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Abstract. The generalized Lorenz model for non-linear stability of Rayleigh-Bénard
magneto-convection is derived in the present paper. The Boussinesq-Stokes suspension fluid
in the presence of variable viscosity (temperature-dependent viscosity) and internal heat
source/sink is considered in this study. The influence of various parameters like suspended
particles, applied vertical magnetic field, and the temperature-dependent heat source/sink
has been analyzed. It is found that the basic state of the temperature gradient, viscos-
ity variation, and the magnetic field can be conveniently expressed using the half-range
Fourier cosine series. This facilitates to determine the analytical expression of the eigen-
value (thermal Rayleigh number) of the problem. From the analytical expression of the
thermal Rayleigh number, it is evident that the Chandrasekhar number, internal Rayleigh
number, Boussinesq-Stokes suspension parameters, and the thermorheological parameter
influence the onset of convection. The non-linear theory involves the derivation of the
generalized Lorenz model which is essentially a coupled autonomous system and is solved
numerically using the classical Runge-Kutta method of the fourth order. The quantification
of heat transfer is possible due to the numerical solution of the Lorenz system. It has been
shown that the effect of heat source and temperature-dependent viscosity advance the onset
of convection and thereby give rise to enhancing the heat transport. The Chandrasekhar
number and the couple-stress parameter have stabilizing effects and reduce heat transfer.
This problem has possible applications in the context of the magnetic field which influences
the stability of the fluid.
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Nomenclature
Latin symbols:

C Couple stress parameter
d Depth of the fluid layer (m)
g Acceleration due to gravity (g = 9.8 ms™?)
Hy Magnetic field
Nu Nusselt number
D Pressure (Pa)
q Velocity components of u, v, w (ms™!)
Pr Prandt]l number
Pm Magnetic Prandtl number
Q Chandrasekhar number
RE External Rayleigh number
Ry Internal Rayleigh number
T Temperature (K)
t Time (s)
AT Temperature difference between the walls

Greek symbols:

i Dynamic viscosity (Pas)
74 Couple stress viscosity
L Magnetic permeability
hi0e’ Wave number
Ié] Thermal expansion coefficient (K1)
X Constant thermal diffusivity
0 Density (kgm™3)
P Stream function
v Perturbed stream function
%) Magnetic potential
P Perturbed magnetic potential
(C) Perturbed temperature
Other symbols:
T,Y, 2 Cartesian coordinates (m)
i Unit vector normal in z-direction
k Unit vector normal in z-direction
\%& Laplace operator
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1. INTRODUCTION

Thermal convection in a horizontal fluid layer in the presence of an internal heat
source subject to constant but different temperatures at the boundaries has been
extensively investigated by many researchers due to its practical importance in en-
gineering and geophysical problems. The Rayleigh-Bénard convection in a New-
tonian fluid with heat sources has been analyzed initially by Sparrow et al. [32].
Many theoretical studies on thermal convection have been explored by Roberts [21],
McKenzie [12], Kulacki and Goldstein [8], and Thirlby et al. [34] and the experi-
mental investigation on thermal convection by Palm [14], Tritton and Zarraga [36],
Clever [5], and many others. The internal heat source @Qx is considered to be uni-
form in all of the above works. But in many practical problems and applications,
@™ is non-uniform in nature, which is due to many internal factors such as heat
release of chemical reaction that takes place in the fluids, heat source produced by
the radiation from the external medium, radioactive decay and so on. Riahi [19], [20]
discussed the non-linear convection in the horizontal layer with the heat source. He
showed that the effect of non-uniform internal heat source Q* strongly affects the cell
size, the stability of convective motion, and the internal motion of hexagonal cells.
They have discussed the problem of non-linear thermal convection in a low Prandtl
number fluid with internal heating. Bhattacharya and Jena [2] have analyzed the
thermal instability of the horizontal layer of micropolar fluid with the heat source.
They found that the heat source and heat sink both have the same destabilizing
effect in micropolar fluids.

Siddheshwar and Titus [30] have made a detailed linear and non-linear stability
analysis for the Newtonian fluid with heat source/sink analytically using Lorenz and
Ginzburg-Landau models. They have used the minimal representation of the Fourier
series in finite-amplitude analysis to find its mention in the study of chaotic thermal
convection, which has also been implemented by Ramachandramurthy et al. [16], [18],
[17], [1]. For the following few reasons, many researchers have found the truncated
Fourier series expansion to be valuable:

(1) to explicit instability due to convection of many non-isothermal situations of
practical interest,

(2) to undertake linear stability analysis and measure heat transport by generating
an analytical expression for thermal Rayleigh number.

In most of the above works, researchers have considered the effect of heat sources
on Newtonian fluids. However, in many real settings, the majority of fluids are
not so pure, containing suspended particles which may be polymeric suspensions,
liquid crystals, and so on. In the study of fluids, suspended particles have a sig-
nificant influence. The presence of suspended particles does have a huge stabiliz-
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ing/destabilizing influence on the fluid’s thermal convection. Hence, the study related
to non-Newtonian fluids with heat source/sink in our modern science technology is
more desirable. Since the last few decades, the study of such fluids has been a brisk
topic of research, particularly in many industrially essential fluids such as polymeric
suspensions, chemicals, paints, liquid crystal solidifications, pharmaceuticals, food
and beverages, refrigeration, and many others.

