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Abstract : The squeezing flow of viscous incompressible fluid in a highly permeable
medium between two parallel, permeable rotating plates has been investigated. The
plates at time ¢* are separated by a distance H (1 — & l*)” 2 These are rotating

with angular velocities proportional to Q. (1 — & t" )71 i=1,2 for lower and

B

upper plate respectively. The effect of permeability and magnetic parameter on the

temperature, heat transfer and entropy generation is investigated and discussed.
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1. Introduction

The study of fluid flow problems based on flow between rotating porous boundaries
have vast implications in the development of lubrication theory and hydraulics. The

unsteady squeezing flow of a viscous incompressible fluid between two parallel plates
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moving normal to their own planes occurs in many hydro-dynamical machines, particularly
in turbo-machinery.

These squeezing flows are useful in polymer processing, compression and injection
moulding. Earlier studies of squeezing flows involved the solution of Reynolds equation.
The study involving full Navier-Stokes equations is more useful in the analysis of porous
thrust bearing and squeeze films involving high velocities.

The system of rotating plates as an idealized model of a turbo machinery unit
especially, in the case where one plate is set in rotation while the other is stationary, was
considered by Lygren and Andersson [11]. Kuhn and Yates [10] examined the pressure
distribution of a thin liquid film between axially oscillating parallel circular plates by
taking inertia terms into account. They also utilized the method of least squares to fit a
third order polynomial to experimental values of maximum pressure. The pressure
distribution in a plane fluid film subject to normal sinusoidal excitation has been studied
by Hunt [9]. He has shown that the maximum and minimum pressures in the fluid
depend on the amplitude of oscillation. A correlation between theoretical and experimental
work was also brought out by him. Terrill [19] gave an analytic solution of the Navier
Stokes equation for flow between two parallel plates, one of which was subjected to
normal sinusoidal oscillation. He showed that the solution depends upon the non-
dimensional amplitude of the oscillation of the disk and the Reynolds number related to
the maximum velocity of the oscillating disk.

Rajvanshi [14] considered the flow between two parallel plates, when both perform
normal sinusoidal oscillations. He observed that the solution depends on the amplitude
of'the oscillation of the plates and the Reynolds number related to the maximum velocity
of the normal oscillations. Saini [18] studied the flow between two parallel plates, one of
which was subjected to normal sinusoidal oscillations and the other highly permeable.
He presented the detailed solution of Navier-Stokes equations for the following two
cases:

() Reynolds number Re related to maximum normal velocity of the oscillating

plate is so small that inertia terms are neglected, and

(i) for small Re.

Rajvanshi [15] also studied the effect of slip velocity in the axial current induced
pinch effect on the squeeze-film behavior on annular plates with the assumption of
hydromagnetic lubrication in the Navier-Stokes equations. The effect of slip velocity
and axial current induced pinch on load capacity and film thickness-time was explicitly

recorded.
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Aristov and Gitman [1] studied the motion of liquids through hydraulic pumps and
motion of underground water. They described the motion of fluid in a hydraulic pump as
the motion of two impermeable plates moving towards or apart from each other. Bhatt
and Hamza [2] have analyzed similarity solutions for the squeeze film between two
rotating naturally permeable plates. The plate permeabilities were taken as &, (1— a ™) at
any time ¢*, 7 =1,2 for the lower and upper plates respectively. They studied the
effect of rotation and permeabilities on velocity profiles. A similarity solution for the
Navier-Stokes equations has been presented for the unsteady flow between two plates
approaching or receding from each other symmetrically by Gupta and Gupta [6]. Rashidi

et al [16] investigated the flow due to the normal motion of the two parallel plates

placed at a distance z =4/ (1 - ocr)% apart. The Navier-Stokes equations are reduced

to a fourth order nonlinear differential equation by using similarity solutions. The resulting
equation has been solved by homotopy analysis method. Rukmani and Usha [17] have
studied arbitrary squeezing flow between two plates of varying gap-width. The solution
is obtained as a power series in a non-dimensional squeeze number. The gap-width is
obtained for the cases when the top plate moves with constant velocity, constant force
or constant power.

