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Abstract  The linear stability of Walters B viscoelastic fluid-saturated horizontal porous
layer is examined theoretically when the walls of the porous layer are subjected to
time-periodic temperature modulation. Three types of boundary temperature modulations
are considered namely, symmetric, asymmetric, and only the lower wall temperature is mod-
ulated while the upper wall is held at constant temperature. A regular perturbation method
based on small amplitude of applied temperature field is used to compute the critical values
of Rayleigh number and the corresponding wave number. The shift in critical Rayleigh num-
ber is calculated as a function of modulation frequency, viscoelastic parameter, and Prandtl
number. The effect of all three types of modulations is found to be destabilizing as compared
to the unmodulated system. This result is in contrast to the system with other types of fluids.
Besides, the influence of physical parameters on the control of convective instability of the
system is discussed.
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List of Symbols

Ap Ratio of heat capacities

a Horizontal wavenumber

c Specific heat

Cp Specific heat at constant pressure

Da Darcy number, k/d>

d Thickness of the fluid layer

f Modulation temperature gradient

g Gravitational acceleration

I,m Wave numbers in the x- and y-directions
M Modified thermal capacity ratio, Ap/¢
P Pressure

Pr Modified Prandt]l number, ve? /K

R Rayleigh number, g AT d>/vk

q Velocity

T Temperature

t Time

(x,y,z2) Space co-ordinates

Greek Symbols

Volumetric expansion coefficient
Porosity of the medium

Small amplitude of the thermal modulation
Density

Frequency

Phase angle

Effective thermal diffusivity

Viscosity

Viscoelastic constant of Walters B liquid
Vﬁ Horizontal Laplacian operator

Elastic parameter, &/ pod>

EY;K‘S gD ™M ®» R

-

Subscripts/Superscripts
b Basic state

¢ Critical

0 Reference value

* Dimensionless quantity

1 Introduction

Thermal convection in fluid-saturated porous media has attracted researchers in recent
decades due to its relevance in a wide range of applications such as geothermal energy uti-
lization, enhanced recovery of petroleum reservoirs, thermal insulation engineering, nuclear
waste repository, grain storage, and mantle convection to mention a few. The growing volume
of work in this area is well documented in the literature; see, for example, Bear (1988), Ingham
and Pop (1998), Vafai (2000), Vafai (2005), and Nield and Bejan (2006).
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There has been a growing interest in externally modulated hydrodynamic systems, both
theoretically and experimentally. These systems may exhibit novel behavior in response to
parametric forcing near a point of instability. Depending on the relative strength and rate
of forcing, predictions exist for a variety of responses to the modulation. Among these are
the upward or downward shifts of the convective threshold compared to the unmodulated
problems. There are many works available in the literature, concerning how a time-periodic
boundary temperature affects the onset of Rayleigh—Benard convection. Some of the findings
related to this problem have been reviewed by Davis (1976). The studies related to the effect
of thermal modulation on the onset of convection in a porous medium have also received
equal importance (see, e.g., Nield and Bejan 2006).

The effect of time-dependent wall temperature on the onset of convection in a
fluid-saturated porous medium has been studied by Caltagirone (1976) using the Darcy
model for the momentum equation. Chhuon and Caltagirone (1976) have studied the sta-
bility of a fluid-saturated porous layer where the imposed temperature on the boundary
is time-periodic, with a non-zero mean value. They performed experiments and compared
their results with those obtained from Floquet theory. Rudraiah and Malashetty (1990b)
investigated the stability of a fluid-saturated sparsely packed porous layer subject to time-
periodic boundary temperature using the Brinkman model. They recovered the viscous
flow results of Venezian (1969), as a special case when the value of the porous parame-
ter tends to zero. Linear stability analysis of the onset of convection induced by a non-
uniform time-dependent volumetric heating in a fluid-saturated porous medium has been
studied by Nield (1995). Analytical expression that gives upper bounds on an appropriate
critical Rayleigh number is derived. The effect of thermal modulation on the convection
in a porous medium is studied by Malashetty and Wadi (1999) using the Brinkman model
with effective viscosity larger than the fluid viscosity. Further, Malashetty and Basavaraja
(2002, 2003, 2004) have examined the single and double diffusive convections in a fluid-
saturated anisotropic porous layer subject to time-dependent wall temperature. Bhadauria
(2007) has studied the effect of thermal modulation on the onset of convection in a layer of
sparsely packed porous medium bounded by rigid boundaries. Recently, Bhadauria (2008)
has included the effect of rotation, while Bhadauria and Aalam (2008) have included the
effect of magnetic field to study the onset of convection in a porous medium with tempera-
ture modulation.

