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ABSTRACT

The present article is to study mass transfer in a rotating porous layer subjected to imposed time-periodic solutal
boundaries. A weakly nonlinear analysis is applied to investigate mass transfer in a porous medium. The mass
transfer coefficient is calculated by cubic Ginzburg Landau (GLE) amplitude equation. In this article the
stationary convection is discussed in the presence of rotating solutal Rayleigh number. The amplitude equation
(GLE) is solved numerically to calculate finite temporal convective amplitude. This amplitude is used to find
Sherwood number in terms of the various system parameters. The effect of individual parameters on mass
transport is discussed in detail in the presence of lower rotational rates. The onset of convection is discussed
through the stability curves for stationary and oscillatory solutal critical Rayleigh number as a function of
wavenumber. Further, it is found that the mass transfer enhances for modulated system than un-modulated
system. Internal solutal number Si is to enhances for higher values and diminishes the mass transfer for lower
values. Finally, it is also found that rotation and solutal modulation can be effectively used to enhance or
diminish the mass transfer.
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NOMENCLATURE
A amplitude of convection B2 Horizontal wave number k? + m?
s amplitude of modulation X perturbation parameter
d depth of the porous medium Ks effective solute diffusivity
q velocity vector (u,v,w) Q frequency of modulation
G acceleration due to gravity U dynamic viscosity of the fluid
Ke Critical wave number v Kinematic viscosity(i)
Sh Sherwood number ) . Po
q2 p fluid density
Vas  Solute Vadasz number Vas = dd 7 stream function
$Ks T slow time T = 2t

P reduced pressure
Si Internal solute number S; = QK—dz (V);cher S)grznbolgz

S N —_—
Ras  Solutal Rayleigh number Ra ¢ = % ! ""22 o
Roc  Critical Rayleigh number | v Vit

20,d2\ 2 Subscripts

Ta taylor number Ta = (TO) B basic state
S solute c critical
AS solute difference across the porous medium 0 reference value
T time Superscripts
(x,z)  horizontal and vertical co-ordinates ' perturbed quantity
as coefficient of solute expansion * dimensionless quantity
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1. INTRODUCTION

The Rayleigh Bénard convection related to a porous
media is known as Bénard-Darcy convection. This
convection is related to either by buoyancy or by
external flow. The convection related to buoyancy is
free or natural convection and by external force it is
forced convection. The convection is also a major
mode of mass transfer in fluids or porous media.
Convective mass transfer takes place by the diffusion
of random Brownia motion of individual particles in
the fluid. Mass transfer is the net movement of mass
from one location to another location in the form of
stream, phase, fraction or component. There are
many situations in general mass transfer occurs, such
as evaporation, drying, absorption, precipitation,
membrane filtration, and distillation. The study of
mass transport is important in many engineering
applications involving diffusive and convective
transport of chemical species within physical
systems. Other applications to mass transfer are the
purification of blood in the kidneys and liver, and the
distillation of alcohol. Mass transfer includes
separation of chemical components in distillation
columns, absorbers such as activated carbon beds
and absorbers such as scrubbers or stripping. Some
other related to porous media is given by Gupta et al.
(2017). Related to porous material such as
solidification of binary mixtures, electro-chemistry,
geophysical systems, migration of solutes in water-
saturated soils, and the migration of moisture
through air contained in fibrous insulation.

Thus looking into the above paragraph it is
understood that in many practical problems the
concentration gradient (see Mohammed, 2013) is a
function of both space and time. Hence study of
concentration modulation is very important to
control convective mass transfer in a porous
medium. Also the study of rotating porous media is
attracting from researchers due to its challenging
theoretical applications in the fields of science and
engineering. Some of them are chemical process
industry, food process industry and rotating turbo
machinery. Studies related convection in porous
media was given by Horton and Rogers (1945) and
Lapwood (1948). They have extensively investigated
the onset of thermal convection in a horizontal
porous media saturated with Newtonian fluid. In
recent the study of convection and the study of heat
mass transfer in a rotating media is given by many
authors. Some of them are discussed here: The effect
of thermal modulation and rotation on the onset of
stationary convection in porous layer is given by
Malashetty et al. (2007) subject to the principle of
exchange of stabilities. They found that the
convection is advanced by the low frequency in-
phase and lower-wall temperature modulation, and
delayed by the out-of-phase modulation. Moli et al.
(2014) investigated heat mass transfer analysis in
porous media of maxwell fluids. In this paper both

linear and nonlinear thermal convection is
investigated without modulation. They have
discussed various system parameters effect on heat
mass transfer.

