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Abstract

The effect of time-periodic boundary temperatures on the onset of double diffusive convection in a fluid-saturated
anisotropic porous medium is studied by making a linear stability analysis. A perturbation method based on small
amplitude of the imposed temperature modulation is used to compute the critical values of thermal Rayleigh number
and wave number. The correction thermal Rayleigh number is calculated as a function of frequency of modulation,
viscosity ratio, anisotropy parameter, porous parameter, Prandtl number, diffusivity ratio and solute Rayleigh number.
The effect of various physical parameters is found to be significant at moderate values of the frequency. We found that it
is possible to advance or delay the onset of double diffusive convection by proper tuning of the frequency of modulation
of the wall temperature. The effect of various parameters on the stability of the system is brought out.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The problem of double diffusive convection in porous
media has attracted considerable interest in recent time
because of its wide range of applications, from the
solidification of binary mixtures to the migration of
solutes in water-saturated soils. Other examples include
geophysical systems, electro chemistry, the migration of
moisture through air contained in fibrous insulation.

Early studies on the phenomena of double diffusive
convection in porous media are mainly concerned with
problem of convective instability in a horizontal layer
heated and salted from below. The onset of double dif-
fusive convection in a horizontal porous layer has been
investigated by Rudraiah et al. [1] using non-linear
perturbation theory. The linear stability analysis of the
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thermohaline convection is carried out by Poulikakos [2]
using the Darcy-Brinkman model. The double diffusive
convection in a porous media in the presence of cross-
diffusion effects is analysed by Rudraiah and Malashetty
[3].

One of the effective mechanism to control convection
is by maintaining a non-uniform temperature gradient
across the boundaries. The non-uniform temperature
gradient may be generated by (i) appropriate heating or
cooling at the boundaries (ii) through flow (iii) appro-
priate distribution of heat sources and (iv) radiative heat
transfer (see e.g. [4]). These are concerned only with
space dependent temperature gradient. However, in
many practical problems the non-uniform temperature
gradient is a function of both space and time. This is to
be determined by solving energy equation with suitable
time dependent temperature boundary conditions.

There are many studies available in the literature
concerning how a time-periodic boundary temperature
affects the onset of Rayleigh-Benard convection. Most
of the findings related to these problems have reviewed
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Nomenclature

d height of the porous layer

F porous parameter, k. /d>

g gravitational acceleration

k unit vector in the vertical direction

K effective thermal conductivity of porous
media

ke, k. permeability components in horizontal and
vertical directions

I, m wave numbers in x-, y-directions

p pressure

Pr Prandtl number, v/kr

q mean filter velocity, (u,v,w)

Q modified velocity vector, which includes

permeabilities, (u/k,,v/k,, w/k.)

R thermal Rayleigh number, f§,gATdk. /vicr
Rs solute Rayleigh number, f,gASdk, /vicr
S solute concentration

AS salinity difference between the walls

T temperature

AT temperature difference between the walls
t time

X, y,z  space co-ordinates

Greek symbols

o horizontal wave number

o critical wave number

iR thermal expansion co-efficient
I solute expansion co-efficient

y heat capacity ratio, (pc,),./(pcp);
porosity

& amplitude of modulation

Ks solute diffusivity

KT effective thermal diffusivity, K.,/ (pc);

e effective viscosity

e viscosity of the fluid

v kinematic viscosity, /o

T diffusivity ratio, xs/Kr

o density

¢ phase angle

Q frequency of the modulation

0} non-dimensional frequency, Qd?/xr

14 anisotropy parameter, k,/k.

Other symbols

Vi E+E

v Vits

Subscripts

b basic state

c critical

f fluid

R reference value

Superscripts

* dimensionless quantity

/ perturbed quantity

by Davis [5]. In case of small amplitude temperature
modulations, a linear stability analysis was performed
by Venezian [6]. Rosenblat and Herbert [7], Rosenblat
and Tanaka [8] and Roppo et al. [9] have studied the
effect of thermal modulation on the onset of convection
in a horizontal fluid layer. On the other hand the studies
related to the effect of temperature modulation on the
onset of convection in a fluid saturated porous medium
have received marginal attention. The effect of time-
periodic wall temperature on the onset of convection in
a porous medium has been studied by Caltagirone [10],
Rudraiah and Malashetty [4] and Malashetty and Wadi
[11]. Recently, Malashetty and Basavaraja [12,13] have
studied the effect of time-periodic temperature modula-
tion on the onset of convection in a horizontal aniso-
tropic porous layer. All these investigations are
restricted to a single component fluid and porous layers.
To our knowledge the studies on the effect of tempera-
ture modulation on the double diffusive convection in a
horizontal anisotropic porous layer are not available in
the literature.

