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A two-dimensional steady convective flow of thermo-micropolar fluid past a verti-
cal permeable flat plate in the presence of heat generation with uniform surface
heat flux has been analyzed numerically. The local similarity solutions for the flow,
microrotation (angular velocity) and heat transfer characteristics are illustrated
graphically for various material parameters entering into the problem. The effects
of the pertinent parameters on the local skin friction coefficient, plate couple stress,
and the rate of heat transfer are also calculated and displayed graphically. The re-
sults show that skin friction coefficient (viscous drag) and the rate of heat transfer

(Nusselt number) in micropolar fluid are less compared to that of the Newtonian
Sfluid.
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Introduction

A micropolar fluid is the fluid with internal structures in which coupling between the
spin of each particle and the macroscopic velocity field is taken into account. The classical theo-
ries of continuum mechanics are inadequate to explicit the microscopic manifestations of such
complex hydrodynamic behavior. The dynamics of micropolar fluids, originated from the the-
ory of Eringen [1] has been a popular area of research for the last few decades as this class of flu-
ids represents mathematically many industrially important fluids that may be applied to explain
the flow of colloidal suspensions (Hadimoto et al. [2]), liquid crystals (Lockwood et al. [3]),
polymeric fluids, human and animal blood (Ariman et a/. [4]), body fluids and many other situa-
tions.

Ahmadi [5] presented solutions for the flow of a micropolar fluid past a semi-infinite
plate taking into account micro-inertia effects using a Runge-Kutta shooting method with New-
tonian iteration. Soundalgekar et al. [6] studied the flow and heat transfer past a continuously
moving plate in a micropolar fluid. Gorla [7] studied mixed convection in a micropolar fluid
from a vertical surface with uniform heat flux. Rees et al. [8] studied free convection boundary
layer flow of micropolar fluids from a vertical flat plate while Mohammadein et al. [9] studied
the same flow bounded by stretching sheet with prescribed wall heat flux, viscous dissipation
and internal heat generation. Aissa et al. [10] studied joule heating effects on a micropolar fluid
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past a stretching sheet with variable electric conductivity. Markin ef al. [11] obtained similarity
solutions for the mixed convection flow over a vertical plate for the case of constant heat flux
condition at the wall. Char et a/. [12] have studied laminar free convection flow of micropolar
fluids from a curved surface using cubic spline collocation method. Kelson et al. [13] studied
micropolar fluid flow over a porous stretching sheet with strong suction or injection while
Bhargava et al. [14] studied the same flow for mixed convection investigating the effects of sur-
face boundary conditions. Recently, Bhargava et al. [15] also studied the above problem over a
nonlinear stretching sheet.

The study of heat generation or absorption in moving fluids is important in problems
dealing with chemical reactions and those concerned with dissociating fluids. Possible heat gen-
eration effects may alter the temperature distribution; consequently, the particle deposition rate
in nuclear reactors, electronic chips and semi conductor wafers. Rahman et al. [16] studied
magnetohydrodynamic convective flow of a micropolar fluid past a vertical porous plate in the
presence of heat generation-absorption. Very recently Rahman et al. [17] studied radiative heat
transfer flow of micropolar fluid along a porous plate immersed in a porous medium.

In the present study, we have extended the work of Rahman et al. [16] for free-forced
convection and investigate the heat transfer characteristics of micropolar fluid compared to the
Newtonian fluid along a heated vertical porous flat plate with variable suction and uniform sur-
face heat flux in the presence of heat generation. The similarity solutions are then obtained nu-
merically for various parameters entering into the problem using shooting method and discussed
the results from the physical point of view.

