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Abstract—Laminar mixed convection boundary layer fiow of a micropolar fiuid from an isothermai
vertical flat plate has been considered. This problem does not admit similarity solutions and has
been solved numerically by using a finite-difference technique in a finite domain. Velocity,
microrotation and temperature fieids have been computed and shown graphically from pure forced
convection to moderately large free convection flows. The skin-friction and the rate of heat transfer
parameters on the plate have been tabulated. It is found that velocity increases and temperature
decreases with the heating of the fiuid while these results reverse for the cooling of the fiuid. It
is observed that the microrotation is very sensitive to the changes in the values of Grashof number
when fluid is being heated by the free convection current while it is rather insensitive when fluid
is being cooled by the free convection current. Furthermore, the resuits have been compared with
the results of the corresponding flow of a Newtonian fluid.

1. INTRODUCTION

Thermal buovancy effects on forced convective heat transfer over a surface may become

important when the flow velocity is relatively small and the temperature difference between
the surface and the ambient fluid is large. The thermal buoyancy force effects on heat
transfer characteristics of forced convection have been studied fairly extensively for various
flow configurations, particularly the forced flow along a vertical surface. Several
investigators[1—4] have reported on the theoretical work in the field of heat transfer from
a heated vertical plate with combination of free- and forced-convection flow for a
Newtonian fiuid. However, there is no such work available in the literature for fluids which
are a mixture of heterogeneous means such as liquid crystals, polymers, polycrystalline

agoregate, oranular media, ferro-liguid etc., which is more realistic and imnortant from
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the technological point of view. The occurrence of bar like elements or polymeric additives
rotating in fluids has been found to affect the heat exchange processes significantly[5]. For
the realistic description of the flow of fluids such as fiuids with polymeric additives etc.,
the classical continuum mechanics cannot be used because it regards them as single
continuum. In order to describe adequately the nature of such substances, it seems to be
necessary to assume that the material consists of more than one constituent. The
iheoretical study of this system of fluids has been very useful in understanding such
phenomena as sedimentation, fluidization, combustion, environmental pollution and so

on. It is interesting to note that several theories, e.g. polar fluids, dipolar fluids, couple

stress fluids, anisotropic fluids, asymmetric hydromechanics etc., exist to describe the flow
behaviour of such rheologically complex fluids. However, it has been demonstrated by
Ariman er al.[6] that for linear viscous and isotropic fluids all these theories can be
considered as equivalent to micropolar fluid theory{7] proposed by Eringen. Moreover, the
micropolar fluid model is more suitable because the microcontinuum approach describes
the microscopic events, microrotation and shape and size of the suspended particles. A
detailed and rigorous theoretical approach of modern phase of the continuum theory of
mixture can be found in the papers by Eringen[7-9].

The literature on free convection flow of rn;r-rnnn]“r fluids is small but

i ad

problems of convective heat transfer of micropolar fluids in a vertical channel and in a
horizontal paralle] plate channel have been considered by Balaram and Sastry[10] and
Maiti[11] respectively. Sastry and Maiti[12] have studied the problem of free and forced
convective heat transfer in a micropolar fluid in an annulus of two vertical pipes. In all
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these studies[10-12] boundary layer concepts in convective flow have not been taken into
account. Very recently, Jena and Mathur[13] have studied the free convection in the
boundary layer flow of a micropolar fluid past a non-isothermal vertical flat plate.

The boundary layer equatlons for the combined free- and forced-convection flow of
a i‘ﬂicrupumx fluid over a vertical flat pldw do not admit mmlldrlty somuons, as it was in

the case of only free convection[13]. The solutions to these boundary layer equations may
be obtained throuch the annlmannn of the finite-difference techniaue Ulsino this nro-
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cedure, it is possible to determlne the velocity and temperature fields in the boundary layer
for a wide class of problems as a function of the plate temperature as well as thermal
properties of the plate and fluid. But, when finite-difference methods are employed for the
numerical solution of the problems concerned with regions of infinite extent in one or more
directions, there are two main difficulties to be faced, viz., the satisfaction of boundary
conditions at infinity and the representation of an infinite interval with a finite number of

grid points. To overcome these difficuities, Silis{14] has proposed three types of trans-
formations. The one most suited for the application of finite-difference schemes is to map

the infinite field into a finite one by introducing a co-ordinate transformation. Sills[14] has

presented transformations which map one or both of the intervals (0, o0) and (— o0, o)
into finite intervals along with an illustration of their application to flow problems. The
asymptotic nature of these transformations allows the straightforward application of the
boundary conditions at infinity and at the same time concentrating the grid points in the
desired region and eliminating the necessity of searching for the effective boundary layer
edge through additional iteration.