With the growing importance of viscoelastic fluids in modern technology and industries,
the investigations of thermal convective instability in such fluids are desirable. In the astheno-
sphere and the deeper mantle, it is well known now that viscoelastic behavior is an impor-
tant rheological process. The thermal convective instability in a viscoelastic fluid-saturated
porous layer has been studied by several authors in the recent past. Kim et al. (2003) has
dealt with the thermal instability driven by buoyancy forces in a horizontal porous layer sat-
urated by a viscoelastic fluid. Yoon et al. (2004) have followed the formulation of Akhatov
and Chembarisova (1993) and sought analytically the onset of thermal convection in an iso-
thermally heated porous layer saturated with viscoelastic fluid. Shivakumara et al. (2006)
and Malashetty et al. (2006a,b) have discussed, respectively, the effect of local thermal non-
equilibrium on the onset of convection in a sparsely and densely packed Oldroyd-B viscoelas-
tic fluid-saturated porous medium. Shivakumara and Sureshkumar (2007) have used linear
stability theory to investigate convective instability in a horizontal porous layer saturated
with viscoelastic fluid of Oldroyd-B type in the presence of vertical throughflow, and these
authors have also extended their previous work to include the effect of quadratic drag in the
presence of an additional diffusing component (Shivakumara and Sureshkumar 2008). Ther-
mal stability of a viscoelastic Walters B liquid saturating a porous anisotropic horizontal
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layer in the presence of a chemical reaction has been discussed by Postelnicu (2007). Chaotic
convection of viscoelastic fluid saturating a porous medium has been analyzed by Sheu et al.
(2008).

Nonetheless, the studies related to the effect of thermal modulation on the onset of con-
vection in a viscoelastic fluid-saturated porous medium have not received much attention.
Chung Liu (2004) has examined the stability of a horizontally extended second-grade fluid
layer heated from below subject to temperature modulation at walls. Rudraiah et al. (1990a)
have investigated the effect of thermal modulation on the onset of convection in a viscoelas-
tic fluid-saturated porous medium using Oldroyd model, and the effect of anisotropy on the
problem has been analyzed by Malashetty et al. (2006a,b).

In the present study, however, the effect of thermal modulation on the onset of convection
in a horizontal layer of porous medium saturated with another class of viscoelastic fluids,
known as Walters B liquid (Walters 1964), is investigated. The boundary temperature modula-
tion alters the basic temperature distribution from linear to nonlinear which helps in effective
control of convective instability. The difficulty in dealing with such instability problems is
that one has to solve time-dependent stability equations with variable coefficients, and to our
knowledge no work has been initiated for such fluids in this direction. The resulting eigen-
value problem is solved by regular perturbation technique with amplitude of the temperature
modulation as a perturbation parameter. In particular, it is shown that the onset of convection
can be advanced by a proper tuning of the frequency of the boundary temperature modulation.

2 Mathematical Formulation

We consider a horizontal layer of Walters B viscoelastic fluid-saturated porous medium of
thickness d in the presence of gravity as shown in Fig. 1. The time-dependent temperature
of lower and upper surfaces of the porous layer is externally imposed and is given by

1
T=TO+EAT(1+Ecosa)t) atz =0 (1)

1
T:TO—EAT[I—écos(a)t—i—(p)] atz =d, 2)

where € represents a small amplitude of the thermal modulation, w the frequency, ¢ the phase
angle, and Ty is the reference temperature. The time-dependent parts denote the modulation
imposed on the adverse thermal gradient caused by the temperatures 7o + AT /2 and Ty —
AT /2 at the lower and upper surfaces, respectively. A Cartesian coordinate system (x, y, z)
is chosen such that the origin is at the bottom of the porous layer and z-axis is directed
vertically upward.