Mathematical formulation

) 1 Let us consider a steady two-dimensional flow

of a viscous, incompressible micropolar fluid of

Vo) % v temperature 7, past a heated vertical porous flat
- T plate and there is a suction velocity v,(x) normal

o Y. to the plate. The flow is assumed to be in the x-di-

rection, which is taken along the plate in the up-
> ward direction and y-axis is normal to it. The flow

configuration and the coordinate system are
Figure 1. Flow configuration and coordinate  ¢hown in the fig. 1.
system

Assuming the viscous dissipation effects to be
negligible, the governing equations continuity,
momentum, angular momentum and heat under Boussinesq and boundary layer approximation
are as follows:
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where u and v are the velocity components along x and y co-ordinates, respectively, v = t/p is
the kinematic viscosity, p — the mass density of the fluid, i — the coefficient of dynamic viscos-
ity, S —the coefficient of gyro-viscosity or as the vortex viscosity, o — the microrotation compo-
nent normal to the xy-plane, v, = (u + S/2)j is the microrotation viscosity or spin-gradient vis-
cosity, j — the micro-inertia per unit mass, 7 — the temperature of the fluid within the boundary
layer, 7., — the temperature of the fluid outside the boundary layer, U, — the velocity of the fluid
far away from the plate, ¢, — the specific heat of the fluid at constant pressure, k — the thermal
conductivity of the fluid, O, — the heat generation parameter, g, —the acceleration due to gravity,
and 8" — the volumetric coefficient of thermal expansion. In the present work we assume that the
micro-inertia per unit massj is constant.
The appropriate boundary conditions
— on the plate surface (y = 0):

u =0, v =vy(x) (no-slip and permeable wall conditions) (5a)
o=-n ? (microrotation proportional to vorticity), and (5a)
y
oT .
—K = =¢q,, (uniform surface heat flux), (5a)
y
— matching with the quiescent free stream (y — ):

u=U, o=0 T=T, (5b)

where the subscripts w and o refer to the wall and boundary layer edge, respectively. Positive
and negative values of v, indicate blowing and suction, respectively, while v, = 0 corresponds to
an impermeable plate. A linear relationship between microrotation function o and the surface
shear Ou/0Oy is chosen for investigating the effect of different surface conditions for microrota-
tion. When microrotation parameter n = 0 we obtain o = 0 which is a generalization of the
no-slip condition i. e. the microelements in a concentrated particle flow closest to the wall are
not able to translate or rotate as stated by Jena et al. [18]. The case n # 0 states that microrotation
is equal to the fluid vorticity at the boundary that is in the neighborhood of a rigid boundary, the
effect of microstructure is negligible since the suspended particles can not get closer to the
boundary than their radius. Specifically the case n = 0.5 represents vanishing of the anti-sym-
metric part of the stress tensor and represents weak concentration. For this case Ahmadi [5] sug-
gested that in a fine particle suspension the particle spin is equal to the fluid velocity at the wall.
The case corresponding to # = 1 be representative of turbulent boundary layer flows (see [19]. In
eq. (5a), the last condition represents uniform heat flux at the surface of the plate.

Transformation of model

A stream function y defined by u = Ow/0y and v = —0y/0x is introduced such that the
continuity eq. (1) is satisfied. To obtain solutions, the governing eqs. (1)-(4) and boundary con-
ditions (5) are first transformed into locally self-similar form because similar solution is more
convenient to study. To do this, we now introduce the following transformations:

’Ui ,Uoo
l//=,/2UUmxf(r7), O=,—g, n=yl— (6)
2vx 20x

Since u = Oy/0y and v = —0w/Ox we have from eq. (6) that, u = U,, /"' and
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v=— = ) )
2x

Here f'is the non-dimensional stream function, g — the dimensionless microrotation, and 7 — the
similarity variable and prime denotes differentiation with respect to 1.

