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Abstract

When a straight channel formed by two parallel plates, through
which two immiscible liquids occupying different heights are flowing
under constant pressure gradients is rotated about an axis perpendicular
to the plates, secondary motion is set up. The motion is caused due to
the combined effects of the pressure gradient and motion of the upper
plate. The heat transfer characteristics are evaluated assuming equal
and different plate temperatures. The solutions are exact. The heat
transfer coefficient at the upper and lower plate has been calculated and

presented graphically.

Key words : Parallel plates, Temperature profiles, Heat Transfer

Co-efficient.

Introduction

The study of flow and heat transfer
in a rotating system has drawn considerable
interest due to its wide applications in designing
thermosiphon tube. In cooling turbine blades
and have some is bearing in MHD Power
generation.

If the channel is rotating about a
vertical axis, there exists a secondary flow.
The study of such secondary flows was
presented in a rotating channel by Vidyanidhi
and Nigam®. Jana and Datta* have considered
the Couette flow and Heat transfer of a

viscous incompressible fluid between two
infinite parallel plates which rotate with a uniform
angular velocity about an axis perpendicular
to the plates. Ramana Rao & Narayana®

extended the work of Jana & Datta* for the
flow of two incompressible immiscible plates
occupying equal heights between two parallel
plates they studied the heat transfer characte-
ristics, assuming equal and different plate
temperatures. Ramana Rao & Narayana®

extended the work of Vidyanidhi & Nigam®
and studied the heat transfer characteristics
assuming equal & different plates temperatures
for poiseuille flow. Ch. Baby Rani and G.
Koteswara Rao (2010) extended the work of
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Ramana Rao and Narayana® for the Couette
flow of two immiscible liquids occupying
different heights between two parallel porous
plates’.

Baby Rani® extended the work of
Ramana Rao & Narayana (1981) for the poiseuille
flow and heat transfer of two immiscible liquids
occupying different heights between two
parallel non-porous plates in a rotating system.
Baby Rani, Ramesh, Chalam? considered the
heat transfer of Couette flow of two immiscible
liquids occupying different heights between
two parallel plates in a rotating system. In the
present paper we consider the combined effect
of the pressure gradient and motion of the
upper plate i.e. generalized couette flow. We
evaluated the heat transfer aspects for the
generalized couette flow of two immiscible
liquids occupying different heights between
two parallel non-porous plates assuming equal
and different plate temperatures. The Heat
transfer coefficient for the upper and lower
plate is determined. We take the constant
pressure gradient Po is equal to 2 and constant
velocity Co is equal to 1 for the purpose of
calculations.

1. Basic equations and their solutions:
The equations of motion and continuity

for the steady state in a rotating frame of

reference o’x 'y 'z’ as in Squire (1956) for

the two immiscible liquids as shown in the fig.

(1) are

(U#.Vljurh ZQ'erf1 :—pr;lvlfzﬁ1 +V, Vv? U#

(1)
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V'U! =0 2)
where ﬂ';n (modified  pressures)
1 - - 2

= P, —Epm aQ'xr' (m=1.2) 3)

Here the subscripts 1 and 2 refer to the
zone-I (upper liquid) and zone-11 (lower liquid)
in the ranges e<Z7'<L and -L<Z'<e
respectively. Also U/, U}, ' &' are the
velocities of upper and lower liquids, angular
velocity and position vector respectively.

We choose a right handed cartesian
system as shown in fig. (1) below such that
7' - axis is perpendicular to the motion of the
liquids under the action of constant pressure

or,
gradient P; =[— aXT]inthe direction of X’

axis between two parallel plates z'= £ L
(stationary relative to O'X"Y'Z"). The motion
is caused when the upper plate moves with
uniform velocity Uo along the X!-axis.