The main object of this work is to study the effect of
time-periodic boundary temperatures on the onset of

double diffusive convection in a horizontal anisotropic
porous layer. The amplitude and frequency of the
modulation are externally controlled parameters and
hence the onset of convection can be delayed or
advanced by the proper tuning of these parameters.
Therefore temperature modulation can be used as a
mechanism to delay convection to achieve higher effi-
ciencies in case of material processing applications and
advance it for achieving major enhancement of mass,
momentum and heat transfer.

2. Mathematical formulation

We consider a fluid-saturated anisotropic porous
medium confined between two infinite horizontal sur-
faces, a distance ‘d’ apart and a stabilizing uniform
concentration gradient and a vertical downward gravity
force acts on the fluid. A Cartesian co-ordinate is taken
with the origin in the lower boundary and the z-axis
vertically upwards. The surface temperatures are time-
periodic, externally imposed and are taken as
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AT
TR+7[1+scoth] atz=0 (1)
and

AT
TR—T[I—scos(Qt—O-(/J)] atz=d. 2)

A constant salinity gradient AS is maintained between
the two surfaces. Accordingly

A
SR +7S atz=0 (3)
and

A
SRfTS atz =d. 4)

The porous medium is assumed to posses horizontal
isotropy. With the assumptions and approximations
frequently made for the study of double diffusive con-
vection in a porous medium, the basic equations are
(14]

V.q=0, (5)

10q 1 1 P My Heon

L (g V)= ——Vp+ L Hg oy Eevyy,

oo & @V PR P PRg PRQ Pr a
(6)

or .

(Pcp)ma‘F (pcp)i(q- V)T = Kn VT, (7)

s 1 ,

§+5(Q‘V)S*KSV S, (8)

pr = pr[l = Bi(T — Tr) + Bo(S — Sr)]- 9

2.1. Basic state

Basic state of the fluid is quiescent and in the basic
state, the temperature T, solute concentration Sy, pres-
sure py, density p, satisfy the following equations

0T, o*Th
e =T (10)
d’s
=0 (11)
Opb B
T Pv8 (12)
and
po = pr[l = Bi(Ts — Tr) + Bo(Sb — Sv)), (13)

where y = (pc,),./(pcy); and wr = Kin/(pc,); (effective
thermal diffusivity).

The solutions of Egs. (10) and (11) subject to the
boundary conditions (1)—(4) are

AT 2 ]
=T +— { (1 - —Z) + eRe{[a(2)e™/

2 d
+ a( _ i)efi.z/d]efiﬁr}}7 (14)
AS 2z
SbeR—O—?(l—g), (15)
where
. [7Qd? 12 e —et
A=(1-1) { e } , a(l) = e

and Re stands for the real part.

2.2. Linear stability analysis

Let the basic state be disturbed by an infinitesimal
thermal perturbation. We now have

q9=9q, p=p+p, T=TL+T
S:Sb“’S/, pf:pb+p'. (16)

The prime indicates that the quantities are infinitesimal
perturbations.

Substituting (16) into Egs. (5)—(9) and using the basic
state solutions, we get the linearized equations governing
the infinitesimal perturbations in the form

1 oq' 1 CLH
<= =——Vp + (BT — B.5)gk —vQ' + =V,
530 (B »S") .

(17)
A@T’ O\ -
os’ 1 ,/dS,\ 2 o
p = pr(BS" = BT, (20)

where k is the unit vector in the positive z-direction,
v = (1y/pr) (kinematic viscosity). The value of y and J is
set equal to one in further analysis for simplicity.