Fig. 1 Physical configuration

T, —%[I—ECOS(U)t‘F(P)J l

AT
T, + 7 [1+€ cos wt]
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The relevant basic equations are:

V.g=0 3)
00 3 o1 3\ -
—ZL=-v ——w—pv= 4
Py p+prg k(u K (4)
aT )
Ah§+(q-V)T:KVT )
p=po{l —a(T =Ty}, (6)

where g is the velocity, k is the permeability of the porous medium, « the effective
thermal diffusivity, p the pressure, g is acceleration due to gravity, T the temperature,
An = (poc)m / (pocp) = [ — &) (poc)s + & (pocy); ] / (pocp), the ratio of heat capac-
ities of the fluid-saturated porous medium to that of the fluid, & the porosity of the medium, ¢
the specific heat, ¢, the specific heat at constant pressure, o the volumetric expansion coeffi-
cient, i the viscosity, y the viscoelastic constant of Walters B liquid, and pg is the reference
density. The subscripts m, s, and f refer to the porous medium, solid, and fluid, respectively.

2.1 Basic State

The basic state is quiescent and the temperature Ty, density pp, and the pressure py, satisfy

g+ Vp,=0 @)
Ty 92T,
—_— =K. 8
Mo T2 ®)

The solution of Eq. 8 satisfying the thermal conditions given by Eqs. 1 and 2 is

To =T (2) + & (2, 1), ©)
where
o= (1 - 2Z) 10
1@=>\1-7 (10)
T>(z.1) = Re [[b 0y 1 b (=) e—kz/d] e_m] an
with
Aha)d2 172
= (1—1i) ( ) 12)
2K
oy = (ALt 0
( ) - ( 2 er —e—h )

and Re stands for the real part. The expression for pp and pp is not given as they are not
explicitly required in the subsequent analysis.

3 Linear Stability Analysis
We give an infinitesimal disturbance to the basic state in the form

G=q. T=Ty+0. p=py+7p, (14)
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where ¢’,0’, and p’ represent the perturbed quantities. Substituting Eq. 14 in Eq. 4,
eliminating the pressure by operating curl twice, and retaining the vertical component, we
get (after ignoring the primes).

19 3
v P B ) ey = agvRe, (15)
€ dt kpo u ot

where Vﬁ = 92/9x% + 82/9y? is the horizontal Laplacian operator.
Substituting Eq. 14 in Eq. 5 and linearizing, we obtain (after ignoring the primes)

oT 2 Ty
Ahv— =«kV°T — —w. (16)
ot 0z
Non-dimensionalizing the equations by setting
Xy z) " T " w " t
, TF = —, =—) "= 17
(%2 = (d d'd At Y T ¢/ a7
and substituting in Egs. 15 and 16, we obtain, respectively,
1 1 Iy o 5 2
— — + Da 1———)|V'w—RV0=0 18
[Pr at + ( Pr al)] v h (18)
0 2 Ty
M——V?)0=—uw, 19
( ot ) 0z v (19)

where R = agATd?> vk is the Rayleigh number, Da = k/d? is the Darcy number, Ip =
wye/ pod? is the elastic parameter, Pr = ve? /k is the modified Prandtl number, and M =
Ap/e is a modified thermal capacity ratio.

Equations 18 and 19 are to be solved subject to the boundary conditions

w=60=0 atz=0,1. (20)

Eliminating 7 from Eq. 18 using Eq. 19, we obtain the following equation
d 1 9 Iv 9 2 Ty
M— -V ——+ Da 1 - \% R— V2w =0. 21
( dt )[Prat+ ( Pra) ]+ oz " @b

The dimensionless basic temperature gradient is given by

T
L R (22)
0z

Here, f is the modulation temperature gradient and is given by

f=Re[{AG)E 4+ A (—r)e e,

AeTi — e
1= (555

Mo\ /2
A=(1-=1i) (T) . (23)

where
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4 Method of Solution

The aim of this section is to determine the eigenfunction w and the eigenvalue R of Eq. 21
from the basic temperature gradient given by Eq. 22 that departs from the linear profile
0Ty /9z = —1 in modulated system by the quantities of the order €. It follows that the eigen-
function and the eigenvalue of the present problem differ from those associated with usual
Darcy—Benard convection by quantities of order €. From Eq. 21, we can also see that when
the temperature profile is linear, as far as stationary instability is concerned, the viscoelastic
properties of the fluid have no effect on the onset of linear instability. We assume the solution
of Eq. 21 in the form

(R, w) = (Ro, wo) + & (Ry, wi) + & (Ry, wa) + - -, (24)

where R is the Rayleigh number corresponding to classical Darcy—Benard convection.
Substituting Eq. 24 into Eq. 21 and equating different powers of &, we obtain the following
system of equations:

Lwy=0 (25)
Lw; = Rlv}%wo — Rofv}%w() (26)
Lwy = RiViwy + RyViwg — Ry fVEw) — Ry fViwo, 27)

where
d 19 Iy 0
L=(M=-V2)|—= 4 Da ' (1-22) V2| - RyV2.
ot Pr ot Pr ot
We now assume the marginally stable solutions for (25) in the form

wg” = sin (nmz) expli (Ix +my)], n=12.3,..., (282)

where / and m are the wave numbers in the x- and y-directions, respectively, such that
1> + m? = a?. The corresponding eigenvalues are given by

Da~! (n2n2 + a2)2

(n) _
Ry’ = 3

(28b)
a

For a fixed value of the wave number a, the least eigenvalue occurs at n = 1 and is given by

Da=" (w2 2\2
Ro = D e 29)

a2

We note that R attains its critical value, Ry at a = a., where

Roe = 472 Da™! (30)
ac = . 3D

The viscoelastic parameter is not appearing in the above expressions and these are the known
exact values reported in the literature for a Newtonian fluid-saturated porous layer. Thus, we
note that, as far as the steady state is concerned, there is no distinction between the viscoelas-
tic and viscous fluid results. Eq. 26 is inhomogeneous and its solution poses a problem due
to the presence of resonance terms. The solvability condition requires that time-independent
part of the right-hand side of Eq. 26 should be orthogonal to wg. The term independent of
time on the right-hand side is R Vﬁ wy so that Ry = 0. It follows that all the odd coefficients,
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i.e., Ry, Rz, ...in Eq. 24, must vanish. If we expand the right-hand side of Eq. 26 in a Fourier
series of the form

o0
M sin(mrz) = z gnm (M) sin (nz) (32)
n=1
then
! N —4Anmm 2 [1 + (=1)ntm+l e}‘]
xA) =2 | e sin(mmz)sin (nmz)dz = . (33
8nm (XA) O/ ( ) sin (nz) [Az+(n+m)27r2][x2+(n—m)2n2] (33)
‘We thus obtain
L [sin (nmwz) eii“”] = L(w, n) sin (nmz) e ", 34)
where
2(,2.2 2
w” (n“mT° +a
L(w,n) = Q (1 — Daill"p) — Da! (n2n2 +a2)2 + Da”! (712 —|—az)2

Pr

2 _ 2
+iw |:Da1 (n2n2 + a2) + (n2n2 * a2) — Da' T (nznz + az) :|

Pr Pr
(35)

From Eq. 26, we have

Lw; = Roa® Re [Z [A(A) gn1 (W) + A (1) gu1 (=) sin (nnz)]e"w’}. (36)

n

We obtain wi, by inverting the operator L term by term, in the form

wy = Rya® Re [Z |:LB(na)()Lr)l) sin (nﬂz):|e_i"”], (37)

where
By (A) = A) g1 (W) + A(—A) gn1 (—2).

The solution of the homogenous equation corresponding to Eq. 36 involves a term propor-
tional to sin (;rz). However, addition of such a term to the complete solution of Eq. 36 merely
amounts to a renormalization of wq because all the terms proportional to sin (;rz) can then
be grouped to define a new wg with corresponding definition for wy, wa, .. .. Hence, we can
assume that wy is orthogonal to all other w,,’s. From Eq. 27, we get

sz = a2R0fw1 - aszwo (38)

We do not require the solution of this equation, but merely use it to determine R; the first non-
zero correction to R. The solvability condition requires that the steady part of the right-hand
side is orthogonal to sin (7). Thus,

1
Ry = 2R0/ fwy sin (7z) dz, (39)
0
where the upper bar denotes the time average. From Eq. 26, we have
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I 1
fwysin(rz) = —=wiLwg. (40)
Roa?

Using Eqgs. 36 and 37 and finding the time average we obtain wjLwj, which yields from
Egs. 39 and 40,

2.2
=R0a

R
2Ty

By (W] ;
L(w,n)+ L (w,n)|, (41)
where L* (w, n) is the complex conjugate of L (w, n). The critical value of R, denoted by
Ry, is obtained at the wave number given by Eq. 31 for the following three different cases:

Case (i)  Oscillating wall temperature field is symmetric (¢ = 0).

Case (ii))  Oscillating wall temperature field is asymmetric (¢ = ).

Case (iii) Only lower wall temperature is modulated while the upper one is held at constant
temperature (¢ = —io0).

