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MIXED CONVECTION FLOW OF A MICROPOLAR FLUID PAST A 
VERTICAL STRETCHING SURFACE IN A THERMALLY STRATIFIED 

POROUS MEDIUM WITH THERMAL RADIATION 
 

 Mostafa A.A. Mahmoud Shimaa E. Waheed  

 Department of Mathematics Department of Mathematics 
 Faculty of Science Faculty of Science 
 Benha University, Egypt Benha University, Benha; Taif Univesity, Taif, KSA 

ABSTRACT 

This paper is concerned with the effect of thermally stratification on the steady, two-dimensional 
mixed convection flow of a micropolar fluid past a vertical stretching permeable surface saturated in po-
rous medium taking into account the effect of thermal radiation.  The governing system of partial dif-
ferential equations describing the problem are converted into a system of non-linear ordinary differential 
equations using similarity transformation.  The resulting system of coupled nonlinear ordinary differen-
tial equations is solved numerically using the Chebyshev spectral method.  The numerical results for the 
velocity, the micro-rotation and the temperature are displayed graphically showing the effects of various 
parameters like the buoyancy parameter, the radiation parameter, the stratification parameter, the permea-
bility parameter and the suction/injection parameter.  Moreover, the numerical values of the local skin- 
friction coefficient, the wall couple stress and the local Nusselt number for these parameters are also tab-
ulated and discussed. 

Keywords: Micropolar fluid, Mixed convection, Stretching plate, Thermally stratified porous medi-
um, Thermal radiation. 

1.  INTRODUCTION 

The study of non-Newtonian fluid flows have gained 
much attention by the researchers because of its applica-
tions in biology, physiology, technology and industry.  
In addition, the effects of heat transfer in non-Newtonian 
fluid saturated porous media also have great importance 
in engineering applications like the thermal design of 
industrial equipment dealing with molten plastics, poly-
meric liquids, or slurries.  Several investigators have 
extended many of the available convective heat transfer 
in fluid saturated porous media problems to include the 
non-Newtonian effects.  More discussion and applica-
tions of convective transport in porous media can be 
found in the book by Nield and Bejan [1], Ingham and 
Pop [2,3], Vafai [4,5], Pop and Ingham [6], Ingham et al. 
[7] and Bejan et al. [8].  There are several models for 
non-Newtonian fluids depending on the constitutive rela-
tionships between stress and rate of strain one of them is 
a micropolar fluid.  The early studies of Eringen [9,10] 
have reported results on the theory of a micropolar fluids.  
Extensive reviews of this theory and its applications can 
be found in the articles by Ariman et al. [11,12] and the 
recent books by Lukaszewicz [13] and Eringen [14].  
Mixed convection of a micropolar fluid over a moving 
surface have been studied by many authors [15-19] under 

different situations.  Recently, Gupta and Sharma [20] 
studied the thermal instability of a micropolar fluid 
through a porous medium that has a constant thickness.  
Raptis [21] studied the steady boundary layer flow of a 
micropolar fluid through a porous medium by using the 
generalized Darcys law. 

In spite of the extensive research over the past few 
decades, there are still some fundamental problems that 
need to be understood.  One of them is the convective 
transport in thermally stratified porous medium because 
of the broad range of engineering applications.  They 
include heat rejection into the environment such as lakes, 
rivers and seas, thermal energy storage systems such as 
solar ponds, and heat transfer from thermal sources such 
as the condensers of power plants.  Although this ther-
mal stratification effect on heat transfer in porous me-
dium is important, only limited number of references are 
available in the literature, only for certain special cases.  
An early study of natural convection heat transfer from a 
semi-infinite vertical plate immersed in a thermally strat-
ified medium was first conducted by Cheesewright [22].  
Chen and Eichhorn [23] used boundary-layer approach to 
study free convective heat transfer for a thermal-
ly-stratified regime.  Vekatachala [24] also studied free 
convection in thermally-stratified fluids.  Kulkarni et al. 
[25] studied the problem of natural convection flow over 
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an isothermal vertical wall immersed in a thermally 
stratified medium and reported the similarity solutions.  
Angirasa and Srinivasan [26] have presented a numerical 
study of the natural convection flow on a vertical surface 
due to the combined effect of buoyancy forces caused by 
the heat and mass diffusion in a thermally stratified me-
dium.  Recently, Takhar et al. [27] studied numerically 
the free convection boundary layer flow over a continu-
ously moving isothermal vertical surface in a thermally- 
stratified medium.  The steady mixed convection 
boundary layer flow through a stable stratified medium 
adjacent to a vertical surface investigated by Ishak et al. 
[28].  Bejan [29] also studied the classical problem of 
steady free convection boundary layer flow past a verti-
cal plate in a thermally stratified porous medium.  
Cheng and Lee [30] studied the flow and heat transfer 
characteristics of the free convection on a vertical plate 
with uniform and constant heat flux in a thermally strati-
fied micropolar fluid. 

