International Journal of Engineering & Technology, 7 (4.10) (2018) 645-652

International Journal of Engineering & Technology

Website: www.sciencepubco.com/index.php/IJET

SPC

Research paper

Synchronous and Asynchronous Boundary Temperature
Modulations on Triple-Diffusive Convection in Couple Stress
Liquid Using Ginzburg-Landau Model

T. Sameena'*, S. Pranesh?

!Department of Professional Studies, CHRIST (Deemed to be University) Bengaluru, India
*Department of Mathematics, CHRIST (Deemed to be University), Bengaluru, India
*Corresponding author E-mail: sameena.tarannum@christuniversity.in

Abstract

A nonlinear study of synchronous and asynchronous boundary temperature modulations on the onset of triple-diffusive convection in
couple stress liquid is examined. Two cases of temperature modulations are studied: (a) Synchronous temperature modulation (¢=0)
and (b) Asynchronous temperature modulation (¢ = 0). It is done to examine the influence of mass and heat transfer by deriving Ginz-
burg-Landau equation. The resultant Ginzburg-Landau equation is Bernoulli equation and it is solved numerically by means of Mathe-

matica. The influence of solute Rayleigh numbers and couple stress parameter is studied. It is observed that couple stress parameter in-
creases the mass and heat transfer whereas solute Rayleigh numbers decreases the mass and heat transfer.
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1. Introduction

In Rayleigh-Bénard problem, when the instability is due to the
difference in temperature between the upper and lower surfaces,
then it is termed as single component convection and when the
instability is due to two differing density components, then it is
termed as two-component convection or double diffusive convec-
tion. Correspondingly, when the instability is due to three different
diffusivities then the physical and mathematical state becomes
increasingly rich. Such problems in literature are termed as three
component convection or triple-diffusive convection. The prob-
lems of three component convection have been considered by
Pearlstein et al. [1], Lopez et al. [2], Rionero [3], Sumithra [4] and
recently by Sameena and Pranesh [5] and Sameena [6].

In the group of non-Newtonian liquids, couple stress has exclusive
features such as polar effect and ability to possess huge viscosity.
Couple stress liquid was established by Stokes [7] and has focused
to the development of several notions of liquid with microstruc-
ture. The influence of couple stresses in liquid have no microstruc-
ture; therefore, the angular momentum and kinematic energy of
spin density are not taken into consideration and are entirely de-
termined by the velocity field. Hence, couple stresses in liquid
results in the equation analogous to that of Navier-Stokes equa-
tion. The problems with couple stress liquid in Rayleigh-Bénard
convection have been studied by Shivakumara et al. [8] and Sid-
deshwar and Pranesh [9].

One of the ways to regulate convection is by sustaining nonlinear
temperature gradient and it is only space-dependent. On the other
hand, in real-world circumstances, nonlinear temperature gradients
get its source in cooling or heating at the surfaces, therefore the
profile of temperature depends explicitly on time and position.

This is termed as temperature modulation. This can be used as a
way of controlling the convective flow by appropriate tuning of
frequency and amplitude of modulation. Temperature modulation
has a range of applications like, during solidification of metallic
alloys in crystal growth; the time dependent temperature gradient
influences the mass and heat transfer procedure and controls the
formation and also the quality of the resultant solid. Temperature
modulation may also be used in material processing as the means
to attain higher efficiency of solid and also to enhance heat, mass
and momentum transfer. The notable work in temperature modula-
tion is due to Venezian [10]. Many authors Bhadauria [11],
Pranesh and Sangeetha [12] and Siddheshwar and Pranesh [13]
have considered the influence of temperature modulation under
different conditions to study its effect on the onset of convection.

