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The problem of heat transfer due to a uniformly or non-uniformly heated or
insulated sphere steadily rotating in an infinitely extending non-Newtonian
fluid characterized by the constitutive equations proposed by Oldroyd,
Rivlin-Ericksen and Walters has been investigated. It is observed that the
effect of the non-Newtonian parameter m 18 to increase the temperaturc in
comparison to that for the Newtonian fluids up to a certain critieal m, of m
above which it starts decreasing with further increase of m and even hecories
less than the temperature for the Newtonian fluids for some m > m,. When
the sphere is uniformly or non.uniformly heated, the temperature attains its
maximum in a region close to the boundary due to maximum viscous dis-
sipation in this region. Even when sphere is insulated the effect of non-
Newtonian parameter on the temperature distribution is similar to the one
as stated above except that now the maximum temperature is attained on
the boundary as it should be.

1. INTRODUCTION

Recently Banks (1965) has studied the heat transfer due to a steadily
rotating sphere in an infinitely extending incompressible Newtonian viscous
fluid using the boundary layer approximation for the equations of momentum
and energy without taking into account the dissipation by viscosity. The
usual perturbation method has been used to solve these equations taking the
rotation of the sphere to be small and neglecting the dissipation terms in the
solution of the energy equation for the two types of thermal boundary
conditions, namely the surface of the sphere is either maintained at a given
temperature or it is heat-insulated.

The aim of the present investigation is to study the problem of heat
transfer in non-Newtonian fluids due to the steady rotation of a uniformly or
non-uniformly heated sphere and to see as to how the various non-Newtonian
parameters affect the temperature distribution in the flow field. We have
studied the effect of secondary flow on the temperature distribution taking
into account all the dissipation effects. The problem of heat transfer when
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suction is imposed on the boundary of the sphere in any arbitrary direction
will be taken up in a separate paper.

In accordance with the theorem proved by Bhatnagar (1967) we include
in our present discussion all the clagses of Oldroyd (1950), Rivlin and Ericksen
(1955) and Walters (1962) fluids. The equations determining the primary
motion, secondary motion and the zeroth and first order temperature fields
are identical for the above-mentioned fluids but with the proper interpretation
of non-Newtonian parameters in each case. However, the nature of the
secondary flow field with or without arbitrary suction and injection for Rivlin-
Ericksen fluids has already been discussed by Bhatnagar (1964). We note
that for Rivlin-Ericksen fluids the stress components differ for the case (2¢,
+¢3) # 0, ¢g and @3 being the coefficients of visco-elasticity and cross-viscosity
respectively, Similar results have been obtained for sphere-sphere and cone-
cone geometries by Bhatnagar et al. (in press).

2. FoRMUTLATION OF THE PROBLEM AND SOLUTION FOR THE
VELocTy Fierp

Consider a sphere of radius « rotating with a constant angular veloeity
£ about the axis § = 0 in an infinitely extending non-Newtonian fluid which
is otherwise at rest. Choose a spherical polar coordinate system (r, 6, $) with
origin at the centre of the sphere and the polar angle 8 and azimuthal angle ¢
being measured from the axis of rotation and some convenient meridian
plane respectively.

Let u, v and w vepresent the components of veloeity in the increasing
directions of r, 0, ¢ respectively. The boundary conditions determining the
velocity field can be written as

vu=0,v=0w=alsinfonr=a; u=0,v=0,w=0,asr—>c0. (2.1

The constitutive equation for a class of elastico-viscous fluids has been
given by Oldroyd in the form

Sip = pi—poi .. .. .. .. .o .. o (2.2)
By = g g +ug, o) S . .. . .o o (2.3)
Pk ,\lajsizlf-}- uop;E"'? = 21, (Ei’c +)\2§§—?) . .. .o (24)
%J:f = %’#Hf"pf’ﬁg‘: SRR QN pin B g R =B gt (2.5)
Qup = Hug, 1—ug k) .. .. .. .. .. .. (2.6)

where pqg is the stress tensor and Sy is the deviatoric stress tensor related to
the change of shape of the material element, gy the metric tensor, Ej the
rate of strain tensor, p an isotropic pressure and u; the velocity vector; a
suffix following a comma represents the covariant derivative. 7, is treated
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as a constant having dimensions of viscosity and the constant paramcters
A1, Ag, po have dimensions of time.

