of the axial velocity ( 'f ) increases in the region (0,0.2),reduces in the 
region (0.2,1.0)and transverse velocity ( g  ) is a  decreasing function of the squeezing parameter( b). This implies that squeezing 
effect on flow field is accumulated by it An increase in b results in a reduction in the temperature and the nano-particle 
concentration (figs.8c&8d).  This is due to the fact that a rise in squeezing parameter values leads to a decrease in the thickness 
of the thermal boundary layer and the solutal boundary layer thickness. 

Figs.10a-10d illustrate the effect of suction /injection on the flow variables.  It can be seen from the profiles that an 
increase in suction/injection  parameter(fw>0, fw<0) enhances the all the velocity components in the entire flow region (10a-
10b).From figs.10c&10d we find that an increase in suction/injection parameter (fw>0/fw<0) reduces the temperature and 
enhances the concentration in the entire flow region. 

The effect of Schmidt number(Sc) on C is exhibited in fig.11d. From the profiles we find that there is a sustained 
reduction in the  concentration magnitudes  of nano-particle species with increasing Schmidt number. The Schmidt number 
represents  the ratio of the momentum diffusivity to the mass (nano-particle species) diffusivity i.e., it relates the thickness of 
the hydrodynamic boundary layer to that of the concentration boundary layer .It also relates the momentum (viscous) diffusion 
rate to the molecular (nano-particle) diffusion  rate. As Sc is increased the nano-particle molecular diffusivity is reduced. This 
results in decreasing species diffusion rates  and a lowering of in nano-particle concentration magnitudes throughout the 
boundary layer. Physically this also manifests in a  decrease in the nano-particle concentration boundary layer thickness with 
increasing Schmidt number. Also the axial velocity enhances while the transverse velocity reduces with increase in 
Sc(figs.11a&11b).                                               
            The effect of chemical reaction on C can be seen from fig.12a-12d.It can  be see from the profiles that the concentration 
reduces in the degenerating chemical reaction case and enhances in the generating chemical reaction case. This amounts to the 
fact that the thickness of the solutal boundary layer decreases with 0>g  and increases with 0<g . The thickness of the thermal 

boundary layer reduces with 0>g and enhances with 0<g  (fig.12c). The axial velocity ( 'f ) reduces in the region (0,0.2) 
and enhances in (0.2,1.0) in the degenerating chemical reaction case while in the generating case, it enhances in e3ntire flow 
region except in the region (0.2,0.5)where it reduces (fig.12a) . From fig.12b we find that the transverse velocity ( g ) reduces 
in the region (0,0.5) and enhances in (0.5,1.0)in the degenerating case while in generating case a reversed effect is noticed. 

Fig.13a-13d illustrate the effect of radiation absorption (Q1) on 'f , g ,q and C. It can be seen from the profiles that 
the axial velocity enhances in the flow region except in (0.2,0.5)where it depreciates and the transverse velocity increases in 
magnitude  with increase in Q1 in the entire flow region. From 13c&d  we find that an increase in Q1 reduces the thickness of 
the thermal and solutal boundary layers which results in the depreciation of the temperature and concentration in the flow 
region(fig.13c&d) 
           The effect of Prandtl number(Pr)  on 'f , g ,q and C can be seen from figs.14a-14d. Prandtl refers to the relative 
contribution of momentum diffusion to thermal diffusion in the boundary layer regime. Furthermore, an increase in Prandtl 
number results in a decrease in the temperature distribution in the thermal boundary layer. The physical reason is that smaller  
values of Prandtl number are associated with greater thermal conductivity, and therefore heat is able to diffuse away from the 
heated surface more rapidly than at higher values of Prandtl number i.e the energy diffusion rate is greater  than the momentum 
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diffusion rate for Pr. Effectively the rate of heat transfer is reduced and an increase in Pr induces a reduction in the thickness of 
the thermal boundary layer. The effect of Prandtl number is to diminish the nano-particle concentration in the flow region(14d). 
From the profiles we find that  the transverse velocity component experiences a depreciation with increase in Pr. The axial 
velocity( 'f ) enhances in the flow region except in the region(0,0.25)where it reduces in magnitude. Also lesser the thermal 
diffusivity smaller the thickness of the thermal boundary layer while solutal boundary layer with increases in  Pr in  the entire 
flow region(figs.14c&d). 

