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Summary 
The effect of suction/injection in the laminar free convection flow of a thermomicro- 

polar fluid past a nonuniformly heated vertical flat plate has been considered. The con- 
ditions under which similarity exists have been examined. The resulting system of non- 
linear ordinary differential equations has been solved numerically after transforming the 
infinite domain of boundary layer coordinate into a finite domain. The effects of variation 
of the boundary condition parameter and suction/injection parameter on the velocity, 
microrotation and temperature fields and the heat transfer coefficient have been studied 
graphically. The skin-friction parameter and the gradient of microrotation on the wall have 
been tabulated. I t  is found that there is significant increase in velocity, skin-friction and 
the heat transfer coefficient with the decreasing concentration of microelements. 

1. Introduction 
J 

In the recent years, the study of free convection phenomenon has been 
the object of extensive research. The intensity of research in this field is due 
to enhanced concerns in science and technology about buoyancy-induced motions 
in the atmosphere, in bodies of water and in quasi-solid bodies such as earth. 
I-feat transfer effects under the conditions of free convection are now dominant 
in many engineering applications such as rocket nozzels, cooling of nuclear 
reactors, high speed aircrafts and their atmospheric reentry, high sinks in turbine 
blades, chemical devices and process equipment, formation and dispersion of 
fog, distribution of temperature and moisture over agricultural fields and groves 
of fruit trees, damage of crops due to freezing and pollution of the environment 
and so on. Hence a thorough investigation and knowledge of heat transfer process 
must be acquired in order to be able to design heat exchangers, bearing etc., 
so that no over heating or damage is caused to the components. 

In case of heated vertical plate the heat transferred from the surface caused 
a decrease in liquid density and a subsequent upward flow due to buoyancy 
force. Mathur [i] has studied the free convection flow of an e]astico-viseous 
fluid past a non-uniformly heated vertical plate. An excellent survey of this 
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problem for Newtonian and non-Newtonian fluids has been given in [1]. Although 
a number of studies on the laminar free convection flow and heat transfer of 
Newtonian and non-Newtonian fliuds have been reported in literature, these 
do not give satisfactory results if the fluid is a mixture ~ of heterogeneous means 
such as liquid crystals, ferro liquid, liquid with polymer additives, which is 
more realistic and important from technological point of view. For the realistic 
description of the flow of fluids such as fluids with polymeric additives etc., 
the classical continuum mechanics cannot be used. To overcome this, Eringen 
[2] has introduced the theory of thermomieropolar fluids. The theory of thermo- 
mieropolar fluids is an extension of the theory of micropolar fluids [3]. Physically, 
this theory may be considered to describe the flout behaviour of colloidal fluids, 
polymeric fluids, real fluids with suspensions and possibly animal blood. This 
theory is also capable of explaining the experimentally observed phenomenon 
of skin-friction reduction near a rigid body [4], [5] in fluids containing extremely 
small amount of polymeric additives when compared with the skin-friction 
in the same fluids without additives. Lat to  and Shen [6] studied the effects 
of injecting dilute aqueous polymer solutions into a turbulent boundary layer 
formed on a flat plate. They found that polymer concentration and injection 
velocity reduce the frictional drag. The phenomenon of drag reduction has 
been discussed in great detail in [7]. This phenomenon cannot be explained 
on the basis of classical continuum mechanics, t~eeently, t~iha [8] has applied 
this theory for the adequate representation of fluid suspensions of rigid particles 
in a Newtonian fluid. The most complete statement of carried out investigation 
in this region and possible application of this theory has been reported in [9]. 

For micropolar fluids, Balaram and Sastry [10] have studied the convective 
heat transfer in a vertical channel. S a s t r y a n d  Maiti [11] have studied the com- 
bined convective heat transfer in a mieropolar fluid flowing in an annulus of 
two vertical pipes, l~ecently, Jena and Mathur [12] have studied the natural 
convection ir~ the laminar boundary layer flow of a thermomicropolar fluid 
past a nonuniformly heated vertical flat plate. 