The constitutive equations for Rivlin-Ericksen and Walters fluids have
been recorded in respective references (Bhatnagar 1964 and Bhatnagar ef al.
1967).

We render all the physical and dynamical quantities dimensionless with
the help of radius e as the characteristic length, aQ as the characteristic
velocity so that the isotropic pressure is given by 7,2p and any stress compo-
nent by 1,Qpix.

The equations of continuity and momentum for steady motion in a general
curvilinear coordinate system can be written as

gty 4 =0 .. . .. .. 29
Rufug.j = —-_p'{-l-giip‘j'j . - oo (2.8)
where R = a2Qp[1, represents the Reynolds number for the flow.

The boundary conditions (2.1) in dimensionless form reduce to

u=90, v=0, w=sinfonr=1
u=0, v=0, w=0 asr—>oo}' (2.9)
We solve the velocity field approximately for the case when R is small so
that it can be treated as a small perturbation parameter. The velocity compo-
nents, stress components and the isotropic pressure can then be expressed in
terms of power series in R in the form:
% = Ru,(r, 6)+R2uy(r, 6)+ ...
v = Ro(r, 0)+R2v,y(r, 0)+ . ..
w = wy(r) sin B4 R2wy(r, )4 . ..
Prr = Bfy(r, 0)+ B2fo(r, O)+ . ..
Pgg = Bon(r, 6)+B2gy(r, 0)+ . .. >
Pgp = Rhy(r, 0)+R2hy(r, 6)+ . ..
P,p = Bli(r, 0)+R?5(r, 6)+ ...
Ppg = mo(r, 0)+ R*my(r; 6)+ . ..
Pog = Rena(r, O)+ . ..
p = No+RNy(r, 0)+R*Ny(r, )+ ...

. (2.10)

Substituting these expressions in eqns. (2.2)-(2.8) and separating the
various order terms in R, the zeroth and the first order equations are given by

. o d fw .
m0=rsm0%(70) . - .. .. .. .o (2.11)
10
-O=;§ 5;(7‘?7770).. - . . .. . “ (212)
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Ny = constant .. .. .. .. . .. . (2.13)
ou
f1=~—571 . . .. . .. . S (214
2 dv
gl=;(u1+50£) . . . .. .. .. (2.15)
b= ;2:(111+vl cot 8)+2mr2 sin? 6 {% (’L—gg) }~ .. .. (2.18)
_ 1 8’u,1 N d ?}1) o
h=rwt v 217
2 in2
w, sin? @ oN, 19, 1 G+hy
Ty - ——a?_+~§ 3— 3+ rsin 6 80(11 sin 6) — r (2.18)
w. cos @ sin 0 10N, 1 @ 1 d Ny cot 8
S N SO . Ty /% bt Sutubid 216
7 r 08 +r3 or (réty )+r sin 6 96 (g1 sin 8) — r (2.19)
2 (#2uq sin 0)+~a~ (rry 8sin ) =0 (2.20)
ar‘ 1 Ly ae l b .o, .. .. .
where
m = = (A; =) for Oldroyd fluids
= qj—n— for Rivlin-Ericksen fluids with (2¢,+¢4) = 0
f 7)dr
j ——— Q@ for Walters fluids. . .o (2.21)
Tf (2¢2+3) 7 0, then
a1, (2ho+gs) { d ’wo) }‘“’ ) o
e AR S RN S 4 9D 9D
fl = = a‘l' + azp i (I)' r . . . (.4.2..)

(a) Primary Motion
Eliminating m, from eqgns. (2.11) and (2.12) the zeroth order flow, which
for the sake of simplicity we call the primary motion, is given by

(le

2@9 DL 9 = LI
o +2r g W= 0 . .. ..o (2.23)
which on using the boundary conditions (2.9) gives
w=wo()sn10—~81:128. .. .. .. (2.24)

The streamlines in the primary motion are concentric circles with centres
lying on the axis of rotation.