The thermal boundary conditions depend on the type of heating process being consid-
ered, that is the prescribed heat flux. Define the temperature distribution as follows:

T-T,=0(n)T" ®)

where T "= (2ux/U,)"?q, /x.
Now substituting eqs. (6)-(8) into eqgs. (2)-(4) we obtain:

A+2)f"+ ff"+Ag" +10=0 )
(H%Ajég"—2A(2g+f")+§(fig+gf)=0 (10)
0" + Pr(f6' — '0) + PrOO=0 (11)

where A = S/u is the vortex viscosity parameter, A =2g,8"xT"/U 2 — the buoyancy parameter,
& = jU./ux —the micro-inertia density parameter, Pr=k/pc, —the Prandtl number, and Q =
=20/pc,U.,, — the non-dimensional heat generation parameter.

The corresponding boundary conditions (5) become:

f=fw f'=0, g=-nf", 0'=-1 atnzO}

, (12)
f'=1, g=0, 6=0 asn —

where f,, = — vy(x)(2x/vU.)"? is the suction velocity at the plate for £, > 0.The egs. (9)-(11) are
locally self similar together with the boundary conditions (12).

Skin friction coefficient, plate couple stress,
and Nusselt number

The quantities of chief physical interest are the skin friction coefficient, plate couple
stress and the Nusselt number (rate of heat transfer). The equation defining the wall shear stress is:

T, = *S)[%j +85(0),0 (13)

y=0
The local skin friction coefficient is defined as:

Co=—"v —h L ra-mayro) (14)
S %pch '_Rex n

Thus from eq. (14) we see that the local values of the skin friction coefficient C,is pro-
portional to f"(0).
The equation defying the plate couple stress is:

(a8 2
M, —[u+ 2];[ ayjy_o (15)

The dimensionless couple stress is defined by:
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M, :L:(l+%AJ§g’(O) (16)

1
—poU
2P

Thus the local couple stress in the boundary layer is proportional to g(0)
We may define a non-dimensional coefficient of heat transfer, which is known as
Nusselt number as follows:
_ xh(x)

K

Nu (17)

where h(x) = q,/(T,, — T.,) and g, is the quantity of heat transferred through the unit area of the
surface. Now the rate of heat transfer, in terms of the dimensionless Nusselt number, given by:

1
Nu, =4Re, ——
V20(0)
Thus from eq. (18) we see that the local Nusselt number Nu, is proportional to 1/6(0).
Hence the numerical values corresponding to C;Rel/2, M,, and Nu,Re;"/? are calculated from

egs. (14), (16), and (18) are shown in figs. (5)-(7).

(18)

Numerical solution

The set of egs. (9)-(11) are highly non-linear and therefore the system cannot be solved
analytically. The non-linear ordinary differential egs. (9)-(11) with boundary conditions (12)
are solved using Nachtsheim-Swigert [20] shooting iteration technique with £, A, O, &, 4, Pr,
and n as prescribed parameters. For a brief discussion of the Nachtsheim-Swigert shooting itera-
tion technique authors are suggested to consult the work of Maleque et al. [21]. Within the con-
text of the initial value method and the Nachtsheim-Swigert shooting iteration technique the
outer boundary conditions may be functionally represented by the first order Taylor’s series as:

S ) = 1@ B, 7) = fo () + Acf + ABf + Ay [ =6 (19)
g(nmax) =g(a:ﬂ:}/) =g0(77max) +Aaga +Aﬁgﬁ +A7/g7 = 62 (20)
0(nmax) :Q(Q,ﬁ,}/) :90 (nmax) + Aa@a + Aﬂgﬂ + Ay@y = 53 (21)
with the asymptotic convergence criteria given by:
S M) = 1@ Boy) = [0 M) + A0Sy + ABSG + Ayf) =6, (22)
8 Mimax ) =8 (@, B,7) =80 (Nimax) + A0tg, + APgs + Ayg, =05 (23)
0" (N max ) =0'(@, B,7) = 05 (N ) + AQO, + ABO; + Ay 0, =S¢ (24)