’ PrT’ll o PrT’lz ' ’
= g X -P (4)

Where Pn;l and Pn;z stand for pressures on the
planes x' = 0 and x' = D respectively.
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Fig. 1. Schematic diagram

The fluid region is divided into zone-1 and zone-
I1. Zone-1 contains the liquid in e< Z <L gpq

zone-1l1 contains the liquid region in

-L<Z<e
The velocities of the two liquids are then
represented by

U =[(2)2) o). =[] o]
6:[0,0,&},(4.3@&) (5)

Where us, v are the velocity components in
zone-l and uy, v, are the velocity components

2y

inzone-11.Q* = aLz 2 (Taylor number for the

lower liquid)
Introducing the non-dimensional quantities
PILZ PILZ
U =-—"-—u =V o @
" 2p9, " " 2p9, " T =TL

(Primary velocities of the upper and lower
liquids for m =1 and 2 respectively)
(Secondary velacities of the upper and lower
liquids for m =1 and 2 respectively)
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.o
Oy = U— (Taylor number for the upper and

m

lower liquids)

And A= P2 (Ratio of the densities of the lower
%

and upper liquids)
> L

_ 72
H= . (Ratio of the viscosities of the
1

lower and upper liquids) (6)

Let 1= up+ ivy, = Up+ iV, equation (1)

reduces to
d’ay .. 5
—2iu‘a =-P
dz 2 H 0, 0
dzqz - 2 - P
-2ia =—20
dZZ qz l‘uz (7)
Subject to Zone-l qgq=Cpat z=1,

Interface condition ;= atz=¢ | (-1<e< 1)

%:}v‘uzd&at =€,
dz dz
Zone-II =0 atz=-1 (8)
Where Py is a constant pressure gradient and

Co Is the constant velocity with which the upper
plate is moved.

Since, we consider two immiscible
liquids with interface z= e, the fluid region is
divided into zone-l (c< z < L) and zone-lI
(-L<z<e)

This implies, T, -T,#0T,-T,_#0

z
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Solving using boundary conditions, We get

- m o h LUUAPLUR P
ql_ASh(le 21J2+B Ch( 21+|21jz

2u°a°
(9)

—coh M, LLUPLL P
qz_CSh( ) +i 2jz+D Ch( ) +i ij 2
(10)

where ‘Sh’ stands for sinh, ‘Ch’ stands for cosh.

Where mi=2au, n1=2quumy=2c, n,=2c¢ (11)
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01(”5“”2}
c\2"2JHE-HE i
Sh(mz+ian GR-RG W&s{”ﬂﬂj
2" 2 2
— H1F2 — H2F1
G,F,-FG, (12)

_sh M oM a,=Sh M2 cos ™
a,=Sh 5 cos > 2 2 2

m, . n
Gﬂ[mﬂqj . b = Ch%sin% b2=Ch7zsm?2
A:HzGI_@H 2 2 , R +Co  Further expressing b oM e~ on ™ cos
FG-FG Sh[nzh_ig) ZNZOfSh[nZl‘Fig) e=C - 05 &= >
f, = Sh%sin% f, = Sh%sinn—;
B:GZHl_HZGl 1
FG, -F,G, (13)
Ch(ml+|nlj
F = 22 Sh(mleﬂlej—Ch(mleHnj
Sh(ml+inlj 2 2
2 2
Ch(rgzﬂnzzj . I
G = Sh( 2€ 4 2€j+Ch( +i2—€j
Sh(mzﬂnzj 2
2 2
) LA LA _ _ _ Sh[mleﬂnleJ
_ iR 2 2 ), iR iR +{C+'R’} 2 2
yyYidis Sh(n;ZanzJ 20 2uta’ ° 2uta’ Sh[n;l_Hr;lJ

Ch(rglﬂnzlJ N
E z—{[_lJ,i_lJCh[jHl_eJ} —(&H&)Sh(ml €, M ej
: 2 2 2 2 2 2 2
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Heattransfer Characteristics :

The heat-transfer characteristics have
been determined for the upper liquid (zone-I)
and lower liquid (zone-11) occupying different
heights under constant pressure gradients
between two parallel plates in a rotating system,
from the heat transferequations.

271
Vi 905 dqm +K, Ty = 0 for m=1and 2
o dz*t dz! (dz*¥
(15)
Here o) =up+iVy gb =u,—iVy

Kj;and K, are the thermal diffusivities
of the upper and lower liquids respectively. Cp
is the specific heat at constant pressure. The
first term on the left hand side of the above
equation is due to the viscous dissipation.

Case 1 : When Plates are maintained at equal
temperatures.