Convection in a fluid layer with varying viscosity has gotten a lot of interest in
recent years because of its applications in the fields like terrestrial planets, heat
transport, and so on. As a result, numerous academics have focused on the variable
viscosity problem with Rayleigh-Bénard convection (Platten and Legros [15], Geb-
hart et al. [6], Siddheshwar and Pranesh [27], Siddheshwar [26] and the references
therein). Gireesha et al. [7] discussed how the viscosity which depends on the temper-
ature and also on the heat source will affect the kerosene-Alumina nano liquid. They
made a non-linear convective analysis on the augmentation of heat transport rate
in a liquid propellant rocket engine and found that the temperature of nano-liquid
increases due to the effect of radiation and space-dependent heat sources. Yusuf and
Ajibade [38] have done a detailed analysis on how the viscosity variation and thermal
radiation are going to affect the convection which occurs naturally in the fluid. They
found that the velocity of the fluid is directly proportional to variations in viscosity
and the fluid temperature variation is also directly proportional to thermal radiation.
This work is the extension work of Makinde et al. [9] in which the fluid viscosity is
considered to have a constant status. Manjunatha et al. [10] also investigated the ef-
fect of variable viscosity, variable convection, and volume fraction for different types
of fluid flow of nanofluids. The results show that the increase in the volume fraction
will increase the thermal conductivity in the fluid and the Marangoni effect is very
suitable for the cooling process. The viscosity of many engineering and geophysical
problems is substantially influenced by temperature. Torrance and Turcotte [35],
Busse and Frick [3], Stengel et al. [33], Siddheshwar [25], Severin and Herwig [22],
and others have studied the thermorheological effect due to significant variation of
viscosity with temperature, which is generally in the polynomial or exponential form
through the truncated Taylor series approximation. Somerscales and Dougherty [31]
investigated the experimental work on convection in fluids with the thermorheologi-
cal effect. Siddheshwar [24] has also investigated the effect of temperature-dependent
viscosity for a weak electrically conducting fluid under 1g and pg situations in the
presence of a magnetic field. The results of the work mentioned above lead to many
possible astrophysical as well as terrestrial applications in modern science.

Siddheshwar and Pranesh [28] studied the linear and non-linear convection for the
fluid with Boussinesqg-Stokes suspensions analytically. Siddheshwar et al. [29] ana-
lyzed the thermorheological effect of Rayleigh-Bénard magnetoconvection in Newto-
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nian fluid numerically for various boundary combinations. Sharma and Sharma [23]
have analyzed the effect of suspended particles on the couple-stress fluid in the pres-
ence of a magnetic field. Meenakshi and Siddheshwar [13] have made an analytical
investigation on the Rayleigh-Bénard convection for the twenty nanoliquids in the
presence of a volumetric heat source. Maruthamanikandan et al. [11] presented work
on Marangoni convective instability in a ferromagnetic fluid layer in the presence
of a spatial heat source and viscosity variation. In the presence of an internal heat
source/sink, the influence of Boussinesq-Stokes suspension and variable viscosity on
Rayleigh-Bénard magnetoconvection is investigated in this study. This research in-
cludes both linear and weak non-linear studies.
z

A
Hy

stress-free isothermal To

temperature sensitive
Boussinesq-Stokes
suspension fluid
with heat source

Q

stress-free isothermal Ty + AT z=0 T

Y
Figure 1. Physical model of the problem.

2. SCHEMATIC OF FLOW CONFIGURATION AND MATHEMATICAL MODELING

Consider an electrically conducting Boussinesg-Stokes suspension fluid with heat
source/sink between two infinitely extended parallel planes of depth d which support
Rayleigh-Bénard situation as shown in Fig. 1. As known in the Rayleigh-Bénard
convection problems, the lower and upper boundaries are maintained at different
temperatures Tp + AT and Ty, respectively, so that there is a temperature gradient
AT > 0 (see Fig. 1) across the fluid layer. In addition to temperature gradient,
a vertically induced magnetic field H = H,i+ H,k is also imposed. Here lower
and upper boundaries are considered stress-free and isothermal (i.e., maintained at
constant temperature). For the sake of non-linear stability analysis, all physical
quantities of fluid are assumed to be independent of y and depend only on x and z.
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The density, dynamic viscosity, and heat source/sink are assumed to be temperature-
dependent. Subjected to the Oberbeck-Boussinesq approximations, the governing
equations for the fluid motion in electrically conducting couple-stress fluid with a heat
source in two-dimension are

9 - Vp oT) . 1 I
1 24 (G V)= ——F — gk 4+ =V - (up(VT+ V
(1) 5t (7-V)q o o TRt (ny(VZ+Vq'))
2 /
o i vy - Lvig,
00 00
or )
(2) wn +(7- V)T = xVT = Q*(T — Ty) = 0,
8H — —

(3) v +(@V)H — (HN)§— vy V?H =0,
(4) 0= 00(1 - B(T —Top)),
(5) ps(T) = poe” =10,
(7) V-H=0,

where § = ui+wk is velocity vector, H = H,i+H.k is the magnetic intensity vector,
V-(us(V@+ Vq")) represents the variable viscosity, Q* (T — Tp) is the temperature-
dependent heat source/sink, and py(T") is the fluid viscosity, which is assumed to be
an exponential model in-order to study the strong variation of viscosity with respect
to variation of temperature.

