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the explicit reference to the conditions at infinity. 	Recently we have 
investigated 3  the steady flow of a non-Newtonian Rivlin-Ericksen fluid with 
heat transfer between two wavy walls situated symmetrically about a mid-plane. 

In the present note we discuss the steady flow of a non-Newtonian fluid 
characterised by the Rivlin-Ericksen contitutive equation 

P8IJ 1 EIj+qS2A j +qS3 Eim Emj, 

inside a wavy cylindrical tube, the small 	deformation 	being represented by a 
Fourier series in axial coordinate z given in [1.5] later. 

Here 
r, 	 Ili 	uj  
Liu 	+ 	, 

xj  6 xi  

is the rate of strain tensor, and 

u 6u 
Du  a 	+ 	+ 	

n, 
— • , — 

6 Xi e Xi 	6x1  ex;  

is the acceleration gradient tensor, while O h  02, 03 are respectively the 
coefficients of viscocity, visco-elastisity and cross-viscocity. We indicate the 
flow pattern by drawing the stream lines in Fig. I. After determining the 
flow pattern, we discuss the problem of heat transfer when the wavy boundary 
of the tube is kept at a constant temperature. We have drawn the isotherms 
to indicate the temperature distribution in the flow field in Fig. H. 

We mention that we have obtained the solutions to the first power of 
small deformation in the boundary and correct to the fourth power of the 
Reynolds number defined with respect to radius of the tube as the characteristic 
length and the velocity at the axis with the neglect of deformation as the 
characteristic velocity. 

We find that, to our approximation, the velocity profiles are not affected 
by the presence of cross-viscosity and visco-elasticity of the fluid so that the 
stream lines are the same as in the case of ordinary Newtonian viscous fluids. 
However, these non-Newtonian effects contribute to the isotropic pressure and 
temperature distribution. 	The contribution of cross-viscocity and visco- 
elasticity of the fluid to the temperature field is quite small to the order of 
approximation considered so that the isotherms for inelastic and elastic fluids 
differ very slightly from those of Newtonian fluids and therefore we have not 
drawn isotherms for these fluids. However, in Table 3, we have recorded the 
values of temperature at z 0, err/2 , err, 3 11/2  and 2 err for values of r between 

r =0 and r 1 • 

I. EQUATIONS OF THE PROBLEM 

Rendering the physical and dynamical quantities dimensionless with the 
help of radius ' a ' of the tube as the characteristic length, U the velocity at 
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the axis in the absence of deformation as the characteristic velocity, 
characteristic pressure p U 2 , p being the density of the fluid and characteristic 
temperature To the constant temperature at the surface of the tube, the 
equations governing the solution of the problem are : 

Continuity equation: 

u u ow , 
+—+— , 

or 	r 	az 
9, A l 

Momentum equations : 

au 	Oup 	I [62u 	I 6 u 62u 	ul 
14— +14'- 	 —y 	+ —2 2 Or 	az 	Or 	R dr 	r or Oz 	r 
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w 0 2 W 	63u 	au 6 2 	62u 	62u 
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+2 — 
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Energy equation : 
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-eyu u 	6 2 
U ?/4 zw 	a2 W au er\w 

— • 2 Or az 	?ze ?3zaz 	ar ar 

62  w 	6 wawl 	2u ( u ?.14 	w 	u2 1 1  
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or 

	

(6147 	2 + 4  us  
+ SE[Lu  -14 ( 614  V 

\ 	\ar oz )  ) 

6w 14  (6/2 	 2  + kw ± au ) t 2u (au awy , [1.4] 
± Oz 	az 	ar az 	r az ar 

where u and w are the radial and axial velocities respectively and 

R = aU P  

(ii) Ka 
Pa 

is the Reynolds number, 

the dimensionless parameters characterising S •=s --'1)3i  are 
Pa 

the visco-elasticity and cross-viscosity of the fluid, 

(iii) E= 
 U2. 

i s the Eckert number, 
Cp TO 

and 

C  (iv) a t• •  I  P is the Prandtl number, k being the conductivity. 

