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Abstract. The effect of time-periodic temperature modulation on thermal instability in a temperature-

dependent viscous fluid layer has been investigated by performing a weakly nonlinear stability analysis. The

amplitude of temperature modulation is considered to be very small, and the disturbances are expanded in terms

of power series of amplitude of convection. The Ginzburg−Landau equation for the stationary mode of convec-

tion is obtained and consequently the effect of temperature modulation on heat transport has been investigated.

Effect of various parameters has been explained graphically. It has been found that, an increment in the val-

ues of thermo-rheological parameter and Prandtl number is to enhance the heat transport in the system. Further,

temperature modulation can be used to control the heat transport effectively as external mechanism to the system.

Keywords: Rayleigh-Bénard convection, Ginzburg Lan-
dau equation, Temperature modulation, Temperature de-
pendent viscosity.

1 Introduction:

The classical Rayleigh-Bénard convection due to bot-
tom heating is well known and highly explored phenomenon
given by Chandrasekhar [1], Drazin and Reid [2]. In most
these studies the basic temperature field is considered to
be function of space only. However, for real life problems,
the basic temperature field has to be a function of both
space and time, and this can be used to regulate convec-
tion through an external means. Venezian [3], was first to
study the effect of temperature modulation on thermal in-
stability in a horizontal fluid layer, as a thermal analogue
of Donnely [4], experiments. Using perturbation method
and considering free-free surfaces, he calculated the shift
in the critical Rayleigh number and showed that the system
can be stabilized or destabilized by suitably tuning the fre-
quency of modulation. Later on Rosenblat and Herbert [5],
investigated thermal instability for low frequency temper-
ature modulation while Rosenblat and Tanaka [6], Yih and
Li [7], and Kumar et al. [8], studied the effect of thermal
modulation on the onset of Rayleigh-Bénard convection
with rigid boundaries, using Galerkin technique and dis-
cussed the stability of the system using Floquet theory. The
Venezian problem for free-free surfaces was extended by
Finucane and Kelly [9], Roppo et al. [10], for weakly non-
linear thermal instability under temperature modulation.
They observed that stable hexagons are produced by the
modulation effect near the critical Rayleigh number. Con-
sidering various temperature profiles, Bhatia and Bhadau-
ria [11], Bhadauria and Bhatia [12], Bhadauria ([13],[14])
studied temperature modulation of Rayleigh-Bénard con-
vection for rigid-rigid boundaries. Malashetty and Swamy

a e-mail: mathsbsb@yahoo.com

[15], investigated thermal instability of a heated fluid layer
subject to both boundary temperature modulation and ro-
tation. They found that the symmetric modulation destabi-
lizes the system at low frequencies but stabilizes at mod-
erate and high frequencies. Asymmetric modulation was
shown to stabilize convection for all frequencies. A weakly
nonlinear study on thermal instability with temperature mod-
ulation using Lorenz model was made by Bhadauria et al.
[16], considering various temperature profiles. In addition
to finding the effect of temperature modulation, they com-
pared the results of various temperature profiles, in terms
of the critical Rayleigh number. Raju and Bhattacharya
[17], investigated the onset of thermal instability in a hor-
izontal fluid layer with modulated boundary temperature,
and using rigid boundaries.

Most of the above reported studies on tempera-
ture modulation are linear. At present there are very few
studies available in the literature in which nonlinear anal-
ysis has been done under temperature modulation. These
are due to Siddheshwar et al. [18], who studied stationary
magneto-convection in a Newtonian liquid under tempera-
ture or gravity modulation using Ginzburg-Landau model,
Bhadauria et al. [19], investigated a non-linear thermal in-
stability in a rotating viscous fluid layer under tempera-
ture/gravity modulation, and calculated heat transfer across
the fluid layer, Bhadauria et. al, [20] studied weak non-
linear of time-periodic thermal boundary conditions and
internal heating on heat transport in a porous medium.

