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Abstract - A theoretical analysis of the effects of permeability and the injection/suction on an oscillatory free convective
flow of a viscous incompressible fluid through a highly porous medium bounded between two infinite vertical porous
plates is presented. The entire system rotates about the axis normal to the planes of the plates with uniform angular

velocity Q2 . For small and large rotations the dependence of the steady and unsteady resultant velocities and their
phase differences on various parameters are discussed in detail.

Keywords : Oscillatory, rotating, porous channel, Porous medium, Free convection.
[. INTRODUCTION

Free convection flows in a rotating porous medium are of great interest in a
number of industrial applications such as fiber and granular insulation, geothermal
systems etc. Buoyancy is also of importance in an environment where difference of
temperatures can give rise to complicated flow patterns. In recent years, the problems of
free convection have attracted the attention of a large number of scholars due to its
diverse applications.

The flow of fluids through highly porous medium bounded by vertical porous
plates find numerous engineering and geophysical applications, viz. in the fields of
agricultural engineering to study the underground water resources, in petroleum
technology to study the movement of natural gas, oil and water through the oil
channels/reservoirs[1,2,10]. A series of investigations have been made by different scholars
where the porous medium is either bounded by horizontal, vertical surfaces or parallel
porous plates. Raptis [8] analyzed the unsteady flow through a porous medium bounded
by an infinite porous plate subjected to a constant suction and variable temperature.
Raptis and Perdikis [9] further studied the problem of free convective flow through a
porous medium bounded by a vertical porous plate with constant suction when the free
stream velocity oscillates in time about a constant mean value.

Apart from the above two dimensional studies a number of three dimensional flows
through porous medium have also been studied. Singh et al [16] analyzed the effects of
periodic permeability on the three dimensional flow through highly porous medium
bounded by an infinite porous surface. Singh et al [15] also investigated the effect of
permeability variation on the heat transfer and three dimensional flow through a highly
porous medium bounded by an infinite porous plate with constant suction. Singh and
Verma [13] studied further the flow of a viscous incompressible fluid through porous
medium when the free stream velocity oscillates in time about a non-zero constant mean.
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In the recent years a number of studies have appeared in the literature involving
rotation to a greater or lesser extent viz. Vidyanidhu and Nigam [19], Gupta [4], Jana
and Datta [5], Singh [11,17]. Injection/suction effects have also been studied extensively
for horizontal porous plate in rotating frame of references by Ganapathy [3], Mazumder
[7], Mazumder et al [6], Soundalgekar and Pop [18], Singh [12] for different physical
situation. The flows of fluids through porous medium bounded by rotating porous
channels find many industrial applications particularly in the fields of centrifugation,
filtration and purification processes. In view of these applications Singh and Sharma [14]
studied the effect of the permeability of the porous medium on the three dimensional
Couette flow and heat transfer. In the present paper an attempt has been made to study
the effects of the permeability of the porous medium and injection/suction through the
porous parallel vertical plates on the free convective flow through a highly porous
medium. The entire system rotates about an axis perpendicular to the planes of the
plates.

[I. MATHEMATICAL ANALYSIS

Consider an oscillatory free convective flow of a viscous incompressible fluid
through a highly porous medium bounded between two infinite vertical porous plates
distance d apart. A constant injection velocity, wj, is applied at the stationary plate
z* =0 and the same constant suction velocity, w,, is applied at the plate z* =d, which is

oscillating in its own plane with a velocity U*(¢*) about a non-zero constant mean

velocity U,. The origin is assumed to be at the platez” =0 and the channel is oriented

vertically upward along the X -axis. The channel rotates as a rigid body with uniform

angular velocity Q * about the z'-axis. Since the plates are infinite in extent, all the
physical quantities except the pressure, depend only on z* and ¢* Denoting the velocity

components uz* v* w¥in the x* y* z* directions, respectively and temperature by T |

the flow in the rotating system is governed by the following equations:

w, =0, (1)
U, +w,u, =—p. /p+ou, +2QV +gB(T -T,)-vu /K", (2)
Vi +WoV, =—p, /[ p+ov, —2Q°u" —ov /K’ (3)
* * k *
Tt +W0Tz = Tzz? (4)
PC,

where v is the kinematic viscosity, ¢ is the time, p is the density and p is the
modified pressure, T  is the temperature, C, is the specific heat at constant pressure, Kis
the thermal conductivity, gis the acceleration due to gravity, £ the coefficient of volume
expansion and K is the permeability of the medium.