Boundary conditions: 

U Or W = 0, on r = 1 + E f (z) 

aw 
u 0, — 0 on r =0 

ar 

(1.53 

where 
ef nz 

f (z) 	47.2 a, cos — + b„ sin 
nz 

n 

c being assumed to be a small quantity. The amplitude of the deformation of 
the boundary can be made as small as we please by properly choosing E and the 
wave length of the periodis deformation can be adjusted by properly choosing h. 
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2. PERTURBATION EQUATIONS AND THEIR SOLUTIONS 

We now introduce the stream function çb so as to satisfy the equation of 
continuity identically, namely 

I 	 I 	a 4fi 
we 	•U 	 p 	 [2 • 1 ] 

r& 	r 

and set 
	 # as #O+Ecbl. [2.21 

Solution of the zeroth order equations 

The zero order flow is simply the flow in a circular pipe for which # 0  is 
purely a function of radial distance r. Thus setting 

lib 0 z = 0, 

the zeroth order equations reduce to 

4 sie  
[ 	

4 .r. 	12 tr.  
Po, r te  K 	

2 
troy rt. chlt rrr -- 	IPOt r 00, rrr + 4 WIN r 00,  rr 

r 	 r
3 	

r 

6 gib 	6 st 2 	 3 3.2  

r
5 V1 31 r 	

r3 
 tins rr 	 5 WO) 	

r
3 4P01 rr 

6 .L 	2 	 2 
+ 

r
4 WO, r 009 rr 	

r2 
 WO, rr 00Irrr 	3 wOtr 1110, rrr 	[2 4] 

r 

[ 	 I 
and 	Pot z = 

1 	
rrr 	111

r 
 0, rr —3 

r
- 	r 	 [2.5] 

R r 

which have to be solved under the boundary conditions : 

z) a ifio, ,(1, z) a 0 I 
[2.6] 

#0, z (0, z) 00, ,,(0, 	ac 0 )  

The equations [2.41, [2.1 and [2.6] give 

	

Po, r= constant, Po zpo, z jr R2  pg„ (2 K+ 	r2, 	[2.71 

R Po. .( 2 	r4  
r 	

__- 	 [2.81 and 	 gpo 
8 	2 ) 

We notice that in the absence of wavyness, the 
and non-Newtonian fluids are the same for 
This illustrates the general result of paper refe 
that the equation [3.11 of this paper becomes 
and visco-elasticity by putting 00,, a 0. 

velocity profiles for Newtonian 
the axial flow through a pipe. 
rred in reference 4 in the sense 
independent of cross-viscosity 



Non-Newtonian Fluid with heat transfer in a Wavy cylindrieel tube 	7 

Solution of first-order equations 

Setting tfio r ,- 0, the first-order equations reduce to 

I _ E 	 [ 	E 	I _ 	I 
- 	 Ott zz 	—Pi, r 	 rrz 	tPis rz —111 19 zzz 
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[ 	
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r
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1 _ ra  
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1 d: 	 I j
o, r 	t
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Top r Oil t:z: — —F (1101 rrrr Oh z + 2 ip 	ih mit 
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r2 
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r2 
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 re, rr Olt z + 

r5 
cp09 r Olt Z ea.. 
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r3 
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which have to be solved under the following set of boundary conditions: 

„(i, z) = 0, 6, z  (0, 2) a 0, OD r  (0, 2) ir 0 

R Po, Z N-N 	 Z 	. nz 
— 	 a„ cos — + b iz sin —) • n  

2 n= 1 

These conditions suggest that we must choose 0 1  (r,z) in the form 

RP°, 	 nz 	nz 0 1 (r, z) — 	A„ 	cos — + .13„(r) sin 
2 n a l  hJ 

[2.12] 

and then the boundary conditions [2.11] take the form 

= 0, A: (1) r at, t 

B „ (0) = B :(0) as B „ (1) r 0, B: , (1) up b „ 
[2.13] 

Eliminating p i  from the equations [2.9] and [2.101 we get 

1 	1 at 	I „ 	3  
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3 	2 ars 	 2 
491, Tr:: 	K 	00, r 	2 411 1, rrzzZ 
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Substituting from [2.8] for 0 0  and from 	[2.12] 	for tfi i 	and equating the 
coefficients of cos (nzlh) and sin (nzlh) on both sides of [2.14] we get : 
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n 1 „ 

	

— 3  ( 1 	r )z4,1 K R 2  po, k [ n I  - 	- 	Fins"  

	

8113  r 	 8h 	
r 

r 	n 	gth r 2  

13n 1 _ r I \ 	
r 
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dash denoting differentiation with respect to r. We note that the contribution 
of cross-viscosity terms gets out from the equations [2.15] and [2.16] so that 
even in the presence of wavyness, cross viscosity of the fluid does not affect 
the velocity profiles. 