Viscosity is a physical property of fluids. It is the
ratio of shear stress to the shear strain. In most of the above
studies, the fluid viscosity is considered to be constant.
However, in nature, we find a very few examples of flu-
ids possessing this property. In certain situations, it is not
necessary that the fluid viscosity is constant. It may vary
with distance, temperature or pressure. For example, in
coal slurries, the viscosity of the fluid varies with temper-
ature. In general the coefficients of viscosity for real flu-
ids are functions of temperature. In many thermal transport
processes, the temperature distribution within the flow field
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is not uniform, i.e., the fluid viscosity may change notice-
ably if large temperature differences exist in the system.
Therefore, it is highly desirable to take into account the
temperature dependent viscosity in momentum as well as
in the energy equation.

When the fluid viscosity varies with temperature,
the top and bottom structures of fluid layer are different,
this is known as non-Boussinesq effect (Wu and Libchaber
[21]. Kafoussius and Williams, [22], investigated the effect
of variable viscosity on the free convection laminar bound-
ary layer flow along a vertical isothermal plate. Kafous-
sius and Rees [23], examined the effect of temperature-
dependent viscosity on the mixed convection laminar bound-
ary layer flow along a vertical isothermal plate. Molla et al.
[24], studied the natural convection flow from an isother-
mal circular cylinder with temperature-dependent viscos-
ity. Pal and Mondal [25], examined the influence of temperature-
dependent viscosity and thermal radiation on MHD-forced
convection over a non-isothermal wedge. Ching and Cheng
[26], studied the temperature-dependent viscosity effects
on the natural convection boundary layer on a horizontal
elliptical cylinder with constant surface heat flux. Nadeem
and Akbar [27], studied the effects of temperature depen-
dent viscosity on the peristaltic flow of a Jeffrey-six con-
stant fluid in a uniform vertical tube. Nield [28], explained
an analysis of the extension of the Horton−Rogers−Lapwood
problem to the case where the variations of viscosity with
temperature is accounted. It was shown that, considering
linear stability analysis under Oberbeck-Boussinesq approx-
imation for the case of impermeable, perfectly conducting
upper and lower boundaries, the values of the critical value
of critical Rayleigh number is 4π2. However, most of these
studies are done with steady temperature gradient across
the fluid layer. Recently Bhadauria and Palle Kiran [29] in-
vestigated an effect of temperature dependant viscosity on
heat transfer in a porous medium by considering weakly
non-linear theory.

We see that there is no reported work on non-linear
stability that analyze the effect of temperature modulation
on temperature-dependent viscous fluid layer. Therefore,
in this paper we performed a weakly non-linear analysis
of thermal instability in a temperature-dependent viscous
fluid layer under temperature modulation and quantify the
heat transfer across the fluid layer using amplitude of con-
vection, obtained as the solution of the resultant Ginzburg
Landau equation for stationary mode of convection.

2 Governing Equations

We consider an infinitely extended horizontal variable
viscous fluid layer, confined between two parallel planes
which are at z = 0, lower plane and z = d, upper plane. A
cartesian frame of reference is chosen in such a way that
the origin lies on the lower plane and the z−axis in ver-
tically upward direction. The schematic diagrams of the
problem for temperature modulation is shown in the Fig.1
respectively. The fluid layer is heated from below and sub-
jected to temperature modulation. The fluid layer is con-
sidered to be Boussinesq and under these assumptions, the
governing system of equations are given by:

∇.q = 0, (1)

Y

Z

X

O Z � 0

Z � d

Fig�.1 : Physical configurationfor temperaturemodulation.

T � T0 � �TΕ
2

�Δ1 Cos�Ωt� Φ�

T � T0 � �T�1 � Ε2�Δ1 Cos�Ωt��

Boussnesq 
Newtonianliquid

ρ0

(
∂q
∂t
+ (q.∇)q

)
= −∇p − ρg + μ(T )∇2q, (2)

∂T
∂t
+ (q.∇)T = κT∇2T, (3)

ρ = ρ0[1 − αT (T − T0)], (4)

μ(T ) =
μ0

1 + ε2δ0(T − T0)
, (5)

where q is velocity (u, v, w), μ(T ) is a variable viscosity,
T is temperature, p is reduced pressure, κT is the thermal
diffusivity, αT is thermal expansion coefficient, δ0 is small
parameter indicating variation of viscosity with tempera-
ture, ρ is the density, ρ0 and T0 are the reference density
and temperature, ε is a quantity that indicates the small-
ness in order of magnitude of modulation and t is the time.
The externally imposed thermal boundary conditions are:

T = T0 + ΔT [1 + ε2δ1 cos(ωt)], at z = 0 (6)

= T0 + ΔT ε2δ1 cos (ωt + θ), at z = d (7)

where ΔT is the temperature gradient across the bound-
aries, δ1, ω are amplitude and frequency of temperature
modulation, θ is the phase angle. The thermo-rhelogical
relationship (5), is guided by Nield [28]. The basic state is
assumed to be quiescent and the quantities in this state are
given by

qb = 0, ρ = ρb(z, t), p = pb(z, t) and T = Tb(z, t). (8)

Substituting Eq.(8), into Eqs.(1)-(3), we get the follow-
ing relations which helps us to define basic state pressure
and temperature:

dpb

dz
= −ρbg, (9)

∂Tb

∂t
= κT

∂2Tb

∂z2
, (10)

ρb = ρ0 [1 − αT (Tb − T0)] . (11)

The solution of equation (10), subjected to the bound-
ary conditions (7), is given by:

Tb(z, t) = Ts(z) + ε2δ1 Re[T1(z, t)], (12)
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where

Ts(z) = T0 + ΔT (1 − z
d

), (13)

T1(z, t) = [a(λ)e
λz
d + a(−λ)e

−λz
d ]e−iωt, (14)

and a(λ) = ΔT (e−iθ−e−λ)
(eλ−e−λ)

and λ2 = −iωd2

κT
.

Here Ts(z) study part and T1(z, t) oscillatory part of ba-
sic state temperature Tb(z, t). The finite amplitude pertur-
bations on the basic state are superposed in the form:

q = qb + q
′
, ρ = ρb + ρ

′
, p = pb + p

′
, T = Tb + T

′
. (15)

Substituting Eq.(15), in Eqs.(1)-(3), and using the basic
state results, we obtain:

∇.q′
= 0, (16)

ρ0

(
∂q′

∂t
+ (q

′
.∇)q

′
)
= −∇p+αTρ0g(t)T

′
+μ(T )∇2q

′
, (17)

∂T
′

∂t
+ w

′ ∂Tb

∂z
+ (q

′
.∇)T

′
= κT∇2T

′
. (18)

We consider only two-dimensional disturbances in our
study, and hence introducing the stream function ψ as u′

=
∂ψ
∂z , w′

= − ∂ψ
∂x ,. We non-dimensionalize the physical vari-

ables as (x, y, z) = d(x∗, y∗, z∗), t = d2

κT
t∗, ψ = κTψ

∗, T
′
=

ΔT T ∗ and ω = κT
d2ω

∗. Now eliminating the pressure term
and finally dropping the asterisk, we obtain:

1

Pr
∂

∂t
(∇2ψ) − 1

Pr
∂(ψ,∇2ψ)

∂(x, z)
= −RaT

∂T
∂x

+μ(T )(∇4ψ) +
∂μ

∂z
∂

∂z
(∇2ψ), (19)

−∂Tb

∂z
∂ψ

∂x
− ∇2T = −∂T

∂t
+
∂(ψ,T )

∂(x, z)
, (20)

where μ(T ) = 1
1+ε2VT , ε2 is a small quantity that indi-

cates that the viscosity variation with temperature is weak.
The non-dimensionalizing parameters in the above equa-

tions are: Pr = ν
κT

is Prandtl number, RaT =
αT gΔTd3

νκT
is ther-

mal Rayleigh number and V = δ0ΔT is thermo-rheological
parameter or variable viscosity parameter, ν = μ

ρ0
is kine-

matic viscosity. The basic state solution which appears in
Eq.(20), influences the stability problem through the factor
∂Tb
∂z , which is given by:

∂Tb

∂z
= −1 + ε2δ1[ f2(z, t)], (21)

where

f2(z, t) = Re[ f (z)e(−iωt)], (22)

f (z) = [A(λ)eλz + A(−λ)e−λz],

A(λ) = λ (e−iθ−e−λ)
(eλ−e−λ)

and λ = (1− i)
√
ω
2
. We assume small

variations of time, thus re-scaling it as τ = ε2t, to study the
stationary convection of the system. It is to be noted that
over stable solutions are not considered in this problem.
We write the non-linear Eqs.(19)-(20), in the matrix form

as given bellow:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
−μ(T )∇4 RaT