302 R. K. BHATNAGAR & K. S. BHATNAGAR

(b) Secondary Motion
The secondary motion is represented by eqns. (2.14)-(2.20) and the
boundary conditions satisfied by u;, v; are
uy=0, v;=0 onrzl?. 3 N .. (2.25)
=0, v =0 asr—>o0}
Introducing the stream function fi(r, 8) for the secondary flow throngh
1 o 1 oy 00
= — 57 == = - - .o (2.26
“ Psmg a6 1T rem6 or (2:26)
and eliminating fy, ¢;, by, I, and N; from eqns. (2.14)—(2.19), the equation
determining (r, 8) has the form

0% sin? @ 2 \7° _ |6 1dm| ., . -
[‘a-ﬁ+’-7—2— (ma) ] l/l— [}‘5—~T] S 000> 6. . (__l)
If (2¢o-+¢3) # 0 in the case of Rivlin-Ericksen fluids then
1 :
m o= ;I,TZ‘P (¢2+(f’3) .. .. « (228)
The boundary conditions satisfied by ¢ are
ap 0 _
’5;'—0’8_9_0 on r-—l) ,
. . (2.29)
TR
5= ’877"_0 as 7——>oo/
Solving eqn. (2.27) with the help of boundary conditions (2.29), we get
(r—1)2 AN :
hi(r, 6) = 52 [1 —4m(1+;)] sin? 4 cos 8. .. (2.30)
We note that for 0 < 8 << g
$ 2 0 according as
8m
>
P2y ce e (28
Also o = 0 if
=_T 2.32
m—4(r+2). .. .. .. .. (2.32)

Therefore, the circle r = 7y == 8m/(1—4m) in the meridian plane divides the
flow field into two distinet regions: In the inner region, the streamlines form
closed loops whereas, in the outer region, they have the same patterns as the
streamlines for a Newtonian fluid, i.e. the fluid is drawn in at the pole and
thrown out at the equator. The inequality (2.81) is important from the point
of breaking of the flow. Ifry < 1,i.e. m, < 1/12, there cannot be any breaking
of the secondary flow, Similar results have been obtained by Bhatnagar (1964)
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for Rivlin-Ericksen fluids and by Thomas and Walters (1964) for Walters
flnids.

When the non-Newtonian parameter m is sufficiently small (m < 1/12), the
secondary flow in each quadrant resembles that of a Newtonian fluid. For
still large values of m, the flow field in each quadrant is hroken into two dis-
tinet domains as described ahove, the sense of flow in adjacent guadrants
being opposite and in opposite quadrants being similar (Fig. 1, for m = 0-115).
For sufficiently larger values of m, ry increases and for a critical value of m,
rg—00 and then the flow in the entire field becomes similar to that of
Newtonian fluid except the direction of flow heing opposite.

=0

J==7TI2

Fie. 1. Secondary flow for a non-Newtonian fluid m = 0-115 depicting
the separation in a meridian plane.

3. SorLurioN oF THE ENERGY KQUATION

We shall now investigate the nature of the temperature field under various
types of thermal boundary conditions to be given later.

In the case of steady motion, the energy equation in spherical polar
coordinate system (r, 8, ¢) has the form

o7 v ol 1 ; ou 1 ov
k [“ ity ‘a‘o] =5 VIR [a“ Pty (“*eTe) Pog

1 1{ou ov ow w
+?—_ (u+v cot 0)7)¢¢+; (55—*—%87 —v) Pro+ (E - —) Phd

r

12
+; (5%’ —1w cot O)pM] .. .. . .. NG R
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where
E 1202
B = 7 E= o (Eckert number)