When the fluid is at the basic state, velocity g, magnetic field Hy(z), density op(2),
temperature T3 (z) and viscosity py, have their solutions in the following forms:

sin v/Ry(1 z/d))
sin Ry

Vsin/Rr(1—z/d)/sin vVRr

7= (0,0), Hy, = Hy(z), Qb(%) = Qo(l — BAT

p /) (5 e

() = Fa(3) o

where Ry = Q*d?/x represents the internal Rayleigh number, V = §AT is ther-
morheological parameter and k7 is the constant of integration. The finite amplitude

)

(8) Ty =T+ A

perturbations are imposed for the basic state in the form:

(©) §=G@(2)+ 7 (x,2,t), H=Hy(2)+ H(x,21), 0= o(2) + ¢ (x, 2, 1),
T =Ty(2)+T'(z,2,t), p= Ky (2) + ,LLf/(il,', z,t), p = pp(2) -|—p/(x, z,t).
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In the above equation, the prime denotes the perturbed quantity. We shall put (9)
into the governing equations, the following component equations are obtained:

oq vy J(T) . 1
w0 L owg=-E_ 2Dy Ly vy +veT)
ot 90 90 90
2 . aﬁ/ ’
GV 4 g Hy o — A
Q0 0z 0o
or . 0T, _—
(11) o (@ VT 4wl 2 VT =0,
8ﬁ/ = 7 7/ — ouw'’ 2 _
(12) ot (¢.V)H' — (H"-V)§ — Hy %% — v, V°H' =0,
(13) V-7 =0,
(14) V-H =0
(15) o = —00BT’

For the sake of analyzing the fluid, we will assume two-dimensional disturbances,
hence we introduce magnetic potential ¢’ and stream function v’ as

u, _ _8_¢/ w/ _ 8¢/
0z’ oz’
(16) o
o =-22 1/ =2
i 0z’ Ox

The classical method of operating curl for (10) aids in the elimination of the pressure
term. As a result, using the scaling described below, we may convert the given system
of equations to dimensionless equations:

(17) r=Xd, z=2d, ' =Uy, T =OAT, ¢ =dHyd.

The non-dimensional governing equations are obtained as follows:

1s) i (70 + %) - Re0d OV
r@pm(250 aé?;;?)) bV DL 2 (v,

(19) (29_(? B g_jl((“r?iﬁcosmz) +V%0 + R0 — gg(%

(20) (% - PmV2)¢> = (‘8)_; + g((\l/’ q;;

where

a(¥,V2T) 9(®,V2P) O(¥,0) (T,d)
a(X.Z) ' 9(X.Z)  O(X,Z) 9(X,Z)
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in the above equations represents the Jacobians, i.e.

OM.N) OMON OMON oy 0 0
oX,Z) 090X 9Z 070X’ C0X2 9

Z2

is the Laplace operator, Pr = p/(0oX) is the Prandtl number, Pm = v,,/x is the
magnetic Prandtl number, R = Boogd®AT/(uox) is the thermal Rayleigh num-
ber, C = p'/(ud?) is the couple stress parameter, Q = pu2,0HZ2d?/p is the Chan-
drasekhar number, R; = Q*d?/y is the internal Rayleigh number. Furthermore,
e = poe~V(=2) and oy, /0Z = puoVe V=2) both will be stated as half-range
Fourier cosine series in the interval [0, 1] and this representation helps in obtaining
the analytical expression for the thermal Rayleigh number. Moreover, the trun-
cated Fourier cosine series is good enough to represent the basic viscosity. It is even
clear that the basic states of the temperature-gradient and viscosity are linear. The
boundary conditions for the present problem on velocity, temperature are

v 9 09

o ox ~ oz 97770 M 250
ov 9%V 0P
_8X_—5‘Z2_®__5‘Z_0 at Z=1.

In the case of free-free surface, the boundary conditions on fluid velocity depend on
the existence of surface tension. If the free surface does not deform in the direction
normal to itself, we must require that w = 0 at the boundaries. In case the surface
tension is absent, the condition on velocity at the free surface is w = d?w/dz? = 0;
this condition is called stress-free condition. If the fluid layer’s bounding wall has a
high heat conductivity and a large heat capacity, the temperature will be consistent
and stable throughout time, i.e., the boundary temperature would be unperturbed by
any flow or temperature perturbations in the fluid. Thus, T'= 0 at the boundaries.
This boundary condition is known as isothermal or boundary condition of the first
kind. This condition is also known as the Dirichlet condition.