The boundary conditions for the problem are

*

u=v =0, T =T,+&(,-T,)cosot” at z =0,

u=U(t)=U/(l+ccos 't), v =0 T =T,, at 7z =d (5)
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Notes

where @ is the frequency of oscillations and ¢ is a very small positive constant.

By introducing the following non-dimensional quantities
n=2z1d, t=ot", u=u/U,, v=v /U, Q=Qd°/v

the rotation parameter,

w=0'd’/v the frequency parameter, A=Ww,d/v the injection/suction parameter,

T -T Gr M the Grashof

K =K"/d? the permeability parameter, §=—%,

T, - T, U,w.
number, Pr="—"  the Prandtl number  and suppressing the stars
(2) to (4) become

o, + A4, =0, +oU, +Gri*0-2iQ(q-U)-(q-U)/K,

@0, + 20, =%0

m

where g=U+Iiv.

“* the equations

—~

~

SN—
(9]
w

The boundary conditions (5) can also be written in complex notations as

q=0, 0:1+§(e“+e‘“) at =0,

q:U(t):1+g(e“+e’“), 0=0 at n=1.

(8)

In order to solve the system of equations (6) and (7) subject to the boundary

conditions (8), we assume,

q(m.t)= qo(n)+£{q1(77)6“ +q,(n)e™},
0(7.t)=6,(n)+ { 6,(n)e" +6,(n)e™} .

9)

(10)

Substituting (9) and (10) mto (6) and (7) and comparing the harmonic and non-

harmonic terms, we get

2, = (12 40 = (17 +-) - Gr20,.
q; — Aq, —(m® +i)q =—(m? +i)—Gr126’
1 1 K 1 K 1

" 14 1 1
as — Aq, —(n? +E)q2 =—(n? +E)—Grﬁ.292 ,

0, —Prio, =0,
0, —Pri6, -Prwi6, =0,
0, —Prif, +Prwif, =0,
where 12 =i2Q, m? =i(2Q+ ) and n* =i(2Q-w).

The corresponding transformed boundary conditions reduce to

(13)

(14)
(15)

(16)
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0,=90,=0,=0, 6,=6,=0,=1 at n=0,

0, =0, =0, =1,

(17)
0,=6,=0,=0 at n=L1.

The solutions of equations (11) to (16) under the boundary conditions (17) are

m o am _ _ 2 i ’
(e™ —e™)[my (m, —A) = (m"+- ]

© 2012 Global Journals Inc. (US)

qo(7)=1+ Be™ + B,e™ + Ae*™" | (18)
q,(7)=1+B,e™ +B,e"" + Ae™ + Ae™ | (19)
- q,(7)=1+B.e™ +B,e"™ + A,e™ + Ae™ (20)
- e AP _ Pt
0, () =W ) (21)
54 eml+m277 _em2+m1n
B e 22)
— et —e
g
z em3+m477 _em4+m377
5 0,() = (23)
- e 3 _e 4
; where
5 o _PrA+NPI? 2 +diwPr o _Pra—VPr’ 2 + dioPr
::1 1 2 ) 2 2 I
]
= o _PrA+API? 2 — diwPr o _PrA—APr* 2 — diwPr
- 3 2 ’ ‘ 2 ’
5 x+\//12+4(|2+1) /1—\//12+4(|2+1)
; n = K ) n, = K )
K 2 2
£ m\/f Fam?+ 1) /1—\/12 Lam?+ )
E - K n, = K
2 2 2
- }t+\//12+4(n2+1) /1—\/22+4(n2+1)
= ng = K ) Ng = K )
£ 2 2
=}
= A = —Gri? A - —Gra’e™
£ - 1.’ Camam 1
5 Lo A PHPr-D) ~(17 + )] (e" —e"™)[m, (m, = 2) ~(m* + )]
Gri%e™ —Gri%e™
A3 = A4 =

mg _ Amy _ _ 2 i ’
(6™ —em)Im, (m, — )= (n"+- ]