!¢

= ’7%” (Prandtl number)

and the dimensionless temperature 7' = (I'—1T,,)/T, T being constant tempera-

ture at the pole § = 0.
In terms of the dimensionless variables we consider two types of thermal

boundary conditions, namely

0 T=14asn2f on r=1 -
T=0 as r—>oo} (3.2)
« being some positive constant, and
(ii) o1 =0 onr=1
or . (3.3)
T=0 asr—»>

As for the velocity field, here also we take

T(r, ) = Ty(r, )+ R2Ty(r, 0). .. .. .. (34
Substituting (3.4), (2.10) in (3.1) and equating various order terms in R.
the zeroth and first order temperature are determined by

ver, = -—%%—Isingﬁ . .. .. o 35)
and
0T, , v, oT 0 0 h
vil,=o¢ [711 50 ]+1rl 391] —Bo [fl LN (?11+—%) +71 (w1 vy cot B)
I [Ou; , O ) 3 sin 0{ 0 wz) ] .
+2 (ao"’ Sl o) = {matr o |22 .. (386)
where
¢ 29,18 0 ] )
vE= 872+r 8r+ 26 (3.7)
and :
my =19 0 (wz) 12u; sin 0+ 9 sin @ aul] .. (38)
or r4 8 Or
The equation determining wq(r, 8) is of the form
02w, sing 0 3 ]
8722+ 392 (wp/sin 0)"‘2~ (7)4—'*9;;-" 9(’“’2/5“1 6)
_1 _ o020 , 12 uy 124y 3 2%y
[22)1 cos 8—u, sin 6+m [sm 0 lQ 53T, 5 -~z +3 3
v} 1, 9 cos 9{1 ou, (vl)}] ]
+ araa( )s+ 7 ae'*" 37‘ . . . (3.9)

The boundary conditions satisfied by wy(r, 8) are
wp=0onr=1 and wy—+0 as v — o0, . .. (3.10)
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Substituting for w;, »; from (2.26) and (2.30) and solving (3.9) using the condi-
tions (3.10), wa(r, 8) is found to have the following form

2
w,r, e)=[—39ﬁ+1 (m+12m)— ’f+i( 1+§’1’—1‘>»n2)

33 8 14 96 615
1 69 2m, 33} log» 1,1
o 2 - —
T ( 55 ™ +400) T35 +4r3 ( 4) +a

1 m 2m2\] . omz 1 'm
X (Tzoo“Lm - Ts‘)] sin 0+ [ms ~ 37 ( )+4r5+§—r5

' 1 69 ,\ logr 1 (1 m)].
(\~ —3m+18m)+;_ ( +) m) - )874+§)_3_(8 2)]311130.

. (3.11)
We shall now discuss cases (i) and (i) in turn.

Case (1)

() Zeroth order solution.—Equation (3.5) is to be solved under the
following boundary conditions

Ti=14asinzfon r=1 412
Ty=0 as r—>oo} - 312
Solving (3.5) and using (3.12),
x(2ri41)  fo o
Ty(r, ) = —+“373k+ ")'4 (r34r—2)
— cos? 0[»-+3£§( —1)]. L (313)
(b) First order solulion.—T'a(r, ) satisties the boundary conditiviss
oo —
12‘0‘“”‘1}. . (3.14)
Ty=0as r—> o

Substituting for uy, v, f1, g1, hy, b1, Me, we and Ty from eqns. (2.26), (2.30),
(2.14)-(2.17), (3.8), (3.11) and (3.13) respectively, and solving (3.6) with the
help of the boundary conditions (3.14), we get

Ty(r, 6) = -+ [ »——4+~ +: “‘+‘”“+~b,s

128 ’0): 3006 4257

7597 910 73 7 43 I T R

B ogall) - B O G

+F6+ 111'7_]+[sz Q  @ologr Q@ @

3677 508 662

Qg (13 41[1 .JIZ 10g r JM:}
T 8410 Pa(w+ 3 +8r4 o8 +1())5

1280 M, M, }
15018 (]og +10)+2277 3673+5279+7Or10 Pyt (3.15)
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where Py(u) and P, (p) are the usual Legendre Polynomials and

Gy

'y

=

Fy

8o .
Fo= _:’ [116m4-139202]

'y
Q
Q.