2.1. Linear stability using truncated Fourier series expansion. The onset
of convection is due to the buoyancy-driven condition with the vertical temperature
gradient by a non-dimensional number called thermal Raleigh number. The thermal
Raleigh number is a non-dimensional form of the temperature gradient across the
fluid layer. In the absence of an oscillatory mode of convection, one can derive the
analytical expression of the thermal Raleigh number by considering the linearized
version of equations (18), (19), and (20). Here we neglected the terms

AW, VT) (@, V) IT.0) . AL,

aX.2) = 0X.Z) X, Z) (X, 2)’
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since these terms give the product of amplitudes which contributed less towards
linear theory. However, these terms are retained while performing the non-linear
stability analysis. As Chandrasekhar’s linear theory states, the solutions of (18),
(19), and (20) are truncated Fourier series which are periodic in the form given by
Chandrasekhar [4]

U(X,Z) = Apsin(naX)sin(n2),
(22) O(X, Z) = By cos(raX)sin(nZz),
®(X, Z) = Cysin(naX) cos(nZ).

Here, Ag, By, and Cj denote the amplitudes of stream function, temperature field,
and magnetic potential, respectively. Substituting these in the linearized version
of the dimensionless (18), (19), and (20) and incorporating the standard Galerkin
procedure, we obtain the following system of linear equations of order 3 x 3

4
(R®n2as + %(ao — as) + Cn9)Wo — Rpra®g + Q Pmy?ndo = 0,

23 R
( ) (1 — m)ﬂa@o + (R[ - 772)@0 = 0,

Wy — Pm772¢’0 =0.

Clearly, the above equations are the homogeneous linear system of equations that has
a trivial solution when the determinant of the coefficient matrix vanishes. Therefore,
one can derive the following analytical expression for the thermal Rayleigh number:

(24) R — (n? — Rr)(4n® — Rp)(Qn? + Cnf — L-((1 — 2n?)ay — GO)),
4rt?

where n? = i?(1+a?), ag = 2 fol pf, dZ and as = 2 fol s, cos(2nZ) dZ represents the
half range Fourier series expansion for the function p s, = pge™"s® VRi(1-z/d)/sin VR1
and na is the horizontal wave number. It is clear from the analytical expansion of
tf, (Z) that it is more conveniently represented by employing the half range Fourier
cosine series. This representation facilitates the analytical solution of the problem.
While deriving the above expression of Rg, we substitute (22) into the linearized
version of (18), (19), and (20). It is then integrated with respect to X between the
limits [0,2/c] and with respect to Z between the limits [0, 1] (orthogonal procedure
gives the set of linear equations). Clearly, the analytical expression obtained in (24)
is a function of Chandrasekhar number (), thermorheological parameter V', internal
Rayleigh number R; and couple stress parameter C. It is evident that these parame-
ters influence the onset of convection. The influence of these parameters on stability
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has been well discussed in the result and discussion. It is also evident that when
we put @ = V = C = 0, the analytical expression of the thermal Raleigh number
reduces to its standard form as

ni(nf — Rr)(4n* — Ry)

(25) Rp = Ata2 :

2.2. Non-linear stability analysis using truncated yet representative us-
ing truncated Fourier modes. The linear stability analysis discussed above shows
only conductive to convective mode transition, i.e., stationary instability, but it fails
to explain heat transfer within the fluid layer. We now embark upon a weak non-
linear stability analysis employing minimal representation of Fourier series for the
temperature, magnetic field and velocity.

The truncated yet representative Fourier modes which describe the non-linear state
of the system are given by

U(X,Z,7) = Ai(7) sin(rnaX) sin(n2),
(26) O(X, Z,7) = By(1) cos(naX) sin(nZ) — D1(7) sin(2nZ),
(X, Z,7) = Eq1(7) sin(naX) cos(nZ) — Fi(7) sin(2naX).

We now substitute (26) and perform standard orthogonalization process to obtain
the following Lorenz model:

(27) ({d—ff = [(CU% +C1)Ar + Ca2By — %E1 - PmQ(W)E1F@,
(28) % = ni%[rcozAl — 77%31 — TE204A1D1]7

(29)%ﬁ?-::J?{EgiAlBl-4n2D1}

Cm)%51——%MA1—PnnﬁEy+¥aAﬂﬁL

(31) % = ni%[—n%zAlEl — 47%0*Pm Fy],

where

2 _ on2 P
ClzPr[(u)ag—@}, CQZLRE and T:nfr

2n3 nt

It is evident that the Lorenz model in (27) to (31) is a generalized one but its
coefficient involves all the parameters which influence the onset of convection. The
analytical solution of such a system is not possible but one can solve these equations
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numerically using the classical Runge-Kutta method. The amplitudes A;(7), B1(7),
D1(7), E1(7) and Fi(7) represent the dynamics of the system which varies wrt
the variation of the parameter. As we know the time-dependent amplitude A;(7)
represents the intensity of convection while the remaining represent the different
behavior of the system.

