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ABSTRACT:
Two-dimensional unsteady natural convection o f  a non­

linear fluid represented by Criminale-Erickson-Filbey 
(CEF) fluid model in a square cavity is studied in the fluid 
for Rayleigh Benard convection case. The governing 
vorticity and energy transport equations are solved 
numerically either simple explicit and A.D.I. methods 
respectively. The two-dimensional convective motion is 
generated by bouyancy forces on the fluid fluid in a square 
cavity, when the vertical walls are either perfectly insulated 
or conducted with Biot boundary conduction condition. 
The contributions o f  the elastic and shear dependent 
characteristics o f  the liquid to the non-Newtonian 
behaviour are investigated on the temperature distribution 
and heat transfer. The effect o f  the W eissenberg (which is a 
measure o f the elasticity o f the fluid), Rayleigh and Biot 
numbers on the temperature and streamline profiles are 
delineated and this has been documented first time for the 
viscoelastic fluid.

INTRODUCTION
Two dimensional natural convection heat transfer 

of a non-linear fluid in enclosures of rectangular 
cross section is encountered in many practical 
situations due to its wide application in various 
engineering devices, which involve heat transfer 
across double glazing windows, solar energy, the 
electrical and nuclear industries, sterilisation of 
foods, building insulation. Such flows are also of 
interest in geophysics and can be applied in the 
circulation of the atmosphere and of magma in the 
Earth’s upper mantle. Many fluids exhibit non- 
Newtonian behaviour in industrial applications, but 
there are very few studies reported for natural

convection based on non-Newtonian fluids in the 
literature for both viscoinelastic or viscoelastic 
fluids. Therefore concerning the natural convection 
of visco-elastic fluids are almost non-existent. 
Review of the literature for two dimensional free 
convection in rectangular enclosures can be found in 
references (Shoney, 1988), (Gebhard et.al., 1988), 
(Demir, 1996) and (Demir et.al., 2000).
In this work, we examine two dimensional 

Rayleigh-Benard convection for visco-elastic fluid 
namely CEF fluid in a horizontal enclosure of cross 
section heated from below is studied when two 
vertical sides are insulated or conducted with Biot 
boundary condition with shear-free boundary 
conditions. Rayleigh-Benard convection one of the 
best known problem of fluid mechanics and has 
been subject of theoretical research and this problem 
has been investigated by many researchers with 
various aims due to its practical applicability.
In this paper we present numerical results for 

Rayleigh-Benard convection conducted with Biot 
boundary condition in a horizontal cavity with 
heating from below. In general, the use of this type 
of model would give realistic results in motions 
with small strain rates. In free convection .although 
the strains may be large, the strain rates are 
relatively small. In most buoyancy driven motions 
is also slow due to moderate temperature gradient. 
Therefore, CEF model is ideally suited for the study 
of this class motions. This provide the motivation 
for the present work where the effect of the 
Weissenberg number on the flow field explored 
numerically first time. For calibration of the code,



firstly two dimensional plane natural convection of 
the Newtonian fluid in a square cavity is solved. 
Excellent agreement is found with the work of (De 
Vahl 1983), (Torrance&Turcotte, 1971) and 
(Mckenzie, 1974). Then for further calibration of 
the code, two dimensional plane natural of a viscous 
pseudoplastic flow in a square cavity is studied. The 
recirculating flow are depicted properly in detail 
along with the temperature distributions which has 
not been given before in detail. Following this, to 
test the capabilities of the code Weissenberg effect 
on the flow field for CEF fluid is studied. Finally, 
the dependence of the Nusselt number on the 
characteristics is investigated.