The present work concerns with the free convection flow of a thermomicro- 
polar fluid past a nonuniformly heated vertical flat plate in the presence of 
suction or injection. In Section 2, we have given the formulation of the problem. 
In Section 3, the conditions under which similarity exists have been examined. 
The resulting system of nonlinear ordinary differential equations have been 
solved numerically in a finite domain by  'shooting method'. The transformation 
which carries infinite domain to finite domain is given by Sills [13]. In Section 4, 
we have presented the results graphically for velocity, microrotation, temperature 
and the heat transfer coefficient. Numerical values for skin-friction parameter 
and the gradient of microrotation on the wall have been tabulated for different 
values of the boundary condition parameter and suction/injection parameter. 

2. Formulation of the Problem 

We choose a two-dimensional cartesian co-ordinate system (x, y) in which 
x is measured along the vertical plate and y is normal to the plate. The equations 
governing the steady laminar flow of a thermomicropolar fluid in this co-ordinate 
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system are : 

Continuity: 

Momentum: 

O u ~ + v  

Moment o] Momentum: 

Energy: 

where 

U~ V 

Ou ~v = 0 (2.1) 
~-7 + ~-~ 

~y~ ~ + ,og~(T -- ~ )  (2:2) 

eJ u T x + v  = ; ~ v - - - k ~  +2~  8y 2 
(2.3) 

~Cp u~-x + v  = K ~ - -  + ~ *  (2.4) ~y~ ~-~y ~ y ~ '  

= components of velocity along and normal to the vertical flat plate 
= c o m p o n e n t  of mierorotation whose direction of rotation is in the 

(x --  y) plane 
= density and temperature of the fluid 

#~, ]~, ?,~ = viscosity, vortex viscosity and spin-gradient viscosity 
?', Kc, c~*= micro-inertia density, thermal conductivity and micropolar heat 

conduction coefficient 
g, fl, Cp = acceleration due to gravity, coefficient of expansion and specific 

heat of the fluid at constant pressure. 

The details of the derivation of the boundary layer Eqs. (2.1)--(2.4) are 
available in [14], [15]. 

The heat transfer due to free convection results in low velocities and is normally 
associated with large temperature differences. Since velocities are small, the 
viscous dissipation terms in the energy Eq. (2.4) have been neglected. Mathur 
et al. [15] have also shown recently that the viscous dissipation has very little 
effect on the temperature field and the rate of heat transfer for the flow of an 
incompressible thermomicropolar fluid past a circular cylinder placed in such 
a way that  its axis is normal to the oncoming free stream. 

Eringen [2] ha s  discussed in detail the inequalities to be satisfied by the 
various material parameter involved in the theory of thermomicropolar fluids. 
These inequalities, which arise from the thermodynamic restrictions, are 

k, > o, 2/~, + ~0 >= o, fl~ + ~ > o, Kc >= 0, 
(2.5) 

(~* -- fl*T ~)2 <= 2K~T ~(Yv -- fi~), ] >= O, 

where fi, is the gradient of viscosity and fl* is the mieropolar heat conduction. 

Velocity ]ield 
Wall boundary conditions 

u(x, O) = O, v(x, O) = v~j(x), (2.6) 
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where vw(x) is the suction or injection velocity. (% < 0 refers to suction and 
Vw > 0 refers to injection.) 

Microrotat ion /ield 

~ ~ (2.7) ~(~, o) = ~ ~, + T a~/~=o 

where ~ is a parameter  such that  0 --< ~ --< co. This condition relates the micro- 
rotation to the antisymmetrie part of the stress: When ~ =- 0 and ~ -+ ~, (2.7) 
reduce, respectively, to no relative spin and no antisymmetrie ]part of the stress 
on the boundary. 

Tempera ture / i e ld  

T( , ,  O) = T~(x) (2.S) 

where Tw(x ) is the variable temperature of the wall. 
At the edge of the boundary layer, we must  have 

y - - ~ x ) :  u - > O ,  v - > O ,  T - +  T ~ .  (2.9) 

Too is the constant temperature of the fluid outside the boundary layer. 