3. HEAT TRANSPORT USING GENERALIZED LORENZ MODEL

The quantification of heat transport is possible due to the numerical solution of
the generalized Lorenz model. The horizontally averaged Nusselt number Nu at the
lower boundary, i.e., Z = 0 for the stationary mode of convection (preferred mode
in the problem), is given by the following expression:

(32) Nu(r) = Heat transfer due to conduction+convection

Heat transfer due to conduction

where “Heat transfer due to conduction+convection” is

oo [T(E_) 1 6) ax]

and “Heat transfer due to conduction” is

ET G

Substituting (26b) into (33), the Nusselt number Nu(7) expression is obtained as:

2tan /Ry
VRr

X=0

(33) Nu(r) =1+ Dy (7).

4. RESULTS AND DISCUSSION

In this paper, we focus on analyzing the effect of heat source/sink and temperature-
dependent viscosity on the onset of magnetoconvection for the Boussinesq-Stokes
suspension fluid. The effect of suspended particles, heat source/sink, temperature-
dependent viscosity and applied magnetic field for the Rayleigh-Bénard convection
are respectively represented by the couple stress parameter C, internal Rayleigh num-
ber R, variable viscosity parameter V' and the Chandrasekhar number ). The prob-
lem with these limitations is subjected to a linear and non-linear stability analysis.
The parameters Pm and ) control the effects of electrical conductivity and magnetic
field. The impact of these variables on the onset of stability and heat transmission
is thoroughly examined.
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The linear stability analysis clearly illustrates the parameter influence on the eigen-
value problem, whereas the non-linear theory is used in examining the quantification
of heat transport in the system.

4.1. Linear stability analysis. The following are some of the key features of
linear stability analysis:

(1) Deriving the expression for the half range Fourier series for basic non-uniform
temperature gradient and the basic viscosity over the interval [0, 1].

(2) Obtaining an expression for the eigenvalue, critical Rayleigh number Rg, for
the stationary convection using Galerkin technique.

(3) Plotting Neutral stability curve (Rayleigh—wave number graphs) in order to
analyze the convective instability.

Figs. 3-8 are the plots of external Rayleigh number Rg versus wave number «, for
the different combination values of @, V, C and R;. The effect of couple stress
parameter C' can be observed from each of the linear plots. The stabilizing effect of
the system can also be noticed, that is, the increasing values of C' (C' =0, C' = 0.02,
C = 0.04) increase Rp but decrease the wave number a. The effect of magnetic
field @ is similar to the effect of C', which can be observed by comparing Fig. 3 and
Fig. 6, that is, the increase of ) corresponds to the increase in both R and a.
From Fig. 3 (both) we can observe that the increase of V from V=0to V =0.5
for ) = 2 and Ry = —1 corresponds to the decrease of R and the increase of «; this
shows the destabilizing effect of variable viscosity V. Similar effect can be observed
for the other values of @ and R; (i.e., @ =4, Ry = —1,0,1). The effect of variable
heat source Ry is also similar to the effect of V. The influence of heat source Ry
advance the onset of convection, whereas the heat sink delays the onset of convection.

0.4

0.2

_'_IIIIIIIIIIIIIIIIIII

0.0

[a]
[aw]
[a]
o
<
=~
[a]
D
[a]
oo
—
[a]

Figure 2. Temperature profile of quiescent basic state for different values of Rj.
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5000 ¢ T 7 5000
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3000 * . *C —0.04 * 3000 * f’ = 0‘042
2000 F ‘c=002 4 2000F /C=0.02 A
1000 F ‘oo 1 1000 F ¢=0 E
r V=01 r V=051
0'xAAAlAAxxlxxxxlxxxxlxxxxlxxxx‘ 0'xAAAlAAxxlxxxxlxxxxlxxxxlxxxx‘
00 05 10 15 20 25 o 3.0 00 05 10 15 20 25 o 3.0
Figure 3. Plot of Rg, vs. a¢ for Q =2, Ry = —1.
5000 7 5000 VA
E RS E 1
4000 1 4000 F / 3
3000 1 3000F /C=004;
2000 1 2000F \\C=0.02 ]
1000 £ 1 1000 F ¢=0 ]
r ] E V=051
0'xAAAlAAxxlxxxxlxxxxlxxxxlxxxx‘ 0'xAAAlAAxxlxxxxlxxxxlxxxxlxxxx‘
00 05 10 15 20 25 o 3.0 00 05 10 15 20 25 o 3.0
Figure 4. Plot of Rg, vs. a¢ for Q@ =2, Ry = 0.
5000 ¢ 7 5000 ¢
E E 14E E
4000 | 4 4000 |
3000 | 33000 F
2000 | 1 2000 F
1000 1 1000 F
0:AAAAlAAxxlxxxxlxxxxlxxxxlxxxxz 0:AAAAlAAxxlxxxxlxxxxlxxxxlxxxx‘
00 05 10 15 20 25 o 3.0 00 05 10 15 20 25 o 3.0
Figure 5. Plot of Rg, vs. a¢ for Q@ =2, Ry = 1.
5000 ¢ T 7 5000
E E 14E E
4000 ? 0:0.042 4000 ?
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Figure 6. Plot of Rg, vs. a¢ for Q =4, Ry = —1.
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In the view of analyzing the results obtained in the present problem, we examine
the non-linear temperature distribution in the basic state, which sheds light on the
observed effect of the heat source (sink) on stability. The following model is known
for a scaled, dimensionless distribution of temperature:

T)(Z) =Ty _ sin(y/Ri(1 = 2))

(34) 6(2) = AT B sin(v/Ry)

Fig. 2 represents the non-uniform basic temperature gradient of ©,(Z) versus Z for
the different values of R;. It can be seen that the plots are not symmetric about the
line ©,(Z) = 1 — Z, which is the basic temperature distribution when there is no
heat source/sink. Such asymmetry due to temperature-dependent heat source/sink
helps to conclude that the findings on the issue with a heat sink cannot be achieved
from that of a heat source through an acceptable transformation, as can be done
with a constant heat source (Watson [37]).

4.2. Non-linear stability analysis. The following are some of the key features
of non-linear stability analysis:

(1) A double Fourier series representation is used to perform finite amplitude analy-
sis for the magnetic potential ®, temperature O, and stream function W.

(2) The non-linear system of equations is constructed in the form of generalized
Lorenz model.

(3) The Nusselt number is considered to be an important factor to analyze the
quantification of heat transport for the Boussinesq-Stokes suspension liquid in
the existence of a variable heat source for the stationary mode of magnetocon-
vection.

(4) To analyze the individual effects of the parameters, the variation of the Nusselt
number with respect to time is plotted.

Before we start the discussion of the results, we empathize that the truncated
Fourier series models are adequate enough to depict Rayleigh-Bénard convection
(Siddeheshwar (31)). In addition to this, Lorenz model of the problem is quantita-
tively evaluated using the Runge-Kutta method with the appropriate step size. We
have used the initial conditions A;(0) = B1(0) = D1(0) = E4(0) = F1(0) = 5 in
order to carry out numerical integration of the coupled system. The Prandtl number
of the couple-stress liquid is higher than that of the Newtonian carrier liquid because
the carrier liquid contains suspended particles. As a result, we have set Pr = 10 as
the reference for our discussion.
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Figure 7. Plot of Rg, vs. a¢ for Q =4, Ry = 0.
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Figure 8. Plot of R, vs. a¢ for Q =4, Ry = 1.

The plots of Nusselt number Nu variation vs time 7 for different values of @,
C, V, Ry and for the fixed value of Pr = 10 are shown in Figs. 9-14. Each of the
Nusselt number plots shows the distinct or the combined effects of the magnetic field,
suspended particles, temperature-dependent viscosity, and the variable heat source.
On comparing the Nu plots from Figs. 9, 10 and 11, we observe that Nu increases
with the increasing values of Ry (i.e., Ry = —1,0,1 ) for the fixed value of @ = 2.
Here the negative value of R represents the heat sink, whereas positive value of Ry
represents heat source. The impact of heat source is dominant when compared to
the effect of heat sink in the quantification of heat transport. Hence, internal heating
in the liquid results in the increase of heat transport in the system. Thus, the heat
source in the fluid advances the onset of convection. However, the presence of a heat
sink leads to a delay in the onset of convection. By observing Fig. 8 we can notice
a similar effect of variable viscosity V for the heat transport. The Nusselt number
Nu rises as V rises, indicating the convective contribution to heat transport. When
Figs. 8 and 11 are compared, the influence of the magnetic field @ can be seen. The
reducing effect of heat transfer owing to the increase in the magnetic field may be
seen in these figures. Hence, the increase of () corresponds to a decrease in Nusselt
number Nu. From each of these plots we have analyzed the variation of Nusselt num-
ber Nu in the inhabitance of Boussinesq-Stokes suspension parameter C' and noticed
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how the increase of couple stress parameter declines the heat transport both in the

presence and absence of magnetic field @, variable viscosity V' and heat source R;.

As aresult, it is evident that Nu drops as Q and C' increase. Because of the increased

viscosity caused by the presence of suspended particles in the fluid, more heating is

required to make the system unstable, resulting in the stabilizing effect of C.
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Figure 9. Variation of Nusselt number plot with 7 for Q = 2, Ry = —1 and Pr = 10,
Pm = 10.
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Figure 10. Variation of Nusselt number plot with 7 for @ = 2, R; = 0 and Pr

Pm = 10.

Figure 11. Variation of Nusselt number plot with 7 for @ = 2, R; = 1 and Pr

Pm = 10.
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5. CONCLUSION

(1) The effect of Chandrasekhar number and couple-stress parameter is that the
system is stabilized.

(2) The effect of variable viscosity and internal Rayleigh number destabilizes the
system and convection sets in soon.

(3) Both Rg, and noe decrease as V' and Ry increase in the absence of C.

(4) The Nusselt number decreases with an increase in @ and C.

(5) The internal Rayleigh number on thermal instability leads to destabilizing effect
as Nu increases on increasing Rj, which results in the increase of heat transport
of the fluid.

(6) The effect of increases in Chandrasekhar number @ and couple stress parame-
ter C' leads to a decrease in the Nusselt number, which indicates the stabilizing
effect of the system.