in the present paper, we have studied the laminar boundary layer free convection in
a micropolar fiuid from an isothermal vertical flat plate placed in an external uniform flow.
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equations governing the flow are transformed into new co-ordinates with a finite domain
using the transformation given by Sills[14]. These equations are then decoupled and each
equation is soived for a single dependent variable using finite-difference technique. The
results have been obtained from pure forced convection to moderately large free
convection flow.
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edge. The equations governing the steady laminar boundary layer flow of an incom-
pressible micropolar fluid past a vertical flat plate are
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where u,v = components of velocity along and normal to the vertical flat plate;
v = component of microrotation whose direction of rotation is in the xy-plane;
p, T = density and temperature of the fluid; u,, K, y, = viscosity, vortex viscosity and
spin-gradient  viscosity; Jj, k. = micro-inertia density and thermal conductivity;
g. B, ¢, = acceleration due to gravity, coefficient of thermal expansion and specific heat of
the fluid at constant volume.

The details of the derivation of the boundary layer equations (2.1)-(2.4) are available
in [15, 16}.

In the present investigation, the effects of viscous dissipation and the micropolar heat
conduction have been neglected. Similar consideration has been made by several
investigators[16~18]. This is indeed a permissible simplification in this flow problem since
the heat transfer due to free convection results in low velocities and is normally associated
with large temperature differences. It has also been recently shown by Mathur er al.[16]
that viscous dissipation and the micropolar heat conduction have very little effect on the
temperature field and the rate of heat transfer for the flow of an incompressible micropolar
fluid past a circular cylinder placed in such a way that its axis is normal to the oncoming
free stream.

The boundary conditions for equations (2.1)—(2.4) are

y=0u=0,v=0,v=0,T=T,,
y—=o:u—=Ug,, vo0, T>T,, 2.5)

where T,, U,, T, are respectively the constant temperature of the plate, free stream
velocity and free stream temperature.

This is to be noted that the various material parameters occurring in the theory of
micropolar fluids satisfy a number of inequalities which are necessary and sufficient to
ensure that the rate of dissipation of energy should be non-negative. These inequalities
have been discussed in detail by Eringen[7-9].

We introduce the following dimensionless quantities in equations (2.1)-(2.4) and
boundary conditions (2.5):

* = x s }’* = 4 u* = i’
(1e/pU) (1,/pUy) U,
¥ = v o v _T-T,
U’ (p Uwz/ﬂv)’ TT.-T,
K, J Vo
N=— Ny=—2__ Nj=— 2
VT T wpU T mupULY
‘Cv Tw— Teo v
Pr_u,T’ Gr = 8B8¢ e )u’ (2.6)

where Gr is the Grashof number and Pr is the Prandtl number. The parameters N,, N,
and N,, respectively, characterise the vortex viscosity, micro-inertia density and spin-
gradient viscosity.

The equations (2.1)-(2.4) in non-dimensional form, after dropping the asterisks,
become

u 51;__0

o= (2.7
SO, ou ov

U= +va———(1+N) +N16 +Gr6 (2.8)

ov dv o ou
N2< = +Lay>—N36—y—2—N1<ay+2v> (2.9)
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L0 38 _10% .
ox véy_PrayZ' (2.10)

The corresponding boundary conditions are

y=0u=0,0=0,v=0,0=1,
y—-w: u—1, v-0, § 0. (2.11)

We now introduce the following transformations:

y
X, ) =—=, x) =x. 2.12
n(x,y) T ¢(x) (2.12)
Further, we write
¥ =21, V=TG(E n), (2.13)
where ¥ (x, y) is the stream function such that
_ oy _ oY
u—ay and u——ax.