The boundary conditions for the perturbed velocity,
temperature and solute concentration are given by

i
We=r=T'=5=0 atz=04. (1)

The boundary conditions on velocity are stress-free
conditions.

We eliminate p’ from Eq. (17) and render the result-
ing equation and Egs. (18) and (19) dimensionless by
using the non-dimensional variables



2320 M.S. Malashetty, D. Basavaraja | International Journal of Heat and Mass Transfer 47 (2004) 2317-2327

(xl7y/7zl) — (x*7y*7z*)d7 W/ — (_)W*7

t= (%)t, T'=(AT)T*

= (AS)S", Q= (%)w (22)

to obtain linearized non-dimensional equations as (on
dropping asterisks for simplicity)

/o , [0 o2 Y
(at+1)v <at+¢)az MFY

= RFPr'ViT — RsFPr~' V38, (23)
[0 I B oTy
K ~1y72

—— TPV S =w, (25)
| Ot
where

¥ o

29 O 2 w2, Y

Vi =32 + 3 Ve =Vi+ 2

The dimensionless parameters that appear in the
above equations are R = ££il: gATde (thermal Raylelgh
number), Rs ’}’gAS‘”‘ (solute Raylergh number), Pr e
(Prandtl number) M= “f (viscosity ratio), F =% (por-
ous parameter), T == (diffusivity ratio), and & =73
(anisotropy parameter)

Combining Egs. (23)—(25) we obtain an equation for
the vertical component of velocity w in the form

(CORNERIESSS
(5 ) m e}

Jrmt (L v aTbvz
ot oz
+ RsFPr~! (% fm-‘w)v%}w. (26)

In dimensionless form, the velocity boundary conditions
are

Pw  o'w
=i =0 atz=0,1. (27)
In Eq. (26), aaﬂ is given by
o,
= —1+ef, (28)
where [ = Re{(4(1)e” +A(—i)e #)e ™} with 1=

e 4

(1-i)(§)" and 4(2) =4 [5557].

3. Method of solution

We apply the perturbation technique to obtain the
eigenfunctions w and eigenvalues R of Eq. (26) for the
basic temperature distribution, which departs from
the linear profile (07;,/0z = —1) by quantities of order «.
Thus, the eigenvalues of present problem differ from
those of porous media analogue of two-component
Benard convection problem by quantities of order e.
Since the adopted technique is based on small ampli-
tudes, ¢ has to be less than unity. We therefore assume
the solution of Eq. (26) in the form

W=wo+ew, + 8wy + -+, (29)
R=Ry+&Ry+---, (30)

where R, is the critical Rayleigh number for the
unmodulated double diffusive convection in an aniso-
tropic porous medium.

Substituting Egs. (29) and (30) into (26) and equating
coefficients of like powers of ¢, we obtain the following
system of equations

LW() = 07 (31)
LW1 = m‘il(Lth)( — Rgfv%W0)7 (32)

Lw, = FPr~" (Las) (RyViwy — Rof Viw), (33)

where
L = (Lay)(Lay)(Las) — RoFPr~' (La3)V?
+ RsFPr " (Lay)V?

d 2 d o2
Kar“)v (&+6)62
La 0 — FPr'V? Lay = g—rm-‘vz

27\ ’ T\

and each wy, wi, w, is required to satisfy the boundary
conditions of Eq. (27).

In Eq. (30) the odd powers of ¢ are missing because
changing the sign of ¢ shifts the time origin only which
does not affect the problem of stability and thus R
should be independent of the sign of &, i.e. R, R, ...,
must be zero.

The eigenfunction w, is a solution of the problem
with ¢ =0, and solutions for this problem are wé") =
exp{i(/x + my)} sin(nnz), n=1,2,3,..., where /, m are
the wave numbers in the xy-plane. The corresponding
eigenvalues Ry = Rf)") are given by

2 2.2 2
Ry = {—(“ +f n)] {oc2+_
o

with

La]

MFV4}

R
72 + MF (o + n*n?)? +=
T

(34)
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For a fixed value of o the least eigenvalue occurs for
n = 1. Ry assumes the minimum value for « = o, where
o, satisfies the equation

OMF(2)’ + (1 4 3MFr?)(2) — (MF7® 4 (n*/£)) = 0.
(35)

From Eq. (35), we note that the critical wave number o,

depends on anisotropy parameter £, the porous

parameter F and viscosity ratio M.
The equation for w; then takes the form

Lw = RoFPr'o*(Las) f sin mz. (36)
Now let Lay = (—iw + tFPrlo? — tFPr~'D?), where
D= d/d=.