Mohais [12] examined the MHD squeeze flow between two permeable parallel
rotating plates in presence of a magnetic field. She has assumed that a plate separation
of H(1—at*)"? exists at time ¢*, where 77 and o' denote characteristic length
and time respectively. She has studied temperature and heat transfer profiles, when

(1) each plate is set at a constant temperature, and
(i) upper plate is maintained at a constant uniform temperature and the lower plate
is subjected to heat flux.

Usha and Vasudevan [20] have studied the flow between two rotating parallel
plates in the presence of a magnetic field using similarity solution. They observed that
by increasing the magnetic force, an increase in the load can be achieved. Recently,
Hayat ef al [8] have studied the MHD squeezing flow of a second grade fluid between
two parallel plates.

In the present times, there is a dire need to conserve and utilize energy in all
thermodynamic systems. The heat transfer processes involve thermodynamic
irreversibility which is related to entropy generation. The uses of microelectronic devices

involve heat transfer through electrically conducting fluids under the effect of magnetic
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field. The study of entropy generation may be used to enhance the efficiency of these
devices and develop new designs. The influence of MHD over rotating plates has
applications in the manufacture of computer disk drives and many other related electronic
devices. The entropy generation has been studied during fluid flow between two parallel
plates with moving bottom by Erbay ef a/ [5]. Chauhan and Kumar [4] have also
conducted studies of heat transfer effects on fluid flow through porous medium by
incorporating entropy analysis. The effect of slip on entropy generation in a single
rotating disk in MHD flow has been investigated by Ozkol ef al [13].

In the present investigation, the MHD squeczing flow of a viscous incompressible
fluid in a highly permeable porous medium contained between two permeable rotating
plates is being studied using the Brinkman model. The problem has applications to
special porous media such as mushy zones and ferromagnetic fluids where the magnetic
drag plays a significant role. The plates are rotating with angular velocities proportional
to Q.(1—ar’)",i=1,2for the lower and upper plate respectively. The upper and the
lower plates are maintained at different temperatures. A perturbation solution has been
obtained in powers of squeeze flow Reynolds number. The effect of permeability and
magnetic parameter on the temperature, heat transfer profiles and entropy generation

is investigated.

2. Formulation of the problem

We consider a thin film of a highly permeable medium saturated with Newtonian
fluid squeezed between two parallel plates with different permeability. The plates placed
ata distance 4(¢") at any time /", in an orthogonally applied magnetic field B(t *) are

allowed to rotate in their own planes about the 2" -axis with different angular velocities.

The plates are made of non-conducting material, so that there are no eddy currents in

"

. . . . . dz
the system. The upper plate is set in motion along the ;" -axis with velocity a

towards the lower plate which remains at a fixed position ;" = (.

The governing equations for flow through porous medium as suggested by Brinkman
[3] are

fu u” dw

e r et —p 1
ar r iz ( )
fu” L BU ;i 1dp _(E‘ u 1du”  u 8 u ) VU gBu
—tv—-tw———=4l—=t-——"—==+—=]——-

il 4 dr dz’ T o g ar’"  ortart o dz k g (2)
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where 4" v w" are the velocity components in the direction of #*,8" and z°

respectively, P the pressure, v the kinematic viscosity, ,, the effective kinematic

viscosity in porous medium, o the electrical conductivity, C , the specific heat at constant

pressure, £ the permeability of the porous medium, ¥ the effective thermal conductivity

in porous medium, p the fluid density, and B the magnetic field. Owing to symmetrical

. . a
considerations F( 1=0

With a view to make the physical quantities dimensionless, we introduce the
characteristic length, time and angular velocity H, =% and (1 respectively. The lower
and the upper plate are assumed to rotate with angular velocities 1, (1 — at*) ~1 and
0,(1— at”) ~1 respectively. The permeabilities of lower plate, upper plate and porous
medium are taken in the form k(1 —at®) ., k(1 — at™) and  ky(1— at®)

respectively.