@

@y
Qs
e

@7
Qs
Qo

21"
g=af—= =2 —m(2a4-3P0)—p (%07-}-87:1—48”02)]

= ¥, r, Fs F4 ,F5 ﬂ EZ]
=- [E+2T)+§O'+Iz+56+72+90

QL@ @, Qs Mbo Qs Qs Qs U
Tt tiaturtossteetaotes Tes

ﬂ_[_@ 13280 My, Mg yz]

M,
3 10 T 4900 tTatwteti

A}
3 m [ 47 17m
["‘1% - %‘_’_'_g (2oc+3.30)'—,8(* “1;4‘27762”

200
_ [H4a, Bo . 9m 24
"“j3+5*3‘””—5(ﬂ7 r”

=aqg

| b 4
(380 Re 4 ) 192m2  252m 17)]

= ¢ ~*1'6+)N (—{—_)— —_ E‘; '—()/30' —/3 —'5"* — 5 - 5 /

=g [_ 1mBo -5 (_ %3.{.

5

KREYP)

)

+ 16802 )]

388mzBa

= ————5———
=g T— i — %‘-{-m (\1+:%OC) —_ %(l—yn)J

1« /30]

=olztsty

_ i o l) I Y AN 20,

=g -—- (-EZ+4, —om (1+7) +5~6 (h—132m)
{361, T8m  206m2 (]

| T 14007 35 35§

—8

o = et B ()2 %_aw”
=73 (L—=4m)+4 : (m—2)+2m—p {14 7
[ 4o, fo 2179 40m 339677&2}
=g | D) — o (] = —fY T I 20YT
g -21(l+1 ") 14(1 18 ,61 558 7 7
_ [ Bo . 4o (, IOm) {ﬂ 342m 2407/&2}
=g -~—7— (1—126"0) —'7— 30(+'——3— —‘ﬁ 14 —‘,—7'— b '——7-

_ 6mpo 235 | 354m | 1200m2 ]
""[- 7 +ﬁ{ﬁ+_'7‘“+_'7“}
= — '%—7 [158m +1896in2]

__ 8040m*Bo
T

. (3.16)

. (3.07)

. (3.18)

(3.19)

(3.20)
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U ) — 21Be B o, 2 )
M =0 |~ 3 (1 —4m) =5 (1 ~4m)— 5 (9—"T12m+144n2)
% 38 B
o = -2 : m
My=o | 245 (18—24m)— o (= 39+156m)}

| : 2379 T2m 3996m2
Mg=c¢ ——(1+12m)-— 3@ (B4 12m)— B(ﬁl 2m 3‘)9())1 )]

980 ' 7 11
_ (1280 m (24a 157  1356m = 1656m? \(3.21)
Mi=c733 +7(?>'_4) ﬁ(" 70 38 T35 )]

72mPo 9 1422m 6482
35 B(E T35 + 7 )]

41’15:0' —

Mg = :[;—,% [498m4-5976m?2]

30024m2Bo

JI7 = - 385

Cuse (11)
() Zeroth order solution.—When the boundary of the sphere is insulated

we solve eqn. (3.5) under the boundary conditions

Ez21—1=00n)'=1)
or - .. .. oo (3.22)
jl_Oa,b1—~>oo}

Thus 7T'y(r, 0) in this case is given by

s {6 4 12 Bo 3
Tl(,.,g)=_%()_‘;_;3_7) /2,<)3 '4)00820. o (3.23)

(b) First order solution.—Substituting the value of T'y(r, 0) from eqn.
(3.23) in eqn. (3.6), uy, v1, f1, g1, b1, l1, Mg and wy being the same as in case (i)
and solving the resulting eqn. (3.6) using the boundary conditions

o7’y .
W—OUIII—I} . . .. {3.24)
To=0 as r— o0

we note that the first order temperature T's(r, 6) in this case is also given by
eqn. (3.15) but with the following values of the various coefficients and the
coustants