The effect of rotation speed modulation on heat
transfer in a porous layer or fluid layer is given by
Bhadauria et al. (2014) and Kiran et al. (2017).

The Ginzburg Landau equation is employed in both
papers to derive finite amplitude. It is found that
rotational speed modulation is used to control heat
transfer in the media. The modulated centrifugal
convection in a rotating vertical porous layer distant
from the axis of rotation is given by Om et al. (2009).
Study of rotation on Brinkman—Lapwood convection
with modulation is investigated by Om et al. (2011).
They found that by applying the modulation
frequency to the rotation speed, it is possible to delay
or advance the onset of centrifugal convection. Kiran
et al. (2016c,d, 2017) investigated the nonlinear
throughflow effects on thermally modulated rotating
porous media. It is found that rotation has stabilizing
effect on porous media in the presence of modulation.
They also found that nonlinear throughflow has dual
nature on the onset convection. It is concluded that
flow direction may have both stabilizing and
destabilizing effect on the system. The effect of
throughflow and electric field on the outset of
convective instability in a horizontal porous layer
saturated by a dielectric nanofluid is investigated by
Yadav (2018). Using the Galerkin weighted residuals
method the linear theory was employed and discussed
stability criteria. Using the complex Ginzburg
Landau model the study of rotating fluid convection
is given by Kiran et al. (2016a,b). In this paper the
temporal convective amplitude is derived using the
solvability condition up to the third order. For very
low Prandtl number values Pr < 1 the study of heat
transfer is discussed along with exchange of
stabilities. It is found that better results are obtained
for an oscillatory convection than stationary
convection. Later the extent of research information
in the area of convection in porous media is given by
Nield and Bejan (2006), Ingham and Pop (2005) and
Vafai (2005).

The research on modulated flows are very important
due to stabilize or destabilize nature of convective
flow. This modulation is gives system performance,
system usage and the life span of the system.
Instability and transport phenomenon is controlled
by modulation only even though there are other
physical constraints. There are two types of
modulations like thermal and gravity which are
investigated by so many authors. Venezian (1969)
was the first who performed a linear stability analysis
of Rayleigh Bénard convection in a fluid layer under
temperature modulation and obtained the correction
in the critical Rayleigh number. It was found that
onset convection is effectively controlled by
modulation. Recently, the research corresponding to
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thermal modulation is given by Kiran et al. (2018a,b)
and other references therein. Here they have
investigated the effect of modulation on chaotic
convection in porous media. The effect of gravity
modulation on Rayleigh— Bénard convection is
given by Gresho and Sani (1970). The effect of
gravity modulation and throughflow in porous media
is given by Kiran (2016c). It is found that nonlinear
throughflow having both effects enhancing and
reducing heat transfer. The study of weak nonlinear
double diffusive magneto convection in a Newtonian
liquid under gravity modulation is investigated by
Bhadauria et al. (2015). The finite amplitude is found
to enhance for Prandtl and magnetic Prandtl number,
Levies number, and amplitude of modulation. The
effect of gravity modulation on internally heated
porous media is studied by Srivastava et al. (2018).
Using the stationary Landau equation they found that
heat mass transfer can be controlled by both concepts
g-jitter and internal heat source. An oscillatory mode
of convection in a rotating fluid layer under gravity
modulation is given by Kiran et al. (2018c, 2020) and
the corresponding updated literature of gravity
modulation therein. The study of convection in a
rotating porous media is given by Pearlstein (1981),
Patil et al. (1990), Desaive et al. (2002), Suthar et al.
(2011), Bhadauria et al. (2012), Kiran et al. (2017)
can be named as few.