∂
∂x

∂
∂x −∇2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎣
ψ

T

⎤⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
− ε2

Pr
∂
∂τ

(∇2ψ) + 1
Pr

∂(ψ,∇2ψ)

∂(x,z)
+

∂μ
∂z

∂
∂z (∇2ψ)

−ε2 ∂T
∂τ
+

∂(ψ,T )

∂(x,z)
+ ε2δ1 f2(z, τ)

∂ψ
∂x

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ . (23)

We solve Eq.(23), by using μ(T ) = μ(Tb) [28], and con-
sidering stress free and isothermal boundary conditions as
given bellow:

ψ = T = 0 at z = 0 & z = 1. (24)

3 Ginzburg-Landau equation and heat
transport

We introduce the following asymptotic expansions in
Eq.(23):

RaT = R0c + ε
2R2 + ε

4R4 + ..., (25)

ψ = εψ1 + ε
2ψ2 + ε

3ψ3 + ..., (26)

T = εT1 + ε
2T2 + ε

3T3 + ..., (27)

where R0c is the critical value of the Rayleigh number at
which the onset of convection takes place in the absence
of temperature modulation. Now we solve the system for
different orders of ε.
At the lowest order, we have:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
−∇4 R0c

∂
∂x

∂
∂x −∇2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎣
ψ1

T1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎣

0

0

⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (28)

The solution of the lowest order system subject to the
boundary conditions Eq.(24), is:

ψ1 = A(τ) sin(kcx) sin(πz), (29)

T1 = − kc

δ2
A(τ) cos(kcx) sin(πz), (30)

where δ2 = k2
c + π

2. The critical value of the Rayleigh
number and the corresponding wave number for the onset
of stationary convection is calculated numerically and the
expression are given by:

R0c =
δ6

k2
c
, (31)

kc =
π√
2
, (32)

which are the results given by Chandrasekhar [1].
At the second order, we have:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
−∇4 R0c

∂
∂x

∂
∂x −∇2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎣
ψ2

T2

⎤⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎣

R21

R22

⎤⎥⎥⎥⎥⎥⎥⎥⎦ , (33)

where

R21 = 0 (34)

R22 =
∂ψ1

∂x
∂T1

∂z
− ∂ψ1

∂z
∂T1

∂x
. (35)
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The second order solutions subjected to the boundary
conditions Eq.(24), is obtained as follows:

ψ2 = 0, (36)

T2 = − k2
c

8πδ2
A2(τ) sin(2πz). (37)

The horizontally averaged Nusselt number, Nu(τ), for
the stationary mode of convection is given by:

Nu(τ) = 1 +

[
kc
2π

∫ 2π
kc

0

(
∂T2

∂z

)
dx

]
z=0[

kc
2π

∫ 2π
kc

0

(
∂Tb
∂z

)
dx

]
z=0

. (38)

It is clear that the temperature modulation is effective
at O(ε2) and affects Nu(τ) through A(τ) which is obtained

in the third order solution. Substituting T2 and ∂Tb
∂z value

from Eq.(21), in Eq.(38), and simplifying we get:

Nu(τ) = 1 +
k2

c

4δ2
A2(τ). (39)

At the third order, we have:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
−∇4 R0c

∂
∂x

∂
∂x −∇2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎣
ψ3

T3

⎤⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎣

R31

R32

⎤⎥⎥⎥⎥⎥⎥⎥⎦ , (40)

where

R31 = − 1

Pr
∂

∂τ
(∇2ψ1) + VTb∇4ψ1 + V

∂

∂z
(∇2ψ1) (41)

−2R0cVTb
∂T1

∂x
− R2

∂T1

∂x
, (42)

R32 =
∂ψ1

∂x
∂T2

∂z
+ δ1 f2(z, τ)

∂ψ1

∂x
− ∂T1

∂τ
. (43)

Substituting ψ1, T1 and T2 into Eqs.(42)-(43), we
obtain expressions for R31 and R32 easily. Now, we apply
the solvability condition for the existence of third order so-
lution, and get the Ginzburg−Landau equation for the sta-
tionary mode of convection with time-periodic coefficients
in the form:

A1A′(τ) − A2A(τ) + A3A(τ)3 = 0, (44)

where A1 =
1
δ2

[
(1+Pr)

Pr

]
, A2 =

[
R2

R0c
+ V

2
− 2δ1I1

]
, A3 =

k2
c

8δ2

and

I1 =

∫ 1

0

f2(z, τ) sin2(πz) dz.