MATHEMATICAL FORMULATION
We consider the flow regime in a two dimensional 

square cavity as discussed reference (Demir, 1996). 
The two end walls are kept at different temperatures 
TX>TÜ and the remaining walls are insulated or 
conducted with Biot boundary conditions. The 
square enclosure considered is assumed to be very 
long in the third dimension. Then the governing 
differential equations subject to Boussinesq 
approximation are

p C v —  = k V 2T + $>, V.u=0 (2.1)

Du
p — = ~ V - t  + P S a  e y ( T - T 0)

Dt
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(2 .2)

where S ’ is the extra stress and <f> is the reduced 
pressure field, </> = p -  p 0 , p 0~ static pressure . 
p, a  and k are the density, and the coefficient of 
thermal expansivity and thermal conductivity 
respectively, all evaluated at some average 
temperature. The operators D I Dt is the material 
time derivative d  /  d  t + u. V.
For the CEF model, the extra stress can be written as

(2.3)
s *ik = 2ns ( r ) d ik +4 j ( y  )dijdjk 

- 2 a r ) d ik
where dik is the first rate of strain tensor given by

d,k -  2
d u ; d u v

Kd x k d X :
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V sy  j  is k110̂  as solvent viscosity and is a 

function of the second rate-of-strain invariant

y  = 2dikdik. For our case we find that
2

y 2 = 4
d u

\2  f

d x )

d u  d v

d y  d x .
(2.5)

In general the viscosity function r/syy j  should be

continuous, well defined and able to attain a finite 
zero shear-rate viscosity. Consequently the 
viscosities are calculated using the Cross model 
V - t l c o 1

n 0 - n «
l + \ Ä y

d-») (2.6)

where rj 0 and 77 x  refer to the asymptotic values of 
viscosity at very low and very high shear rates 
respectively A  is a constant parameter with the 
dimension of time « is a dimensionless constant.

Here, x \ Y  \ and d  Y  generally are defined as

4XIY = n i \Y > 2d  Y = w , \ y  , (2.7)

where j  and N 2\ y  j  are material functions

known as the primary and secondary normal stress 
coefficients, respectively. However, in this work, we 
use the following forms of this

,  n „ ,  ( ^ 0  -  n ^ )
(1) N x =  2 A , — 7— ^ - 7  (2 .8)

1+ Ay

(ii) N 2 -  0 ,

and upper convected derivatives in equation(2.3) is 
defined as 

v D
dik = - d ik -  Ldjk d ikLT, (2.9)

where
L = VVi and LT =(\ 'Vi ) T. (2.10)

Now, substituting S*k = 2Tjs (y )d ik+<J*k in Eqs.(2.2)- 
(2.3), the stress constitutive equation and stress 
equation of motion in the form of Elastic- Viscous 
pseudoplastic-Split-Stress (EVPSS) which is similar 
to the Elastic Viscous Split Stress(EVSS) form of 
(Rajagopalan et al., 1990) can be written as

S ,* = 2 Tl s ( y )d ik+(rJk , 
where

(2. 11)
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< 4  = - N l ( r ) d ik ,
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and non-dim ensional variables are introduces as
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For a 2-D  planar case, i f  the velocities are defined  
as

and the operators is  d efined  as

A/(«) = 2
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Then, taking the curl o f  the equation o f  m otion  
w hich elim inates the unknown reduce pressure 
gradient, the resulting d ifferences o f  the local 
velocity  gradients can be abbreviated by  the 
vorticity function c o . Thus ,the partial differential 
equation for stream function, vorticity, stresses and 
energy equation can be written as 
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d Q  1 I— 2 \

= 4 ? ;Q)

d U
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On taking the non-d im ensionalised  form  o f  the 
governing equations w e  have several non- 
dim ensional parameters nam ely the G rashof 
number( G r  ), the Prandtl num ber( Pr ), the Eckert 
number (E c).and W eissenberg  n umber (pF e). The 
G rashof num ber is a m easure o f  the ratio o f  
buoyancy force to v iscou s e ffec ts  w ithin the flow

/ 7 o
and defined  as G r  = '

i t l a _______
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P rand tl n u m b er is a m e asu re  th e  ra tio  o f  th e  f lu id ’s 
k inem atic  v isco s ity  to  the  th e rm al co nduc tiv ity