Making use of (2.12) and (2.13), and denoting
d
u—F—-%, (26-—Z f) (2.14)

equations (2.7)-(2.10) become

oF oV
e 4+ = .
éa§+an+F 0 (2.15)
o0F oF *F 3G
2£F66+V _(1+N1)W+N1W+2§Gr9 (2.16)
G G 82G oF
N2<2§F i GF) N, o~ = 2N1§<an +2G> @2.17)
2
2w V@ _ 120 (2.18)

o¢ on  Pron?
The boundary conditions are

n=0:F=0,V=0,G=0,0=1,
n—w: F->1, G-0, 8-0. (2.19)

Transformation to finite domain

The system of partial differential equations (2.15)-(2.18), which involves two indepen-
dent variables & and #, both varying from 0 to o, is to be solved for V, F, G and 0 with
the use of finite difference formulae. In order to facilitate the application of finite-difference
schemes, we transform the equations to a new system of coordinates wherein the indefinite
limit of integration in # is replaced by a definite limit. Employing the transformation

Y=1—e™™,
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where o is a constant, satisfying « > 0, that can be used as a scaling factor to provide an
optimum distribution at nodal points across the boundary layer, we arrive at the following
set of equations for V, F, G and 0:

25‘;—§+ Y";—Z+F=o, (2.20)

2¢FZ—§+ Y’Vgl}—:,= a +N‘)[Y"S—§:+ Y’Z%]+N1Y’gg,+25 Gré (2.21)
N2<2§F%g + Y’Vg% — GF) = M(Y”%% + Y7 g;%) - 2NIC<Y’2—;:, + 2G> (2.22)
25ng§ + Y’V—g% = % (Y” g—f, + Y7 g%). (2.23)

where a prime denotes differentiation with respect to . The boundary conditions (2.19)
now become
Y=0.F=0,V=0,G=0,0=1,
Y=1.F=1,G=0,0=0. 2.24)
To complete the governing equations, initial conditions are obtained at ¢ =0 from

equations (2.20)-(2.23), which become ordinary differential equations at ¢ = 0. These
equations are

Y’ z—;/, +F=0 (2.25)

Y'V-dd—)F, —(1+ Nl)[Y”g—?,+ Y’Z%]—NIY%%= (2.26)
N2<Y'V%, - GF) - N3<Y" i—GY +Y7? g;i) =0 (2.27)
Y’Vad% - i)l—r<Y” -g% +Y7? %ZYEZ) =0. (2.28)

The boundary conditions for equations (2.25)-(2.28) are the same as given in (2.24).

Skin-friction coefficient
The skin-friction coefficient C; is defined by

(IVX)}‘==O 1 au
C = ——= = ———— N — Kv
f Psz <pr2>[(#L + Kv) ay -+ v:|y=0

_m+ K <5u>
pU::cz ay y-O’
since v=0at y=0.

In terms of the non-dimensional quantities (2.6) and the variables given in (2.12)—(2.14),
after dropping the asterisks, we have

cf=[(1+N1)ng =(1+N‘)<6F> . (2.29a)
n=0

y y =0 \/2—5 _a—';
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In transformed coordinate (for finite domain), we have

Cf_—_a_(_l_—{—_@ (a_F>Y—0. (2.29b)

J2 \a¥

Heat transfer coefficient
The non-dimensional heat transfer coefficient called Nusselt number N(x) is defined
as

_ 4,(k/pUs)

N = —Ty

where g, is the heat flux at the wall and defined as

oT ov oT
= kc_ + c A =kc ™ )
o ( 6y ﬁ ax>y=0 (ay>y=0

in view of v =0 at y =0. (8, is the micropolar heat conduction coefficient).
Making use of the non-dimensional quantities (2.6), the Nusselt number (after

dropping the asterisks) is given by
00
Nx)=|— .
( ) (ay >y=0

In terms of the variables given in (2.12)~2.14), we have

1 /08

In transformed coordinate (for finite domain), we have

N()= = (69> R (2.30b)

T2 e

3. METHOD OF SOLUTION

A numerical solution of (2.20)-(2.23) subject to the initial conditions (2.25)-(2.28) and
the boundary conditions (2.24) may be obtained by converting them into a set of implicit
finite-difference equations of the Crank—Nicholson type. The mesh-point diagram for the
Crank-Nicholson scheme is shown in Fig. 1. Suppose that there are N + 1 nodal points
in the Y direction then we have N(4Y) = 1.