It is assumed that the temperature of
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either plate is a constant T as in Ramana

Rao and Narayana®. Introducing the non-dime-
nsional quantities equation [6] and in addition

(Tl Tl) Ot = (TZl;TLl)
R
P1(Prandtl number for the upper liquid)=v, / K,

0 =

Ec (Eckert number for the upper liquid)=U > / CpT,

K
n= K—Z (Ratio of the Thermal diffusivities of
1

the lower and upper liquids)
d’o; dg, dg,
dz dz

From equation (15) =-PEc

21 2 o
d 022 — Iu RLEquZ dq2
dz n

as the non-dimensional temperature equations
for the upper and lower liquids respectively.
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Solving (16) subject to the boundary conditions

in the non-dimensional form. (L-e)s, + S, (e-1)+ fle) - F0)
-PREc 2
+22(g()- g(e))
6 =0 at z=1 (Zone-1) D, = n
(7 ++e(t-n)

0112021 at z= E,('l<€<l) (20)
! ! Let X,Ch X.,Sh X =f
ddi:nddﬁ at z = e (Interfacecondition) et X,Chm <-+X,8hm < +X, cosn, e=1(<)

z z
0,=0 at z=-1 (Zone-1I) (17) " Then X,Chm + X,Shm + X, cosn, = f (1)

We get 0 = A + B,z — PEc(X,Chmz Let Y,Chm, +Y,Shm, € +Y,cosn, e=g(e)

+ X,Shm,z + X, cosn,z (18)
2ShmZ + X, cosn.z) Then Y,Chm, +Y,Shm, +Y, cosn, =g(1)

2
1 _ _H
6, =C,+Dz , PEc(Y,Chm,z + Y,Shm,z + Y, cos n,z) Wheres, = X,mshm, < +X,mChm < -X,nSinn, <

(19) S, =Y,m,Shm, € +Y,m,Chm, e -Y;n,Sinn, €
(-8 + s, (e-1+f(9-f(1 (21)
__ mREC VI
A (n++e(1-n) +é(g(l)—g(e)) Here X, = (A +B sznl + nl)
n 8m1
~RE/(8,—£5,~ (1)
AB 2 2
2 X, :M
(1— e)S1 + Uy Sz(e —1)+ f (e)— f (1)+ m;
-nPEc %(g(l)_g(e)) y :_(AZ—BZme+nf)
5= ( | (7 +1)rc@—7) 3 8n’
+ REcC(S, - S, ) ,
Yl:(c +[§1ﬁmzz+nz)
(1~ €)8, + u2S, (e -1)+ f ()~ £ (1)
- PlE 2 2 2
c +&(g(1)— g(<)) Y, = CD\m; 2-|- n,
1 4m;

(n+L e(t-n)
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o; 1
= =—— (A +Bz
= hte " pes A B

—(X,Chmz + X,Shmz + X, cosn,z)

(22)

1
0, = % =i(cl+Dlz)
PEc PEc
2 23
—&(YlChmZz+YZShmZz+Y3cosnzz)( )

The heat transfer coefficients at the upper and
lower plates are respectively given by

-do! m, X,Shm,
H, =—*|,,=-B, +PEc _
dz +m, X,Chm, —n X, sinn,
(24)
! 2 —-m,Y;Sh
HF%\H:Q—&HEC 21, .
dz n +m,Y,Chm, +n,Y, sinn,
(25)

Results & Discussion

Figures show the temperature distribution
for plates maintained at equal temperatures

for various values of ¢, u,1,1,R=0.72 and Ec

= 0.02 for e= —-0.4,0and 0.4 . We follow
the convention that the non-dimensional
temperature 0 is positive or negative according
as the actual temperature T or T, is greater /
less than T.. The temperature distribution
depreciates with increase of o, for
e=-0.4,0and 0.4 while u,Aandn being
fixed. As the position of the interface increases
the temperature depreciates with respect to o
for fixed p, A and n. As wu increases, the
temperature distribution decreases for
e= -0.4,0and 0.4 while a,2andn being
fixed. As the position of the interface increase
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from -0.4 to 0.4 the temperature distribution
depreciates. As A increases the temperature

distribution gradually decreases for e= —0.4,

Oand 0.4, while o, zand n being fixed. For
A= 1, 1.5 and 2 at =0 the distribution is
maximum when compared to e=- 0.4 and 0.4
while «, pand n being fixed.