3. Method of Solution 

A search for similar solution reveals that  the similarity solutions for the 
governing system of Eqs. (2.1)--(2.4) and the boundary conditions (2.6)--(2.9) 
exist only under the condition that  the suction or injection velocity vw(x) is 
constant. The appropriate similarity transformation is 

= Ax/(~]), v = Cxg(v) ,  ~ = B y ,  ] 

T - T~ i (a.~) Tw --  T ~  = N x ,  0(~) - -  T~ - T ~ '  

or 
where A, B, C, N are constants and ~(x, y) is a s tream function with u = - -  

~y 
~r From Eq. (3.1), it is evident that  the constants A, B, C and N and v = - - - 7 .  

have, respectively, the dimensions of velocity, the reciprocal of length, the reci- 
procal of the product of length and time, and of the ratio (temperature/length). 

Making use of dimensional analysis, we obtain 

K c 
c = [ ( N g I 3 ) ~ / a 2 ] l a ,  ~ = e--d~,' 

Pr --~ 'uvC~, N1 --- k--~v , N2 --  ~ 
Kc #v #v 

# v  2 ~ V v  ~ ' 

N5 ~ ~*(Ngfl)l/~ N6 --  fi*(NgflW~ 
Kc ,uvCpT~ 

where Pr  is the Prandt l  number and 5 is the thermal diffusivity. 

(3.2) 
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Subst i tu t ing (3.1) into (2.1)--(2.9) and  making  use of (3.2) we obtain  the 
e~ua, t ions 

],2 _ / ] , ,  ~ Pr  (1 ~-  N ~ ) / ' "  _L P r  N~g' -~ 0 

N2(/'g --/g') = Pr  N3~" - -  N~(2g + / " )  

] ' 0  - 10' = 0"  + Ns(O~" - -  O'g) 

(3.3) 

(3.4) 

(3.5) 

with the bounda ry  conditions 

) ~ = 0 :  / - -  % - - C 0 ( c o n s t a n t ) ,  ] ' = 0 ,  
A 

8 ft! g = - - ~ -  0 = 1, (3.6) 

V--> ~ : / '  --~ O, g - + O ,  0 --> O, 

where s : $ / ( $ -  1) and  0 ~< s _< 1. Here dash denotes  differentiation with 
respect to ~]. 

I n  Eqs. (3.3)--(3.6), the dimensionless parameters  N1, N2, N3 and 2gs, re- 
spectively, characterize the vortex viscosity, mieroinertia density,  spin-gradient  
viscosity and the micropolar heat  conduction.  The parameters  N4 and N~ will 
appear  in the expressions for couple stress components  and  the rate of heat  
transfer.  I n  terms of these parameters,  the inequalities (2.5) become 

N I = > 0 ,  N 1 + 2 > 0 ,  N ~ §  

Pr E (N 5 - -  Pt ~ N6r 2 ~ 2r --  Nt) - -~ - ,  

P r ~  0, 

N 2 > 0 ,  
(3.7) 

�9 A 2 
where q) = (T/T~) (dimensionless temperature),  E --  

CpT~ 
and R = e-~-A (like Raynolds  number).  

Bt% 

--  ~ (like Eeker t  number) 

Trans]ormation to Finite Domain 

For  computa t ional  convenience, we t ransform the system of simultaneous 
ordinary  differential Eqs.  (3.3)--(3.5) to a new independent  variable wherein 
the infinite domain of ~ is replaced by  a finite domain.  Employing  the trans-  
format ion 

--~ 1 - -  e -~ ,  (3.8) 

where 2+ is a cons tant  tha t  can be used as a scaling factor  to provide an op t imum 
distr ibution at  nodal  points  across the bounda ry  layer, and  lett ing 

z z 2 ( 1  --  ~), (3.9) 
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we arrive at  the following set of equations 

Pr (1 + N1) z3] ''' ~- z~]"[] --  32 Pr  (1 + N~)] 