) —d |
Ay~ 1

-1

kel .

i-1 i [
Fig. 1. Mesh-point diagrams for Crank-Nicholson scheme: (a) £ =0; (b) £ # 0.
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(a) Solution for initial conditions

We solve equations (2.25)—(2.28) along with the boundary conditions (2.24) using
finite-difference technique. We decouple these equations and adopt iterative process to
solve each equation separately for a single dependent variable. As for example, we first
solve (2.26) for F assuming linear profiles for V" and G to start with across the boundary
layer. In (2.26), we replace the derivatives in terms of central differences, e.g.

dF F,,—F_., d&F F, —-2F+F_,
dyY 24y ° dy* (4Y)

The difference equation for F is now of the form
A;F,_+ BF+ CF, ., =D, i=2...,N, (3.1
where

ViYi (+N)Y! (1+N)Y?

A= —
i 24Y 24Y ary

2(14+ N,)Y}?
B=—rsv—

(4Y)

C = viy: a+nN)rYy a +N)Y?
Ay 24Y 4y
Di=N1(G,»+1—G,»-1)Y{

24Y

We solve this linear system of algebraic equations using Thomas algorithm([19].
Similarly, we solve equation (2.27) for G and equation (2.28) for 6. After this, we solve
equation (2.25) for V by writing in the form

Y
V,-=—J F/Y;dY. (3.2)
0

Using trapezoidal rule we evaluate the integral on the r.h.s. of (3.2). The new values thus
obtained are used again in (3.1) for next iteration and so on. This cycle of computation
is repeated till convergence is achieved, i.e. the difference between the two successive
iterates of each dependent variable is less than preassigned tolerance, say 10~

(b) Solution of equations (2.20)—(2.23)

We have decoupled equations (2.20)~(2.23) and solved each equation separately for a
single dependent variable at each station. Equation (2.21) is solved for F, (2.22) for G,
(2.23) for 8 and (2.20) for V in that order. We replace, in each equation, the derivatives
with respect to Y in terms of central differences, and with respect to ¢ in terms of forward
differences. For exampie, we have used the foliowing type of finite-difference equations to
approximate the unknowns and their derivatives in (2.21):

1 oF
¢ =§(ék+ Eiv1)s a—ﬁ- = (Fig1— Fi)/48,
oF
5'};=(E+l.k_E—l.k+E+l,k+l — F_1x+1)/(447),
O°F

|

=(Fop—2F4+Fou+ Foips1 —2F 0+ Fim i )I2(4Y )

S
T
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Further, we have used the following finite-difference equations for linearization of (2.21):

Q| 0
<&

= (Gi+1,k - Gi—l,k)/(ZA Y)’ F= Fi.k’ V= Vi.ks 0= 0i.k~

After substituting these expressions, the difference equation for F at (k + 1)th station is
of the form

AiFi o+ ByFi 1+ CyFip1gs1 =Dy, i=2,...,N, (3.3)
where
I/i,kY;+(l+N1)Y’i’ (1+N)Y?

AAV AAV A2 ’
&4 I @4 1 FAVAR &

B, = Folée+&i) " 1+ NI)AY?»
4 @Avy

4AY 44Y AT

FLle+ &)  VulFiow—Fo)Y;

4¢ 44Y

Firix—F )Y (Fye— 2Fi,k+Fi—l.k)Y;z]
+(1+N’)[ 4AY + 2(4Y)

Ay=—

Cyu=

Di.k =

L NG k=G )Y
' 24Y

L Gr(E 4+ £ N\
[l & LI Lk

k+1JY

k

The functions ¥, G and ¢ appearing in the coefficients 4,,, B, C;, and D, are taken to
be known from the initial conditions or from the values at previous station as the case

may be. This amounts to solving the algebra:c system of equations (3.3) for F alone. This

system of equations for F is solved by using Thomas algorithm[19].

Proceeding in a similar manner, as outlined above for the dependent variable F, we
obtain the solutions of the systems of linear algebraic equations for G and 6 wherein the
functions appearing in the coefficients of the algebraic equations have been appropriately
averaged. In order to preserve the brevity of the analysis we are not giving further details.
These details are available in [20].