Studies related to temperature and gravity
modulation given are by Kiran et al. (2017c), Kiran
et. al. (2016c,d; 2017a,b; 2018), Umavathi (2013),
Bhadauria et al. (2013a, 2014a-d) and Srivastava et
al. (2013). The effect of gravity modulation on
Rayleigh Benard convection for an oscillatory mode
of convection is given by Kiran et al. (2020). The
complex Ginzburg Landau equation is derived to
quantify finite amplitude and heat transfer analysis
there in. The study of heat mass transfer for
stationary and oscillatory convection in an Oldroyd-
B fluid layer is given by Raghunatha et al. (2019).
They show that the effect of Pr is to decrease the heat
and mass transfer in the case of oscillatory motions.
They also found that upon increasing relaxation and
retardation parameters is to decrease and increase
heat and mass transfer for stationary case, while an
opposing behavior for oscillatory motions. The study
of heat and mass transfer between two concentric
vertical cylinders of infinite length is given by Singh
and Singh (2019). Various system parameters on
velocity profiles and on heat mass transfer is
discussed and evaluated the skin friction coefficient.
Also studies on concentration modulation in a porous
media not even a single paper is found. Till today
studies related thermal, gravity, magneto and
rotation modulation is observed but not
concentration modulation in porous media.

Recently the studies of Rayleigh and Darcy Benard
convections under concentration modulation are
investigated by Gupta et al. (2017), Gupta (2018)

and Prakash et al. (2018). An analytical study of
weakly nonlinear mass transfer in rotating fluid layer
under time-periodic concentration/gravity
modulation is given by Gupta et al. (2017). They
found that the effect of increasing Taylor number is
to de-crease the mass transfer and concluded that the
mass transport can be controlled by suitably
adjusting the frequency and amplitude of the
modulation. Study of mass transport in rotating
couple stress fluid layer under concentration
modulation is given by Gupta (2018). Using the
Ginzburg-landau equation the rate of mass transfer
is quantified in terms of the system parameters. It is
found that, the effect of Taylor number is to stabilize
the system and decrease the mass transfer. But the
value of Sh increases upon increasing the values of
Schmidt number and Couple stress parameter.
Prakash et al. (2018) is investigated the magento-
solutal convection in Newtonian fluid layer under the
effects of concentration modulation. While
performing the weakly nonlinear theory they have
obtained the mass transfer in terms of Sherwood
number.

To the best of author’s knowledge, there is no non-
linear study available in the literature in which the
effect of concentration modulation has been
considered in a modulated porous layer with internal
solute. This motivated to perform a nonlinear
stability analysis and study the combined effect of
internal solute and concentration modulation in a
porous medium.

2. MATHEMATICAL MODEL

Darcy convection in a rotating porous media is
considered. The problem is extended in x direction
infinitely and confined between two parallel
horizontal planes at z= 0 and z = d. This porous layer
is internally soluted (given in Fig.1) and modulated.
Further the Boussinesq approximation is employed
in which the density variations are consider along
with acceleration due to gravity. A cartesian frame of
reference is chosen in which origin lies on the lower
plate and the z-axis is vertically upward. The solute
is heavier at upper plate than the lower plate and AS
is the solutal difference between the plates. Under
these assumptions the governing mathematical
equations are given by (Bhadauria et al. 2013a):

A

4 rT, solting from above

g Lo Z=d
S=SD+§[1+6,C05(Q5t+6)]

Newtoninn fluid saturated x

val

porous medium

0

—Sp-5[1- 4
§=So-2[1-5,Cos(2:t)) B

Fig. 1. The Physical Configuraion of the
problem.
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Vg =0, 1)
10§ = o 1 p - H(s)_

Z 2 2(0xq)=—=—vp+Lg--ig, (2
¢6t+ ( q) Po p+pog pqu

s 2

Eﬁt(q.V)S =K, V’S +Q (S -S,), ®)
£=p, [l—ocs (S —SO)], (4)

The externally imposed solutal boundary conditions
are consider in the following two ways, at first the
concentration is more at upper plate and less at lower
plate (given by Prakash et al. (2018) and Gupta
2018):

AS
S =5, —7[1—1255 cos(Qt) | at z=0

AS (®)

=S, +T[l+ 225, cos(Qt +6’)}at z=d

where s is the amplitude of modulation, AS is the
solutal difference across the planes, Qf is the
modulation frequency, 0 is the phase difference and
y indicates the smallness of solute modulation. The
constants and variables used in the above Egs. (1)-
(5) have their usual meanings and are given in the

nomenclature. The term (Qxg) (in Eg. (2)
represents rotation of the layer and Q¢S — So) (in Eq.
(3)) represents internal solutal term. The porous layer
is rotating about its vertical access uniformly.