where a =£"(0), 5 = 2'(0), y=0(0), and &, 3, and y subscripts indicate partial differentiation, e. g.,
f.; =0f"0f"(0). The subscript 0 indicates the value of the function at 7,,,,, to be determined from
the trial integration. Solution of these equations in a least-squares sense requires determining the
minimum value of £ = (5, — 1)* + 82 + 62 + 62 + 62 + 62 with respect to &, 8, and y. To solve
Aa, AB, and Ay we require to differentiate £ with respect to a, 3, and y, respectively. Thus adopt-
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ing this numerical technique, a computer program was set up for the solutions of the governing
non-linear partial differential equations of our problem where the integration technique was
adopted as a sixth-order Runge-Kutta method of integration.

A step size of Anp = 0.001 was selected to be satisfactory for a convergence criterion of
107% in all cases. The value of 17, was found to each iteration loop by the statement 1., = 17, + An...

05

Curves
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O O O Ajp=0.005
0 00 ap=0.01

fy,=05A=50Q=05¢=20,

41=10.0,Pr=0.73n=05

-1

0.5

Figure 2. (a) velocity, (b) microrotation,
and (c) temperature profiles for different
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The maximum value of 7, to each group of pa-
rameters f,, A, O, &, A, Pr, and » is determined
when the value of the unknown boundary condi-
tions at 17 = 0 not change to successful loop with
error less than 107°.

In order to verify the effects of the step size
An we ran the code for our model with three dif-
ferent step sizes as, An = 0.01, An = 0.005, and
An =0.001 and in each case we found excellent
agreement among them. Figures 2a-c, respec-
tively, show the velocity, microrotation, and
temperature profiles for different step sizes.
From these figures it is clear that for sufficiently
small values of An the solutions are independent
of the step sizes.

To assess the accuracy of our code, we repro-
duced the values of f7(0), g'(0), and -0'(0),
which are proportional, respectively, to the local
skin friction coefficient, plate couple stress, and
the rate of heat transfer coefficient considering
the model of El-Arabawy [22] for Pr=0.73 and
N = 5.0 (vhere N is the radiation parameter de-
fined in [22]). Tables 1-3 show the comparison
of the data produced by our code and that of
El-Arabawy. In fact the results show a close
agreement, hence an encouragement for the use
of the present code for our model.

Results and discussion

The present work generalized the problem of
heating effects on a boundary layer of a
micropolar fluid over the porous plate with vari-
able suction, uniform surface heat flux in the
presence of heat generation. For the purpose of
discussing the results, the numerical calculations
are presented in the form of non-dimensional ve-
locity, microrotation, and temperature profiles. In
the calculations the values of suction parameter

f» Vortex viscosity parameter A, heat generation

parameter O, micro-inertia density parameter &,
buoyancy parameter A, Prandtl number Pr, and
microrotation parameter n are chosen arbitrarily.
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Table 1. Comparison of f7'(0) Table 2. Comparison of g'(0)

Vo Code El-Arabawy [22] | Present code Vo Code El-Arabawy [22] | Present code
0.7 -0.278827 -0.278390 -0.7 0.236917 0.236511
-0.4 —0.404227 —0.403525 -0.4 0.286997 0.286460
-0.2 —-0.504059 —-0.503800 -0.2 0.321165 0.320745

0.0 —0.616542 -0.616237 0.0 0.355330 0.355138

0.2 -0.741521 -0.741131 0.2 0.389278 0.389055

0.4 -0.877517 —0.877088 0.4 0.422223 0.421998

0.7 —1.099430 —1.098857 0.7 0.468923 0.468660

The existence of the free convection current is ~ Table 3. Comparison of —6'(0)
due to the difference in temperature ofthe plate v | Code BLArsbawy [22] | Present code
T,, and the temperature in the uniform flow,

viz. T, — T... Hence the difference may be posi- -0.7 0.247513 0.242280
tive, zero, or negative depending upon 73, > 7.,.. _0.4 0.316706 0.313005
Then the.values of A will assume positive, zero, Y 0370236 0.367887
or negative values. Physically A < 0 corre-