We make now another assumption namely R2  P02 	small to avoid 
cumbersome mathematical analysis and set 

A n  = Al, 

B„ --= B1, n  + R2 P09 z 82: n ÷ Rig z A31

1  

 n 

so that 

(r, 2) 1= 
RPoe z [ 

2 n .,1 
(A  + R2  POI z A2, it + 'eh z  A3, n) COS —nz  li  

1 
h 

—riz . 
[2.181 

The equations determining A o  „, Bo it; A2, It, B21 n ; and A3, 11 , B3, n  are : 

r3 	2 r2 A 1  + r(3 - 2 a2  r 2) AZ„ - (3 - 2 a 2  r2) A;, „ + a 4  r3  A I , „ = 0, [2.19] 

r3  Bliv 

r3  4 n  

4  - 2 r2  lc n?  + 	r (3 - 	2 a 2  r2) B n  - (3 - 2 a2 r2) B;, n +G r 3  B pn= 0 1 

-- 2 r2  A l21; 4- r (3 - 2 a 2 r2) A21 :„ - (3 - 2 a 2  r2) 4, n + 0, 4  ? A22 it 

[2.20]  

[ 	
a. 3 a I 3 	5% nil 	a f 2 	41‘ ni 	ti (r3  _ r5)  Bt. ri  , 	[2.211 = -- — kr - r j D im  — — kr - r I D i , „ - 

4 	 4 	 4 

/el B„ —t 	2 r2 	+ r (3 - 2 a2  r2) B2"  — (3 — 2 a 2  r2) B, fl + a4 r3 B2 fl 

	

[

a 	 [2.221 
— (r3 - r5) A i ,„ - 	 (r2  r 4) 	„ 	(r3  a-3 	rs) A t , , 

	

4 	 4 	 4 
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r 6-3 3  A il' 	2 r 2  A3fi nt  r (3 — 2 a 2  r2) 	— (3 - 2 u 2  r 2) ze3 , „ + a 4  r 3  A3, „ . n 

±(Ka 2/16) r2  (1 — r 2 )2  [r 217,„ — 4 „ — a 2  r A l , „], 

and r3  Bi39. „ - 2 r2  13'3" + r (3 — 2 a 2  r2) B3r 1  - (3 - 2 a 2  r2 ) B31 , + a 4  r3  B _ 	3, n  

tt (a/4) r2  (1 --r2) A'210,— 	n  a2  r A 2 , 7,1 

+ [Ka 2 /16) r 2  (1 — r2) 2  

[2.23] 

[2.24] 

where a = (n1 h) and we have utilised [2.19], [2.20] in writing [2.21], [2.22] and 
[2.21], [2.221 in writing [2.23] and {2.241 The boundary conditions [2.13] 
reduce to 

„(0) = A;, Jo) la  A 1 , „ (1) is 0, 	n ) ant 
[2.25] 

	

( 1 ) =03 Bi- n (1) cr 	, 

A2, JO a 11, n  (0) cn A27  n (1) 	n ) °I 
[2.26] 

B27n  (0) = 	n (0) at B2, „ (1) a B 12 , n  (1) s=r oi 

and 	 A 3 , „ (0) AL 7, (0) c A 3 , „ (1) ci 	„(1) a O t  
[2.27] 

n3, Jo) (0) 	„ (0) = B31 n( 1 ) = 	7, (1) = Of . 

We note that since it is not possible to solve the equations [2.19] — [2.24] 
in a closed form for general value of a c= (n/10, we utilise the procedure of 
numerical integration of two point boundary value problems for special case 
when the boundary of tube has a sinusodial deformation defined by 

(0 an  cm 0 for all n (ii) b„ = 0 for n >:. 1 and b 1  i=ri 1 	 [2.28] 

Further, we choose a c 1/h c 1 so that the wavelength of the periodic 
deformation is 2 art. In such a scheme, we note that A 1 , 1  , 82. 	A3, and B3, I  
are zero at every point of the interval for r between 0 and I for the 
numerical case considered, so that the velocity profiles for Newtonian and 
non-Newtonian fluids are the same even in the presence of sinusodial deforma- 
tion in the tube upto the order of approximation considered in [2.17]. 
The table 1 below gives the values of Bp and A2, I  at a regular interval of 0.1 
for r between 0 and 1. 