_  Cv7?/co n s tan t k  and  d e fin ed  as P r = T h e  E ckert

n u m b er is a m easu re  o f  th e  v isco u s  h ea tin g  o r th e  
v isco u s d iss ip a tio n  p a rt o f  th e  en e rg y  eq u a tio n  and

d efined  as Ec =  ^  /  t \ . T h e  p ro d u c t o f  P r
M - ? - , )

and  G r g ives th e  R ay le ig h  n u m b er Ra. T he  W e 
n um ber is the  m easu re  o f  th e  e la s tic ity  o f  th e  flu id

and  is d e fin ed  as 

form  o f 2<

an d  A7 is a d im ension less

l +  (A y
1 -n

T he d im en sio n a lle s  b o u n d a ry  and  in itia l cond itions 
tha t co rresp o n d  to  o u r  p ro b lem  are  
r  <  0  w ho le  sp ace  0  =  Q  = '¥  = U  =  V = 0 
r  > 0 U  =  V =  'i’ =  Q =  0,
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a t K =  0  an d  Y  = \ .
A lso  w e have 9  =  0  a t Y  =  1, 0  =  1 at F =  0 and
8 0  8 0

■ = B i ( T -  T0 ) a t X  =  1 a n d ------ =  - B i { T -  T0 )
8 X 8 X

a t W =  0 . H ere T0 u sed  as th e  tem p era tu re  o f  the 
co ld  w all and  B i u sed  as B io t num ber. T he  local 
N u sse lt n um bers  can  be  ca lcu la ted  from  the 
tem p era tu re  d is tr ib u tio n  as  fo llow s:

N u  =
8 0

8 Y wall
(2 .25)

METHOD OF SOLUTION AND GRID INDEPENDENCE
T he m o d ified  eq u a tio n s  w ere  so lved  on  a square 

m esh  b y  a  f in ite  d iffe ren ce  m ethod ; second  -order 
cen tra l d iffe ren ces w ere  u sed  fo r  a ll sp ace  variab les  
and  a  fu lly  im p lic it sch em e fo r ev a lu a tin g  the tim e 
d eriva tives as d esc rib ed  (D o u g h las  e t.a l., 1966) In 
the p resen t w ork , the m ix ed  eq s  (2 .1 )-(2 .2 ) are 
so lved  b y  th e  A lte rn a tin g  D irec tio n  Im p lic it (A D I) 
m e th o d  d ev e lo p ed  b y  P eacem an n -R ach fo rd  
(S cra ton , 1987) an d  (M o rto m  et.a l., 1994) and 
trid iag o n a l m a trix  a lg o rith m  fo r  so lv in g  the 
d isc re tized  equa tions . T he  e llip tic  s tream  function  is 
so lved  ite ra tiv e ly  u sin g  th e  S uccessive-O ver- 
R e lax a tio n  (S O R ) p ro ced u re . A D I m e th o d  w as used  
fo r th is  in v es tig a tio n s  b ec au se  o f  ea r lie r  experience  
w ith  th is m e th o d  in  p ro b lem s o f  b u o y an cy  induced  
flow  and  h ea t tran sfe r(e .g . D e V ah l D avis, 
1 9 8 3 ).R ich a rd so n ’s ex tra p o la tio n  has b een  used  ; 
th is  leads to  the  h ig h  accu racy  b en ch  m ark  so lu tion  
as d esc rib ed  in  (R a jag o p a lan  e t al., 1990). G rid  and  
tim e in d ep en d en ce  are  ca re fu lly  ta s te d  as show n in 
F ig . 1. W e also  te s te d  o u r  co m p u te r code aga in st the 
ea rlie r  p u b lish ed  n u m erica l re su lt o f  (D e V ah l, 
1983), (T o rran ce  e t.a l., 1971) and  (M e K en sie  e t.a l., 
1974) fo r a ccu racy  an d  ex c e llen t ag reem en t w as 
found.