The boundary conditions on the plates are assumed in the form

e el l—arl

1

* * * *
ou o ov o [ « Or
= = v
0z

]’ w =0, on ;" =0

1

x® s P

ou” —azu* ' —oy . er* « dh
v , W
0z k) 0z k)

S L ==_.onz =ht")(6)
l-oat dt

where o, and o, represents slip parameters for lower and upper disk

respectively.

Following Wang [21] we introduce the following non-dimensional quantities

o ar f'y) o T Qe(y) .o —aH f())
u(y)—z(l_m*),V(y) (l_m*),W(y) W )
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,r.i*

and
E,
BE= "o
'l.-'ll—l'.?t t* (8)
The temperature 77 is given by
Tpaly)
T ="——4T, 9
1-qt* 0 ©)
where
=i 10
J = —
V= wiiar (10)
z E

The following non-dimensional quantities are also introduced ¢, = - P, =-—,

where g is the thermal conductivity. With a view to maintain uniformity, we replace

— 7,z = zand t¥ = t.

Using equations (7) to (10), the governing equations (2), (3), (4) and (5) take the

form

N

é ra’ " re ' ' 2 z .2 f
2o oy - (NS -]

gér 4(1—at)? Ra®

288 g —29-2f'g+2fg' =0 (12)

Feg Rs*

1ép _ - H [f _

- H}L? — F'+2f f' - 20f] (13)
_gga’l

srmes T 2fa —ay—2a=0 (14)

. , paH®

where M* = (H B‘D]‘g 'u‘l, Re® (Squeeze Reynolds Number) = P
20 - E 1

=, A= A= [.1 +M?).

Equation (1) is satisfied identically by the velocity components.

N may also be interpreted as follows

N = 2%_ Re %
a Re*
where Re® = £ is rotational Reynolds number. Therefore /V defines the ratio

of Rotational Reynolds number to Squeeze Reynolds number.



Heat transfer and Entropy generation on MHD Squeezing ...... 187

Equation (13) implies that

8% _
dydr =0 (15)
Equation (11) gives
*p _  pra’ i_ Py ey 2 " Sf”]
ydr - 4(1—-at)?® LRe® Ef }f sz 2N“gg Re® (16)

Equations (15) and (16) imply
£ = Re*(3f" +yf" = 2ff" — 2Ngg") + Bf " a7

It is assumed that the plates are maintained at different temperatures given by

T*= T, at z* =0, and

T*= T, +

at z* = h(t") (18)

The modified l;ounde;ry conditions are
S0 =410), g0)=4{g0) -1, f(0)=0,a(0)=0
S"W==241), gM)=-4{gM)-s;, fD=1/2al)=1 (19)

The slip parameters are given by

A =0, HIJk (20)

where o,, i =1,2 represents the slip parameter for the lower and upper plate

respectively . Ratio of the rotational velocities of the plates is defined as
s=Q,/Q, 21
such that

s =1, depicts that the plates are rotating with the same angular velocities in the

same direction,
s > 0, shows that the plates are rotating in the same direction,
s = 0, depicts that the upper plate is stationary, and

s < 0, relates to the rotation of plates in opposite directions.

3. Solution of the governing equations

Governing equations are solved using regular perturbation technique. f, g and a are

expanded in the following forms
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(f,gja):(fo,go,a0)+ReS(fl,gl,a1)+O(Res)2
Equations (17), (12) and (14) give

fs" = Bfy"
ﬂf:: — Ef[,‘:lf +y [;” _ E'fl} fl:fl” _ E'NEQEQE.‘ iR JBJTCE[H
gt = Ba, (25)

91 —Bgy — v 8 — 280 —2fy 9o+ 2f8, =0
a; = 0

ay = *5 (2a, +y ap — 2f,a,")

The corresponding boundary conditions are

fO=0 £0)=0, /O =2F0), F0)=4£0)
fiD=5. AO=0 fIO=-LLD,  fO=-AAD,

8,(0)=4,{g,(0)-1}, g/(0)=2,5,(0),

go()=-,{g, (-5}, gM)=-4,8,(1),
(30)