The functions and derivatives in continuity equation (2.20) are approximated with the
following finite-difference relations:

1 1
§=5(5k+fk+1)a F=z(ﬂ,k+ﬂ+1k+ﬂ.k+l+Fi+1.k+1)’

oF

5_C=(F,“~‘ Fi,.k+Fi+Lk+l,— i+l=k)/(2Aé);
av Vo VAT
a—y‘,-(V.Hk—V;k'*' Vieiks1— Vie+ DIQ24T).

The resulting relation is

rzs
Vietks1 = L( 24 )(€k+ék+1)(ﬂk+l Fu+ Fiiigar— Fioid)

1 24Y
—\z Fu+ Fove+ Fur+Fioiisn) D7

/ B FEAY

Vit Vet Vieers i=1,....N. (3.4)
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The new values thus obtained from (3.4) for V are used in (3.3) for next station and so

on.

This cycle of computation for all the dependent variables is repeated till the
convergence for this computational scheme is achieved. The criterion for whether the
convergence has been achieved or not is that the difference between the values of each

dependent variable at two successive stations is less than 107*.

Skin-friction and heat transfer

The velocity gradient and temperature gradient on the surface used in the expressions
for skin-friction coefficient (2.29) and heat transfer coefficient (2.30), respectively, are

determined from the following second-order expressions

oF OF [
<5_'7> - (Y ﬁ) - (ry)[—(3/2>ﬂ +2F, - (1/2)F;]
o6 «
(%) B (Ty)[”ﬁ/i’-)@n +26, - (1/2)8],

1ot

0.8:“

0.6+

— — — — Newtonian fluid

{N1: N?: N3:O)

I I m
Gr 00 -40 20.0 200
£ 008 006 0.06  0.005

0.4

00 70 20 - 30 20 5o

Fig. 2(a). Velocity distribution: N, =0.1; N,=0.002; N; = 0.02, Pr =9.0.
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006 006 0.06 0005 006 0.005 0.06 0.005

0.2

00 L L i n .
0.0 1.0 2.0 7_’3.0 4.0 S.0

Fig. 2(b). Velocity distribution; N, = 0.1; N, = 0.002; N, = 0.02; Pr=9.0
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4, RESULTS AND DISCUSSION

It is worth mentioning that the problem under consideration is having a free stream
temperature T, and the body temperature is T,. Hence, it is pertinent to enquire the effect
of these temperatures on the flow field. For if T, > T o the free convection currents will
flow from the y.ate to the free stream and hence the plaLC loses heat, as a result of this
the fluid is being heated. In otherwords, it is termed as cooling of the plate when
T.—T,>0, ie. Gr>0. Conversely, if T,,— T_<0, i.e. Gr <0, the free convection
currents travel from the free stream to the plate and this case corresponds to heating of
the plate (cooling of the fluid) by free convection currents. When T, = T, i.e. Gr =0, the
plate temperature equals the free stream temperature and the flow is solely due to forced
convection.

In carrying out the numerical calculations, we have assigned various values to Gr as
recorded on Figs. 2-4 and Tables 1 and 2. Further, we have chosen the following values

for the other parameters:

N, = 0.1, N, =0.002

N a=05,Pr=90.

This set of values of the non-dimensional parameters have been chosen keeping in view
the thermodynamic restrictions on the material parameters mentioned by Eringen{7-9].
We have chosen only one set of values of the parameters because the effect of the variation
of the material parameters N,, N, and N; has already been studied in detail in Refs. [13]
and [20] for different flow problems of micropolar fluids involving free convection.

Throughout the computations, we have taken 4¢ = 0.005 and 4Y = 0.001. The numerical
solutions have been obtained by the use of DEC-10 computer.