RESULTS AND DISCUSSION
In o rd er to  com pare  o u r  o rig ina l resu lts , w e p resen t 

th e  s tream line  s tru c tu re  and  tem p era tu re  d is trib u tio n  
for v iscous p seu d o p las tic  and  C E F  flu id  to g e th er for 
th e  p ro b lem  u n d er  con s id era tio n . In th e  resu lts 
p resen ted , R ay le igh  ,E cce rt and  W eissen b erg  

num bers are  se t a t IO4 < Ra <  10 6, 0 and
0 <  W e  <  0.01 .respec tive ly . D esp ite , the ev iden t 
p ro g ress  o v e r  th e  la s t few  yea rs , o b ta in in g  accurate  
num erica l so lu tio n s(o r w o rse , an y  so lu tio n  a t all) at 
h ig h  values o f  the  W e issen b erg  num ber(W e) 
rem ains a cha llenge. T he  h igh  W e issen b erg  num ber 
p rob lem , i.e. th e  d iv e rg en ce  o f  conven tiona l 
ite ra tive  schem es b ey o n d  som e critica l va lue  o f  the 
W e issen b erg  num ber, h as b een  rep o rted  in  v irtu a lly  
a ll p u b lish ed  w orks (C h arle s  e t.a l., 1989). T here  are 
several reaso n  fo r th is  as d iscu ssed  in (C harles  et.a l.,



1989). D esp ite , ou r w o rk  lim ited  to the  sm all values 
o f  the W e issen b erg  num ber, w e found  in te resting  
s tructu ra l ch an g es in  b o th  stream line  and 
tem p era tu re  p ro file s  as W e issen b erg  n um ber 
inc reased  from  zero  an d  as B io t n u m b er increased  
from  zero .

F o r a v isco u s flu id , it w as found  one ce ll filled  

w ho le  cav ity  a t R a  =  1 0 4 w h ich  can  b e  seen  in  F ig.
1 and  it is sym m etric  b o th  h o rizo n ta lly  and  
v ertica lly  fo r B i= 0 , b u t w h ile  th e  B i num ber 
increases th e  flow  p ro d u ce  to  tw o  m irro r im age 
co u n te r ro ta tin g  rec tan g u la r  ce lls  fo r v isco u s flu id  as 
show n in Fig. 3. T he  co rresp o n d in g  tem pera tu re  
p ro files  a re  show n  in  F igs. 2 -4  resp ec tiv e ly . In Fig.
2 w arm  flu id  rises  n e a r  th e  b o tto m  w all and  cold  
flu id  descends a lo n g  th e  top  and  in  F ig . 4 , th e  co lder 
flu id  descends n ea r  th e  c a v ity ’s cen tre  w h ile  the 
w arm  flu id  r ises  nn  co n v ec tiv e  m o tion  n ea r the 
w alls. A s W e issen b erg  n u m b e r inc reases , in  th is 
case , the C E F flu id  flow  resu lts  sh o w  th a t th e  flu id  
ex h ib it s im ila r b eh a v io u r  w h en  W e n u m b er is u sed  
w ith  o r w ith o u t th e  B i n u m b er, w e hav e  one vo rtex  
w ith  the d irec tio n  o f  ro ta tio n  as show n  in  F igs. 5-7. 
T he  co rresp o n d in g  tem p era tu re  p ro file s  are show n 
in F igs. 6-8 resp ec tiv e ly , w here  w arm  flu id  rises 
n ea r th e  b o tto m  an d  le ft w alls  and  co ld  flu id  
descends a lo n g  th e  top  and  rig h t w alls . T h e  la s t one 
o f  them  ind ica tes  th a t th e  le ft o f  cav ity  alw ays 
w arm er than  rig h t and  w arm  flu id  rises  n ea r th e  le ft 
w all. W e are  u n ab le  to  ge t s tab le  so lu tio n  fo r 
W e > 0 .0 1 , th e re fo re  w e in d ica te  th e  th is  va lue  o f  the 
W e nu m b er a s W e crit and  it is ap p eared  to  be  

im possib le  (as far as w e know ) to  have  stab le  
so lu tio n  b ey o n d  th a t va lue . T h is  co n c lu s io n  also  
ind icate  th a t the  c ritica l W e issen b erg  nu m b er is no t 
a rte fac t o f  ou r m ethod .