LIO(O):O, al(o):07 ao(l):L al(l)zoa
The solution of equations (23) — (28) using (29) - (31) is given by

Jo(V) =y + V73 +7lze\/ﬁy +71167\/Ey

JBy n y7zseﬁy B y729eiﬁy

) B, -
KO =75+ y7se T e’ +ysse 288 288

+

2B\ 2 2p) 2P

v (¥ Sy | yame (Y Sy )
+ 2 2
2 2 Jp) 12p 12/

J7

S

go(¥) =yse

(22)

(23)
24

(26)
@7

(28)

(29)

€2Y)

(32)

73 ezﬁy+ 733 e—zﬁy_y2734

2/
(33)

(34
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2B 2B
a,(y)=y (36)
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(37)

where y, to yy, are constants not recorded for the sake of brevity.

4. Results and discussion
Numerical work has been done by taking N =80,Re’ =0.02, ¢, =1,¢, =1.1t is

o, H

noted here that large values of A, corresponds to small permeabilities since ™ — [, e

Temperature Profiles

Fig.1 shows the effect of the permeability of the lower plate on the temperature
profiles. It is seen that temperature profiles increase with decrease in permeability of
the lower plate. On the other hand, temperature profiles decrease with decrease in the

permeability of the upper plate as shown in fig. 2.
Table-1: Values of a(y)

y M=05|M=25| M=4
0.0000 0.0000 0.0000
0.2 0.0160 0.0162 0.0164

0.4 0.0799 0.0800 0.0801
0.6 0.2361 0.2360 0.2359

0.8 0.5280 0.5278 0.5276
1.0 1.0000 1.0000 1.0000
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The effect of magnetic parameter M on fluid temperature is shown in Table-1. The
values have been calculated for Pr=11.4, Re* =0.02, A, =X, =0.05,A, =1,5 =0.5 and
N = 80. The presence of magnetic field in an electrically conducting fluid introduces a
force which acts against the flow and tends to slow it down. This results in increase in
the temperature profile. It is further noted that the variation in M does not show
significant change in the temperature. It is seen from Table-1 that fluid temperature
increases with increase in the magnetic parameter in the first half and it shows reverse

behavior in the second half.

Heat Transfer Profiles

Following Hamza [ 7], Nusselt number is defined as

7,02 (1-at)?

We further define
Nu=Nu*(1-at)'? =—-da'(y) (3%)

Fig. 3 shows heat transfer profiles on the lower plate versus A, for different values
of A, and Prandtl number Pr. It is seen from the figure that heat transfer profiles
increase with decrease in the permeability of the lower plate (as increases). With
increase in Prandtl number the ratio of momentum diffusivity to thermal diffusivity
increases. This leads to the increase in the heat transfer at lower plate with increase in
Prandtl number . The effect of magnetic parameter versus on heat transfer profiles at
the lower plate is shown in fig. 4. It is noted that heat transfer at the lower plate

decreases with increase mn M.

Heat transfer versus A, at the upper plate is shown in fig.5 which depicts that heat
transfer profiles increase with decrease in the permeability of the upper plate (as A,
increases). It also increases with increase in Prandtl number Pr. Fig. 6 shows the
effect of magnetic parameter M on heat transfer at the upper plate. It is observed that
heat transfer decreases with increase in magnetic parameter as the parameter is

made to vary.

Entropy Generation

The entropy generation in the present study is written as
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. EJ:_{E_f)f Ll aB L2yt
S " [(E:-“ dz* TD“JE (u v™) r;‘p (39)
where T is a reference temperature and

z(ﬁu*: (u*j (é‘w’ :} (ﬂﬂ*j (ﬂu’ w2 (81?* t:’J:
! E}r*J T’J BZ*J E:?z*J dz* E:?T’J dre  r*

Tw o (40)

¢=p

—[u*‘ + &
o

We define volumetric entropy generation in dimensionless form as

5
Ns= 5';7 41)
where

. . . T,
5y = 775 ¢ Is reference volumetric entropy generation, n = (1 — at). ¥ = —

T

is dimensionless reference temperature, ¥ = PR & the dimensionless radial coordi-

n Nyt
F\‘.’.TD

Il

nate, Br = is the rotational Brinkman number.