+ z]'[2 ~ Pr (1 + N~) - -  2]] - -  z2] ''~ @ Pr N~zfi,' + 0 = O, 
(3Ao) 

Pr  N3z2q ' '  + z g ' ( N j  - ,~ Pr  Na) - -  g(2N1 + zN2]')  

- -  z2N1/' '  + 2 zN~/ '  = O, 
(3.11) 

zo" + o ' ( / -  ~u - ;~) + o(N~g' - / ' )  = o.  (3.t2) 

In view of (3.8) and (3.9), the boundary conditions become 

).~s/,,, 0 = 1, [ ~ = 0 :  / = C o ,  / ' = 0 ,  g -  2 

/ ~ = 1 :  / ' = 0 ,  g = 0 ,  0 = 0 .  

(3.13) 

In  the above equation, dash denotes differentiation with respect to ~. 
We have solved the Eqs. (3.10)--(3.12) with the boundary conditions (3.13) 

numerically by 'shooting method'  employing Taylor series a t  an interval of 
A~ = 0.05. We have carried out the numerical computation work on a DEC-10 
computer. I n  the present investigation, we are primarily interested in studying 
the effect of suction/injection together with the variation of boundary condition 
parameter  's'. The effect of N~, N2, N3, N~ and Pr  on the velocity, mierorotation 
and temperature fields and skin-friction, rate of heat  transfer in the absence 
of suction/injection has already been studied in detail in [12]. In our computations, 
the following values have been chosen for the parameters:  

N 1 = 0 . 1 ,  N2 = 0 . 0 0 2 ,  N 3 - 0 . 0 2 ,  N 5 = 1.0, ) ~  1.0, P r = 9 . 0 .  

These values satisfy the restrictions given by  the inequalities in Eq. (3.7). The 
parameters  Co and 's '  have been assigned various values in the numerical cal- 
culations. 

Ahmadi [16] and T6zeren and Skalak [17] have stated that  the parameter  
N1 depends on the shape and the concentration of the mieroelements. For a 
given shape of the mieroelements, N1 directly gives a measure of concentration 
of mieroelements. The parameters  N2 and N 3 can be thought of as fluid properties 
depending on the relative size of mierostructure in relation to a geometrical 
length.  

S k i n - F r i c t i o n  and Wal l  Couple Stress 

The skin-friction coefficient Cf and wall couple stress coefficient M~,, in terms 
of the non-dimensional quantities are 

CI _-- (tyx)y-o = Pr  [2~2(1 + N1) ]"(0) + Nlg(0)] 2, 
~A 2 

M ~  --  B(mv~)v=o _ Pr 2 Pr  Na~g'(0) -+- ~ - :  0(0) , 
cA 2 

where 2~ = B x .  
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Heat  Trans]er Coefficient 

The non-dimensional heat transfer coefficient called Nusselt number N(2)  
is defined as 

where q is the heat flux at the wall and defined as 

~T fi, &) 

q= g~ gy=0 
In terms of non-dimensional variables, we have 

N*(Y,) - -  N(5) _ N(N) BT,,o _ 2220'(0) @ ANG Pr g(O), 
(N/BT~)  N 

where A - -  B T ~  is the dimensionless ratio fo free stream temperature to charae- 
iV 

teristie wall temperature. 

4. Results and Discussion 

In order to study the effect of suction or injection, we have chosen the following 
values of the suction or injection parameter C0: 

--0.5, --0.25, 0.0, 1.0, 1.5. 

The positive values of Co correspond to suction and negative values correslmnd 
to injection at the wall. I t  is found from our calculations that the curves rep- 
resenting velocity, microrotation, temperature and the heat transfer coefficient 
differ in magnitude only for Co ~ --0.5 and Co = --0.25 and also for Co = 1.0 
and Co = 1.5. Due to this, we have plotted these curves in Figs. 1, 2, 3 and 4 
only for Co = --0.5 and Co = 1.0. 