In many engineering new areas such as fossil fuel 
combustion energy processes, solar power technology, 
astrophysical flows, and space vehicle re-entry occur at 
high temperatures, so knowledge of radiation heat trans-
fer beside the convective heat transfer play a very im-
portant role and cannot be neglected.  Also, the effect of 
thermal radiation on flow and heat transfer processes is 
of major importance in the design of many advanced 
energy conversion systems operating at high temperature.  
Thermal radiation within such systems occur because of 
the emission from the hot walls and working fluid.  In 
view of this, Perdikis and Raptis [31] studied the heat of 
a micropolar fluid in the presence of radiation.  The 
effects of radiation on the flow and heat transfer of a 
micropolar fluid past a continuously moving plate have 
been studied by many authors [32-34].  Recently, 
Raptis [35] has analyzed thermal radiation and free con-
vection flow through a porous medium. 

The objective of the present work is to investigate the 
two-dimensional mixed convection flow of a micropolar 
fluid over a stretching vertical permeable surface em-
bedded in thermally stratified porous medium in the 
presence of radiation. 

2.  FORMULATION OF THE PROBLEM 

Consider the steady, incompressible, two-dimensional 
laminar mixed convection boundary layer flow of a mi-
cropolar fluid over a stretching vertical flat plate of tem-
perature Tw(x), which is embedded in a thermally strati-
fied porous medium of variable ambient temperature 
T(x), where Tw(x) > T(x).  It is assumed that Tw(x) 
T0bx, T(x) T0cx and the velocity of the stretch-
ing sheet uw(x) ax, where a, b and c are constants (with 
a 0, b 0, c dT / dx 0 is the stratification rate or 
the slope of the ambient temperature profile with vertical 
distance), T0 is the ambient temperature at the leading 
edge of the plate, (x 0) and x measures the distance 
from the leading edge along the surface of the plate.  

The stationary Cartesian coordinate system has its origin 
located at the leading edge of the sheet with the positive 
x-axis extending along the sheet in the upwards direction, 
while the y-axis is measured normal to the surface of the 
sheet and is positive in the direction from the sheet to the 
fluid.  We assume that all physical properties of the 
fluid are constants expect the density in the buoyancy 
term.  Under usual boundary layer and Boussinesq ap-
proximations, the governing boundary layer equations 
are given by the following equations: 
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subject to the boundary conditions: 
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where u and v are the velocity components in the x and y 
directions; respectively.  T is the fluid temperature, N is 
the component of the micro-rotation vector normal to the 
xy-plane, k is the gyro-viscosity,  is the dynamic viscos-
ity, k1 is the permeability,  is the density of the fluid,  
 is the thermal expansion coefficient, g is the gravita-
tional acceleration acts in the downward direction,  is 
the thermal conductivity, cp is the specific heat at con-
stant pressure, qr is the radiation heat flux, 0 is the spin- 
gradient viscosity. 

We follow the recent work of the authors [36,37] as-
suming that 0 is given by: 

 0 ( / 2) (1 / 2)  .k j K j        (6) 

This equation gives a relation between the coefficient 
of viscosity and microinertia, where K k/( 0) is the 
material parameter, j v/c, j  is the reference length 
and m0(0  m0 1) is the boundary parameter.  When 
the boundary parameter m0 , we obtain N  which is 
the no-spin condition i.e. the microelements in a concen-
trated particle flow close to the wall are not able to rotate 
(as stipulated by Jena and Mathur [38]).  The case   
m0 , represents the weak concentration of micro-
elements.  The case corresponding to m0  is used for 
the modelling of turbulent boundary layer flow (see Ped-
dison and Mc Nitt [39]). 
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Using Rosseland approximation we have: 
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where  is the Stefan Boltzmann constant and k is the 
mean absorption coefficient. 