The Skin friction components tx,ty, Nusselt number and Sherwood number on the walls )1,0( =h are exhibited in 
tables.2 for different parametric variations. The skin friction component tx re3duces on both walls (h= 0&1) and while tz 
enhances on h=0 and reduces on h=1 with increase in G .An increase in  M  enhances tx enhances on both the  walls while tz 
reduces on the left wall and enhances on the right wall. An increase in the Hall parameter(m) reduces tx on both the walls while 
tz  increases with 0.1£m  and reduces with higher 5.1³m   on both walls. An increase in rotation parameter (R) reduces  tx 
and enhances tz on h=0 & 1.  With reference to nanoparticle volume fraction (f) we find that tx enhances and tz  reduces on 
the left wall and while they reduce on the right wall . Higher the radiative heat flux smaller the skin friction component tx and 
enhances tz on both the walls. The variation of skin friction components with heat source parameter(Q) shows that tx enhances 
with increase in 0>Q  and reduces with 0<Q  on h=0 & 1 while a reversed effect is observed in the behavior of tz  on the 
walls. With respect to chemical reaction parameter(g), we find that tx reduces, tz enhances in the degenerating chemical reaction 
case while in the generating case, tx enhances, tz reduces on the left wall. On the right wall, tx enhances and tz  reduces on the 
right wall in both the degenerating and generating chemical reaction cases..An increase in the squeezing parameter(b) smaller 
tx and larger tz on both the walls. With reference to suction parameter(fw) we find that tx , tz enhance at h=0&1,with increase 
in suction/injection parameter. Lesser the thermal diffusivity larger the skin friction component tx and smaller tz at h=0,while 
tx reduces and tz enhances at h=1 .The variation of skin friction components with Prandtl number(Pr) illustrate that lesser the 
thermal diffusivity smaller the skin friction components  at both the walls. 
 The rate of heat transfer (Nu) and mass transfer (Sh) at 1,0=h  are shown in table.2.The rate heat transfer  enhances 
at the left and right walls with increase in G. An increase in M or R or Rd enhances Nu at the left wall and reduces at the right 
wall. An increase in Q>0, enhances Nu at the left wall and reduces at the right wall while a reversed effect is noticed at the walls 
with increase in Q<0. An increase in the suction parameter (fw>0) reduces Nu at the left wall and enhances at the right wall 
while a reversed effect is noticed in Nu with increase in fw<0.  The variation of Nu with squeezing parameter b shows that Nu 
increases at h=0 and decreases at h=1 with increasing b.  With increase in nanoparticle volume fraction (f) we notice an 
enhancement in the rate of heat transfer at both the walls.  An increase in Prandtl number reduces Nu at h=0 and enhances at 
h=+1.  

An increase in G or Pr enhances the rate of mass transfer(Sh) at the left wall (h=0) and reduces at the right wall(h=+1). 
Sh reduces at both the walls with magnetic parameter (M).  The rate of mass transfer reduces at h=0 and enhances at h=+1 with 
increase in R. Sh reduces at h=0 and enhances at h=+1 with increase in the strength of the heat generating source while in the 
case of heat absorbing source, the rate of mass transfer enhances at h=0 and reduces at h=1.An increase in chemical reaction 
parameter(g>0) enhances Sh at both the walls while in the case of generating case, it enhances at the left wall and reduces at the 
right wall. An increase in fw>0 reduces Sh at the left wall and enhances at the right wall while a reversed behaviour is noticed 
in Sh with fw<0.  The rate of mass transfer experiences an enhancement at both the walls with increases in nanoparticle volume 
fraction f , radiation parameter Rd. Sh reduces with Rotation parameter R and squeezing parameter b at the left wall while a 
reversed effect is noticed at the right wall. 
 
CONCLUSIONS: 
1) An increase in G reduces the axial velocity, enhances the transverse velocity, temperature and concentration. The skin 

friction components reduces at the h=0 and reduces at h=1.  An increase in G enhances Nu and Sh at h=0 while Nu enhances 
and Sh reduces at h=1. 

2) Higher the Lorentz force smaller the velocity components and larger the temperature and concentration, the skin friction 
enhances at the left wall and reduces at the right wall. Nu enhances and Sh reduces at h=0 while they reduces at h=1 with 
increase in M. 

