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Heat Transfer in a steady laminar flow with viscous dissipation of am incom-
pressible liquid through a vipe of circular cross-section, rotating with an uni-
form angular velocity about an axis perpendicular to the axis of the pipe
under the action of a transverse magnetic field, is studied, under the follow-
ing assumptions : (i) flow is laminar (ii) secondary free convection effects
are negligible (iii) angular velocity about the axis of rotationis small. A
solution is developed by successive approximation in terms of Taylors number
T and Hartmann number M. Expressions for average Nusselt number and
the rate of change of liquid temperature in the main flow direction are obt-
ained and discussed. It is found that, in general, the effect of increasing M
is to decrease the critical Prandt! number and the ratio of Nusselt number
of rotating pipe to that of the straight pipe. Also the effect of increasing M
is to increase longitudinal temperature gradient and the Nusselt number.

NOMENCLATURE
a = radius of the pipe
B = dissipation number
¢, == specific heat at constant pressure
h = magnetic field
K =‘ thermal conductivity
m = longitudinal temperature gradient
M = Hartmann number

Nu = Nusselt number

P = Prandtl number
Q@ = mass flow rate
r’, 8,z = cylindrical polar coordinates
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R = Reynolds number

R, = magnetic Reynolds number

t == local temperature

T = Taylors number

V= velocity having components (v, v, w)
& = partial derivative

Vv = grad operator

<
[

= kinematic coefficient of viscosity

¢ = stream function

p = density

¢ = conductivity
Subscripts :

a = mean value along the cross-sectional boundary
m = mean value over cross-sectional domain

w = value at solid-liquid surface

0 = straight pipe

Superscript :

’

= Physical quantities

1. INTRODUCTION

Vidyanidhi e/ al.! studied the steady state fully developed heat transferina
rotating straight pipe effected by a heat source (sink) distribution in the wall material.
Now in this paper, we extend the above heat transfer problem in the framework of
hydromagnetics. The equations of motion in non-dimensional variables are written
and a solution is developed by successive approximation in ascending powers of the

Hartmann number M, the first approximation corresponding to the non-magnetic case
formulated and discussed by Barua?.

2. Basic EQUATIONS

Following the notation as in Vidyanidhi er al.}, the energy equation in cylindrical

polar co-ordinates (r’,8 and z’) with regard to the temperature distribution for the flow
under consideration is
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We introduce the stream function ¢’ such that

ru = — _9¢' and v’ = ——, . ...(2.2)

In terms of the appropriate non-dimensional quantities eqn (2.1) becomes

e s L) S+ (25

O

To obtain a bounded unique solution for f, we use the thermal boundary
condition

o = latr =1 ...(2.4)
and the relations

tm =0 .. (2.5)
and

t is finite at all points r in the tube. ...(2.6)

3. SoLuTiONS

Following the perturbation technique employed!, we expand the functions ¢, w,
t, m and h first in powers of the parameter T as

f= S Tifi=012 .

i~

where /' stands for ¢, w, t, m or h. The functions f; are perturbed further in powers
of M as

o0
fi= T M, =012, ..

1=0

Using the above in equation (2.3), we arrive at systems of differential equations
for the various functions and these are solved subject to relevant boundary conditions.
As the expressions for the velocity and temperature fields are lengthy, they are not re-
corded here.
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The average Nusselt number Nu is defined by

o'\
()
Nu — 2a or )w

7? . . (3.0
Under present non-dimensionalization scheme, eqn. (3.1) transforms to
6
RN O P (e )
..(3.2)
where J* and J are lengthy expressions involving R, P, m and Rn.
Finally the longitudinal temperature gradient
m* = RPm
in found to be
m* = 4[(1 + M*48) + 4, B+ A, T7] ...(3.3)
where
Ay = A, (T, M, R, R,)
and

A, = A, (M, R, R,).

If Q and Q, represent the mass flow rate for a rotating pipe and for a straight
pipe, we have

m* =4 [(1 + “gj) + 4, B+ Q)" (@ — O ..(3.4)

4. DiISCUSSION

A qualitative picture of rotating pipe convective heat transfer is given on the basis
of analytical results (3.2) and (3.3). The results hold good for 7 < 33.8 and R < 35.3,
which is apparent from the second order perturbation solution for velocity field Barua®.

In the absence of viscous dissipation (i. e., when B = 0), we have

Nu T (4)
_ M7 pegs
b= 5 =T

f

and

m* = 4 {(1 + M?2/48) + A4, T?]. ..(4.2)
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TaBLE 1
Computed values of Critical Prandil number

M~R 1 5 10 15
0.0 23.2208 4.2769 1.9185 1.1773
0.2 22.9979 4.2437 1.9073 1.1361
0.4 22.3561 4.1453 1.8749 1.1243
0.5 21.9015 4.0745 1.8514 1.1146
0.6 21.3759 3.9932 1.8241 1.1045
0.8 20,1574 3.8027 1.7595 1.0803
1.0 18.7999 3.5871 1.6891 1.0513

TasLe 11

Computed values of Nu/Nuy for R = 10, Rm = 1.