The stream function # is given by 

R p o 	2 	r 4 \ Rpo, 0 46=-- - 2 -z  r — — + E — --{ 2: R p o , , i4 2, 1  cos z + B 111  sin z} • [2.29] - 
8 	2 

( 
2 



12 	 R. K. BHATNAGAR AND M. N. MATRUR 
• • 

TABLE I 

B 1 , 1 	 A2 i  1 

0 0 
0.1 - 0•004628 
0.2 -0.018512 
0.3 -0.039915 
0.4 -0.065971 
0.5 - 0.092672 
0.6 -0.114778 
0.7 -0.125670 
0.8 -0.117165 
0.9 -0.079291 
1.0 0 

0 
- 0.000027 
- 0.000108 
- 0.000214 
- 0.000308 
- 0.000357 
- 0 000341 
- 0.000261 
- 0.000143 
-0.000036 

0 

In Fig. I, we have drawn the stream lines for particular values c =0.05, 
and R2  po, se 0.05, writing [2.29] in the form 

	

R Po1(8) 	
r2 	4 e:{ R 2 Pol z A2) COS + Bo  I  sin z} 	[2.30] 

	

tz 	 2 

We note that the stream lines near the boundary of the tube run parallel 
to it. The deformity of the stream lines goes on decreasing as they approach 
the axis where they are just straight as expected in view of the symmetry 
about the axis of the tube. This behaviour is similar to the flow between two 
wavy walls situated symmetrical about a mid-plane. 

3. SOLUTION OF ENERGY EQUATION 

Let us now consider the energy equation [1.4]. We shall solve this 
equation under the boundary condition that the wavy boundary of the 
cylindrical tube is maintained at a constant temperature, i.e. 

T = 1, on r 1 + /' (an  cos az + b„ sin az) 	 [3.11 
n=1 

„ 
and 	 li t  on r 	 [3.21 

6/. 

Setting T To  e 7'1 the zeroth and first order equations in terms of IA are: 

.4 	 nr 	1 	 E 	1 tr_ 
	aft 
	)2 

1 	 i t  [3. 31 
TO,  r .40, tin 	[ TO 	TO r + TO f WO) rt e.'''.  2 ?On 

	

Rcr 	 R[( r 
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and 

rpi, z 
_ E  

rth r 	Vithr 
• 

1 7, 	 E j: 	2 tr. 	2 er. 	2 .E  Ti rr + 	Alt r Tint] 	[WO, rri 
r
2 'PP 	

r3 
 <ply r 	
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r
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— Wth rr 	Wth r 	I WI '12 1* Othrr — 	wo, r r 	r2 s 

r 

1 tra 	i ere 	1 it; 	 1 	 3 
r2 

swop r(-  Yoth Fr 	
r
2 TO,  r)} 	

r
2 frOtr 9." rrz 	

r
2 W

j;
O,  r 011 zu) 

r 	1 r 	 1 	1 r 	
2 

• ?Poi rr 	iliChr)] SE[± de
. ( 	-E 

r2 r itz 	wol rr 	0,r 19  [3.4] 

The boundary conditions [3.1] and [3.2] reduce to 

6 To To (1) = 1, 	, 
6 r r.o 

• 
Ti(I , z) it- — (-6 To) 	:..;' (an  cos a z + b. sin az) 

o r r=1 n=1 

(a 

ar 

Ti --) Es0 
r=0 

[3.5] 

[3.6] 

Solution of zeroth order equations: 

Since the zeroth order flow is same as the flow in a circular tube, setting 
To„ =0, [3.3] and [3.5] give 

2 2 
To  (r) = 1 + E 	P°9  z (1 — r4). 

64 
[3.71 

Solution of first-order equations: 

The boundary conditions [3.6] reduce to 

E a R 2  (an  cos a z + b n  sin a z) and 
16 	n=1 

(6 7' =0. 
6 r r=0 
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These conditions suggest that T1  (r, z) should be chosen in the form 

	

(r, z) =a 
E a R2 pZ

' z 	[C„ (r) cos az 4- 	(r) sin o4 [3.9] 16 	n=1 

and then 	 Cn (I) re any Dn(1)n bnt  

Cnt  (0) =lc 01  DP, (0) 0 	 [3.10] 

Taking as before, 

C„ C1 , „ le a po , C2, „t 
[3.11] 

Dn 1.211  Div n R2  Cr  PO, D29 ni 

	