2.1 Conduction State

In this state the transfer of mass is in touch with plate
only. Where the internal mass transfer is due to
microscopic collisions of particles and their
movement within a body. At this state the physical
variables are considered as g,= (0,0,0). The other
quantities of the basic state are:

6
p=p,(2).p=p, @) ands=8,z.1) . ©
Substituting Eq. (6) into Egs. (1)-(4), we get the
following relations which helps to define the basic
state pressure and concentration:

dp, _

G A9, )
d?(s, -S oS

K %'FQ(Sb _So)zgb (8)

p=p[1-a (S, —S,)] ©)

where b refers basic state. The Eqg. (8) is solved for
Sb(z,t) subject to the boundary condition Eg. (5), we
get:

S, (z.t)=S,(z)+ 7’6, Re[S,(z ,1)] (10)

2.2 Perturbed State

The finite amplitude perturbation quantities on the
basic state are superposed in the form:

q:qb +qllp:pb+plip:pb +p',S :Sb +S'
(11)

Substituting Eq. (11) in Egs. (1)-(4), and using the
basic state solution, we get:

VG§'=0, 12)

ai+2(ﬁxq')E = —in +a,05 '+ Aq"
ot £ K

(13)
oS’ as, . 2
—4w '—+(q.V)S'=x.VS'+S.S' (14
ot dz (Gv) ° ' a4
In this problem only dimensional configuration is

considered. So for two-dimensional convection, one
can introduce the stream function as y as u' =

] F .
a—f , w' = —% Theses stream functions are

assumed due to the continuum hypothesis given in
Eq.(1). Using the dimensional analysis the physical
variables are converted into unite less quantities. In
this case the dimension less physical variables are
2
defined by; (xy.2) = d(x-y+2), t = =t*, G =2,
y = Ky S'= AS S and w =’ ,. While
eliminating the pressure term and dropping the
asterisk, we obtain non-dimensional governing
equations:

10, v s,
— —(V¥y)-JTa=—— =-Ra, — - V2 (15
Vasat< v/)ﬁaz a ==V (1)

—%a—"”—(vusi)s :—§+6(W'S) (16)
07 OX ot o(x,z)

Also from the Eq. (13), the equation for y component
i.e V may be written as:

iﬂJrV :_ﬁa_‘/’ 17)

The dimension less physical parameters in the above
equations are given in nomenclature. The term sitting
in Eqg. (16) is the basic state solute Sp(z,t) can be
obtained from the Eq. (10) as:

s ,
a—zb=fl(z)+;( 5 [f,(z.1)] (18)
f,(z ,t)=Re[f (z )e('im)] (19)

f(z)= —%[cos\/sf(l—z )+c0sfS, (z )J

(20)
f(z)=A(m)e™ +A(-m)e™ (21)
Since our study is restricted to slow variations in
mass transfer the time may be re-scaled as t = %t. In

order to solve the above system of Egs. (15)-(17) the
following stress free and isothermal boundary
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conditions are considered.

v
0z oz

=S =0atz=0and z=1. (22)

3. FINITE AMPLITUDE EQUATION
AND HEAT TRANSPORT

The following asymptotic expansions for the
physical variables are considered (given by Venezian
(1969) and Malkus et al. (1958) to solve the Egs.(15-
17)):

W=+ W,
S =4S, +1°S, + 1S, +...
Vo= NV, + 2V, + 4V +
Ra, =R, + 7°R, + 'R, +...

(23)

where Roc is the critical solutal Rayleigh number at
which the onset convection due to Buoyancy effect.
After substitution of the above expansions into the
Eqgs. (15-17). The system of Eqs. (15-17) are solved
for different orders of y. The reader may see the
studies of Bhadauria et al. (2013a, 2014a-d, 2016,
2017, 2018).