(7) The effect of the increase in internal Rayleigh number R; and variable viscos-
ity V is that the heat transfer increases, which leads to the increase in the

Nusselt number value.
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Figure 13. Variation of Nusselt number plot with 7 for Q@ = 4, Ry = 0 and Pr = 10,
Pm = 10.



z
o &
P
Q

Q

I

o

o 4

I}

<

|

o

P

Figure 14. Variation of Nusselt number plot with 7 for @ = 4, R; = 1 and Pr = 10,
Pm = 10.

Acknowledgements. The first three authors are grateful to the principal
and management of Ramaiah Institute of Technology, Bengaluru, whereas the fourth
author is grateful to the management of R. R. Institute of Technology for the en-
couragement of research activities.

References

[1] A.S. Aruna, V. Ramachandramurthy, N. Kavitha: Non-linear Rayleigh-Bénard magne-
toconvection in temperature-sensitive Newtonian liquids with variable heat source. J.

Indian Math. Soc., New Ser. 88 (2021), 8-22. IMR]
[2] S.P. Bhattacharyya, S. K. Jena: Thermal instability of a horizontal layer of micropolar
fluid with heat source. Proc. Indian Acad. Sci., Math. Sci. 93 (1984), 13-26. IMR]
[3] F.H.Busse, H.Frick: Square-pattern convection in fluids with strongly tempera-
ture-dependent viscosity. J. Fluid Mech. 150 (1985), 451-465.
[4] S. Chandrasekhar: Hydrodynamic and Hydromagnetic Stability. International Series of
Monographs on Physics. Clarendon Press, Oxford, 1961. MR
[6] R. M. Clever: Heat transfer and stability properties of convection rolls in an internally
heated fluid layer. Z. Angew. Math. Phys. 28 (1977), 585-597.
[6] B. Gebhart, Y.Jaluria, R.L.Mahajan, B.Sammakia: Buoyancy Induced Flows and
Transport. Hemisphere Publishing Corporation, Washington, 1988.

[7] B.J. Gireesha, P. B. Sampath Kumar, B. Mahanthesh, S. A. Shehzad, F. M. Abbasi: Non-
linear gravitational and radiation aspects in nanoliquid with exponential space depen-
dent heat source and variable viscosity. Microgravity Sci. Technol. 80 (2018), 257-264. [l

[8] F. A. Kulacki, R. J. Goldstein: Thermal convection in a horizontal fluid layer with uni-
form volumetric energy sources. J. Fluid Mech. 55 (1972), 271-287. doi]

[9] O.D.Makinde, B.I. Olajuwon, A. W. Gbolagade: Adomian decomposition approach to
a boundary layer flow with thermal radiation past a moving vertical porous plate. Int.

J. Appl. Math. Mech. & (2007), 62-70.

[10] S. Manjunatha, B.AmmaniKuttan, S.Jayanthi, A.Chamkha, B.J. Gireesha: Heat
transfer enhancement in the boundary layer flow of hybrid nanofluids due to vari-
able viscosity and natural convection. Heliyon 5 (2019), Article ID e01469, 16 pages. [l

[11] S. Maruthamanikandan, N. M. Thomas, S. Mathew: Thermorheological and magnetorhe-
ological effects on Marangoni-ferroconvection with internal heat generation. J. Phys.,
Conf. Ser. 1139 (2018), Article ID 012024, 12 pages. doi]

374


https://zbmath.org/?q=an:07425434
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR4213956
http://dx.doi.org/10.18311/jims/2021/22782
https://zbmath.org/?q=an:0566.76009
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0796769
http://dx.doi.org/10.1007/BF02861831
https://zbmath.org/?q=an:0588.76073
http://dx.doi.org/10.1017/S0022112085000222
https://zbmath.org/?q=an:0142.44103
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0128226
https://zbmath.org/?q=an:0382.76038
http://dx.doi.org/10.1007/BF01601337
https://zbmath.org/?q=an:0699.76001
http://dx.doi.org/10.1007/s12217-018-9594-9
http://dx.doi.org/10.1017/S0022112072001855
http://dx.doi.org/10.1016/j.heliyon.2019.e01469
http://dx.doi.org/10.1088/1742-6596/1139/1/012024

[12] D.P. McKenzie, J. M. Roberts, N. O. Weiss: Convection in the earth’s mantle: Towards

a numerical simulation. J. Fluid Mech. 62 (1974), 465-538.
[13] N. Meenakshi, P. G. Siddheshwar: A theoretical study of enhanced heat transfer in nano-

liquids with volumetric heat source. J. Appl. Math. Comput. 57 (2018), 703-728. MR
[14] E. Palm: Nonlinear thermal convection. Annual Review of Fluid Mechanics. Volume 7.

Annual Reviews, Palo Alto, 1975, pp. 39-61.
[15] J. K. Platten, J. C. Legros: Convection in Liquids. Springer, Berlin, 1984.