2 2 	a E a R 	, r  
so that 	Ti  (r, 	 4:d LiCil + R 2  cr po, z C2, n } cos az 

16 

+ 	+ Afe a Po) z D21 sin az]. [3.12] 

The equations determining Cb m  7 DI, 71 ; C, g, D2,„ are : 

1 , 	2 in 	 1 	, 	A 
%lot 	 to. ; n •-•'' a 	n 	 „ n 	get 	 [3. 13] 

„Inv 	1 r, 	n 	n t f 	I n 	, 2 afr 
LOF I I  its 	 n  •-• 	1.0 Iton 	Di .n - -  Li; , n 	 n 	 [3.14] 

/nu 	1 r. 	2 r  8  [A7 „ 	n C1. 2  A2.1 n 	lbse2t n a a •-•2, n 

I r2 	I ._ r2 	1 

I 2— 	Rh n  ÷ 
 

+ (5r — lir) 1310  n  + 13 Q 2  (r2  — 1) + 81 Bi . ,3 

—8 Sa 13 1 ,,, 	 [3.151 

I 
Li 1 • + 	Li; 	a2  D 	

8 „,,, 	1 L, 	L 	D 
71 gin 	D 2, 11 •-• 	n29 n 	A-'29 n 

{ 
 2 r  

+ — A 1 , n  +---  CI, n  + 0 K. [(r 2  —1) A n  t . vi 
2 	4 

4- (5r - Ur) 	+ 13 (r2  — 1) a 2  + 81 A i , ni 

+8Sa A 1 ,„. 

I. 
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The equations [3.13]- [3.161 are to be solved under the boundary conditions 

„ ( 1) c a „, D11  „ (1) -= 	el, )4 (0) as Di, „ (0) ni 0 	[3.17] 

and 	C2, n (I) = D2, n (1) a 0 , C;, n (0) a D 1-2, „ (0) 0 	 [3.18] 

To visualise the temperature field, we solve the equations [3.13]-[3.16] 
through the procedure of numerical integration of two point boundary value 
problems by changing these equations into difference equations for the special 
case when the boundary of the tube has sinusoidal deformation defined 
by [2.27]. Choosing the wavelength of the periodic deformation to be 2-r, 
we note that C 1 , 1  and D2, I  are zero at all points of the interval for r between 
0 and 1. Table H gives the values of D 1 , 1  and C2, 1  at a regular interval 
of 0.1 for r and for particular values Ko S = 0, K a 0.2, S = 0, and Ks 0,S n 0.2. 

TABLE 11 

Values of D I , / and C„ 1  for Newtonian, Visco-inelastic and Visco-elastic fluids 

r C2 • 1 

(K =S=0) 
C2, 1 

(K=0.2, S=0) 
C2, 1 

(S=0.2, K=0) D 1, 1 

0 0.009178 0.249031 0.021116 -0.356790 
0.1 0.001557 0.034787 0.003333 - 0.363600 
0.2 - 0.002950 - 0.109883 - 0.007784 - 0.384030 
0.3 -0.005600 -0.219561 -0.014984 -0.407107 
0.4 -0.006843 -0.304976 -0.019117 -0.421248 
0.5 -0.006883 -0.366129 -4.020444 -0.411337 
0.6 -0.005932 -0.385820 -0.019136 -0.356997 
0.7 -0.004344 -0.370663 -0.015576 -0.230879 
0.8 -0.002557 - 0.299957 - 0.010436 + 0.003299 
0.9 - 0.000956 - 0.169761 - 0.004708 + 0.393045 
1.0 0 0 0 I 

The temperature T (r, z) is given by 

Ecr R 2
p2 z 	 cr R 2  hitz T (r, n 1 ± 	°' 	r4) + 

64 	 16 

x [u 1 , 1  sin z + R 2  o- Po,, C2,1 COS 21. [3.19] 

In Fig. if, we have drawn the isotherms for Newtonian 	fluids 	for particular 
values E a 0.5, c a= 0.05 and R2  a po, ,1=- 0.05, writing [3.19] in the form 

T' (r, z) c 64 7' (re 2:--) 	=Ec R2  Po, z [(1, r4) 
Po, z 

sin z + R2  cr Po, z C291 cos 4 I. 	[3.20] 
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TABLE III 

Temperature distribution for Newtonian fluids (K =S=0), Visco - elastic fluids (K=0.2) 
and Visco-inelastic fluids (S=-13.2) 