Thus

(Lay)f sinmz = [tFPr ' (of 4+ 7°) + i (cFPr ' — 1)]
x fsinmz — 2tFAnPr~ f' cos nz (37)
with
[ =Re[(4(2)e"” — A(—2)e ")e™.
Using Eq. (37), Eq. (36) becomes
Lw; = RoFPr'o’Re{ L f sinnz — 2nitFPr' f' cosnz},
(38)

where L; = tFP~ (o + 7?) + iw(tFPr — 1).

We solve Eq. (38) for w; by expanding the right hand
side of it in Fourier series expansion and inverting the
operator L. For this, we need the following Fourier
series expansions

1
gnm(/l) =2 / e/" Sin nmz sin mnzdz
0

dnmm2 A1 + (—1)"" e

[ , 39
[/12 +(n+ m)zn'z][/l2 +(n— m)znz] (39)
1
Jom(2) = 2/ e’ cos nnz cos mnzdz
0
L2+ (P mA)r)[L 4 (1) e (40)
P+ w2+ (n—m)Pn?]
so that
e’ sinmnz = Zg,m, sin nnz, (41)
n=1
e” cos mnz = um COS NTLZ. (42)
n=1
Let us now define
L(w,n) = (wzb’l — B;) —iwB,, (43)

where

2.2
B =d +Q + F(? + ) (M + (1 +1)P "),

2.2
By = 0*(o? +n’n?) — FPr ' (o? + nPn?) (az + %

+ MF(o? + nznZ)Z) (14 1) — 1(FP ") (o2 + nn?)’
+ FPr~'B, — Rso?,

2.2
By = (FP ") (o + nznz){‘c(a2 +n*n?) (az +

n°m
¢

+ MF(c? + nznz)z) } — 1By + Rso?,
2
R
By = (o 4+ %) {az + % + MF(? + nz)z] + 52,
T

It is easily seen that

iwt
3

L(sin nnze ") = L(w, n) sin nmze™
L(cos nmze ) = L(w, n) cos nnmze ™
and Eq. (38) now reads
Lw; = ROFPr‘loczRe{ > LiA(2)gn (2)
+ A( = Vg (= A)]sin nmze " — 2mizFPr!

x STMAG () + A= 7)o (— )] cosnnze '},

(44)
so that
wy = RoFPr"oczRe{Ll Z;é"w(/l)) sin nmze
n
B B,(4) .
Y for 4
AT ZL(w,n) cos nnze }, (45)

where A,(1) = A(A)gn (2) + A(—=2)gn (=4), B,(1) = A(4)
Jun(2) = A(=A)fun (=4).

To simplify Eq. (33) for w,, we need
(Laz)fw) = L,fw, — 2tFPr—'DfDwy, (46)
where L, = tFPr (o + n’7?) +iw(tFP~' = 1).

The equation for w, then can be written as
Lw, = —RZT(FPr"')2ot2(a2 + nz) sin 71z

+ RoFPr'o’Re{ L, fw; — 2tFPr'DfDw }.  (47)

We shall not require the solution of this equation but
merely use it to determine R,.

The solubility condition requires that the time-inde-
pendent part of the right hand side of Eq. (47) must be

orthogonal to sin nz. Multiplying Eq. (47) by sin 7z and
integrating between 0 and 1 we obtain

2R0 1‘7 .
R— | o Ipely
2 [Tm—l(12+n2):| e{ n/O fwi sinnzdz

1
—2tFPr! /0 DfDw, sinnzdz}, (48)

where an over bar denotes the time average.
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We have the Fourier series expansions

[fsinnz =Re ZAr,(i) sin nmze ',
Df sinnz = Re Z AC, (A

) sin nmze ™

where Cn(j') = A(A)gnl (/“) - A(f/l)gnl (7/“)