W e have one ce ll v o rtex  a t R a  =  1 0 5 in  F ig . 9 fo r 
v iscous flu id  an d  it is sh o w  th a t th e  s te ad y  so lu tion  
g ives one la rge  vo rtex  w h ich  fills  a lm ost th e  w hole 
cav ity  fo r B i=0 , b u t w h ile  th e  B i n u m b er increases 
th e  flow  p ro d u ce  to  tw o  m irro r  im age coun ter 
ro ta ting  rec tan g u la r ce lls  fo r v isco u s flu id  as show n 
in F ig. 11. T he  co rresp o n d in g  tem p era tu re  p ro files 
are  g iven  in  F ig s 10-12. In  F ig (1 0 ) th e  tem pera tu re  
th roughou t m ost o f  th e  cav ity  is u n ifo rm  o b ta in in g  a 
value w hich  average  o f  th e  top  and  b o tto m  w alls. 
T he second  F ig . 12 ind ica tes  tha t, th e  co ld e r flu id  
descends n ea r th e  c a v ity ’s cen tre  w h ile  th e  w arm  
flu id  rises  in  convec tive  m o tio n  n ea r  the w alls. A s 
W eissenberg  n u m b er increases, in  th is  case , the CEF 
flu id  flow  resu lts  show  th a t th e  flo w  em erged  as tw o 
unequa l ce lls  and  th ey  w ere  n o t sym m etric  and  one 
vortex  dom inan t to  o th e r  vo rtex  fo r v iscous flu id  as

show n  in  F ig . 13 w ith  B i= 0 . W h e n  B i in c reases, the 
flow  p a tte m  b eco m es one  v o rtex  o n ly  and  it is m ore 
com pact as sh o w n  in  F ig . 15. T h e  co rresp o n d in g  
tem p era tu re  p ro file  is sh o w n  th a t it  is a lm ost 
sym m etric  v e rtic a lly  an d  w a rm  flu id  rises  n ea r the 
b o tto m  w h ile  co ld e r  f lu id  lo ca ted  n ea r  th e  top  w all 
as show n in  F ig . 14. T h e  co rresp o n d in g  tem p era tu re  
p ro file s  are  sh o w n  in  F ig . 16, w h ere  w arm  flu id  
rises  n e a r  th e  b o tto m  an d  r ig h t w alls  and  co ld  flu id  
descends a lo n g  th e  top  and  le ft w alls . T h e  last one 
o f  th em  in d ica tes  th a t th e  le ft o f  cav ity  a lw ays 
co ld er than  rig h t an d  w a rm  flu id  r ises  n ea r  th e  righ t 
w all. In th is  case , th e  C E F  flu id  flow  resu lts  show  
th a t th e  f lu id  ex h ib it d iffe ren t b eh a v io u r  w hen  W e 
n u m b er is u sed  w ith  o r  w ith o u t th e  B i n u m b er w h en  

R a n u m b er in c rease s  to  1 0 6 .W e are  u n ab le  to  get 
s tab le  so lu tio n  fo r W e > 0 .0 1 ,  th e re fo re  w e ind ica te  
th e  th is  v a lu e  o f  the  W e n u m b e r as W e crit .

W e h av e  o b se rv ed  one  ce ll s tru c tu re  at R a  =  1 0 6 
for a  v isco u s  flu id  an d  one  v o rtex  o n ly  an d  it is 
m ore  com pac t as sh o w n  in  F igs. 17-19. F lu id  flow  
resu lts  sh o w  th a t th e  f lu id  ex h ib it s im ila r beh av io u r 
w ith  o r  w ith o u t th e  B i n u m b e r is u sed . T he 
co rresp o n d in g  tem p era tu re  p ro file s  are  g iven  in 
F igs. 18-20, an d  th e  tem p e ra tu re  th ro u g h o u t m o st o f  
th e  cav ity  is u n ifo rm  o b ta in in g  a va lue  w hich  
average o f  th e  top  and  b o tto m  w alls . A s W e nu m b er 
is u sed  th e re  is no m uch  d iffe ren ce  b e tw een  th e  C E F 
and  v isco u s p se u d o p las tic  f lu id s w ith  o r w ith o u t Bi 
n u m b er is u sed . T h e  co rresp o n d in g  stream lin e  and  
tem p era tu re  p ro file s  a re  sh o w n  in  F igs.21 -23  and  
F igs. 22 -24  resp ec tiv e ly . T h e  e ffec t o f  the  N u sse lt 
n um ber on  th e  h ea t tran sfe r  are  g iven  in  F ig . 26  for 
the C E F  flu id  an d  co m p ariso n  w ith  th e  v iscous 
p seud o p lastic  f lu id  cases w h ich  is sh o w n  in  Fig. 25. 
T here  is no  re la tio n sh ip  b e tw e en  them . W e believe 
th a t ex p erim en ta l resu lts  a re  n ec essa ry  to  c lea r the 
th is phenom ena .