The problem under study has numerous applications like in petro-
leum reservoirs, solidification of alloys, oceanography, material
processing, crystal growth, space crafts and so on. In all these it is
important to examine the mass and heat transfer and since linear
study only provides the stability condition, we have done a non-
linear study of the problem which helps to examine the mass and
heat transfer and this is done by using Ginzburg-Landau model.
The advantage of using Ginzburg-Landau model is that it gives
nonlinear solution in the form of a series whose convergence is
definite. Therefore, the foremost objective of this article is to
study synchronous and asynchronous boundary temperature mod-
ulations on triple-diffusive convection in couple stress liquid using
Ginzburg-Landau model.

2. Mathematical Formulation

Consider horizontal layer of couple stress fluid of thickness ‘d’
restricted between two parallel plates. A Cartesian system is taken
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with origin in the lower boundary and z-axis vertically upward
(see Fig. 1). Let AT,AS;andAS, be the differences in temperature

and solute concentrations, respectively of the liquid between the
lower and upper plates.
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Fig. 1: Physical configuration

The basic governing equations for three component convection in
a couple stress fluid under Boussinesquian approximation are:
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where, G is velocity, p is pressure, pq is the constant density, p
is density, g is gravitational force, p is viscosity, u' is couple
stress viscosity, T is temperature, Sq is solutel, S, is solute2, y

'

is the thermal diffusivity, g1 is solutel diffusivity, ygo is so-
lute2 diffusivity, oy is coefficient of thermal expansion to deter-
mine how fast the density decreases with temperature, og; is the
coefficient of solutel expansion and agy is the coefficient of

solute2 expansion.
The externally imposed time dependent boundary temperatures are
given as:

TO,t) =Ty +%AT[1+ gcos(1t) ], U]

T(d,t):TO—%AT[l—acos(yt+(p)], ®)

where, ¢ is the amplitude of modulation, y is the frequency of
modulation and ¢ is the phase angle. The boundary temperature

modulations arise in the existing problem through the boundary
conditions (7) and (8).
The basic state of the fluid is at rest and is given by:

dp =(0,0,0),p = pp(2).p = pp(2), }

T=Th(2),S1 = 515(2),S2 =2, ) ©

where, the subscript ‘b’ represents the basic state.
Substituting equation (9) in equation (1) to (6), we get,

dpy
Wb, g-0, 10
g (10)
Ty _ T (1)
a gz
d2
S;b =0, (12)
dz
d%s
;b 0, (13)
dz
1-at(Tp = To) + aigy Sy, ~Stg )
Pb =Po (14)

+0g2 (Szb =Sy )
Solving equation (11) with the boundary conditions (7) and (8) is

Tp(z ) =Ty +A—2T[l—%J+sf(z,t), (15)

where,

rz Azl
f(z,t)=Rej|A(e d +A(-a)e d |eML,
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—-ip A
and A(L) = AT|e "-e ™|
2| gh_eg?
The stability of the basic state is examined by presenting the sub-
sequent perturbation:

d=dp+G.p=pp+P.p=pp+p, 5)
T=Tp+T,S =Sy +51,5 =Sy, +S2 '

where, the prime quantities represent the infinitesimal perturba-
tions.

Substituting equation (16) in equations (1) to (6), using basic state
solutions (10)-(15) and by nondimensionlising using the subse-
quent definitions:

* x % Xv yr Z/ * t/ - q/
Xx,y,z2)=|—=—t =—%+.0 =—,
bz (d d dJ 2y " uld
) | | , an
= de T S So
= 00— do = 2 oy =2
p uxp AT bs1 AS, bs2 AS,

We obtain the following dimensionless equations by eliminating
the pressure term and also by introducing stream function  (after

dropping the asterisk):
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Ra= # is Rayleigh number, bation series, A(t) is the finite amplitude of minimal representa-
3 tion of Fourier series and a is the wave number. Substituting equa-
Rer = Po0519ASd is solute Rayleigh numberl tion (21) into equation (20), we attain the expression for Rayleigh
St Ly, ' number as:
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The average Nusselt number Nu and Sherwood numbers Sh; and
Sh, are given by:

2
Nu(x)=1+ ;7A2(r) , (25)
a2
Sh =1 A , 26
1(T) +4k2‘cf (T) (26)
2
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Sh =1 A . 27
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At the third order, we have,
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It is presumed that modulations are of minor amplitude and hence
€= 8282 and 1=8°t.