Velocity field

The velocity profiles have been plotted in Figs. 2(a) and (b) at different stations to show
the effect of variation of Gr on velocity field. From Figs. 2(a) and (b), we observe that
the velocity increases with increasing positive values of Gr which is due to more heating
of the fluid. The velocity decreases as Gr goes from (—0.5) to (—4.0) due to more cooling
of the fluid. Further, we observe that for a large value of Gr, in the case of fluid-heating
velocity increases with the increases of £. On the other hand, velocity decreases with the
increase of ¢ in both cases of fluid-cooling and of purely forced flow. However, this

" s 1 hoarafara o da nat nracant aranhically the
decrease in velocity is extremely small. Therefore, we do not present graphically the

variation of the flow for different values of ¢ for Gr < 0 and Gr = 0. The profiles in Fig.
2(a) are compared with the corresponding profiles for a Newtonian fluid shown with
broken lines. From Fig. 2(a), we see that the velocity for a micropolar fluid is always less

010

~

I o0 m v v
Gr 400 200 100 0.0 -2.0 -40
0075 I £ 006 005 006 0.06 0.06 006

fo.s_f%/ /;% | VI 1£00,200,100,00.20 601 0005
N

N
/ NN
0.0 L___‘._J [ | = == i

0.0 2.0 40 6.0
-

Fig. 3. Microrotation distribution: N, = 0.1; N, =0.002; N, =0.02; Pr=9.0.
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Gr g
I (00 0.06
I -40 0.J6
m 200 0.06
v 200 0.005

_ _ - — Newtonian fluid
(N‘:NZ: NB:O)

0.2r
C'I»
!
) E— S=
[ols} 05 20 25

Fig. 4(a). Temperature distribution: N, = 0.1; N, = 0.002; N;=0.02; Pr = 9.0.

than that of a Newtonian fluid. This is due to the fact that the micropolar fluids offer
greater resistance to the fluid motion in comparison to a Newtonian fluid. The results
presented in Fig. 2(b) have also been compared with the corresponding results for a
Newtonian fluid but we have not shown this comparison in Fig. 2(b) because it does not
differ qualitatively from what has been presented in Fig. 2(a).

Microrotation field
Figure 3 depicts the behaviour of microrotation for various values of Gr. We observe
that the microrotation is very sensitive to the changes in values of Gr when fluid is being

05 10 is 20 2%

Fig. 4(b). Temperature distribution: N, =90.1; N, =0.002: N, =0.02: Pr=9.0.
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Table 1. Skin-friction parameter, (6F/dn),_,, with 4¢ =0.005, 4Y =0.001 and
x=0.5

Gr
4 40.0 20.0 10.0 4.0 0.0 -05 -20 -40
Micropolar fluid (N, = 0.1, N,=10.002, N, =0.02, Pr=9.0)

0.005 0.5997 0.5236 0.4855 0.4627 0.4475 0.4456 0.4399 0.4323
0.02 1.0796 0.7860 0.6230 0.5010 0.4460 0.4390 0.4180 0.3898
0.04 1.5583 1.0660 0.7439 0.5855 0.4451 0.4381 04162 0.3887
0.06 1.9805 1.1933 0.7558 0.6032 0.4435 0.4375 0415t 0.3875
0.1 2.0032 12005 0.7589 0.6112 0.4430 04370 0.4144 0.3855

Newtonian fluid (N, = N, = N;=0.0, Pr=9.0)

0.05 0.6325 0.5509 0.5101 0.4857 0.4694 04673 04612 0.4530
0.02 1.1505 0.8363 0.6620 0.5498 0.4675 0.4636 0.4412 0.4110
0.04 1.6635 1.1373 0.7928 0.5921 0.4652 0.4662 0.4408 0.4005
0.06 2.1156 12741 0.7931 0.6508 0.4635 0.4609 0.4397 0.4000
0.1 21175 12755 0.7935 0.6519 0.4621 0.4600 0.4389 0.3996

Table 2. Rate of heat transfer parameter, [—~(86/0n),.,] with 4¢& =0.005,
4Y =0.001 and « = 0.5

Gr
¢ 40.0 20.0 10.0 4.0 0.0 -0.5 -20 —40

Micropolar fluid (N, =0.1, N;=0.002, N;=0.02, Pr =9.0)

0.005 0.9635 0.9626 0.9621 09619 09617 0.9616 09616 0.9615
0.02 1.1781 10738 1.0070 0.9630 0.9307 0.9278 0.5191 0.9071
0.04 1.3404 1.1955 1.0724 0.9955 0.9300 0.9272 0.9180 0.9066
0.06 1.4590 1.2434 1.0988 1.0005 0.9285 0.9269 0.9006 0.8905
0.1 1.4598 1.2752 1.1005 1.0018 0.9277 0.9265 0.9001 0.8900