CONCLUSION
In th is  pap e r, w e hav e  a ttem p ted  to  d e term ine  the 

e ffec t o f  th e  co n d u c tio n  o f  B io t b o u n d ary  cond ition , 
S hear-th in n in g  an d  e lastic  (the firs t n o rm al stress 
d iffe rence) fo r sh ear-free  therm al co n v ec tio n  in a 
square  cav ity  d iffe ren tia lly  h ea ted  an d  filled  w ith  
flu ids, h av e  a in flu en ce  in  sh ap in g  th e  flo w  fie ld  and 
dete rm in in g  th e  h ea t tran sfe r  ch a rac te ris tic s  . T he 
tw o-d im ensional u n s te ad y  convec tive  m o tion  
g enera ted  b y  b u o y an c y  fo rces on  the fluids. 
Investiga tion  w as m ad e  n u m erica lly  by  u sin g  a 
second  o rd er accu ra te  schem e fo r v iscoelastic  
nam ely  C E F  m odel w h en  A , is in  th e  form  o f  eq.

□  1 -8



(2 .8 ) and  fin ite  d iffe ren ce  m e th o d  w as u sed  fo r the 
d isc re tisa tio n  o f  tim e  an d  sp ace  respective ly . A  

ran g e  o f  R a  and  W e u p  to  10 6 an d  0 .0 0 1  h as  been  
in vestiga ted  fo r b o th  v e rtica l w alls  m a in ta in ed  w ith  
B io t b o u n d ary  co n d u c tio n  o r  not. T h e ir  com b ined  
e ffec t (w ith  B i= 0 ) ac ts  to  in c rease  an d  dec rease  the 
h ea t tran sfe r  as rep re se n ted  b y  th e  lo ca l N u sse lt 
n um ber w ith  th e  re su lts  th a t o vera ll h ea t tran sfe r for 
th e  v iscous an d  C E F  flu id  cases  are  q u ite  c lose  at 

R a = 1 0 6 . A lso  B io t b o u n d a ry  co n d itio n  e ffec t ac ts to 
increase  th e  n u m b er o f  ce lls  fo r th e  in e las tic  flu ids 

case a t R a = 1 0 4 an d  105. B ey o n d  th e  c ritica l W e 
num ber, w e h av e  o b se rv ed  th a t in s tab ility  occu rs  in  
the  flow  and  th e  sy s tem  b eco m es u n stab le  and  loses 
its eq u ilib rium . W e b e liev e  th a t m o re  w orks needs 
to  be  done in  th is  su b je c t su ch  as p seu d o sp ec tra l 
fin ite  d iffe ren ce  (P S F D ) in  o rd e r  to  exp la in  
b ifu rca tio n  p h en o m en a  w h ich  h as  b ee n  no ted  in 
(S ig in er e t.a l., 1994).T he w o rk  a lread y  u n d er  the  
consid era tio n  fo r  th e  so lid  w a ll case  as w ell as 
shear-free  b o u n d ary  cond ition .
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F ig u r e  1; S tr e a m lin e  c o n to u r s  fo r  v is c o u s  p se u d o p la s t ic  F ig u r e  3; S tr e a m lin e  c o n to u r s  fo r  v is c o u s  p se u d o p la s t ic  f lu id  fo r
flu id  fo r  W e = 0  R a = 1 0 4 B i= 0  W e = O R a = 1 0 4 B i= 1 0