Assuming that the temperature differences within the 
flow are sufficiently small such that T4 may be expressed 
as a linear function of temperature [40]: 

 4 3 44 3  ,T T T T    (8) 

where the higher-order terms of the expansion are ne-
glected. 

We introduce the following dimensionless variables: 
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Through Eq. (9), the continuity Eq. (1) is automatical-
ly satisfied and Eqs. (2) ~ (5) 

are given by: 
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The transformed boundary conditions are then given 
by: 
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where primes denote differentiation with respect to , 
2/ ( 0)g b a     is the buoyancy parameter, wf   

1/ 2/( )wv a   is the suction ( 0) or the injection param-
eter ( 0), 1

1/aD ak    is the permeability parameter, 
Pr /pc    is the Prandtl number, R   

* 3 *(16 ) /(3 )T k   is the radiation parameter and S c/d 
is the stratification parameter.  We notice that S  0 
implies a stably stratified environment, while S  0 cor-
responds to an unstratified environment. 

The physical quantities of interest are the local skin- 
friction coefficient Cfx, the dimensionless wall couple 

stress Mx and the local Nusselt number Nux, which are 

respectively; defined as: 
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where the local wall shear stress w, the wall couple 
stress mw and the heat transfer from the plate qw are 
defined by: 
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Using the similarity variables (9), we get: 
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2
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 is the local Reynolds number. 

3.  METHOD OF SOLUTION 

The domain of the governing boundary layer Eqs. (10) 
~ (13) is the unbounded region [0,  ) .  However, for 
all practical reasons, this could be replaced by the inter-
val 0  , where  is one end of the user specified 
computational domain.  

Using the algebraic mapping:  

 2 1 .
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nite domain [1, 1], and the problem expressed by Eqs. 
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where now differentiation in Eqs. (17) ~ (20) will be 
with respect to the new variable . 

Our technique is accomplished by starting with a 
Chebyshev approximation for the highest order deriva-
tives, f , h  and  and generating approximations to 
the lower order derivatives f , f , f, h, h,  and  as 
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From the boundary condition (20), we obtain: 
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Therefore, we can give approximations to Eqs. (21) ~ 
(27) as follows:  
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where 

2 ( ) , 0(1) ,ij i j ijb b i n     

and bij are the elements of the matrix B, as given in  Ref. 
[41,42]. 

By using Eqs. (28) ~ (30), one can transform Eqs. (17) 
~ (19) to the following system of nonlinear equations in 
the highest derivatives: 
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2
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                                                    
      (33) 

 
This system is solved using Newton’s iteration.  The 

computer program of the numerical method was execut-
ed in MATHEMATICA 4 running on PC. 

4.  RESULTS AND DISCUSSION 

To verify the proper treatment of the problem, our 
numerical results have been compared for f (0) and 
(0) taking K = 0, S = 0, fw  0, Pr  1 and R = 0 in Eqs. 
(10) and (12) with those obtained by Ishak et al. [43] 
(with Pr  1,   1, m  1, n  1 and we consider 

1
aD M  ) and Ali et al. [44] (with m  0,   1 and Pr  

1) for various values of 1
aD .  The results of this com-

parison show a good agreement as seen in Table 1. 
We have considered in some detail the influence of the 
various parameters such as the buoyancy parameter, the 
radiation parameter, the stratification parameter, the 
permeability parameter and the suction/injection param-
eter on the velocity, the micro-rotation and the tempera-
ture profiles which are shown in Figs. 1 ~ 10.  The 
samples of the velocity and micro-rotation profiles for 
the different values of the buoyancy parameter  when 
the other parameters fixed are presented in Fig. 1.  It is 
seen from this that the dimensionless velocity f  increas-
es with the increase of  for S  0.1 while the opposite is 
true for S  0.9.  The micro-rotation profiles h increase 
as  increases near the surface and the inverse is true 
away from the surface with S  0.1 and S  0.9.  Fig. 2 
shows the effect of  on temperature profiles .  In the 
case of S  0.1 the temperature decreases as the bouncy 
parameter  increases.  The opposite is true in the case 
of S  0.9.  This is due to the fact that the effect of the 
stratification on the mean field is the formation of a re-
gion with a temperature deficit (i.e. a negative dimen-
sionless temperature) in the outer part of the boundary 
layer.  This phenomenon was first shown theoreticcally 
by Prandtl [45] for an infinite wall and later on by Jaluria 
and Himasekhar [46] for semi-infinite walls, utilizing 
finite difference techniques. 