Oy = — [F1+ ~+ + +F5+ +=7 ] .. .. .. (3.25)
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(' ___Q_l Q" 2Q3

p= = ey T 5Qq , @5, 16, 497, Qs , 5@y, Bo
53 9

e titet Tt ties

— -Ml Mz 3M3 7M4 241[5 9M6 M7 168}30‘
6125

B 47  1Tm
F, =g o0 D) =B = — T 92
1=0 % (4m—1) B(?OO i + 2m )]

- | 8¢ 11 400 8
.12———(7 ‘—'g- 4‘”L—§ —-ﬂ —I-(-)——-g

Fg=106|—fc (4m+g) —B (-2(%()'14-87)@—4877&2)]

Fy=o [%(—' (347)a+g) - g (—17—-252"1.+192mz)]

5 -5t

Fy=a [_ Wnfa _ g ( 53 , 354m
s}

+1 687/4,2) ]

Hy = ’%" [116m +13920.2]

588m2Ba

I

.py7= —

g = Bo?

[ Ao ( 361 T8 206m
), = —_ e Bl e T
ly=c (BUm+5) 142007738 T 35

), =0

oo
|7
[ o 2179 40m . 3396m2
—_ 7Y o, AT - DY T g e
s = o |5 (B2m+3) ﬁ( I )J
[ Bo ) 47 | 342m  240m2
_-7 (1—=12m)—p3 T4+“ - ___“_)

Qg=0c 7 5

+/§ <2-..§5+ 354+ 1200/11,2)]

[_ 6mpo

@y =
7 UL 7

Qg = — %3[155110+1896m2]

0, = B040mEfo
=T

o (3.28)

.. (3.29)
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M,

Mg

M7=—

18[30'

1280

35(

(4m—

B

35

—36m+23)—

8/3
_12/90'
| 36

[ T2mpBo
35

(16m+1)—

9

’gg [498m + 5976m2]

30024m2Bo
385

(8

(3m+1)—5 (

B

35

14

917

B
3~(

(

1422 648m?

35

2m 4 144m2)]

-—39+156m)]

157

2

2379  T2m

980 © 7

7

3996m?
77

)

)

- —1356m+1656m2)] ;

. (3.30)

J

By properly interpreting m as in (2.21), the above solutions give the
temperature distribution for all the classes of Oldroyd, Rivlin-Ericksen and

‘Walters fluids.

4. DiscussioN OoF THE RESULTS

We now discuss the nature of the temperature field when the sphere is
maintained at a constant temperature, variable temperature or it is insulated.
In order to do this we fix the Reynolds number B in our calculations to have
the value 0:2 and vary m so as to study the effect of elasticity of the fluid on
the temperature distribution. We have also fixed Prandtl number o =1
and B = 5 for all the cases studied. We have tabulated the temperature
distribution for various values of the elastic number m for 6 = #/6 and various
types of thermal boundary conditions as stated above.

Tasie I

Temperature distribution for uniformly heated sphere
at =mn/6foro=1andB=235

/n 0 05 4 10 12

r

1.0 10 1-0 10 10 10

12 14411282  1-417838  1.526204  2:020388  1.911638
14 1-531555 1540693  1-670209 2105991  1.938521
16 1-517743 1527669  1.639073  1-934110  1.720811
18 1-452589  1-462864  1-5390406 1733805  1-494656
2-0 1-383999  1.393753  1-457163 1568374  1-320036
40 0-820091  0-826600  0-854597  0-788516  0-614172
6-0 0-563551  0-568133  0-584027 0519693  0-394658
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(@) @ = 0.—In Table I, we have collected the values of the temperature
against the radial distance r and the elastic parameter m at § = =/6. It is
clear that the temperature goes on increasing with an increase in the elastic
number m up to a certain critical value m. of m and then starts decreasing
(Fig. 2). Such a behaviour is demonstrated in Table I also for m = 12.
The maximum temperature for each m is attained in the region near the

0 1 s 1 1 | 1 1 1
2 3 4 5 & 7 8 9 10

Fie. 2. Temperature distribution for a uniformly heated
sphere showing the effect of elasticity.

boundary of the sphere outside which it gradually falls to zero. Thus there
is a region near the boundary of the sphere in each case in which there is a
large rise in temperature due to the fact that here the dissipation is large
but the convection only takes place very slowly.