In order to study the effect of variation of 's' (the parameter appearing 
in the boundary condition of mierorotation) on velocity, microrotation and 
temperature fields, we have chosen the following values of 's ' :  

0.0, 0.5~ 1.0. 

The value of s = 0.0 correspond to the no spin condition and s = 1.0 correspond 
to the vanishing of the antisymmetric part of the stress on the wall. I t  is to be 
noted that large vMues of 's' correspond to low concentration and small values 
to high concentration of microelements. 

Veloci ty / ie ld  

The effects of variation of 's' and Co on  velocity profiles have been plotted 
in Fig. 1. For a given Co, it can be seen that velocity increases with the increase 
of 's'. This means that fluid ve]ocity is more in the case of weak concentration 
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Fig. 1. Effeot of variation of s and C O on the velocity profiles for N t = 0.1, N~ = 0.002, 
N 3 = 0.02, N a = 1.0 and Pr = 9.0. i G o = 1.0, i i  Co = 0.0, i i i  C o ~ --0.5; ~ s = 0.0, 

. . . . . . .  s = 0 . 5 , -  . . . .  s =  1.0 

of mieroelements .  Fu r the r ,  we can see t h a t  the  ve loc i ty  increases  wi th  suct ion 
a n d  decreases  wi th  in jec t ion  a n d  this is t rue  for al l  values  of ' s  The  same t y p e  
of resul ts  were o b t a i n e d  in [14]. 

M icroro ta t ion  xWield 

I n  Fig.  2, we have  p l o t t e d  the  mic roro ta t ion  profi les showing the effect  of 
var ia t ion of 's '  a n d  Co. F o r  a g iven Co, i t  is found  t h a t  the  mic ro ro ta t ion  nea r  the  
surface decreases  wi th  decrease  in concent ra t ion ,  Le., wi th  increase of ' s ' .  The 
na tu r e  of the  mie ro ro ta t ion  profi les  for var ious  values  of 's '  is the  same as o b t a i n e d  
in [18]. Due  to the  change in concent ra t ion  the  mie ro ro ta t ion  profi le  near  the  wall  
decreases  wi th  suct ion and  increases  wi th  in jec t ion  and  this  is t rue  for al l  va lues  
of ' s ' .  This  is in qua l i t a t ive  ag reemen t  wi th  the  resul ts  o b t a i n e d  in [14] b u t  the  
flow p a t t e r n  in our case is s l ight ly  d i f fe ren t  f rom t h a t  of [14]. 

T e m p e r a t u r e  F i e l d  

In  Fig.  3, we have  p l o t t e d  the  t e m p e r a t u r e  prof i les  showing the  effect  of 
va r i a t ion  of 's '  and  Co. F o r  a given Co, i t  can be seen t h a t  the  effect  of va r i a t ion  of 
'.s' on t e m p e r a t u r e  is r a the r  ins ignif icant .  I t  can also be seen t h a t  the  t empe ra tu r e  
decreases  wi th  suct ion a n d  increases  wi th  in jec t ion  a n d  this  is t rue  for al l  va lues  
of ' s ' .  This t ype  of behav iour  of t e m p e r a t u r e  is in ag reemen t  wi th  the  resul ts  
ob t a ined  in [14]. S imi lar  resul ts  have also been o b t a i n e d  in [19] for Newton i an  
fluids.  
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Table 1. El/ect  of variat ion o / ' s '  and C o on the sk in- fr ic t ion param, eter and the gradient o~ 
microrotation on the wall  /or N 1 = 0.1, Nz ~ 0.002, ~V 3 ~ 0.02, N~ = 1.0 and Pr  = 9.0 

co 1"(o) g'(0) 

s = O . O  s = 0 . 5  s = l . O  s = O . O  s = 0 . 5  s = l . O  

--0.5 0.1150 0.1175 0.1201 --0 .0313 0.0003 0.0330 
--0.25 0.1322 0.1350 0.1401 --0 .0379 --0 .0020 0.0345 