Notes



Notes

A = Gra‘e™ —. B, _{
(e™ —e™)[my(m,; — 4) - (n® +E)]

enz +A1(en2 _e/lPr)i|
Y

e —e"

BZ :|:enl +A1(e”1 _eAPr):|’ 83 :_|:en4 +A2(en4 _emz)+A3(en4 _eml):|’

en2 —en1 en4 _en3

o™ —A, ™ —-e™)—Ae™—e™)

B, = eM _gh ; Bs :_{

e™ +(e™ —e™)+ A (e™ —emB)}
Y

g —g'

o™ —A, ™ —-e")-A(e™ —e™) ]
e’ —e" '

B, =

[II.  RESULTS AND DISCUSSION

Now for the resultant velocities and the shear stresses of the steady and unsteady
flow, we write

Uy (7)+ iV, (17) = 0o (17) and (24)

u1(77)+ iV1(77)= (:11(77)eit + 012(77)64t . (25)

The solution (18) corresponds to the steady part which gives u, as the primary and
v, as the secondary velocity components. The amplitude and the phase difference due to
these primary and secondary velocities for the steady flow are given by

R, = (U2 +V? : ¢, =tan*(v, /U, ) (26)

The resultant velocity R, for the steady part is presented in Fig.1l.a, b for small
and large values of rotations respectively of the vertical porous channel. The two values

of the Prandtl number Pr as 0.7 and 7.0 are chosen to represent air and water
respectively. In Fig.l.a, b the curve I corresponds to the flow through an ordinary

medium. It is very clear from Fig.1.a that R, increases with the Grashof number Gr, the
rotation of the channel Q, suction velocity A, and the permeability parameter K. In
the case of Prandtl number Pr, R, is increasing near the oscillating plate.

Similarly for large rotations €2 shown in Fig 1.b., the amplitude R, increases
with Gr, the free convection currents, and the permeability parameter K and R,also
oscillates with the increase of the rotation Q of the channel. It is interesting to note that
increase of Prandtl number Pr leads to an increase of R, near the oscillating plate, but
to a decrease near the stationary plate. However, the effects of 4, the suction/injection at
the plates are reversed i.e. the amplitude R, increases near the stationary plate and
decreases thereafter.

The phase difference ¢, for the steady flow is shown graphically in Fig 2.a, b for

small and large rotations respectively. Fig.2.a shows that the phase angle ¢, is decreasing

© 2012 Global Journals Inc. (US)

2012

9]
()]

Frontier Research ( F ) Volume XII Issue III Version I

Global Journal of Science



(F) Volume XII Issue III Version I

Frontier Research

Global Journal of Science

near the oscillating plate with the increase of Gr or Pr or 4 andQ, but increases with
the permeability parameter K. Similarly for large rotations Q shown in Fig 2.b.; the
phase difference decreases with rotation Q and Prandtl number Pr. But the increase of
permeability parameter K, Grashof number GI and the suction/injection at the plates

A leads to an increase ofd,. The amplitude and the phase difference of shear stresses

at the stationary plate (1 =0) for the steady flow can be obtained as,

Tor = ./z'ozx + z'gy , and Por = tanfl(roy /rox), (27)
where, 7, +ir, = (aq/an)”:0 =n,B, +n,B, + 1PrA. (28)

Here 7, and 7, are, respectively, the shear stresses at the stationary plate due to

[0)4
the primary and secondary velocity components. The numerical values of the amplitude
Tor of the steady shear stress and the phase difference of the shear stresses at the

stationary plate (7 =0) for the

Pr Gr Q A K 7o Bo;
0.7 5

5 2 o0 3.717 1.351
0.7 5

5 2 1 3.44 1.765
7.0 5

5 2 1 2.498 0.967
0.7 10

5 2 1 5.461 -1.042
0.7 5

10 2 1 4.372 1.314
0.7 5

5 3 1 3.304 -1.269
0.7 5

5 2 2 3.575 -1.363
0.7 5

25 2 o0 6.607 1.029
0.7 5

25 2 1 6.581 1.02
7.0 5

25 2 1 6.389 0.873
0.7 10

25 2 1 6.902 1.154
0.7 5

50 2 1 9.392 0.922
0.7 5

25 3 1 6.313 1.07
7.0 5

25 2 2 6.594 1.024

Table 1:Values of t,, and @,, forvariousPr,Gr, Q, 4, and K.