We also note that the time average of product of two

complex functions 4 and B is given by

o 1 2n 1

1 * *

where * denotes a complex conjugate.
Using Egs. (49) and (50) in Eq. (48) we obtain

e - (La4)Re{ §= LLMGLL (0

2
p |L(w, n)]
o0 *
nB,(2)L* (w,n)C(A
— 4?7 (P ) o ) () :
pe L(o,n)[?
(51)
where
R2o?
Lay 10 2 2
2tFPrY (o2 4 m2)
2 T
00 Lo Symmetric temperature
v modulation
AN £=0.1, F=1.0 7=0.05
coh Pr=1, Rs=10
150+
o 100}
50 -
o) L L L L L
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
RzéROC

Fig. 1. Variation of R,. with o for different values of the vis-
cosity ratio M.

(49)

Fig. 2. Variation of Ry
anisotropy parameter ¢&.
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Eq. (47) can now be solved for w,, and the procedure
may be continued to obtain further corrections to w and
R.

We need the real part of (L;L:L*) which can be easily
calculated

Re{LL;L"} = (w’B) — B3)Bs + wB,Bs, (52)

L(o,n)]" = (B, — Bs)” + B2, (53)
) 167*n2w?

4, (A) = (54)

{0+ (n+ 1) Ho? + (n— 1)'n*}
where

Bs = (tFPr ') (o + 72) (o2 + n*n®) + * (tFP ' — 1),

Bs = otFPr ' (tFPr ' — 1)((o® + %) — (o + n’n?)).

Similarly we can also find real

part of
(B.(2)L*(w,n)C, (1)) easily.

4. Minimum Rayleigh number for convection

The value of the thermal Rayleigh number R
obtained by this procedure is the eigenvalue corre-
sponding to the eigenfunction w which, though oscil-
lating remains bounded in time. Since R is a function of

200 T
4 Symmetric temperature
§ modulation
F=1.0,1=0.05, Pr=1.0
‘i‘;\\ Rs=10, M=1.0
—£=0.10
! ---£=0.50
150 ---- £=1.00
S £=10.0
® 100 -
50
0 I I I I I
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
RZC/ROC

with @ for different values of the
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100 ‘ -
| Symmetric temperature
! modulation
\ £ =0.1,1=0.05,Pr=1.0
\ Rs=10, M=1.0
I
1 R
8oy F=10.0
: —=F=100.0
|
]
60 |
\
o) |
1
40 - !
I
I
I
20t |
0 L L L L L
-2 0 2 4 6 8 10 12

R,/Roc

Fig. 3. Variation of R, with w for different values of the porous
parameter F.

the horizontal wave number o and amplitude of per-
turbation ¢, we expand

R(o &) = Ro(er) + &Ry () + -+ -, (55)
o=+ &+ (56)

The critical value of the Rayleigh number R is computed
up to O(&?) by evaluating Ry and R, at o = . It is only
when one wishes to evaluate R, that o, must be taken
into account where o = o, minimizes Ry. To evaluate
the critical value of R, denoted by R,. we substitute
o = 0p in R,, where o is the value at which R, given by
Eq. (34) is minimum. We evaluate R,. for the following
cases,

(a) when the oscillating temperature field is symmetric
so that the wall temperatures are modulated in phase
(with ¢ = 0),

(b) when the wall temperature field is antisymmetric
corresponding to out-of-phase modulation (with
¢ =),

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

200 — :
Y Symmetric temperature
i modulation
T £=0.1, F=1.0, Pr=1.0
b Rs=10, M=1.0
P
L =005
150 | i
o 100
50
0 L L L . .
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
F{20/ROC

Fig. 4. Variation of R,. with w for different values of the dif-
fusivity ratio .

200
Symmetric temperature
modulation
£ =0.1, F=1.0, 1=0.05
Pr=1.0, M=1.0
—— Rs=0
--- Rs=10
150 | ---- Rs=50
—— Rs=100
o 100} _
\.
50 F S~
j
R4
0 L L L L ! !
-0.2 0.0 0.2 04 06 0.8 1.0 12 14
RZC/ROC

Fig. 5. Variation of R,. with w for different values of the solute
Rayleigh number Rs.
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150
£=0.1,F=1.0, 1=0.05

Pr=1, Rs=10

Only lower wall temperature modulation

50

RadRoc

Fig. 6. Variation of R,. with w for different values of the vis-
cosity ratio M.