0.0 0.1482 0.1541 0.1572 - -0 .0450 --0 .0042 0.0362 
1.0 0 .19t9  0.1966 0.2035 --0 .0682 --0 .0169 0.0364 
1.5 0.2022 0.2068 0.2102 --0 .0737 --0.0212 0.0368 

I n  T a b l e  1, we  h a v e  t a b u l a t e d  t h e  s k i n - f r i c t i o n  p a r a m e t e r  / " ( 0 )  a n d  t h e  

g r a d i e n t  of  m i c r o r o t a t i o n  g ' (0)  o n  t h e  wa l l  fo r  v a r i o u s  v a l u e s  of  t h e  b o u n d a r y  

c o n d i t i o n  p a r a m e t e r  '8' a n d  s u c t i o n / i n j e c t i o n  p a r a m e t e r  Co. I t  c a n  b e  s e e n  t h a t  

w i t h  t h e  d e c r e a s e  i n  c o n c e n t r a t i o n ,  t h e  s k i n - f r i c t i o n  a n d  t h e  g r a d i e n t  of  m i c r o -  

r o t a t i o n  i n c r e a s e  f o r  a g i v e n  Co. I t  c a n  a l so  b e  s e e n  f r o m  T a b l e  1 t h a t  s k i n -  

f r i c t i o n  p a r a m e t e r  ] " ( 0 )  i n c r e a s e s  w i t h  s u c t i o n  a n d  d e c r e a s e s  w i t h  i n j e c t i o n  for  a l l  

v a l u e s  of  ' s ' .  S i m i l a r  e f f ec t s  of  s u c t i o n  a n d  i n j e c t i o n  o n  t h e  s k i n - f r i c t i o n  p a r a m e t e r  

h a v e  b e e n  o b t a i n e d  i n  [20] fo r  N e w t o n i a n  f lu ids .  U s i n g  t h e  v a l u e s  o f / " ( 0 )  a n d  g ' (0)  

f r o m  T a b l e  1, C / a n d  Mw c a n  b e  c o m p u t e d  fo r  t h e  p r e s c r i b e d  v a l u e s  of  N1, ,V3, Ns,  

P r ,  R ,  E ~ n d  2. 

0,18 t 

o,~s i / l /  / /  

O.lZ, / 

o.12 / ." 
/ / /  __dii) 

0.10 I " 

* f~ O.OB /I / /; , /  
/ , /  ~ ~ 

OOg 

004 ~ 

0 011 0!2 0.13 0!4 oJ5 O.IG 0.7 

Fig. 4. Effect of var ia t ion  of s and  C o on the  ra te  of hea t  t ransfer  for N t = 0.1, N 2 0.002, 
N 3 = 0.02, N 5 = 1.0, N 6 = 0.05, P r  = 9.0 and  A 1.0. i C o 1.0, i i  c o = 0.0, 

i i i  C O = - -0 .5 ;  ~ = 0.0, s = 0.5, - . . . .  s = 1.0 
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Fig. 4 shows the effect of var ia t ion  of 's '  a nd  Co on the dimensionless  heat  
t ransfer  coefficient [--N*(2)].  I t  is found tha t  for high concent ra t ion  the heat  
t ransfer  coefficient [ - -N*(2)]  increases with suct ion a nd  decreases with inject ion 
and  it  is also t rue for low concent ra t ion  except on the wall. Similar  effects of 
suct ion and  inject ion on the rate of heat  t ransfer  for Newton ian  fluids a nd  micro- 
polar fhlids have been ob ta ined  respectively in [19]--[2l]  a nd  [14]. 

Acknowledgement 

Mr. S. K. Jena is grateful to the Council of Scientific and Industrial Research, Govern- 
ment of India, for the award of a Research Fellowship which enabled him to complete this 
work. 

References 

[1] Mathur, M. N. : Laminar free convection flow of an elasticoviscous liquid from a non- 
uniformly heated vertical flat plate. Indian g. Pure and Appl. Maths. 1, 64--76 
(1970). 