For the existence of third order solution of the system we apply
the solvability condition given by:

1/{

z=0x=0

y1R31 +RaB;R3 —R R
1R31 1R32 —Rg1051 33} dxdz=0,  (30)
—Rs20s2R34

Substituting wy,64, 11, ds21,02, dg10 and dgpo into equation (30),
we obtain the expressions for R31,R32,R33andR3, and arrive at
the non-autonomous Ginzburg-Landau equation in the form:

AQA (1) - AgA (1) + AzA3 (1) =0, (31)
where,

K? Rs  Rsp |a°
Al:ﬁ [ Ra +— Tf +—2 F,

aZ
Ao = (Ra2 + ZRa082|)? )

4

Rg R
Ag=|-Rag+—3- 32 —
1 8k

1
1= jf(Z,t)SinZ(nZ)dZ.
0

The Ginzburg-Landau equation in equation (31) is Bernoulli equa-
tion and it’s difficult to get analytical solution for the same. In

view of this, it has been solved numerically using Mathematica,
with respect to initial condition A(O) =ag, where, ag is the pre-

ferred initial amplitude of convection. Without loss of generality,
it is assumed that Ra, =Rag in the calculations and this is done

to retain the parameters to a minimum.

4. Results and Discussions

In this article, the influence of temperature modulations on triple-
diffusive convection in couple stress liquid heated and added so-
lutes from below is made. The behaviour of various parameters
like couple stress parameter C, solute Rayleigh humberl Rg; and
solute Rayleigh number2 Rg, are analyzed. To have a better com-
prehension of the influence of temperature modulations on mass
and heat transfer, we need to choose a distinctive time interval.

The interval |:O, 2n:| appears to be a suitable interval to analyze
mean Nusselt and Sherwood numbers. The mean Nusselt number
Nu , and the mean Sherwood numbers sh; and sh, are defined

as:
27

Nu = o (f)/Nu( )de, (32)
2m,

Shy=-- éyshl(r)dr, (33)
2n

Sh2=2—n é Sh2( )dr. (34)

The subsequent dual categories of modulations can be considered
for nonlinear study:
(@) Synchronous temperature modulation, where ¢=0.

(b) Asynchronous temperature modulation, where ¢ =0 .

The mass and heat transfer results for synchronous and asynchro-
nous temperature modulations are presented in Figures 2 to 4. Fig.

2 depicts the effect of ¢ on (a) Nu for y=10 (b) Nu for
y=100 (c) sh; for y=10 (d) sh; for y=100 (e) sh, for
y=10 and (f) sh, for y=100 for different values of couple

stress parameter C. From the figure, it is found that the increase in
C,

increases Nu , s_h1 and sh, , indicating enhancement in mass

and heat transfer. This is due to the existence of couple stress
which augments the viscosity of the liquid and therefore advanced
heating is essential to have the instability with an increasing value
of C.

Fig. 3 depicts the effect of ¢ on (a) Nu for y=10 (b) Nu for
y=100 (c) sh, for y=10 (d) sh, for y=100 (e) sh, for
y=10 and (f) sh, for y=100 for different values of solute
Rayleigh numberl Rg;. From the figure, it is found that the in-
crease in Rgy, decreases m, S_hl and Sh_2 indicating reduction
in mass and heat transfer. Fig. 4 depicts the effect of ¢ on (a)
Nu for y=10 (b) Nu for y=100 (c) Sh; for y=10 (d) Sh,
for y=100 (e) sh, for y=10 and (f) sh, for y=100 for dif-
ferent values of solute Rayleigh number2 Rgo . From the figure, it

is found that the increase in Rgp, decreases Nu, Shy and Shy,
indicating reduction in mass and heat transfer. This is because
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when the solutes are added from below, the concentration of so-
lutes settles at the bottom boundary without disturbing the system.
We can also draw following conclusions from the Figures 2 to 4:

0]

(if)

(iii)

(iv)

In the interval [O,n], Nu, Shy and Sh, increases
with increase in the phase angle ¢ .