T (r, z) 

riz 	  
0 	 42 	 It 	 342 	2 Tr 

0 0.025002 	0.023216 0.024998 0.026784 0.025002 
0.025062 	0.023216 0.024938 0.026784 0.025062 
0.025053 	0.023216 0.024947 0.026784 0.025053 

0.1 0.024998 	0.023180 0.024998 0.026816 0.024998 
0.025007 	0.023180 0.024989 0.026816 0.025007 
0.024999 	0.023180 0.024997 0.026816 0.024999 

0.2 0.024959 	0.023040 0.024961 0.026880 0.024959 
0.024935 	0.023040 0.024985 0.026880 0.024935 
0.024958 	0.023040 0.024962 0.026880 0.024958 

0.3 0.024797 	0.022762 0.024799 0.026834 0.024797 
0.024743 	0.022762 0.024853 0.026834 0 024743 
0.024794 	0.022762 0.024802 0.026834 0.024794 

0.4 0.024358 	0.022254 0.024362 0.026466 0.024358 
0.024284 	0.022254 0.024436 0.026466 0.024284 
0.024355 	0.022254 0.024365 0.026466 0.024355 

0.5 0.023436 	0.021381 0.023440 0.025495 0.023436 
0.023346 	0.021381 0.023530 0.025495 0.023346 
0.023433 	0.021381 0.023443 0.025495 0.023433 

0.6 0 021758 	0.019975 0.021762 0.023545 0.021758 
0.021664 	0.019975 0.021856 0.023545 0.021664 
0.021755 	0.019975 0.021765 0.023545 0.021755 

0.7 0.018997 	0 017844 0.018999 0.020152 0.018997 
0.018905 	0.017844 0.019091 0.020152 0.018905 
0.018994 	0.017844 0.019002 0.020152 0.01899 4  

0.8 0 014759 	0.014777 0.014761 0.014743 0.014759 
0.014685 	0.014777 0.014835 0.014743 0.014685 
0.014757 	0.014777 0.014763 0.014743 0.014757 

0.9 0.008598 	0.010563 0.008598 0.006633 0.00859 8  
0.008556 	0.010563 0.008640 0.006633 0.00855 6  
0.008597 	0 010563 0.008599 0.006633 0.00859 7  

________----------- 
N.B. The first entry in each column corresponds to Newtonian fluids, second entry corres - 

ponds to visco-elastic fluids and third corresponds to visco-inelastic fluids. 
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FIG. 11 

Isotherms for particular values E=0.05, .12 12  a po , z =0.05, E=.0.5. 
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We note that the isotherms near the boundary of the tube proceed more or 
less parallel to it. At a certain distance, r a 0.79 (for the above chosen values 

for E, E  and R2  cr po , z) the isotherm is just a straight line parallel to the axis 
of the tube. The deformity of the isotherms between r 0.79 and the axis of 
the tube goes on increasing as we proceed towards the axis so much so that 
the the isotherm T= O 023216 divides the temperature field into two domains 

and between z Tr and z =27-1. the isotherms form closed loops. This pheno- 
menon is found to be similar in nature to the flow between wavy walls. We 
have not drawn the isotherms for the non-Newtonian inelastic and elastic 
fluids as their position differs very slightly from the position of isotherms for 
Newtonian fluids as is evident from the values of temperature tabulated in 
Table HI. 

To sum up, we record the following important points : 

(1) The non-Newtonian parameters do not effect the velocity field but 
modify the isotropic pressure. 

(2) The stream lines near the boundary of the tube run parallel to it 
and deformity goes on decreasing as they approach the axis where they become 
straight. 

(3) When the boundary of the tube is kept at a constant temperature, 
the isotherms near it run more or less parallel to the boundary. At a certain 
distance from the axis depending on the wavelength of deformation, Reynolds 
number, Prandtl number and Eckert number, the isotherm becomes straight. 
As we approach the axis, the deformity of the isotherms becomes more 
and more pronounced so much so that between z= Tr and z= 2.1-r they form 
closed loops. The isotherms for non-Newtonian fluids are more or less same 
as for the Newtonian fluids to the order of approximation considered for c 
and R. 

The authors are highly indebted to Prof. P. L. Bhatnagar for suggesting 
the problem and for constant help and guidance throghout the preparation  
this paper. The authors are thankful to the referee for suggesting the extension 
of the solution for heat transfer problem upto fourth power of the Reynolds 
number. 
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