[2] Eringen, A. C.: Theory of thermomierofluids. J. Math. Anal. and Appl. 88, 480--496 
(1972). 

[3] Eringen, A. C. : Mechanics of micropolar continua. In: Contributions to mechanics 
(Abir, D., ed.), pp. 23--40. Pergamon Press 1970. 

[4] I-Ioyt, J. W., Fabula, A. G.: The effect of additives on fluid friction. U.S. N a v a l  
Ordnance Test Station Report (1964). 

[5] Vogel, W. M., Patterson, A. M.: An expecimental investigation of additives injected 
�9 . �9 N 

rote the boundary layer of an underwater body. Paclfm Naval Lab. of the Defence 
Research Board of Canada Report, 64-2 (1964). 

[6] Latto, B., Shen, C.: Experimental investigation of polymer solution injection on 
external boundary layers. Proceedings of Turbulence Measurements in Liquids, 
University of Missouri, 1969, pp. 110--115. 

[7] Wells, C. S. (ed.): Viscous drag reduction. New York: Plenum Press 1969. 
[8] Riha, P.: The distribution of particles in tube flows of fluid suspensions. ZAM~ 59, 

388--390 (1979). 
[9] Ariman, T., Turk, M.A., Sylvester, N. D. : Applications of microcontinuum fluid 

mechanics. Int. J. Engng. Sci. 12, 273--293 (1974). 
[10] Balram, M., Sastry, V. U. K.: Micropolar free convection flow. Int. J. Heat Mass 

Trans. 16, 437 441 (1973). 
[11] Sastry, V. U. K., Maiti, G.: Numerical solution of combined convective heat transfer 

of mieropolar fluid in an annulus of two vertical pipes. Int. J. Heat Mass Trans. 19, 
207--211 (1976). 

[12] Jena, S. K., Mathur, M. N.: Similarity solutions for laminar free convection flow of a 
thermomicropolar fluid past a non-isothermal vertical flat plate. Int. J. Engng. Sci. 19, 
1431--1439 (1981). 

[13] Sills, J. A.: Transformations for infinite regions and their applications to flow prob- 
lems. AIAA J. 7, 117--123 (1969). 

[14] Ramaehandran, P. S., Mathur, M. N., Ojha, S. K.: Heat transfer in boundary layer 
flow of a micropolar fluid past a curved surface with suction and injection. Int. J. 
Engng. Sci. 17, 625--639 (1979)�9 

[15] ~[athur, M.N., Ojha, S.K., Ramachandran, P. S.: Thermal boundary layer of a 
micropolar fluid on a circular cylinder. Int. J. Heat Mass Trans. 21, 923--933 (1978). 

[16] Ahmadi, G.: Self similar solutions of incompressiblz micropol~r boundary layer flow 
of a semi-infinite plate. Int. J. Engng. Sci. 14, 639--646 (1976). 

[!7] TSzeren, A., Skalak, R . :  Micropolar fluids as models for suspension of rigid spheres. 
Int. J. Engng. SoL 15, 511--523 (1977). 

[18] Ramachandran, P. S., Mathur, M. N.: Heat transfer in the stagnation point flow of a 
micropolar fluid. Ac~a Mechanic~ 36~ 247--261 (1980). 



238 S . K .  Jena and M. N. Mathur: Free Convection 

[19] Parikh, P. G., ~off~t ,  R. J. ,  K~ys, W. }L, Bershader, D. : Free convection over 
vertical porous plate with transpiration. Int.  J.  He~t ~iass Trans. 17, 1465--1474 
(1974). 

[20] l~erkin, J.  H. : Free convection with blowing and suction. Int .  J.  Heat  5iass Trans. 
15, 989--999 (1972). 

[21] Sparrow; E. i~I., Cess, 1~. D. : Free convection with blowing or suction. J.  He~t. Trans- 
fer Trans. ASI~E 81C, 387--399 (1961). 

S. K. Jena and 2/[. N. Mathur 
Department of Mathematics 

Indian Institute o/Technology, Powai 
Bombay 400076 

India 