Figure 3 display the influence of R on f  and h.  It is 

obvious that for both cases of S  0.1 and S  0.9, f  in-
creases as R increases, while h decreases with the in-
crease of R near the surface and the opposite is true away 
from it.  An increase of thermal radiation added more 
heat within the fluid which interacts with the buoyancy 
force to induce the flow in the boundary layer causing 
velocity of the fluid there to increase.  Figure 4 illus-
trates the temperature profiles with various values of R 
for a given S (S  0.1 or S  0.9).  It is observed that the 
temperature increases with an increase of R.  The in-
crease of radiation parameter R implies the release of 
heat energy from the flow region by means of radiation; 
this can also be explained by the fact that the effect of 
radiation is to increase the rate of energy transport to the 
fluid and accordingly increase the fluid temperature. 

Table 1 Comparison of f (0) and (0) for various 
values of 1

aD  with R  0, K  0, S  0, Pr  
1 and   1 

1
aD Ishak et al. [43] Ali et al. [44] Present results

f (0) (0) f (0) (0) f (0) (0)
0 0.5607 1.0873 0.5607 1.0873 0.5607 1.0873

0.01 0.5658 1.0863 0.5658 1.0863 0.5658 1.0863
0.04 0.5810 1.0833 0.5810 1.0833 0.5810 1.0833
0.25 0.6830 1.0630 0.6830 1.0630 0.6830 1.0630

1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
4 1.8968 0.8311 1.8968 0.8311 1.8968 0.8311

25 4.9155 0.4702 4.9155 0.4702 4.9155 0.4702

 
Fig. 1 Velocity and microrotation profiles for various 

values of  with fw  0.2, 1
aD  0.5, R 0.3,   

K 1.2 and Pr 0.72 
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Fig. 2 Temperature profiles for various values of  
with fw  0.2, 1

aD  0.5, R 0.3, K 1.2 and    
Pr 0.72 

 

Fig. 3 Velocity and microrotation profiles for various 
values of R with fw  0.2, 1

aD = 0.5,  0.5,    
K 1.2 and Pr 0.72 

 

Fig. 4 Temperature profiles for various values of R 
with fw  0.2, 1

aD  0.5,  = 0.5, K 1.2 and    
Pr 0.72 

 

Fig. 5 Velocity and microrotation profiles for various 
values of 1

aD  with fw  0.2, R = 0.3,  0.5,    
K 1.2 and Pr 0.72 

 

Fig. 6 Temperature profiles for various values of 
1

aD  with fw  0.2, R = 0.3,  0.5, K 1.2 
and Pr 0.72 

 

Fig. 7 Velocity and microrotation profiles for various 
values of S with  0.5, 1

aD = 0.5, R 0.3,  
K 1.2 and Pr 0.72 

 

Fig. 8 Temperature profiles for various values of S 
with  0.5, 1

aD  0.5, R 0.3, K 1.2 and    
Pr 0.72 

 

Fig. 9 Velocity and microrotation profiles for various 
values of fw with S  0.1, 1

aD  0.5, R 0.3,  
 = 0.5, K 1.2 and Pr 0.72 
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Fig. 10 Temperature profiles for various values of fw 
with S 0.1, 1

aD  0.5, R 0.3,  = 0.5,    
K 1.2 and Pr 0.72 

Figure 5 presents the effect of the permeability param-
eter 1

aD  on f  and h.  We notice that for S  0.1 and S 
 0.9, f  decreases with the increase of 1

aD , but h in-
creases as 1

aD  increases, the opposite is true at a large 
distance from the plate which means that porous medium 
acts as an hindrance in the rotary motions of the mi-
cro-elements.  Also, it should be noticed that large val-
ues of Da correspond to high porosity of the porous me-
dium, and the limit Da   corresponds to the case of no 
porous medium is present.  Obviously a high porosity 
of the porous medium exerts less resistance to the flow.  
The presence of porous medium causes higher retarda-
tion to the fluid, which reduces the velocity.  Figure 6 
illustrates the effects of 1

aD  on the temperature profiles 
.  It is observed that  increases with the increase of 

1
aD  for both cases of S  0.1 and S  0.9. 
Figure 7 shows the variation of f () and h() with  

for various values of the stratification parameter S.  It is 
seen that f  decreases with the increase of S, while h in-
creases with the increase of S near the surface and h de-
creases at larger distance from the surface.  Figure 8 
shows the effect of S on .  Where one sees that the 
temperature profiles decrease as S increases.  Figure 8 
also shows the curve for S  0.9, to emphasize the pres-
ence of negative , or local temperature undershoot, 
which apparently arises with extreme stratification.  
This effect was also observed in the calculations of 
Cheesewright [22], who suggested that such a tempera-
ture undershoot constitutes an unstable situation and may, 
therefore, impart heightened instability to the boundary 
region. 