3.1 Lowest Order Case

This order is just like linear problem, because no
nonlinear term is appeared in this case. So the
nonlinear effects are not counted in this state and
treated as linear problem. The solutions of the lowest
order system subject to the boundary conditions
given in Eq. (22) are given by:

w, =A(7)sin(kx)sin(zz) (24)
_ —4z’k A(7)
- p(an*-s,)
V, =-z\TaA (z)sin(k,x )cos(7z) (26)

where B =B — Siand B? = k2 + 2. The critical value
of the solutal Rayleigh number for the onset of
stationary convection is given by:

B B (47 =S, )(B* +7°Ta)

o]
‘ Ar’k}?

cos(k,x )sin(zz) (25)

1

R @7)

For the system without rotation (Ta = 0) and internal
solute (Si = 0), we get

" P

Oc 27
kc
kc:n,

which are the classical results of Lapwood (1948)
and Bhadauria et al. (2013a). The oscillatory critical
value of solutal Rayleigh number for the eigen value
problem Eq.(15)-(17) with time-dependent periodic
disturbances given is by Malashetty et al. (2008) Eq.
3.1, it is obtained by:

0SC __ BZ(VGSB% — mZ)
Qe kZVas

Vasn?Ta(Vasp? — &%)
ke?(Vas? — w?) (28)

and the growth rate o is given by

o’ =Vas* |:;rTﬂa(Vas — {3{) 1}
B WVas — B

Setting ® = 0 stationary critical solutal Rayleigh
number (given in Eq. (27) is obtained. The values of
RGE¢ is calculated for only positive values of @
because the growth rate is positive. Also this critical
oscillatory solutal Rayleigh number R3¢ is a
function of Si and Ta. The readings of ROc, kc of
stationary convection for different values of Ta and
Si are given in Table 1.

Table 1. Readings of Roc, kc for Ta and Si.

Ta(Si=1.0) ROc ke
8 150 | 5.28987
20 204 | 6.54796
30 408 | 7.21758
40 520 | 5.74011
Si=1.0(Ta=8) | 150 | 5.28987
2 141 | 5.14190
3 134 | 4.97014
4 126 | 4.77846

3.2 Second Order Case

In this order the nonlinear effects enter to the system
through Jacobian term of the Eq. (16). At this order
the following relations are obtained:

v, =0, (29)

(Vo8 )5, - TS RS g
OX 0z 0z oOX

V,=0 (31)

The second order solutions subject to the boundary
conditions Eq. (22) are given by:

v, =0, (32)
31,272
S, = —LA(T)zsin(Zﬂz) (33)
ﬁlz (47[2 _Si )
V,=0 (34)

The reader may not that the second order system
solutions are basically depends on the first order
system solutions. This is the reason we call the
stability as weakly nonlinear stability analysis. Here
the critical solutal Rayleigh number is assumed to be
near to threshold of onset convection. The horizontal
averaged Sherwood number Sh(t) for stationary
mode of convection is given by:
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Sl (5]

Sh(r)=1+ - (35)
@]

Substituting the expression of S2 and (6S_b)/0zin
Eq. (34) and simplifying we get:

47’k 2 sinS; A2 (c)
(47r - )Fcosf
(36)

This Sherwood number is to measure the mass
transfer in a system as a function of finite amplitude
of convection.

3.3 Third Order Case

At this stage the following system is obtained
involving many terms in RHS:

h(r)=1+

v R,Z  fral
OX 0z
5. o Vs Ry
- = (VP45 0 S, |=|Rs,
0z OX
a VS R33
a— 0 1
0z ]
where
1 8 ,., s
R, =———(V -R,—/ 37
5= s 5e Vi) R 37
0S, Oy, dS oy,
R,=——2+"2=2,5f, 2 38
25 or ox dz 0 7% ox (38)
1 oV
Ry,=———1 39
¥ Vas or (39)

Substituting the first and second order solutions into
the Egs. (37)-(39), the expressions for R31, R32 and
R33 will be simplified. In general, finding the
solutions at this state is difficult due to nonlinearity.
The following solvability condition is used to derive
finite amplitude equation.