Case (i) Oscillating wall temperature field is symmetric (¢ = 0)
The oscillating temperature field is symmetric when ¢ = 0 and it is found that

1B, ())* = 16n°7 e (42)
T T [ e+ ) ][0 + - 1)t
= |by|* (say), ifniseven
=0, ifnisodd.
Then
ROCQE 2 A
Roc = bpl" ————+, 43
2¢ ) Z|n| (A2+B2) ( )
n
where
2(2 2 2 21 —1 ) 5
w” (n°T” +ag w"Da='I', (n“Tt~+a
A =Re[L(w,n)] = ( °)_ 1’( c)
Pr Pr
—Da™! (n2ﬂ2+a3)2—|—Da_] (”2+ac2)2- (44a)
and

B=1Im[L (w,n)] :a)|:Da_l (n*7* +a?) + -

(n27'r2 + ag)2 Da_ll"p (n2n2 + acz)2
Pr Pr '

(44b)
The summation in Eq. 43 extends over even values of n.

Case (ii) Oscillating wall temperature field is asymmetric (¢ = )

This case is corresponding to out-of-phase temperature modulation with ¢ = 7 and we
obtain
|B, W)* = |by|* if nisodd

=0 ifniseven
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Fig. 2 Variation of Ry, with @
for different values of I'p

150

125

100

75

50

25

Fig. 3 Variation of Ry with @
for different values of Pr

150

125

Symmetric temperature modulation
Pr=25
Da =10"

0
-100

Symmetric temperature modulation
r,=05

Da=10"

Then Ry has the same expression as Eq. 43 with the summation extending over odd values

of n only.

Case (iii) Only lower wall temperature is modulated while the upper one is held at

constant temperature (¢ = —i00).
This is the case corresponds to ¢ = —ioo and we have
|ba|?
By = =
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Fig. 4 Variation of Ry, with @ 150

for different values of Da Symmetric temperature modulation

r,=05
Pr=25

125

[0)
R,
Fig. 5 Variation of Ry, with @ 150
for different values of I'p Asymmetric temperature modulation
Pr=25
125 L Da=10"
100
w 75
50
25
0 1 1 1
-500 -400 -300 -200 -100 0

2¢

Again Ry is given by Eq. 43 but the summation extends over all values of n.
The variation of Ry with w for different physical parameters is shown in Figs. 2, 3, 4, 5,
6,7,8,9, and 10 and the results are discussed in the next section.
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Fig. 6 Variation of Ry, with w
for different values of Pr

Fig. 7 Variation of Ry with @
for different values of Pr

5 Results and Discussion

150

125

100 -

50

Asymmetric temperature modulation
r,=05
Da=10"

0
-600

-500 -400 -300 -200 -100 0
R

2c
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125

100 -

50 -

25

Asymmetric temperature modulation
r,=05
Pr=25

0
-2100

1
-1750  -1400  -1050  -700 -350 0
R

2c

The effect of thermal modulation on the onset of convection in a layer of Walters B viscoelas-
tic fluid-saturated porous medium is investigated. A perturbation technique with amplitude
of the modulating temperature as a perturbation parameter is used to find the critical thermal
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Fig. 8 Variation of Ry, with ® 150
for different values of I'p

Only lower-wall temperature modulation
Pr=25

)
125 L Da=10

100

w 75

50

25

0
-125 -100 -75 -50 -25 0
RZC
Fig. 9 Variation of Ry, with @ 150
for different values of Pr Only lower-wall temperature modulation
r=05
4
125 b Da=10
100 -
@ I51
50
25
0
-160 -120 -80 -40 0

Rayleigh number as a function of frequency of the modulation, elasticity parameter, Darcy
number, and Prandtl number. The stability of the system is characterized by the sign of the
correction critical Rayleigh number R;.. A positive and negative Ry, respectively, represents
a stabilizing and destabilizing effect of thermal modulation on the system as compared to the
unmodulated system.
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Fig. 10 Variation of Ry, with @ 150
for different values of Da Only lower-wall temperature modulation
7,=05
125 L Pr=25
100
w T5F
50
25+
0 ]
-750 -600 -450 -300 -150 0
R&v

The analytic expression obtained for R is computed for various values of physical
parameters for the following three cases:

(a) Oscillating wall temperature field is symmetric, i.e., the wall temperatures are modulated
in phase, ¢ = 0,

(b) Oscillating wall temperature field is asymmetric, i.e., the wall temperatures are modu-
lated out-of-phase modulation, ¢ = 7, and

(c) Only the temperature of the bottom wall is modulated, the upper wall being held at a
fixed constant temperature, ¢ = —ioo.