As 1) increases the temperature distribution
gradually decreases for e=-0.4,0and 0.4,
but when n=1, 1.5 and 2 the distribution is
maximum at =0 when compared to e=- 0.4
and 0.4 while o, and A being fixed. For large
values of o, uand 1 the temperature distributions
are very low. As e value increases the tempe-
rature distribution decreases for small values
of a,u A and n. When A and ) increases the
temperature distribution is maximum at €=0
(i.e. at the centre of the channel). With
increase of o, the heat transfer co-efficient at
the upper plate decreases for €=-0.4, 0 and
0.4 while p, A and n being fixed. As p increases
heat transfer co-efficient at the upper plate
decreases for €=-0.4, 0 and 0.4 while a, A
and n being fixed.

As A increases heat transfer co-efficient
at the upper plate increases for €=-0.4, 0 and
0.4 while o, u and n being fixed. As 1) increases
heat transfer co-efficient at the upper plate
increases for e=-0.4 and 0, increases and then
slightly decreases for e= 0.4, while o, p and A
being fixed. With increase of e value the heat
transfer co-efficient at the upper plate decreases
for small values of a, 11, | and A and increases
fora=A=1, 1.5 and 2. As e value increases
the heat transfer co-efficient at the upper plate
decreases for A =m =1, 1.5 and 2.
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As o increases the heat transfer co-
efficient at the lower plate increases and then
decreases for e=-0.4 and 0, it decreases and
then increases for €= 0.4, while p, A and n
being fixed. As u increases the heat transfer
co-efficient at the lower plate increases for
€ =-0.4 and 0, it decreases for €= 0.4 while
a, A and n being fixed. As A increases the
heat transfer co-efficient at the lower plate
decreases for € =-0.4, 0 and 0.4, while o, p and
n being fixed. As n increases the heat transfer
co-efficient at the lower plate decreases for
e=-0.4, 0 and 0.4, while a, p and A being
fixed. As e increases from -0.4 to 0.4 the heat
transfer co-efficient at the lower plate
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Temperature profiles when plates maintained at equal temperatures
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increases for p, increases and then decreases
for a. With the increase in position of the
interface the heat transfer co-efficient at the
lower plate decreases for A and n.

Conclusion

The temperature distribution of the
upper liquid (zone-1) decreases to zero, from
its value at z=€, where as that of the lower
liquid (zone-11) increases from zero, to its value
at z=e, both the values at z=< being the same.
As the position of the interface increases from
lower to the upper plate the temperature
depreciates with respect to o, 1, A and 1.
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Case 2 : Plates maintained at different tempe-
ratures :

It is assumed that the temperature of

the upper plate TU1 is greater than the

temperature of the lower plate T, in terms
of non-dimensional quantities.

U L U L
U2
“=C TjO—TLl (26)
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In case of different plate temperatures

T, #T, =T, =T, #0 therefore we define

the non-dimensional temperatures in zone-I
and zone-1l are

_nL-T CT,-T,
T,-T. % T,-T,

Here T1 and T, are the liquid temperatures in
zone-1 and zone-I11.

Onz=1,T1=Ty= 0, =10nz=-1,T,=T_
= 0,=0

6, 0,

We have to solve equation (16) subject
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to the boundary conditions of (17) except when

0/ =1 at z=1, as in Ramana Rao &

Narayana®.
P _i_AﬁBzZ_ X,Chmz +
' BE, PRE | X,Shmz+X,cosnz
(27)
_ 6, C,+D,z
’ PlEC PlEC

2 Y,Chm,z 28
Ho pgg *7 2 @9
n +Y,Shm,z +Y, cosn,z

(-8 +4£S,(e-1)+
HATRE g1 g

A 2 r)
_PlE(£81 _:ugsz - f(l))

(1-€)S, + u2S,(e-1)+ f ()
MiTRE f<1>+*;f<g<1>—g<e»

(n+1re-n)

- PlEC(Sl - ,Ucfsz)