1 Zl ~ A~ ~
[ [ (Roaiy + RS, + R, Jdxdz =0 (40)
the Ginzburg—Landau equation (GLE) is obtained

for the existence of the solution at third order for
stationary mode of convection:

QlA'(Z’)+F(T)A(T)—Q2A(T)3 =0 (41)

where 1, $; and V7, are the adjoint solutions of first
order system,

0 - B ~Tan’ & 4R, k]
' Vas g2 (47> -5,)

4R 7k}

F (T) . {m =65 R, I, }

4R, 7'k}
i (4n =S, ) |
1= .[Olfz (z,5)sin’ (7z )dz

The GL Eq. (41) is also known as Bernoulli equation.
But finding its analytical solution is difficult, due to
its non-autonomous nature. So it has been solved
numerically using the in-built function ND-Solve of
Mathematica 8, subject to the suitable initial
amplitude A(0) = ao. In our calculations we may use
R2 = ROc, to keep the parameters up to minimum.
The Sherwood number Sh(t) given in Eq. (36) is
numerically evaluated by obtaining the finite
amplitude A(t) from the Eq. (41). The Eq. (41) is a
non-autonomous Bernoulli equation.

3.4 Amplitude for Unmodulated Case

In the case of unmodulated porous layer the above
Ginzburg—Landau equation (GLE) can be written as

QA (r)+F(7)A, (r)-Q,A, (7)' =0 (42

where Au(t) is an amplitude of convection for
unmodulated case. The coefficients Q1 and Q2 have
the same expressions as given in the Eq. (41). The

4R, 7%k 2
term F(t) is given by F =# .The
B (4% -S,)
solution of Eq. (42) is given by
A, ()= 1 43)

(52 el Z |

where Ci is a parameter, it can be calculated for
given suitable initial condition. The horizontal
averaged Sherwood number in this case is obtained
from Eq. (36) by using the value of Au(t) in place of
A(7).

4. RESULTS AND DISCUSSION

This paper presents a weakly nonlinear stability
analysis to investigate the effect of solutal
modulation and internal solutal on mass transport.
The system of nonlinear equations are solved using
the analysis of Ginzburg-Landau model (see
Bhadauria et al. (2012, 2013a, 2014a-d, 2015, 2016).
This GL equation gives finite amplitude of
convection as a function of time. Due to its non-
autonomous nature the unmodulated system is
solved analytically and modulated system
numerically. The solutal modulation of Darcy
convection has been assumed to be of third order
only. Which shows that only small amplitude of
solute modulation is considered. Before writing the
discussion of the results, we mention some features
of the following aspects of the problem. In order to
analyze the effect of solutal modulation, three types
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of modulations are taken: (i) in-phase modulation
(IPM) (6 = 0),(ii) out-phase modulation (OPM) (6 =
), and (iii) lower boundary modulations (LBMO) (6
—ioo). At first the results related to OPM case will
be presented. The results corresponding to IPM and
LBMO will not be presented due to repetition of the
figures but they are compared. In OPM case both the
plates are modulated differently. In IPM case both
the plates are modulated in the same manner. The
reader may observe easily the difference of different
types of modulations on Darcy convection through
the nature of the figures.

A weakly nonlinear analysis is performed to obtain
mass transport in a porous layer. This finite
amplitude analysis is obtained based on linear
stability analysis. The external solutal modulation is
important to control mass transfer in a porous media.
Therefore, this paper is constructed to find mass
transfer in the system. The values of the parameters
are taken within their range where one can obtain the
results clearly. Further the values of Si are considered
very small so that it will not affect the effect of
modulation on the system. In this paper the values of
Si are taken from 0.5 to 8. Also the values of Vadasz
number and Taylor number are consider within the
range of the solutions. The amplitude of modulation
Js is consider between 0.1 to 0.3 and frequency of
modulation between 2 to 50. The main results are
presented in the next paragraph (given in figures
from Fig. 2 to Fig. 7).