The results obtained for the above cases are depicted in Figs. 2, 3,4, 5, 6, 7, 8, 9, and
10 as a function of frequency of temperature modulation w for different values of physical
parameters by fixing the value of M = 1.

Figure 2 is a plot of the correction Rayleigh number Ry versus o for different values of
elasticity parameter I when Pr = 10 and Da = 107 for the case of symmetric modu-
lation of the wall temperature. We observe that, in general, R, is negative over the whole
range of frequencies, indicating that the symmetric temperature modulation has a destabi-
lizing effect on the system. That is, in the presence of thermal modulation, convection sets
at lower values of Rayleigh number as compared to the unmodulated system. Further, it is
noted that as the elasticity parameter /p increases, the magnitude of correction Rayleigh
number Ry increases indicating that the effect of elasticity parameter is to advance the onset
of convection. Besides, the curves for different values of Ip are very close to zero when the
modulation frequency is very small. Hence, the modulation has little effect on the stability of
the system when w approaches to zero value. As w increases, | R | increases to its maximum
value initially and then starts decreasing with further increase in w. When w is very large,
all the curves for different I'p coalesce and |Rac| approaches to zero. This means that the
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modulation with large frequency will have no substantial effect on the stability characteristics
of the system. This figure also indicates that the peak negative value of Ry, increases with
an increase in the value of I'p.

The results obtained for the case of asymmetric modulation with Pr = 10and Da = 107>
are presented in Fig. 3. We note that the curves of Ry versus w for different values of elastic-
ity parameter I'p do not coalesce as the modulation frequency approaches to zero. Moreover,
| Ry¢| increases monotonically with an increase in the value of w without attaining any peak
value for a fixed value of elasticity parameter I p, and all the curves for different Ip coalesce
at higher values of w.

Figure 4 displays the variation of Ry versus o for different values of I'p with Pr = 10 and
Da = 1077 for the case of only lower wall temperature modulation. Here also we observe
that Ry is negative over the whole range of frequencies as noticed in the case of symmetric
and asymmetric modulations of the wall temperature. From this figure, it is observed that at
low frequencies, |Ryc| increases with increasing I'p and approaches to zero for large values
of frequencies.

The effect of Prandtl number on the correction Rayleigh number Ro. with Da = 107> and
I's = 0.1 for the cases of ¢ = 0, 7, and —ioco is shown in Figs. 5, 6, and 7, respectively, as a
function of w. We observe that in general, the magnitude of the correction Rayleigh number
decreases with increase in the value of the Prandtl number indicating that the Prandtl number
has stabilizing effect in the cases of symmetric, asymmetric, and of lower wall temperature
modulation.

The variation of Ry as a function of w for different values of Darcy number Da is shown
in Figs. 8, 9, and 10 for symmetric temperature modulation, asymmetric wall temperature
modulation, and only lower wall temperature modulation, respectively, when Pr = 10 and
I'v = 0.1. From the figures, it is evident that the effect of increase in Da has qualitatively sim-
ilar effect as that of Prandtl number. That is the effect of increasing Darcy number decreases
the magnitude of the correction Rayleigh number indicating that the Darcy number reduces
the destabilizing effect of modulation.

6 Conclusions

The effect of thermal modulation on the onset of convection in a horizontal layer of porous
medium saturated with Walters B viscoelastic fluid is studied using a linear stability anal-
ysis. The analytic expression obtained for Ry is computed for various values of physical
parameters for the cases of (i) oscillating wall temperature field is symmetric (i.e., the wall
temperatures are modulated in phase, ¢ = 0), (ii) oscillating wall temperature field is asym-
metric (i.e., the wall temperatures are modulated out-of-phase, ¢ = ), and (iii) only lower
wall temperature is modulated and the upper wall being held at a fixed constant temperature
(i.e., ¢ = —i00), and the following conclusions may be drawn:

(1) The effect of all three types of modulation namely, symmetric, asymmetric, and only
lower wall temperature modulations is found to be destabilizing as compared to the
unmodulated system.

(2) The effect of thermal modulation disappears at large frequencies in all the cases of
thermal modulation.

(3) Increase in the value of Pr and Da is to decrease |Rj.|, while increase in [P is to
increase the magnitude of the correction Rayleigh number in all the cases.

(4) The critical correction Rayleigh number Ry — 0 with an increase in w faster for large
values of Da.
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