4 Analytical solution for Unmodulated case

In the case of unmodulated fluid layer, the above Ginzburg
Landau equation can be written as:

A1A′u(τ) − A2Au(τ) + A3Au(τ)3 = 0, (45)

where Au(τ) is an amplitude of convection for unmodulated
case and A1, A3 have the same expression as given in the

Eq.(44), and A2 = 1 + V
2
. The solution of Eq.(45), is

given by:

Au(τ) =
1√(

A3

2A2
+C1Exp

[−2A2

A1

]) , (46)

where C1 is a parameter, which can be calculated for a
given suitable initial condition. The horizontal averaged
Nusselt number in this case is obtained from Eq.(39), by
using the value of Au(τ) in the place of A(τ).

5 Results and discussion

The problem addresses non-linear stability of Rayleigh
Bénard convection in a temperature-dependent viscosity
liquid under temperature modulation effect. The temper-
ature sensitivity of the fluid is modeled through a thermo-
rheological relationship that was proposed by Nield [28].
Here we have presented a weakly nonlinear stability the-
ory to investigate the effect of temperature modulation and
thermo-rheological parameter on heat transport. The effect
of temperature modulation on Rayleigh Bénard system has
been assumed to be of order O(ε2) which shows that, we
consider only small amplitude of temperature modulation.
This assumption will help us in obtaining the correspond-
ing amplitude equations in a simpler and easier manner
than in Lorenz model. The parameters that arise in the
problem are Pr,V, θ, δ1 and ω, and these parameters influ-
ence the convective heat transport. The first two parameters
relate to the fluid layer and the last three concern the exter-
nal mechanism of controlling convection. The fluid layer
is not considered to be highly viscous, therefore only mod-
erate value of Pr are taken for calculations. Because small
amplitude modulations are considered, the values of δ1 lie
between 0 and 0.5. Further, the modulation of the bound-
ary temperature is assumed to be of low frequency. At low
range of frequencies, the effect of frequencies on onset of
convection as well as on heat transport is maximum. The
values of thermo-rheological parameter V also considered
to be small. Nusselt number Nu with respect to time
τ has been depicted in Figs.(2-4). The effect of temper-
ature modulation has been shown in Figs.(2-4), while in
Fig.(4) we have shown comparison between various cases
of temperature modulation. The temperature modulation of
the boundaries has been considered in the following three
cases:

1. In-phase modulation (IPM) (θ = 0),
2. Out-phase modulation (OPM) (θ = π) and
3. Lower-boundary modulated only (LBMO) (θ = −i∞).

which means that only lower boundary temperature is
modulated, the upper boundary is kept at fixed constant
temperature.

From the figures we observe that, the value of Nusselt
number starts with 1, thus showing the conduction state
initially. Then, there is a sudden increase in its values for
intermediate values of time τ, showing that convection is
taking place. Finally, when τ is large, Nu approaches fixed
values in all three respective cases, thus showing that the
steady state has been achieved. However, the value of Nu
becomes oscillatory at large and intermediate value of time
τ for OPM and LBMO cases.
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In � Phase Modulation �Φ � 0�

V � 0.1, Δ1 � 0.3, Ω � 2

Pr � 1.5, 1.0, 0.5
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Ω � 1, 20, 70

V � 0.1, Pr � 1.0, Δ1 � 0.3
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2.5