3) An increase in rotation parameter( R ) enhances the axial velocity, temperature and concentration while the transverse 
velocity reduces .The skin friction reduces at h=0 and enhances at h=1.  Nu enhances and Sh reduces at h=0 while at h=1, 
Nu reduces and Sh enhances. 

4) An increase in nanoparticle volume concentration (f ) reduces the velocities and enhances the temperature and 
concentration.  The skin friction enhances at h=0 and reduces at h=1. The Sherwood number enhances at h=0 &1 with f. 

5) Higher thermal radiation(Rd) smaller the axial velocity ,temperature and larger the transverse velocity, concentration. The 
skin friction and Nusselt number enhances at h=0 and reduces at h=1 . 

6) The concentration reduces in the degenerating chemical reaction and enhances in the generating case. Sh enhances at h=0&1 
with g> while for g<0,sh enhances at h=0 and reduces at h=1. 

7) An increase in the squeezing parameter(b) enhances the velocities, temperature and reduces the concentration .An increase 
in b reduces the skin friction, Sh and reduces Nu at h=0 while at h=1,tNu redu7ce and Sh enhances with b. 
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8) An increase in heat source parameter(Q) reduces the velocities, temperature and concentration.treduces with 0>Q  and 
enhances with 0<Q  at both the walls. The rate of heat transfer enhances with 0>Q and reduces with 0<Q at h=0 
while it reduces at h=1 with increase in 0>Q  and 0<Q . 

9)  The velocities enhances with increase in fw, The temperature and concentration reduces with fw>0 while for fw<0,the 
temperature reduces and the concentration enhances in the flow region. 
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Table 2 : Skin friction(tx, tz), Nusselt Number (Nu) and Sherwood Number (Sh) at h=0&1 
 

Parameter h = 0 & 1 
tx(0) tx(1) tz(0) tz(1) Nu(0) Nu(1) Sh(0) Sh(1) 

G 
  
  
  

2 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.0003 -0.638442 -1.42411 
4 -6.58134 4.81623 -0.147562 0.297025 -0.999193 -1.00062 -0.639401 -1.42319 
6 -6.60656 4.77652 -0.148212 0.296481 -0.999635 -1.00069 -0.639106 -1.42299 

10 -6.65694 4.69716 -0.149172 0.295397 -0.998651 -1.00076 -0.640648 -1.42211 
M 
  
  
  

0.5 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00031 -0.638441 -1.42411 
1.0 -6.69248 4.86372 -0.174599 0.384182 -0.999193 -1.00018 -0.639732 -1.42344 
1.5 -6.88193 4.87746 -0.210114 0.488215 -0.999636 -1.00039 -0.639972 -1.42247 
2.0 -7.41083 4.93033 -0.245556 0.708624 -0.998654 -1.00129 -0.643107 -1.41942 

m 
  
  
  

0.5 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00031 -0.638442 -1.42411 
1.0 -6.48957 4.85335 -0.163783 0.322661 -0.999792 -1.00019 -0.638878 -1.42428 
1.5 -6.46601 4.85221 -0.152261 0.298916 -0.999634 -1.00035 -0.639241 -1.42484 
2.0 -6.45725 4.85177 -0.141458 0.281008 -0.998649 -1.00127 -0.639466 -1.42307 

R 
  
  
  

0.5 -6.55624 -6.55616 -0.147492 -0.147052 -0.999818 -1.00035 -0.638442 -1.42411 
1.0 -6.54737 -6.54737 -0.228971 -0.238971 -0.999193 -1.00006 -0.639137 -1.42409 
1.5 -6.52927 -6.52927 -0.301188 -0.351188 -0.998634 -1.00003 -0.639855 -1.42579 
2.0 -6.47534 -6.47534 -0.534645 -0.554645 -0.998609 -1.00129 -0.639959 -1.42273 

Q 
  
  
  

0.5 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00031 -0.638442 -1.42407 
1.5 -6.55616 4.85599 -0.147450 0.297562 -0.999193 -1.00029 -0.639161 -1.42422 
-0.5 -6.55611 4.85589 -0.147368 0.297560 -0.999634 -1.00037 -0.638626 -1.42376 
-1.5 -6.55608 4.855824 -0.147232 0.297569 -0.998649 -1.00127 -0.639687 -1.42265 