In Fig. 2 the effect of solute Rayleigh number on the
marginal stability curves for the Taylor number Ta
and internal solutal number Si is depicted. The effect
of Taylor number, Ta on the onset of convection
when Si is fixed is given in Fig. 2a. It is clear that the
minimum of Rayleigh number for stationary
convection increases with the Taylor number,
indicating that the effect of rotation is to enhance the
stability. Thus higher rotational rates of the porous
layer stabilizes the system and may reduce
momentum transfer in the system. In Fig. 2b the
effect of internal solutal number Si is presented on
the marginal stability curves. It is observed that with
increase of the value of Si the minimum of stationary
solutal Rayleigh number decreases. Therefore, the
effect of Si is to advance the onset of stationary
convection. Thus for moderate values of Si the
system may attain stable mode, but for higher values
it may attains unstable mode. The effect of Ta and Si
on ROc is drawn in Fig. 2c. It is evident that Ta
promotes stabile convection and Si promotes
unstable convection. In Fig. 2d, it is quite natural to
see that the oscillatory convection sets in before
stationary convection. The internal solutal Rayleigh
number having destabilizing effect and rotation Ta
having stabilizing effect on the system. The regions
for stationary and oscillatory convection is presented
in this figures. It is concluded that the effect of Ta, Si
and Vas on both ROc and ROc°* shows the same
stabilize and destabilize effect on the system.

The study of mass transfer is presented in the Figs.
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3-5. These figures are drawn based on Sherwood
number Sh versus slow time 1 for the case of solute
modulation. From the figures it is found that for
small values of time 7, the value of Sh(t) does not
alter and remains almost constant. When the time is
increasing then Sh increasing and finally becomes

100K

800

600

O
o
[0 4]
400
2000
Si=2.0,Vas=1
0 5 I.(i 15 20 25
kc
Fig. 2a. Natural stability curves for different
values of Ta.
700 - T T T
Ta=8,Vas=1.0
600
500
0]
O 400
a4
300
Si=2,4,6
200
100 L
0 10 15 20 25
kc

Fig. 2b. Natural stability curves for different
values of Si.
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O
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~
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Fig. 2c. Variation of critical Rayleigh number
Roc with different values of Si .
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Fig. 3. The effect of Vas Ta on Sh versus T.

oscillatory on further increasing t. This oscillatory
nature is due to time periodic solting at the
boundaries. It is clear from the figures that Sh(t)
starts with 1 showing the conduction state. Further
increment in Sh shows convective state in the
system.

The mass transport results: Fig. 3(1) presents results
corresponding to Vas (solute Vadasz number) on
Sherwood number Sh. According to Vadasz (1998)
the values of Vas are considered around 1. Vadasz
pointed that there are some porous applications such
as mushy layer in solidification of binary alloys and
fractured porous medium the value of Vas may be
considered to be unity order. Therefore, the quotient
of local time derivative term of Vas in the present
study has been retained. It is clear from the Fig. 3(1)
that there is appreciable enhancement in mass
transport on increasing Vas, thereby advancing the
onset of convection. The similar effect of Vas may
observe in the following studies of Bhadauria et al.
(2013a, 2014a,d) and Srivastava et al. (2013).

The effect of rotation (Ta) presented in the Fig. 3(2).
It is natural phenomenon to see that rotation reduces
mass transfer in the medium due to the presence of
centrifugal force acting opposite to the motion of the
fluid. Thus reduces mass transfer and confirms the
results of Desaive et a. (2002), for thermal and
gravity modulation Malashetty et al.(2008), Kiran et
al.(2017, 2018c; 2016a,b; 2020) and for solutal
modulation Gupta et al. (2017), Gupta (2018) and
Praksh et al.(2018). The effect of internal solute
number Si is presented in the Figs. 3(1) and 3(2). The
positive values of Si represents source of mass and
enhances mass transfer in the medium (in Fig. 4(1)).
But for negative values of Si there is drastic
reduction in mass transfer see Fig. 4(2). Thus, the
duel nature of internal solute number Si is observed.

The effect of solute modulation in terms of (Qr,3s) is

presented in the Figs. 4(3), 4(4). In Fig. 4(3), we
observe that an increment in Qf decreases the
magnitude of Sh, and shortens the wave-length of
oscillations. As the frequency of modulation
increases from 1 to 30, the magnitude of Sh
decreases, and so is the modulation effect. When the
value of Qs is increased further, we find that at Qf =
30, the effect of modulation on solutal instability
disappears altogether.

Sh, =30<Sh, =10<Sh,, =4<Sh, =1

3.0

Vas=2,Ta=50, ¥, =0.2,8,=0.1,0=3,0=x 1
. 1 .