In the interval [m,2x], Nu , Sh; and Sh,
decreases with increase in the phase angle ¢ .

The maximum values of Nu, Sh, and Sh, is at
the value o~ .

As frequency of modulation y increases, the N_u,
sh; and sh, curve becomes flatter and flatter,

indicating that the modulation effect vanishes for
large frequencies.

5. Conclusion

The following observations are made from the study:

1.

Increase in couple stress parameter increases mean
Nusselt and Sherwood numbers whereas increase in
solute Rayleigh numbers decreases mean Nusselt and
Sherwood numbers.

In the interval [0, 7], Nu, Sh; and Sh, increases with
increase in the phase angle ¢ and in the interval [n,zn],
m, Sh; and sh, decreases with increase in the phase
angle ¢.

The maximum values of Nu, Sh; and Sh, is at the
value o~ .

As frequency of modulation y increases, the Nu , s_hl

and sh, curve becomes flatter and flatter, indicating
that the modulation effect vanishes for large frequencies.

Acknowledgement

Authors are grateful to management of CHRIST (Deemed to be
University) for the motivation and support provided to carry out
this research work.

References

[
[2]

(3]
(4]

(5]
(6]

(7]
(8]

[9]

Pearlstein AJ et al. (1989), The onset of convective instability
in a triply diffusive fluid layer, J. Fluid Mech., 202, 443-465.
Lopez RA et al. (1990), Effect of rigid boundaries on the onset
of convective instability in a triply diffusive fluid layer, Phys.
Fluids A, 2, 897.

Rionero S (2013), Triple-diffusive convection in porous media,
Acta Mech., 224, 447-458.

Sumithra R (2012), Exact solution of triple-diffusive Maran-
goni-convection in a composite layer, Int. J. Engg. Research
and Tech., 1(5), 1-13.

Sameena T and Pranesh S (2016), Triple diffusive convection
in Oldroyd-B liquid, IOSR J. Math, 12(4), 7-13.

Sameena T (2017), Heat and mass transfer of triple-diffusive
convection in Boussinesg-Stokes suspension using Ginzburg-
Landau model, JP J. Mass and heat transfer, 14(1), 131-147.
Stokes VK (1966), Couple stress in fluids, Phys. Fluids, 1079-
1715.

Shivakumara IS, Sureshkumar S and Devaraju N (2012), Effect
of Non-Uniform Temperature Gradients on the Onset of Con-
vection in a Couple-Stress Fluid-Saturated Porous Media, J.
Applied Fluid Mech., 5, 49-55.

Siddheshwar PG and Pranesh S (2004), An analytical study of
linear and non-linear convection in Boussinesq-Stokes suspen-
sions, Int. J. Non-Linear Mech., 165-172.

(10]

(11]

(12]

(13]

Venezian G (1969), Effect of modulation on the onset of
thermal convection, J. Fluid Mech., 35, 243.

Bhadauria BS (2006), Time periodic heating of Rayleigh-
Bénard convection in a vertical magnetic field, Phys. Scr., 73,
296-302.

Pranesh S and Sangeetha G (2010), Effect of magnetic field on
the onset of Rayleigh-Bénard convection in Boussinesg-Stokes
suspensions with time periodic boundary temperatures, Int. J.
of Appl. Math and Mech., 38-55.

Siddheshwar PG and Pranesh S (1999), Effect of
temperature/gravity modulation on the onset of magneto-
convection in weak electrically conducting fluids with internal
angular momentum, Int. J. Magn. Magn. Mater, 192(1), 159-
176.