sponds to an externally heated plate as the free 0.0 0.427013 0.429061
convection currents are carried towards the 0.2 0.492675 0.496532
plate and 4 > 0 corresponds to an externally 0.4 0.565067 0.569655
cooled plate while corresponds to the absence 07 0.636869 0.689726

of free convection currents. Since we are con-
sidering cooling problem, only positive values
of A are chosen. The default values of the above-mentioned parameters which we considered
aref, =0.5,4=5.0,0=0.5,£=0.5,4=10.0, Pr=0.73, and n = 0.5 unless otherwise specified.
Figure 3a shows the velocity profiles for different values of suction parameter f;, for a
cooling plate. It can be seen that for cooling of the plate the velocity profiles decrease
monotonically with the increase of suction parameter. When suction applies, the eventual state
of the boundary layer is of uniform thickness indicating suction stabilizes the boundary layer
growth. The free convection effect is also apparent in this figure. For a fixed suction velocity f,,,
velocity is found to increase and reaches a maximum value in a region close to the plate, then
gradually decreases to one. Figure 3b shows the microrotation (angular velocity) profiles for dif-
ferent values of suction parameter. The angular velocity g remains negative for large values of f,,
whereas it has a tendency to become positive for small values of f,. In general, the angular ve-
locity of the microelements increases with the increase of f;, very close to the surface of the
plate. As suction velocity intensifies the microrotation of the microconstituents gets induced
near the surface of the plate. After a short distance from the surface of the plate (17 = 1) where ki-
nematic viscosity is dominant these profiles overlap and then decrease with the increase of f;,.
Within the boundary layer region these profiles increase from —0.5 f"(0) to zero as 7 increases
from zero to infinity. Figure 3c indicates the temperature profiles showing the effect of suction
parameter. It can be seen that temperature decreases with the increase of the suction parameter.
Decelerated fluid particles close to the heated wall absorb more heat from the plate as a conse-
quence the temperature of the fluid within the boundary layer increases. Sucking these deceler-
ated fluid particles through the porous plate leads to the decrease of the temperature profiles.
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Figure 3. (a) velocity, (b) microrotation, and (c) Figure 4. (a) velocity, (b) microrotation, and
temperature profiles for different values of (c) temperature profiles for different values of
suction parameter f,, vortex viscosity parameter A

Thus suction can be used for controlling the temperature function, which is required in many en-
gineering applications like nuclear reactors, generators, efc.

Figure 4 a shows the effect of vortex viscosity parameter A on the velocity profiles for a
cooling plate. From here we see that, as A increases, the maximum of the velocity decreases and
the location of the maximum velocity increases and shifts away from the surface of the plate. In-
creasing A intensifies the concentration of the microconstituents near the boundary as a conse-
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quence the velocity of the micropolar fluid decreases and the thickness of the momentum bound-
ary layer increases. Figure 4b shows the effect of A on the microrotation profiles. From this figure
we see that microrotation increases with the increase of the vortex viscosity parameter. It is also
understood that as the vortex viscosity increases the rotation of the microconstituents gets induced
near the wall (7 < 1). Far away from the wall where kinematic viscosity dominates the flow these
profiles overlap and decreases with the increase of

A. From fig. 4c we found increasing effect of A on 2F
the temperature profiles. This figure also reveals 18
that thermal boundary layer thickness becomes 16 F

large as A is increased. A

Figures 5a-5c, respectively, show the velocity,
microrotation, and temperature profiles for differ-
ent values of heat generation parameter Q. From
fig. 5a it is observed that when the heat is gener-