steady flow are presented in Table -1. The permeability parameter K | the Grashof
number Gr, and the rotation parameter Q lead to an increase of 7, for both the cases

© 2012 Global Journals Inc. (US)
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of small or large rotations. It is also observed that 7, decreases with Pr and A for small
and large rotations. Similarly the values ford, , the steady phase difference, increases

with the suction parameter 4 and the permeability parameter K for both the cases of
small or large rotations. But the effect is reverse in the case of Prandtl number Pr. The

increase of Q leads to an increase in ¢, for small rotations. But the effect will be reverse

in the case of large rotations.
The solutions (19) and (20) together give the unsteady part of the flow. The

unsteady primary and secondary velocity components u,(f])and V](n), respectively, for
the fluctuating flow can be obtained as

u,(7,t) = {Real ,(n)+ Real g, ()jcost - {imq, ()~ Img, (p)jsint (29)

Vl(ﬂ,t)= {Re al q1(77)_ Real QZ(U)}Sint + {ImQ1(77)+ |sz(f7)}COSt ; (30)

The resultant velocity or amplitude and the phase difference of the unsteady flow
are given by

R, :\/ulz "'V12 , :tanil(vllul) (31)

For the unsteady part, the resultant velocity or the amplitude R, are presented in

Fig.3.a, b. for the two cases of rotation Q small and large. In Fig.3.a, b the curve I
corresponds to the flow through an ordinary medium. It is observed from figure 3.a, for
small rotations €2 that R, increases with Prandtl number Pr, free convection current
Gr, the suction/injection parameter A and permeability parameter K, but decreases
with the rotation parameter Q and the frequency of oscillations @. Fig. 3.b, for large
rotations Q clearly shows that the amplitude R, increases with all the parameter Gr,Pr,

A ,K , o except that with the rotation parameter ), R, decreases near the oscillating

plates.
The phase difference ¢ for the unsteady part is shown in Figure 4. a, b. In

Fig.4.a, b the curve I corresponds to the flow through an ordinary medium. Figure 4.a for
small rotations Q shows that the phase difference ¢ increases with the Prandtl number
Pr and the frequency of oscillations @, but decreases with the Grashof number Gr, the
suction parameter A, the permeability parameter K. And, with the faster rotation of the
channel Q, ¢ increases near the stationary plate. It is also evident from Figure 4.5 that

increase of Pr, or Gr, or Aor K leads to a decrease in ¢ but the increase of the rotation

parameter Q, frequency of oscillations @ both lead to an increase in ¢, .
For the unsteady part of the flow, the amplitude and the phase difference of shear
stresses at the stationary plate (7=0) can be obtained as

7, +iry, =(0u,/on),_,+i(ov,/on), (32)

n=0

Tlr = \[ lex + ley ) ¢1r = tan - (le /Tlx) (29>

The amplitude 7, of the unsteady shear stress are shown graphically in Figure

which gives

5.a, b respectively for small and large rotations. Fig.5.a, b the curve I corresponds to the
flow through an ordinary medium. It is interesting to note that the shear stress increases
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sharply for small oscillations of the frequency and thereafter decreases abruptly for larger
frequency of oscillations. This figure shows clearly that the shear stress 7, increases with

increasingGr, orA, orQ. However, the effects of Prandtl number Pr and the
permeability parameter K are reversed. For larger rotation (2 the variations of shear
stress 7, are presented in Figure 5. b. This figure shows that the amplitude 7,, increases

with the free convection current Gr, the Prandtl number Prthe suction parameter A, the
rotation parameter € and permeability parameter K .

The phase difference ¢, of the unsteady shear stress is shown graphically in
Figure 6.a, b respectively for small and large rotations. It is interesting to note from these
figures that ¢, goes on increasing with increasing frequency of oscillations for both small

and large rotations. The phase difference ¢, decreases for both small and large rotations

with the increase of Grashof number Grand suction parameter A. However for small
rotations (2, ¢, increases for all values of frequency of oscillations and for large rotations

¢, decreases very near the oscillating plate. The effects of Prandtl number Prand the

permeability parameterK, lead to an increase in ¢, every where for large or small
rotations.
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