F ig u r e  4 ; T e m p e r a tu r e  c o n to u r s  fo r  v is c o u s  p se u d o p la s t ic  f lu id  fo r  
g u r e  2 ; T e m p e r a tu r e  c o n to u r s  fo r  v is c o u s  p se u d o p la s t ic  f lu id  fo r  \ y e= o  R a = 1 0 4 B i= 1 0  
W e = 0  R a = 1 0 4 B i= 0



F ig u r e  5; S tr e a m lin e  c o n to u r s  fo r  C E F  p se u d o p la s t ic  f lu id  fo r  
W e= 0 .0 0 1  R a = I  O4 B i= 0
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F ig u r e  6; T e m p e r a tu r e  c o n to u r s  fo r  C E F  p se u d o p la s t ic  f lu id  fo r  
W e = 0 .0 0 1  R a = 1 0 4 ,B i= 0

F ig u r e  7 ; S tr e a m lin e  c o n to u r s  fo r  C E F  p se u d o p la s t ic  f lu id  fo r  
W e = 0 .0 0 1  R a = 1 0 4 ,B i= 1 0

F ig u r e  8; T e m p e r a tu r e  c o n to u r s  fo r  C E F  p se u d o p la s t ic  f lu id  fo r  
W e = 0 .0 0 1  R a = 1 0 4 ,B i= 1 0
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F ig u r e  9 ;  S t r e a m l in e  c o n t o u r s  f o r  v is c o u s  p s e u d o p la s t i c  f lu id  f o r  F ig u r e  1 1 ; S t r e a m l i n e  c o n t o u r s  f o r  v is c o u s  p s e u d o p la s t i c  f lu id  f o r
W e = 0  R a = 1 0 5 B i= 0  W e = 0  R a = 1 0 5 B i= 1 0

F ig u r e  1 0 ; T e m p e r a t u r e  c o n t o u r s  f o r  v is c o u s  p s e u d o p la s t ic  f lu id  f o r  F ig u r e  1 2 ; T e m p e r a t u r e  c o n t o u r s  f o r  v is c o u s  p s e u d o p la s t i c  f lu id  

W e = 0  R a = l  0 5 B i= 0  f o r  W e = 0  R a = l  0 !  B i= l  0



u u.i u.-t u.o u.ö i q 02 q.4 0.6 0.8 1
F ig u r e  1 4 ; T e m p e r a t u r e  c o n t o u r s  f o r  C E F  p s e u d o p la s t i c  f lu id  f o r  r . T  . . rA AA ’ . A k  t '  F ig u r e  1 6 ; T e m p e r a t u r e  c o n t o u r s  f o r  C E F  p s e u d o p la s t i c  f lu id  fo r
W e = 0 .0 0 1  R a = 1 0 5 B i= 0  « L n  r < = ,„
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Figure 18; Temperature contours for viscous pseudoplastic fluid 
for We=0 Ra=106 ,Bi=0
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F ig u r e  2 0 ;  T e m p e r a t u r e  c o n t o u r s  f o r  v is c o u s  p s e u d o p la s t i c  f lu id  

f o r  W e = 0  R a = 1 0 6 ,B i= 1 0



F ig u r e  2 1 ; S t r e a m l i n e  c o n t o u r s  f o r  C E F  p s e u d o p la s t i c  f lu id  f o r  F ig u r e  2 3 ;  S t r e a m l in e  c o n t o u r s  f o r  C E F  p s e u d o p la s t i c  f lu id  f o r
W e = 0 .0 0 1  R a = 1 0 6 , B i= 0  W e = 0 .0 0 1  R a = 1 0 6 , B i= 1 0

0.2 0.4 0.6 0.8 1

F ig u r e  2 2 ; T e m p e r a t u r e  c o n t o u r s  f o r  C E F  p s e u d o p la s t i c  f lu id  f o r  F ig u r e  2 4 ;  T e m p e r a t u r e  c o n t o u r s  f o r  C E F  p s e u d o p ia s t ic  f lu id  f o r  
W e = 0 .0 0 1  R a = 1 0 6 ,B i= 0  W e = 0 .0 0 1  R a = 1 0 6 ,B i= 1 0
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