0 5 10 15 20

T
. T r r T ;
30
25
20
15 8, =04 ;= 0. ]
o Vas=2,Ta=50,5;= 1.2, ¥, =0.2, 0 =3,0=x 3
. ; 1 | | . ]
0 2 4 6 8 10 12 14
T
251
201
15t
Vas=2,Ta=50,5, = 0.31,5,= 12, ¥, = 02, =7 4
10 X L X 4
0 5 10 15 20

Fig. 4. The effect of Vas Si §; and w on Sh versus
T.

Further, it is found in the Fig. 4(4) that the effect of
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amplitude of modulation is to enhance the magnitude
of Sh, thus increasing the mass transport. We note
that the following is due to the influence of amplitude
on mass transport.

Sh&:o.l < Sh5:0.2 < Sh5:0.3

These results confirms the results of Gupta et al.
(2017), Gupta (2018) and Praksh et al. (2018) for
solutal modulation and for thermal and gravity
modulations Bhadauria et al.(2007, 2008, 2013a,
2014a-d, 2018). It is found that the magnitude of Sh
for LBMO is greater than that obtained in case of
IPM, but less than that of OPM as shown below, the
results are given in Fig. 5(1):

Shipw <Shy gwo <Shopy

IPM(6=0)

LBMO(¢=-1
Sh OPM(#=m) Ofp==le)
15+
Vas=2,Ta=50,5, = 0.1, 0=3,8;= 1.2, ¥, = 02, =7 1
1.0 . \ . E
0 5 10 15 20
T
25F
20+ Modulated case/

S

Vas=2,Ta=50,6; = 0.1,00=3,5;=1.2, ¥, =02,0=n
L ' I

un —modulated case

1.0

0 5 10 20

pe
Fig. 5. Different profiles comparision.

15

The above equation tells that OPM case is the better
option to enhance the mass transfer in a porous
medium. The reader may refer the article by Gupta et
al. (2017) and Gupta (2018). The comparison of
modulated and un-modulated case is given in Fig.
5(2). Finite amplitude is obtained analytically using
Eq.43 for un-modulated case. It is found that
modulated system transfer more mass transfer than
un-modulated system. The reason is due to the
concentration heavy at the upper plate than lower
plate.

While solving the Egs. (24,25) the streamlines and
isohaline are drawn in Figs. 6 and 7. These
streamlines and isohalines are depicted for rotation
speed modulation at various instances T
0.0,0.1,0.3,0.5,1.0 and 2.0 for Vas = 1.0,Si = 1.0, Ta
=50,8s = 0.1 and Qf = 3.0. From the Figs. 6a, b, it is
found that initially when the time is small the
magnitude of streamlines is also small. At initial state
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Fig.6. Streamlines for 7 (a) 0.0(b) 0.1(c) 0.3(d)
0.5(e) 1.0(f) 2.0

Fig.7. Isotherms for Z (a) 0.0(b) 0.1(c) 0.3(d)
0.5(e) 1.0(f) 2.0
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even the isohaline 7a, b are straight lines showing the
system is in conduction state. Further as time passes
the magnitude of streamlines increases and the
isohaline loses their evenness. This shows that the
convection is in progress. Convection becomes faster
on further increasing the value of time t. However,
the system achieves its steady state beyond the time
T = 1.0 as there is no change in the streamlines and
isohaline 6 e, f - 7e, f.

5. CONCLUSIONS

The combined effect of internal solute and solutal
modulation on convection in a porous layer, has been
investigated while employing a weakly non-linear
analysis. Using the Ginzburg—Landau equation
(GLE) finite amplitude is obtained. The results have
been presented in terms of the Sherwood number,
and the effect of various parameters depicted
graphically. The following observations are made.

1. The stability curves are shoing that
oscillatory convection sets in before
stationary convection.

2. The effect of Si > 0 case is to increase and Sh
< 0 case decrease the mass transfer.

3. The effect of Taylor number is to reduce the
mass transfer.

4. The effect of amplitude 8s of modulation is to
enhances mass transfer.

5. The effect of frequency Qr of modulation is
to diminish the mass transfer.

6. The effect of modulation can be seen only for
OPM and LBMO cases and obtained better
mass transfer in the medium.

7. The modulated system is efficient than un-
modulated system.

8. The un-evenness of streamlines and
isotherms are showing convective motions.

9. Streamlines and isotherms loses their

evenness as time passes showing the flow of
mass transport through conduction to
convection.
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