In Eq. (51) the sum extends over even values of n for
case (a), odd values of n for case (b) and all integer
values for case (c). The infinite series (51) converges in
all cases.

The variation of R,. with w for different values of the
parameters are depicted in Figs. 1-12 and the results are
discussed in Section 5.

5. Results and discussion

The effect of time-periodic temperature modulation
on the onset of double diffusive convection in a hori-
zontal anisotropic porous layer is investigated using the
linear stability analysis proposed by Venezian [5].

Fig. 1 shows the variation of R,. with w, for different
values of the viscosity ratio M for the case of symmetric
modulation of the wall temperature. We observe from
this figure that, for small frequencies R, is negative
indicating that the symmetric modulation has destabi-
lizing effect while for moderate and large values of fre-
quency its effect is stabilizing. The peak value of Ry
occurs around o =45 and it depends on the viscosity
ratio M. The effect of increasing viscosity ratio is to re-
duce the influence of modulation for small and moderate

150 [f
i F=1.0,1 =0.05, Pr=1.0
| Rs=10, M=1
i —£=0.10
i - £=1.00
o €=10.0
i
if
|
100 it

v Only lower wall temperature modulation

50 -

Fig. 7. Variation of Ry, with o for different values of the
anisotropy parameter ¢.

frequencies while for large frequencies its effect is sta-
bilizing.

The effect of the anisotropy parameter & on the sta-
bility of the system for the case of symmetric modulation
is shown in Fig. 2. R, is found to be positive over a wide
range of values of the frequency w. We find from this
figure that as the anisotropy parameter ¢ increases, the
value of R,  decreases indicating that the effect of
increasing ¢ is to reduce the effect of modulation. It is
also found that the effect of ¢ is insignificant for low
frequencies. The peak value of Ry, occurs around @ = 42
and its value depends on ¢.

The effect of porous parameter F on the stability of
the system in presence of symmetric modulation is
shown in Fig. 3. We observe that, as F increases the
value of R,. becomes small indicating that the large
value of F reduces the effect of modulation. The curves
for F =10 and 100 almost coincide with R,, = 0 line.
This is due to the fact that Darcy resistance effect is
dominant over the modulation effect.

Fig. 4 depicts the variation of R, with frequency w,
for different values of the diffusivity ratio t for the case
of symmetric modulation. It can be seen that an increase
in the value of diffusivity ratio decreases the value of R,
indicating that, the effect of increasing 7 is to reduce the
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100
& =0.1,1t =0.05, Pr=1.0
5 Rs=10, M=1
E — F=0.10
3 F=1.00
€ ---- F=10.0
80 %’ --=- F=100.0
©
g
£
L
T
2
601 2
o
>
=3
O
0]
401 Asymmetric temperature modulation
20}
0 L L n N
-20 0 20 40 60 80 100
R2(:/F‘Oc

Fig. 8. Variation of R,. with w for different values of the porous
parameter F.

200 —
i Symmetric temperature
I t‘ modulation
1{‘«_ £=0.1,F=1.0,1 =0.05
B Rs=10, M=1.0
o — Pr=0.1
o --- Pr=A
i -+ Pr=5
150 ot -= Pr=10
[N
Lt
1
I .
| '
! \
! \
y
\
\ \
! \
[
100} IR
0] Lo \‘\
I ‘\
l N,
t \‘
) AN
I '\
\ ‘N
| N
\ t. ~.
50 |- : S
r‘ \‘\\
/l >\‘
' L/
, -
0 T . . . .
-2 0 2 4 6 8 10 12
R, /R

Fig. 9. Variation of R,. with w for different values of the Pra-
ndtl number Pr.

1
%0 ] £=0.1,F=1.0,1 =0.05
: Rs=10, M=1

— Pr=0.1
---Pr=1
- Pr=5
~ = Pr=10

100}

Asymmetric temperature modulation

JAS

RZC/ROC

Fig. 10. Variation of R,. with w for different values of the
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effect of thermal modulation. The peak value of Ry
occurs at w = 47, and is independent of the diffusivity
ratio t.