Nr 
  
  
  

0.5 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00213 -0.638442 -1.42411 
1.5 -6.55611 4.85595 -0.147555 0.297568 -0.997406 -1.00311 -0.636107 -1.42522 
3.5 -6.55601 4.85601 -0.147659 0.297570 -0.996816 -1.00349 -0.635845 -1.42621 
5.0 -6.55596 4.85555 -0.147761 0.297576 -0.991818 -1.00538 -0.647274 -1.41758 

b 0.2 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00031 -0.638442 -1.42411 
0.4 -5.90568 4.19969 -0.087764 0.244442 -0.998935 -1.00072 -0.583021 -1.61207 
0.6 -5.29119 3.57964 -0.0348215 0.195317 -0.998666 -1.00076 -0.532381 -1.79803 
0.8 -4.37863 2.65852 0.0307551 0.124204 -0.998553 -1.00111 -0.465255 -2.08516 

f 0.1 -6.55624 4.85589 -0.147492 0.297567 -0.999818 -1.00031 -0.927439 -1.07491 
0.2 -6.61771 4.79723 -0.0865207 0.200927 -0.998722 -1.00057 -0.865878 -1.14214 
0.3 -6.65563 4.75925 -0.0531578 0.133882 -0.99822 -1.00069 -0.927729 -1.07475 
0.5 -6.69352 4.71654 -0.0324464 0.0485352 -0.998063 -1.00091 -0.928036 -1.07455 

fw 
  
  
  

0.5 -6.55624 4.65589 -0.147492 0.297567 -0.999818 -1.00031 -0.927435 -1.07491 
1.5 -11.7305 11.6962 -0.749681 0.793682 -0.997782 -1.00106 -0.741688 -1.20604 
-0.5 -0.72680 -1.35245 0.339547 -0.178573 -1.00076 -0.999385 -1.001882 -1.04232 
-1.5 5.91401 -6.92129 0.585499 -0.629888 -1.00223 -0.998863 -1.079588 -1.01091 

Sc 
  
  
  

0.24 -6.55624 4.85592 -0.1474952 0.297567 -0.99984 -1.00009 -0.927431 1.074929 
0.66 -6.55613 4.85593 -0.147052 0.297567 -0.998841 -1.00037 0.865656 1.14243 
1.30 -6.55614 4.85592 -0.147052 0.297567 -0.999364 -0.999816 -0.807902 1.20857 
2.01 -6.55613 4.85593 -0.147052 0.297567 -0.998278 -1.00039 -0.729329 1.30556 

g 
 

0.5 -6.55624 4.85589 -0.147052 0.297567 -0.99984 -1.00009 -0.927434 -1.07502 
1.5 6.55613 4.85593 0.147052 0.297567 -0.998842 1.00039 -0.894933 -1.14621 

-0.5 -6.55614 4.85592 -0.147052 0.297567 -0.999375 -0.99980 -0.961948 -1.00231 
-1.5 -6.55613 4.85593 -0.147052 0.297567 -0.998298 -1.00040 -0.998409 -0.8995 

Q1 
  
  
  

0.5 -6.55624 4.85589 -0.147152 0.297567 -0.99984 -1.0015 -0.927431 -1.07492 
1.0 -6.555523 4.85619 -0.147222 0.297247 -0.998956 -1.0067 -0.927621 -1.07491 
1.5 -6.554518 4.85659 -0.147342 0.296997 -0.9982618 -1.0083 -0.927481 -1.07509 
2.0 -6.553515 4.85722 -0.147412 0.295567 -0.99782 -1.009156 -0.927661 -1.07507 

Pr 
  
  
  

0.71 -6.55624 4.85589 -0.147052 0.297567 -0.999818 -1.00011 -0.927435 -1.07496 
1.71 -6.55603 4.85593 -0.147049 0.297564 -0.998737 -1.00054 -0.865691 -1.14237 
3.71 -6.55601 4.85588 -0.147042 0.297556 -0.999264 -1.00113 -0.927555 -1.07496 

7 -6.55556 4.85579 -0.147034 0.297545 -0.999384 -1.00059 -0.928786 -1.06489 
 