The effects of suction (injection) parameter fw on the 
velocity micro-rotation profiles are shown in Fig. 9.  It 
is evident from this figure that the velocity increases as 
the transpiration rate at the plate goes from suction (fw  
0.8) to injection (fw  0.8).  Also, it is observed that as 
fw increases from suction (fw  0.8) to injection (fw  0.8) 
the micro-rotation decreases near the surface and the 
reverse is true at larger distance from the surface.  The 
temperature profiles with variation of fw has been shown 
in Fig. 10.  It is observed that as fw increases from suc-
tion to injection, the effect is to higher the temperature 
levels in the thermal boundary layer. 

The local skin-friction coefficient in the term of 
f (0), the wall couple stress in the term of h(0) and the 
local Nusselt number in the term of (0) for various 
values of , R, S, fw and 1

aD  are illustrated in Table 2.  
From this Table one observes that for S  0.1,  has the 
effect of decreasing the local skin-friction coefficient.  
The local Nusselt number and the wall couple stress in-
crease with increasing .  The opposite is true for S  
0.9.  Moreover, increasing R reduce the local skin-  
friction coefficient and the local Nusselt number, while 
the wall couple stress increases as R increases for both 
cases of S  0.1 and S  0.9.  The local skin friction 
coefficient increases with increasing S, but the local 
Nusselt number and the wall couple stress decrease with 
increasing S.  The local skin friction coefficient and the 
local Nusselt number decrease in the presence of injec-
tion but they increase in the presence of suction at the 
surface.  The inverse is true for the wall couple stress.  
Finally, the local skin friction coefficient increases with 
increasing 1

aD , but the local Nusselt number and the 
wall couple stress decrease with increasing 1

aD  for 
both cases of S  0.1 and S  0.9. 

5.  CONCLUSIONS 

The problem of steady, two-dimensional mixed con-
vection flow of a micropolar fluid over stretching per-
meable vertical surface with radiation taking into account 
the presence thermally stratification has been investigat-
ed.  Using similarity transformations, the governing 
equations have been transformed into a system of cou-
pled non-linear ordinary differential equations which is 
solved numerically by using the Chebyshev spectral 
method.  The effects of various parameters , R, S, fw, 

1
aD  and Pr on the flow and heat characteristics were 

examined.  It was found that the local skin-friction co-
efficient decreases as the radiation parameter increases, 
while it increases as the permeability parameter increases 
for both cases of S  0.1 and S  0.9.  It is also found 
that the wall couple stress increases as the radiation pa-
rameter increases, while it decreases as the permeability 
parameter increases for both cases of S  0.1 and S  0.9.  
The local Nusselt number decreases as the radiation pa-
rameter and the permeability parameter increase for a 
given S (S  0.1 and S  0.9).  For S  0.1, the buoyancy 
parameter has the effect of decreasing the local 
skin-friction coefficient, while the local Nusselt number 
and the wall couple stress increase with increasing the 
buoyancy parameter.  The opposite is true for S  0.9.  
The local skin friction coefficient increases with in-
creasing the stratification parameter, but the local 
Nusselt number and the wall couple stress decrease with 
increasing the stratification parameter.  Also, it was 
found that the local skin friction coefficient and the local 
Nusselt number decrease in the presence of injection but 
they increase in the presence of suction at the surface, 
while the inverse is true for the wall couple stress. 
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Table 2 Values of f (0), h(0) and (0) with m0 = 
0.5, K  1.2 and Pr  0.72 

 R S fw 1
aD  f (0) h(0) (0)