Newtonian fluid (N, = N, = N,;=0, Pr=9.0)

0.005 09776 0.9767 09762 0.9760 0.9758 0.9757 09757 0.9756
0.02 1.1998 1.0932 1.0248 09764 0.9472 09443 0.9353 0.9231
0.04 1.3664 1.2183 1.0933 0.9967 0.9425 0.9412 0.9340 0.9213
0.06 1.4875 12673 1.0995 1.0021 0.9402 0.9380 0.9321 0.9201
0.1 1.4882 1.2677 1.1007 1.0023 0.9383 0.9367 09302 09187

heated by the free convection current (T, > T,,) while it is rather insensitive when fluid
is being cooled by the free convection current. It is interesting to note from Fig. 3 that
microrotation near the leading edge of the plate (£ =0.005) is affected nominally by
Grashof number Gr and these changes are too small to be shown graphically. Further-
more, it seems from Fig. 3 that there exists a contact layer when fluid is heated more
strongly. It may be mentioned here that for N;—0, that is for vanishing microdiffusivity,
similar phenomenon, as shown in Fig. 3, on microrotation, was observed by Willson[21]
who calls it as a contact layer. We notice from Fig. 3 that these profiles cross each other
in the fluid heating case. Similar profiles for microrotation were also obtained by
Kimmerer{22].

Temperature field

Some representative temperature profiles are given in Figs. 4(a) and (b). The broken
lines in Fig. 4(a) indicate the corresponding curves for a Newtonian fluid. It is clear from
Figs. 4(a) and (b) that the temperature decreases as Gr increases for cooling of the plate
(Gr > 0) and vice-versa for heating of the plate (Gr < 0). Purely force convection results,
which corresponds to Gr = 0, are plotted in Fig. 4(a) for comparison. For the same reason
as in the case of velocity field we compare the results for the corresponding resuits of a
Newtonian fluid only for a few selected values of Gr. These profiles show that there is a
definite effect of microrotation as compared to Newtonian fluids. It is observed from Figs.
4(a) and (b) that the effect of the changes in values of Gr on temperature is more
pronounced for & = 0.06.

The skin-friction parameter has been tabulated in Table 1. We note that skin-friction
decreases with the decrease of Grashof number Gr. Further, we observed that in the case
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of heating of the fluid (Gr > 0) skin-friction increases, for a fixed value of Gr with the

increase of &. Skin-friction decreases with the increase of £ in the case of fluid-cooling

(Gr < 0) as well as in purely forced flow (Gr = 0). The above noticed phenomenon is also

observed for Newtonian fluids (Table 1). In comparison to a Newtonian fluid, the
skin-friction is reduced for a miropolar fiuid.

In Table 2, we have recorded the values of the rate of heat transfer parameter (gradient

of temperature) on the plate. We observe that [— (86 /dn), _ ;] decreases with the decreasing

ACILIPUI IRl L2 A0 AR, OLsLE Lial WU JOH Jy =g BELILAOLS 1c dead

Gr. Furthermore, we notice from Table 2 that [— (30 /611 ),,=0] increases with the increasing
¢ for fluid-heating case (Gr > 0) but the opposite happens in the case of fluid-cooling
(Gr < 0) as well as forced flow (Gr = 0). Corresponding results for a Newtonian fluid have
been recorded in Table 2.

We have already seen from Figs. 4(a) and (b) that the temperature of a micropolar fluid
is more than that of a Newtonian fluid. This can be explained as follows:

The temperature distribution 6(&, n) at any point (£, n) inside the boundary layer a
a small distance ‘d’ from the plate can be approximately written as

6(&, n)=6(Z,0+do"(, 0),

where 87(¢, 0) = (06/0n), -,
The difference between the temperature of a Newtonian fluid and a micropolar fluid
at the same point inside the boundary layer can be written as

N

lU é, n)]Ncwtonian - iﬁ(év ”)]Micropolar =da {[6 (éa 0)]Newtonian - [8

Cince B7(F O) ic ne
Sinee U (¢, v) 15

for a micropolar fluid (Table 2), the temperature of a Newtonian fluid i
temperature of a micropolar fluid in view of the relation (4.1).

oreater for a Newtonian
gar Newtonian iu 1 2
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