Using the equations (7) to (9) in (39) — (41) the dimensionless form of the total
local entropy generation is written as the sum of local entropy generation due to heat
transfer irreversibility (Vs, ), local entropy generation due to fluid friction irreversibility

(Ns,) and local entropy generation due to magnetic effect (Vs,) in the following manner

Ns = 4"\!’5‘1 T 4"\!’5‘: s a"\lrj'g (42)
where

Ell:
N_'?i = ? (43)

Al - _g frE T [z % L e
Ns, = Br|= L1+ 7% + = }JE - [ 17292 +20 ] (44)
~ 3 fr: -
NE‘E =M-¥r< Br (_\__—z—g‘) (45)
Ns|, Ns,and Ns, can be evaluated using equations (43) - (45).

With a view to understand entropy generation mechanism of convective heat transfer

an irreversibility distribution ratio ¢ is defined as
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3 (Ns, + Ns,)
Ns

@ (46)

1
It is noted that heat transfer irreversibility is dominant for 0 < ® <1; fluid friction
and magnetic effect dominate for @ - 1. When @ = |, the contribution of heat transfer

to entropy generation is equal to the sum of fluid friction and magnetic effects.

The effect of entropy due to heat transfer irreversibility (Ns,) has been depicted in
fig.7. It is observed that as the distance between the two plates increases the entropy

generated also increases. By increasing the values of @, @, the profiles are enhanced
further.

Entropy generation due to fluid friction irreversibility (NVs,)shows a decreasing trend

as the permeable upper plate moves apart. This is shown in fig. 8.

Fig.9 shows the variation of Ns, with y . A decreasing trend is observed for the
entropy generation due to magnetic field. The total entropy also decreases as depicted
in fig. 10.

The variation of irreversibility distribution parameter @ has been shown in
Table-Il with Re* = 0.02, Br = 0.1, M = 0.01. It is observed that the irreversibility
distribution parameter @ increases with increase in the values of N, A, A, A, and s. Its

value decreases with increase in Prandtl number Pr.

Table-II: Variation of irreversibility distribution parameter ©

N Pr s Asg Aq, Az &

40 7 0.5 0.01 0.01 1.59
40 11.4 0.5 0.01 0.01 1.51
40 7 0.5 0.015 0.01 420
40 7 0.2 0.01 0.01 0.97
60 7 0.5 0.01 0.01 8.09
40 7 0.5 0.01 0.02 422
40 11.4 0.2 0.01 0.02 3.93
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5. Conclusions
1. The temperature profiles are influenced by variation in permeability of the lower
plate. The results show an increase in the profiles with decrease in permeability.

2. The decrease in permeability of the upper plate leads to fall of temperature

profiles.

3. The heat transfer shows a marked variation when the permeability of the lower
plate is increased.

4. The magnetic parameter brings down the heat transfer profiles of both the
plates.

5. The total entropy generated decreases as the plates move apart.

y Fig. 1 Temperature profiles for M=0.01, N=280, Pr=114, Re* = 0.02, 12=0.05, 13=0.01,5=0.5
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Fig. 3 Heat transfer profiles at the lower plate for M= 0.01, N =80, Re*=0.02, 42=0.055=05
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Fig. 4 Heat transfer profiles at the lower plate for N =80.Pr=114, R&®=0.02 11=12=0.05,5=0.5
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Fig. 8 Heat transfer profiles at the upper plate for N =80, Pr=114 Re® =0.02, 11=42=0.055=0.5
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0.1

Fig. 9 Ns3 versus y with Br=0.1, M=0.01, N=80,Pr=7 Re®=0.02, 1= 12=0.05 13=0.01,5=0.5
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Fig. 10 Ns versus y with Br= 0.1, M= 0.01, N= 80, Pr=7, Re® =0.02, 41 = 42 = 0.05, 3 = 0.01, s = 0.5
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