(b) @ = 1.—When the surface of the sphere is maintained at a variable
temperature given by the law (1+4sin26), we note that the nature of the
temperature field is similar to the one as discussed in the case when « = 0.
In Table II, we have recorded the values of the temperature at 6 = /6 against
the radial distance » and the elastic number m.

oT :
(¢) (5) = 0.—When the sphere is thermally insulated, the maximum
r==

temperature is attained on the boundary as it should be, and therefore, for a
7B
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fixed m, the temperature for all @ goes on decreasing as r increases finally
tending to zero far away from the boundary (Table IIT). Here also we note
that the temperature goes on increasing for a fixed 6, e.g. § = /6 up to a certain
value m, of the elastic parameter m and for larger values of this critical para-
meter the temperature goes on decreasing as m increases and in fact becomes
less than the temperature for the Newtonian fluid (Fig. 3) for some m.

TasLeE II

Temperature distribution for a non-uniformly heated sphere
atfd=mnf6fora=1,0=1andB=25

%& 0 05 4 10 12

1-0 1-250000 1-250000 1-250000 1-250000 1-250000
1-2 1-725680 1-732315 1.855594 2:370366 2:268659
1-4 1-8555871 1-865089 1-995790 2474012 2:315226
1-6 1-832531 1-842633 1-955075 2:292812 2-088254
1.8 1-751489 1-761846 1-855194 2:074455 1-843638
2:0 1-664863 1-675093 1-753443 1-888233 1.648577
4-0 0-980132 0-986540 1-015061 0-969259 0-799071
6-0 0672731 0-677335 0713377 0642608 0-520333

Tasre III

Temperature distribution for an insulated sphere
atf=mnl6forc=1andB=25

,/n 0 0-5 4 10

1-0 6-458333 6-458333 6-458333 6-458333
1.2 6-026362 6-126001 6-380823 5878770
1-4 5607843 5-702294 5-891953 5:206017

1-6 5-165826 5-247051 5387454 4-554751
1-8 4-753160 4826062 4-929026 4020314
2:0 4-383443 4-450001 4-536489 3-592361
4-0 2366727 2-401958 2-414617 1-760030
6-0 1-600615 1-624297 1-628605 1-157847

(d) We note that the effect of the elastic parameter m up to a certain critical
value me is to increase the rate of heat transfer at the sphere for the cases,
above which it decreases, when the sphere is either maintained at constant
or variable temperatures. When the sphere is insulated no heat transfer
takes place from its boundary, which, therefore, is at higher temperature
than any other region of the flow field.
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F1e. 3. Temperature distribution for an insulated sphere
showing the effect of elasticity.

5. CONCLUSIONS

We sum up our conclusions as follows:

(i) All the three types of non-Newtonian fluids, namely the Oldroyd,
Rivlin-Ericksen {(2¢5--¢3) = 0} and Walters fluids, behave identically for the
same value of m and the secondary flow for each shows breaking and reversal
of the flow which are the characteristic properties of all classes of non-Newtonian
fluids, distinguishing them from the usual Newtonian fluids. Even when
(2¢2+¢y) % 0 all types of fluids have identical flows and stresses except the
component pgy which differs from pyy for the other two types of fluids by a
term which is proportional to (2¢g--dg).

(ii) The effect of elasticity is to increase the temperature in comparison
to that for the Newtonian fluid up to certain critical value m. of the elastic
parameter above which it starts decreasing and becomes less than the tem-
perature for the Newtonian fluids for some elastic parameter m > m,. The
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maximum temperature is attained in the region close to the boundary due to
the maximum viscous dissipation in this region.

(iii) Even when the sphere is insulated the effect of elasticity on the
temperature distribution is similar to the one stated in (ii).

(iv) The effect of elasticity is to increase the rate of heat transfer at the
sphere up to a certain critical elastic parameter,
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