0.1 0.3 0.1 0.2 0.5 0.991905 0.439398 0.719753
0.5 0.3 0.1 0.2 0.5 0.869536 0.374131 0.751623
1 0.3 0.1 0.2 0.5 0.729524 0.294924 0.780288
1.3 0.3 0.1 0.2 0.5 0.649904 0.248254 0.794439
0.1 0.3 0.9 0.2 0.5 1.030220 0.457190 0.422879
0.5 0.3 0.9 0.2 0.5 1.044630 0.459928 0.404184
1 0.3 0.9 0.2 0.5 1.055850 0.461664 0.390889
1.3 0.3 0.9 0.2 0.5 1.060700 0.462194 0.385200
0.5 0.1 0.1 0.2 0.5 0.880242 0.377917 0.837098
0.5 0.5 0.1 0.2 0.5 0.860292 0.371005 0.685503
0.5 1 0.1 0.2 0.5 0.841804 0.365113 0.570177
0.5 1.5 0.1 0.2 0.5 0.827827 0.360941 0.494867
0.5 0.1 0.9 0.2 0.5 1.048720 0.461750 0.462194
0.5 0.5 0.9 0.2 0.5 1.041140 0.458447 0.360068
0.5 1 0.9 0.2 0.5 1.034260 0.455719 0.284974
0.5 1.5 0.9 0.2 0.5 1.029140 0.453845 0.237455
0.5 0.3 0.1 0.2 0.5 0.869523 0.374120 0.751611
0.5 0.3 0.3 0.2 0.5 0.913862 0.396018 0.668458
0.5 0.3 0.5 0.2 0.5 0.957815 0.417607 0.582814
0.5 0.3 0.7 0.2 0.5 1.001380 0.438891 0.494715
0.5 0.3 0.1 0.8 0.5 1.089490 0.590173 0.923716
0.5 0.3 0.1 0.4 0.5 0.938229 0.436384 0.805552
0.5 0.3 0.1 0.2 0.5 0.869536 0.374131 0.751623
0.5 0.3 0.1 0.0 0.5 0.805608 0.320468 0.701193
0.5 0.3 0.1 -0.2 0.5 0.746449 0.274491 0.654245
0.5 0.3 0.1 -0.4 0.5 0.691981 0.235304 0.610712
0.5 0.3 0.1 -0.8 0.5 0.596472 0.173905 0.533417
0.5 0.3 0.1 0.2 0.0 0.695909 0.278853 0.790437
0.5 0.3 0.1 0.2 0.1 0.869536 0.374131 0.751623
0.5 0.3 0.1 0.2 0.8 0.960326 0.424739 0.731521
0.5 0.3 0.1 0.2 1.5 1.145730 0.529651 0.691322
0.5 0.3 0.9 0.2 0.0 0.892742 0.375414 0.438434
0.5 0.3 0.9 0.2 0.1 1.044630 0.459928 0.404184
0.5 0.3 0.9 0.2 0.8 1.125510 0.505617 0.387436
0.5 0.3 0.9 0.2 1.5 1.293260 0.601750 0.355714

NOMENCLATURES 

 cp specific heat at constant pressure 
 Cfx local skin-friction coefficient 

 1
aD  permeability parameter 

 f dimensionless velocity 
 fw dimensionless suction or injection velocity 
 g gravitational acceleration acts in the downward 

direction 
 h dimensionless micro-rotation 
 j micro-inertia 
 k gyro-viscosity 
 k1 permeability 
 K material parameter 

 k mean absorption coefficient 
 m0 boundary parameter 
 Mx dimensionless wall couple stress 
 mw wall couple stress 
 N dimensional component of micro-rotation vector 

normal to the xy-plane 

 Nux local Nusselt number 

 Pr Prandtl number 
 qr radiative heat flux 
 qw heat transfer from the plate 
 R radiation parameter 
 Rex local Reynolds number 
 S stratification parameter 
 T fluid temperature 

 T temperature at the free surface  
 Tw surface temperature of the plate 
 T0 ambient temperature at leading edge of the plate 
 u,v dimensional components of velocities along and 

perpendicular to the plate, respectively 
 uw surface velocity 
 vw dimensional suction or injection velocity 
 x,y dimensional distances along and perpendicular 

to the plate, respectively 

Greek symbols 
  dimensionless distance normal to the plate 

 0 spin-gradient viscosity 
  Stefan Boltzmann constant 
  thermal conductivity 
  dynamic viscosity 
  fluid density 
 w wall shear stress 
  thermal expansion coefficient 
  buoyancy parameter 

  dimensionless temperature 

Subscripts 
 w condition at the solid surface 
 0 ambient condition 

Superscripts 
  differentiation with respect to  
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