Fig. 5 is the plot of Ry versus w for different values of
the solute Rayleigh number Rs with respect to symmetric
modulation of the wall temperature. We notice that the
value of R, increases with an increase in the value of Rs,
indicating that the effect of increasing solute Rayleigh
number Rs is to delay the onset of convection. The peak
value of Ry, occurs at w = 42 and is also independent of
the solute Rayleigh number Rs.

The effect of viscosity ratio M on R, for the case of
asymmetric modulation and only lower wall tempera-
ture is modulated is shown in Fig. 6. We observe that,
the effect is stabilizing over the whole range of the fre-
quencies. An increase in the value of M increases the
value of R,., indicating that the effect of increasing the
viscosity ratio is to make the system more stable.

The effect of anisotropy parameter ¢ on the onset of
convection in presence of asymmetric and only lower
wall temperature modulation is shown in Fig. 7. We find
that the effect of an increase in the value of & is to reduce
the effect of modulation. The effect of ¢ is qualitatively
same in three types of modulation considered in this

paper.

The effect of porous parameter F on the stability of
the system in presence of asymmetric and only lower
wall temperature modulation is shown in Fig. 8. We find
that, an increase in the values of F' decreases R,.. Further
we also find that as F increases beyond the value of one,
R, become negative for some frequencies.

The effect of Prandtl number Pr on the onset of con-
vection in presence of symmetric, asymmetric and only
lower wall temperature modulation is shown in Figs. 9
and 10. We find that an increase in the value of Pr in-
creases Ry.. Thus the large Prandtl number fluid systems
are more stable in the presence of thermal modulation.

Fig. 11 depicts the variation of R,. with w, for dif-
ferent values of diffusivity ratio = for both asymmetric
and lower wall temperature modulation. We find that,
the effect of increasing the value of 7 is to reduce the
effect of asymmetric modulation, while in case of only
wall temperature modulation its effect is destabilizing.

The variation of the shift in the Rayleigh number R,
with frequency o for different values of the solute
Rayleigh number Rs is shown in Fig. 12. From this
figure we observe that, for small frequencies, Ry
decreases with an increase in the value of the solute
Rayleigh number, indicating that its effect is destabiliz-
ing. On the other hand for @ > 20 the effect of increas-
ing solute Rayleigh number is found to be stabilizing.
However for very small values of the frequency, R, is
negative, indicating that the effect is destabilizing one.

The results of the asymmetric and lower wall tem-
perature modulation are found to be qualitatively simi-
lar. It is observed that for large frequencies the effect of
modulation disappears.

6. Conclusions

Three types of thermal modulation effect on the onset
of double diffusive convection in an anisotropic porous
layer has been studied in this paper and the following
conclusions are drawn:

1. Low frequency symmetric modulation is destabilizing
while high frequency symmetric modulation is always
stabilizing.

2. Asymmetric modulation and only lower wall temper-
ature modulation is stabilizing for all frequencies.
However some additional parameters like porous
parameter, Prandtl number, diffusivity ratio, may
influence the stability of the system.

3. The effect of Prandtl number is found to be stabiliz-
ing and the large Prandtl number fluid systems are
more stable in the presence of thermal modulation.

4. The effect of the anisotropy parameter ¢ in case of
symmetric modulation is significant for moderate val-
ues of the frequency. However its effect is insignifi-
cant for low frequencies. The effect of increasing ¢
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is to reduce the effect of thermal modulation in all
types of modulations considered.

5. The effect of increasing porous parameter is to reduce
the effect of modulation. However in case of only
lower wall temperature modulation, large F has
destabilizing effect.

6. The effect of increasing solute Rayleigh number is to
stabilize the system in general. However in case of
only lower wall temperature modulation, it destabi-
lizes the system for low frequencies.

7. The effect of increasing diffusivity ration t is to reduce
the effect of thermal modulation.

The results of this study indicate that imposed time-
periodic boundary temperatures can give rise to sub-
critical or super critical motions. The problem throws
light on an external means of controlling double diffu-
sive convection (either advancing or delaying) in an
anisotropic porous medium.
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