M P B\T 0 5 .10 15
—0.5 1.0000 1.0043 1.0173 1.0398
0.5 0.0 1.0000 1.0032 1.0128 1.0292
0.5 1.0000 1.0013 1.0052 1.0119
0.0
—0.5 1.0000 1.0174 1.0735 1.1820
2.5 0.0 1.0000 1.0162 1.0679 1.1670
0.5 1.0000 1.0154 1.0646 1.1582
—0.5 1.0000 1.0042 1.0170 1.0391
0.5 0.0 1.0000 1.0031 1.0125 1.0283
0.5 1.0000 1.0013 1.0051 1.0117
0.5
—0.5 1.0000 1.0170 1.0732 1.1810
2.5 0.0 1.0000 1.0161 1.0677 1.1663
0.5 1.0000 1.0152 1.0638 1.1529
—0.5 1.0000 1.0040 1.0161 1.0370
0.5 0.0 1.0000 1.0029 1.0119 1.0271
0.5 1.0000 1.0012 1.0049 1.0111
1.0
—0.5 1.0000 1.0159 1.0724 1.1800
2.5 0.0 1.0000 1.0155 1.0669 1.1643

0.5 1.0000 1.0147 1.0613 1.1494
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TabLe 11
Computed values of longitudinal temperature gradient

M B\T 0 5 10 15

—0.5 2.0000 2.0651 2.2605 2.5862

0.0 0.0 4.0000 4.0434 4.1737 4.3908

0.5 6.0000 6.0217 6.0869 6.1955

-0.5 2.0208 2.0846 2.2760 2.5950

0.5 0.0 40208 4.0634 4.1913 4.4043

0.5 6.0208 6.0423 6.1066 6.2137

—0.5 2.0833 2.1431 2.3225 2.6214

1.0 0.0 40833 4.1235 4.2440 4.4450

0.5 6.0833 6.1039 6.1655 6.2682

TABLE IV
Computed values of Nu for R = 10 R, =1

M P B\T 0 5 10 15
—0.5 8.0000 8.0104 8.0419 8.0949
0.5 0.0 6.0000 6.0189 6.0765 6.1749
0.5 4.8000 4.8205 4.8831 4.9911

0.0
—0.5 8.0000 8.1392 8.5877 9.4560
2.5 0.0 6.0000 6.0970 6.4076 7.0021
0.5 4.8000 4.8740 5.1103 5.5373
—0.5 8.0017 A 8.0120 8.0430 8.0952
0.5 0.0 6.0039 6.0225 6.0792 6.1759
0.5 4.8044 4.8246 4.8861 4.9923
0.5

—0.5 8.0017 8.1423 8.5953 9.4737
2.5 0.0 6.0039 6.1006 6.4102 7.0026
0.5 4.8044 4.8775 5.1109 5.5539
—0.5 8.0070 8.0167 8.0463 8.0959
0.5 0.0 6.0157 6.0334 6.0871 6.1789
Lo 0.5 48176 4.8368 4.8952 4.9959
—0.5 8.0070 8.1515 8.6183 9.5275
2.5 0.0 6.0157 6.1115 6.4182 7.0039
05 4.8176 4.8882 5.1129 5.5594
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To seek the effect of viscous dissipation, it is more convenient the study to ratio
of Nusselt number in a rotating pipe to that in a straight pipe, i. ¢., Nu/Nu,.

Me M?

Nu _ 2(1~ g )+ 2 (1~ 15 )
Nty ')( — M: —_ T2 J* _A!_z__ 2 J¥
21~ TJ)+B(1——128 TJI)

...(4.3)

When M = 0, we recover all the results of Vidyanidhi et al.'.

Table I shows that the critical Prandtl number decreases as R increases for a
fixed M and that it decreases as M increases for a fixed R. Table II shows that the
ratio Nu[Nu, increases as T increases and as P increases for a fixed M and B. As B
increases this ratio decreases for a fixed M. Also this ratio decreases with increase in
M. Table III shows that the effect of viscous dissipation for a fixed T and M, is to
increase the longitudinal temperature gradient as B increases through zero. Also
the effect of M is to increase the longitudinal temperature gradient for a fixed B and
T. It increases as T increases for a fixed B and M. Table IV shows that the effect of
M is to increase the Nusselt number for a fixed P, Band T. As P increases, it decre-
ases for a fixed M, Band 7. In general, the effect of M is to decrease the critical
Prandtl number and the ratio of the Nusselt number of rotating pipe to that of the
striaght pipe. Also the effect of M is to increase the longitudinal temperature gradient
and the Nusse!t number.
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