Q=0,05,10,1520

ated the buoyancy force increases which induces 08 F

the flow rate to increase giving rise to the increase 0.4

in the velocity profiles as a consequence the mo- 0.2

mentum boundary layer thickness decreases. Fig- b

ure 5b shows the effects of heat generation on the
microrotation profiles. The microrotation (angular
velocity) is found to decrease as Q increases be-
cause (Q increases the buoyancy in the vicinity of
the plate. But far away from the surface of the
plate where buoyancy force is week these profiles
increase with the increase of Q. Owing to the pres-
ence of heat generation it is apparent that there is
an increase in the thermal state of the fluid. Hence :
from fig. Sc we observe that temperature increases Y
as @ increases. It is also apparent that the thick-
ness of the thermal boundary layer increases with

Q=0,05,10,15,20

the increase of heat generation. AR
In figs. 6a-6¢, respectively, we have varied the ~ ®) © 1 2 3 4 n 5
micro-inertia density parameter & keeping all .

other parameters value fixed. From fig. 6a we see
that as & increases the inertia of the 6
microconstituents increases as a result velocity of
the micropolar fluid decreases very close to the
surface of the plate (n = 1). Away from the veloc-
ity surface fluid velocity increases with the in- 1

Q=0,05,1.0,15,20

crease of . From fig. 6b we see that microrotation 08 f
profiles decrease with the increase of micro-iner- 06 f
tia density parameter except near the surface of 04k

the plate where kinematic viscosity dominates the
flow. From fig. 6¢ we see that the values of & intro- F S I
duce negligible increasing effect on the tempera- (c) 0 1 2 3 n 4

ture profiles. . Figure 5. (a) velocity, (b) microrotation, and
In ﬁg.s. Ta-Tc, reSPeCthe.l}’a we have preser}ted (c) temperature profiles for different values of
the physical parameters skin friction coefficient  heat generation parameter Q
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Figure 6. (a) velocity, (b) microrotation, and (c) Figure 7. (a) skin friction coefficient, (b) plate
temperature profiles for different values of couple stress, and (c) Nusselt number for
micro-inertia density parameter & different values of suction parameter f,, and

vortex viscosity parameter A

(surface shear stress), plate couple stress and the rate of heat transfer (Nusselt number) for dif-
ferent values of suction parameter f;, and vortex viscosity parameter A. From fig. 7a we see that
skin friction coefficient decreases with the increase of £, whereas for a fixed value of £, this co-
efficient increases with the increase of A. As A increases the vortex viscosity of the micropolar
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fluid increases therefore the rate of friction between the fluid and plate increases. It is also appar-
ent that for small suction increasing effect of A is significant. Figure 7b shows that forA <2.7
(not precisely determined) plate couple stress increases with the increase of f,. For A > 2.7 plate
couple stress decreases with the increase of £;,. It is also noticeable that M, increases with the in-
crease of A up to a certain value of f, then it decreases with the further increase of f,,. From fig.
7c we observe that rate of heat transfer increases with the increase of f,, whereas this coefficient
decreases with the increase of A.

Figures 8a-8c, respectively, show the skin friction coefficient, plate couple stress, and
the rate of heat transfer for different values of heat generation parameter O, and buoyancy pa-
rameter A. From this figure we see that skin friction coefficient increases with the increase of
heat generation parameter for the case of free convection (large A). In the absence of free con-
vection (A = 0) this coefficient remains the same. For a fixed value of Q skin friction increases
with the increase of A. Effects of Q and A on the plate couple stress are same as those of skin
friction coefficient. Figure 8c shows that rate of heat transfer increases with the increase of 4
whereas this coefficient decreases with the increase of 0. The heat generation mechanism in-
creases the fluid temperature near the surface of the plate as a consequence rate of heat transfer
from the plate to the fluid decreases. The buoyancy parameter as well as heat generation parame-
ter has thus an important role in controlling the temperature.