650 International Journal of Engineering & Technology

C=005 — cC=01 - C=0.15
om0 [ i mmmamerr i
e - = = = — = = = - — - -
— sl
M - - Loe0 [
weo [ ~ e,
LW et rd N~ e
_ < ~ TNI8 -
- L ~ _
Sl st~ ~ _ o
16 |-
1000 [
1004 [
1005 [
/’\ 1002 [
10000 [
7 , , , ; —_—
0 L - 3n 21 0 B 1 30 27
2 P 2 2 2
(a) P
(b)
1000 [ R 1000 -
10085 [ e |
-7 = ~
10030 F ...t _ 7~ ~ 0 e ﬁ
— . S 2] oo |
F\h] ws -~ _
1000 w [~ — —-——-— - - 7 - =
L0015 [
/\ Lo |
10000 [
; ‘ ‘ ‘ ‘ EIRTI— sy e ‘
0 1 J il 27 0 T ] 30 2]
2 2 2 2
P Y
© (d)
106 oo
Lo [ R wl-—-—-—-—- - —- - === = - -
10016 [ ‘ .
S - - S _ w0l
oo b P S - Sl
5]1: _ - ~ o 8 |-
oo [T T =
106 [
10008 [ o4
1o 7_/’\ 1012 "—TA
0 _ J 30 21
10004 \ . . 1 2 2
0 1 3 3 21
2 2 II-"

Figure 2: Effect of ¢ (a) Nu for ¥y =10 (b) Nu for ¥ =100 (c) Sh; for ¥ =10 (d) Sh; for y =100 (e) Sh, for ¥ =10 and (f) Sh, for

¥ =100 for different values of C with Rg) = 25,7, =0.2,Rq5 =50,15 =0.3,Pr=35,6 =0.3



International Journal of Engineering & Technology

651

Lot
100010
1008
MU o

100004

100002

10030
10025

10020

Shy

10015
10010

10005

10014
10012
10010
10008
10006
10004

10002

Figure 3: Effect of ¢ (@) Nu for ¥ =10 (b) Nu for ¥ =100 (c) Sh; for y =10 (d) Sh; for

- 25
R‘\I -
I — - —_—
- -
- -~
— -
— — - —_— —_—
s ‘ s ‘
0 - 1 3L 21
2 2
P
(@)
- - -
- - = ~ ~
- - =~ ~
freeree s e ‘ e ;
0 [0 3 31 2]
2 2
i
(©
P - T~ -

- - - =~
s s ‘ e ;
0 ¥ ] 3 2]

2 2
P

R Sl = -‘()

Ky

10010

10008

10006

10004

10002

1085

1000

1045

1040

1035

100

1010

1008

1006

1004

1002

RSI = 5()

: I 5 3 2
2 2
"
(d)

¥ =100 for different values of Rg; with t) =0.2,Rgy =50,7, =0.3,C=0.1,Pr=5,£6 =03

1 =100 (e) Sh, for ¥ =10 and (f) Sh, for



652

International Journal of Engineering & Technology

100012

100010
_— 100008
My

100006

100004

10030
10025
Shy M

10015

10010

10014

10012

=h 2

10006

10004

Figure 4: Effect of © (a) Nu for ¥ =10 (b) Nu for y =100 (c) Shy for ¥ =10 (d) Sh for y =100 (e) Sh, for ¥ =10 and (f) Sh,

Rg, =50

L — - -—
- ~
- ~ -
-
SR —_— - ~ — -
premeeeeeettt ) L e )
0 - 1 3t 21
2 2
P
(@)
[ - -
- S
- ~
L — - - =~ —
et . ) LT )
0 o 1 30 21
2 2
P
(©
- =
- oo
[ _ -
_ - - T~ -
et . ) L T )
0 o ] 31 23
2 2

iy

:“;l]:

10010

10009

10008

10007

10006

10006

10004

10003

105

1020

1010

1010

L0o08

1006

1004

Rg, =100

(d)

for y =100 for different values of Rgy withRg; = 25,7, =0.2,1, =03,C=0.1.Pr=5,£=0.3