3.0

Τ

N
u

Fig�.2 : Nu vns Τ for �a��Pr��b��V��c��Δ1��d��Ω

In Fig.(2) we depict variation of Nu with respect to
time τ for in phase modulation. We find from the Fig.(2a,b)
that, Nu increases on increasing Pr, showing that, the ef-
fect of an increment in Pr is to increase the heat trans-
fer by advancing the onset of convection. Similar effect is
also found for the thermo-rheological parameter V . Fur-
ther, from the Figs.(2c-d), we observed that on increasing
the values of amplitude δ1 and frequency ω of modula-
tion, the value of Nusselt number Nu(τ) does not alter. This
shows that increments in δ1 and ω have negligible effect on
rate of heat transfer. Also, in case of in-phase modulation,
we obtain qualitatively similar results to that of unmodu-
lated case, which may be due to the fact that in-phase tem-

Out of Phase Modulation �Φ � Π�

V � 0.1, Δ1 � 0.3, Ω � 2
Pr � 0.5, 1.0, 1.5
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Fig�.3 : Nu vns Τ for �a��Pr��b��V��c��Δ1��d��Ω�

perature modulation of the boundaries hardly makes any
change in the temperature gradient across the fluid layer,
therefore the results are same as that of unmodulated case.

Fig.3, shows the plots of Nu with time τ for the case of
OPM. Figs.(3a-b), displays the effect of Pr and V on Nu.
From the figures, we find that on increasing Pr and V , Nu
increases, thus the effect is destabilizing as in IPM. From
Fig.3c, we find that the effect of an increment in modula-
tion amplitude δ1 on Nu is to increase the magnitude of Nu,
i.e., increasing the rate of heat transport. From Fig.3d, we
observe that on increasing the frequency of modulation, the

CSNDD 2014

09002-p.5



V � 0.1, Pr � 1.0, Δ1 � 0.3, Ω � 2

LBMO
OPM

IPM

a

0 2 4 6 8 10 12
1.0

1.5

2.0

2.5

3.0

3.5

4.0

Τ

N
u

Fig�.4 : Comparisionof differenttemperatureprofiles.

magnitude of Nu decreases, and shortens the wavelength of
oscillations. As the frequency increases from 1 to 70, the
magnitude on Nu is decreases, and so the effect of temper-
ature modulation on heat transport diminishes. On further
increasing the value of ω, the effect of temperature modu-
lation on thermal instability disappears altogether. Thus at
high frequency of modulation, the present results confirm
the results of Venezian [3], and Bhadauria and Bhatia [12].

It was found that, for lower boundary temperature mod-
ulation the results are similar to those in OPM case given in
Figs.(3a-d), however, for avoiding repetition of similar fig-
ures we have omitted inclusion of figures for LBMO case.

In Fig.4, we compared the results of all three types
of temperature modulation. We observe that in general:

NuIPM < NuLBMO < NuOPM . (47)

In the case of unmodulated system, we found amplitude
of convection analytically given by Eq.(46), and obtained
Nusselt number, depicted plot’s Nu verses τ. It is found
that, in unmodulated case, it is exactly the same as in in-
phase temperature modulation.

6 Conclusions

The effect of temperature modulation on thermal in-
stability in a temperature dependent viscous fluid layer has
been investigated by performing a weakly nonlinear sta-
bility analysis. The Ginzburg−Landau amplitude equation
has been obtained for an amplitude of convection in the
case of stationary mode of thermal instability. The follow-
ing conclusions are drawn from the above analysis:

1. Temperature modulation can be used as an external
means to augment/diminish heat transport in a fluid
layer.

2. The IPM is negligible on heat transport.
3. The effect of increasing Prandtl number Pr is to ad-

vance the convection in all three cases of modulation.
4. Effect of thermo-rhelogical parameter V is to enhance

the heat transport in all three types of modulation.
5. An increment in magnitude and frequency of modula-

tion has negligible effect on heat trasport in IPM case,
while there is significant effect in the cases of OPM and
LBMO.

6. In the case of OPM and LBMO, Nu(τ) shows an oscil-
latory nature.

7. As time τ increases, the magnitude of streamlines in-
creases and isotherms loses their evenness, showing
that convection is taking place. At τ = 1.0 the system
achieves steady state.

8. The thermo-rheological model of Nield [28], gives phys-
ically acceptable results, namely, the destabilizing ef-
fect of variable viscosity on Rayleigh-Bénard convec-
tion and thereby an enhanced heat transport.
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