20 4
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Figure 9. (a) skin friction, and (b) Nusselt number in micropolar fluid and Newtonian fluid for dif-
ferent values of suction parameter f,, and heat generation parameter Q

Figures 9a and 9b, respectively, show the skin friction coefficient and rate of heat
transfer for different values of f,, and Q in a micropolar fluid (solid line) and a Newtonian fluid
(dashed line). In our problem A = 0 and & = 0 represents the case of a Newtonian fluid. From
these figures we observe that skin friction coefficient as well as rate of heat transfer is lower in
the micropolar fluid compared to the Newtonian fluid, which may be beneficial in flow and tem-
perature control of polymer processing.

Conclusions

In this paper, we have investigated numerically the heat transfer flow of
thermo-micropolar fluid past a vertical permeable flat plat with uniform surface heat flux in the
presence of heat generation. Using usual similarity transformations the governing equations
have been transformed into non-linear coupled ordinary differential equations and were solved
for similar solutions by using Nachtsheim-Swigert shooting iteration technique. Effects of the
various parameters such as suction parameter f;,, vortex viscosity parameter A, heat generation
parameter J, micro-inertia density parameter £, and buoyancy parameter A on the flow,
microrotation, and temperature profiles are examined. The following conclusions can be drawn
as a result of the numerical computations.

Skin friction (surface shear stress) coefficient decreases with the increase of suction
parameter and vortex viscosity parameter, indicating that these parameters accelerate the flow
regime. Thus drag forces can be reduced by an increase in the suction parameter and vortex vis-
cosity parameter. Skin friction coefficient increases with the increase of the buoyancy parameter
and heat generation parameter.

Plate couple stress increases with the increase of suction parameter for A <2.7, vortex
viscosity parameter for small suction, buoyancy parameter, and heat generation parameter.

The rate of heat transfer increases with the increase of the suction parameter and buoy-
ancy parameter. This coefficient decreases with the increase of the vortex viscosity parameter
and heat generation parameter. The increase in heat transfer rate indicates a fast cooling of the
plate.

The skin friction coefficient as well as rate of heat transfer is lower in the micropolar
fluid compared to that of the Newtonian fluid.
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Nomeclature

C _ local skin-friction coefficient X,y  — axis in direction along and normal to
(=2¢,/pU2), [-] the plate [m]

Cp — specific heat due to constant pressure,
kg K] Greeks letters

f — dimensionless stream function, [—]

— volumetric coefficient of thermal

fw — dimensionless wall suction, [—] B . 0
. . . . expansion, [K™1]
g — dimensionless microrotation, [—] A . . _g
20 — acceleration due to gravity, [ms2] 0 h Zgrtex \.nsciosny parameter (= S/u), [-]
j — micro-inertia per unit mass, [m?] B ( }me;l?l]??) e[s s]temperature
M, - plate couple stress, [Pa-m] et b . e
Nu, - local Nusselt number (= xA(x)/x), [-] o {he“lngl conductivity of fluid, [Wm~'K~]
n — microrotation parameter, [—] N SC; otly;?gzparameter
Pr — Prandtl number (= uc,/x), [-] g : dgoﬂ o ”%; [._]
0 — dimensionless heat generation parameter, H — tluid viscostty, L a s
_ I3 — micro-inertia density parameter
(=20ppc,U.), [1] — fluid density, [kgm3]
Qo — heat generation parameter, [W] P . . 1xe |
py — surface heat flux, [Wm?] o - inmrorftatmn f:lomponent norma
S — coefficient of vortex viscosity, [Pa-s] o )ﬁ) I;Iane,t[s | p
T — temperature of the fluid within Tw - E’.a shear s.ress,_[ a] I
the boundary layer, [K] v — kinematic V1.sc0s1ty,2[f111 s
Ty — temperature at the surface of plate, [K] v — stream function, [m?s™']
T. — temperature of the ambient fluid, [K] .
U. — free stream velocity, [ms'] Subscripts
u,v  — the x and y component of the velocity .
~ field, [ms ] w - surfaf:? conditions
vo(x) — transpiration velocity, [ms~'] °° — conditions far away from the surface
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