( ~ E)Sl +y532(e _1)+ f(e)— f(l)
+’:7°(g(1)—g(e))

(n+1+el-n)

1-PEc

Ch. Baby Rani

(1-€)S, + uZS, (e -1)+ f(e)- f(1)
+%"(9(1)—9(e))

(7 +1+e(l-n)

1-PEc

D, =

(29)

The Heat Transfer coefficients at the upper
and lower plates are respectively given by

-d¢' mX,Shm
Hy=——+|..=—B,+RE .
dz +mX,Chm-n X, sinn
(30)
2 |-mYSh
HL:diezl‘zzflzDz_&HE el )
dz n  |+mY,Chm+nY,sinn,
(31)

Results & Discussion

The temperature distribution when
plates are maintained at different temperatures

for various values of o, u, A,n, P1=0.72,
E.=0.02, Py=2, Co=1 for € =-0.4, 0 and 0.4.

The temperature distribution decreases
with increase of o, while x, A and n being

fixed for e=-0.4, 0 and 0.4, but for large values
of a=1, 1.5 and 2 the temperature distribution
is very low and also near the boundary of the
plates. With the increase of the interface the
temperature distribution depreciates. As
increases the temperature distribution decreases,
for e=-0.4, 0 and 0.4, while a, A and n being
fixed, but for p=1, 1.5 and 2 the distribution is
very low and also near the boundary of the
plates. As the position of the interface
increases the temperature distribution
depreciates.

As A increases the temperature
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distribution decreases for €= -0.4, 0 and 0.4
while a, p and n being fixed. When both the
liquids occupying equal heights (e€=0) the
temperature distribution is high when
compared to €=-0.4 and 0.4, for A =1, 1.5
and 2, while o, p and n being fixed. As the
position of the interface increases from lower
to the upper plate the temperature distribution
depreciates. As n increases the temperature
distribution gradually decreases, for e=-0.4,
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Temperature profiles when plates maintained at different temperatures

Heat Transfer Co-efficient at the lower plate

0 and 0.4, while a, u and A being fixed, when
n =1, 1.5 and 2 the distributions are high for
€= 0. The position of the interface increases
from -0.4 to 0.4, the temperature depreciates.

For large values of a, u, A and n the
temperature distribution decreases for €=-0.4,
0and 0.4. As value increases the temperature
distribution decreases for small values of a, p,
A and m. Figures show the heat transfer co-
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efficient at the upper and lower plates
respectively. As o increases the heat transfer
co-efficient at the upper plate decreases for
€=-0.4, 0 and 0.4, while pn, A and n being fixed.
As u increases the heat transfer co-efficient
at the upper plate decreases for = -0.4, 0
and 0.4 while o, A and n being fixed.

As A increases the heat transfer co-
efficient at the upper plate increases for
€=-0.4, 0and 0.4 while a, p and n being fixed.
As n increases the heat transfer co-efficient
at the upper plate increases for e=-0.4, 0 and
0.4 while a, u and A being fixed. As value
increases the heat transfer co-efficient at the
upper plate increases for o and p and decreases
for A and n. As a increases the heat transfer
co-efficient at the lower plate increases and
then decreases for €=-0.4 and 0, it decreases
and then increases for €= 0.4, while p, A and
1 being fixed. As u increases the heat transfer
co-efficient at the lower plate increases for
e =-0.4 and 0, it decreases for = 0.4 while
a, A and n being fixed. As A increases the
heat transfer co-efficient at the lower plate
decreases for e=-0.4, 0 and 0.4, while o, p
and m being fixed. As n increases the heat
transfer co-efficient at the lower plate
decreases for =-0.4, 0 and 0.4, while o, p
and being fixed. As increases from -0.4 to
0.4 the heat transfer co-efficient at the lower
plate increases for pu, increases and then

Ultra Scientist Vol.25(2)B, (2013).

decreases for a. With the increase in position
of the interface the heat transfer co-efficient
at the lower plate decreases for A and n.

Conclusion

As the position of the interface
increases from lower to the upper plate the
temperature distribution depreciates with
respect to a, W, A and . It is found that the
conclusions of the temperature distribution of
the previous case i.e. when the plate tempe-
ratures are equal are also valid in this case.
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