[16] V. Ramachandramurthy, A.S. Aruna: Rayleigh-Bénard magnetoconvection in tempera-
ture-sensitive Newtonian liquids with heat source. Math. Sci. Int. Research J. 6 (2017),
92-98.
[17] V. Ramachandramurthy, A.S. Aruna, N. Kavitha: Bénard-Taylor convection in temper-
ature-dependent variable viscosity Newtonian liquids with internal heat source. Int. J.
Appl. Comput. Math. 6 (2020), Article ID 27, 14 pages. MR doi
[18] V. Ramachandramurthy, D. Uma, N. Kavitha: Effect of non-inertial acceleration on heat
transport by Rayleigh-Bénard magnetoconvection in Boussinesq-Stokes suspension with
variable heat source. Int. J. Appl. Eng. Research 14 (2019), 2126-2133.
[19] N. Riahi: Nonlinear convection in a horizontal layer with an internal heat source. J.

Phys. Soc. Jap. 53 (1984), 4169-4178. doi
[20] N. Riahi: Convection in a low Prandtl number fluid with internal heating. Int. J.

Non-Linear Mech. 21 (1986), 97-105. MR
[21] P. H. Roberts: Convection in horizontal layers with internal heat generation: Theory. J.

Fluid Mech. 30 (1967), 33-49. doi

[22] J. Severin, H. Herwig: Onset of convection in the Rayleigh-Bénard flow with tempera-
ture dependent viscosity: An asymptotic approach. Z. Angew. Math. Phys. 50 (1999),
375-386. MR

[23] R. C. Sharma, M. Sharma: Effect of suspended particles on couple-stress fluid heated
from below in the presence of rotation and magnetic field. Indian J. Pure Appl. Math.

35 (2004), 973-989.

[24] P. G. Siddheshwar: Thermorheological effect on magnetoconvection in weak electrically
conducting fluids under 1g and 4. Pramana J. Phys. 62 (2004), 61-68. doi

[25] P. G. Siddheshwar: A series solution for the Ginzburg-Landau equation with a time-
periodic coefficient. Appl. Math., Irvine 1 (2010), 542-554. doi

[26] P. G. Siddheshwar, B. S. Bhadauria, P. Mishra, A. K. Srivastava: Study of heat transport
by stationary magneto-convection in a Newtonian liquid under temperature or gravity
modulation using Ginzburg-Landau model. Int. J. Non-Linear Mech. 47 (2012), 418-425.

[27] P. G. Siddheshwar, S. Pranesh: Magnetoconvection in fluids with suspended particles

under 1g and pg. Aerosp. Sci. Technol. 6 (2002), 105-114.
[28] P. G. Siddheshwar, S. Pranesh: An analytical study of linear and non-linear convection
in Boussinesg-Stokes suspensions. Int. J. Non-Linear Mech. 89 (2004), 165-172.

[29] P. G. Siddheshwar, V. Ramachandramurthy, D. Uma: Rayleigh-Bénard and Marangoni
magnetoconvection in Newtonian liquid with thermorheological effects. Int. J. Eng. Sci.

49 (2011), 1078-1094.
[30] P.G. Siddheshwar, P.S. Titus: Nonlinear Rayleigh-Bénard convection with variable heat
source. J. Heat Transfer 135 (2013), Article ID 122502, 12 pages. doi

[31] E.F. C.Somerscales, T.S. Dougherty: Observed flow patterns at the initiation of convec-
tion in a horizontal liquid layer heated from below. J. Fluid Mech. 42 (1970), 755-768.

[32] E. M. Sparrow, R.J. Goldstein, V. K. Jonsson: Thermal instability in a horizontal fluid
layer: Effect of boundary conditions and non-linear temperature profile. J. Fluid Mech.

18 (1964), 513-528. MR]

375


https://zbmath.org/?q=an:0277.76087
http://dx.doi.org/10.1017/S0022112074000784
https://zbmath.org/?q=an:1394.35368
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3790197
http://dx.doi.org/10.1007/s12190-017-1129-9
https://zbmath.org/?q=an:0358.76038
http://dx.doi.org/10.1146/annurev.fl.07.010175.000351
https://zbmath.org/?q=an:0545.76048
http://dx.doi.org/10.1007/978-3-642-82095-3
https://zbmath.org/?q=an:1461.76160
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR4062157
http://dx.doi.org/10.1007/s40819-020-0781-1
http://dx.doi.org/10.1143/JPSJ.53.4169
https://zbmath.org/?q=an:0592.76049
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0840767
http://dx.doi.org/10.1016/0020-7462(86)90016-8
http://dx.doi.org/10.1017/S0022112067001284
https://zbmath.org/?q=an:0926.76045
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1697713
http://dx.doi.org/10.1007/PL00001494
https://zbmath.org/?q=an:1115.76327
http://dx.doi.org/10.1007/BF02704425
http://dx.doi.org/10.4236/am.2010.16072
http://dx.doi.org/10.1016/j.ijnonlinmec.2011.06.006
https://zbmath.org/?q=an:1006.76545
http://dx.doi.org/10.1016/S1270-9638(01)01144-0
https://zbmath.org/?q=an:1348.76176
http://dx.doi.org/10.1016/S0020-7462(02)00169-5
https://zbmath.org/?q=an:1423.76504
http://dx.doi.org/10.1016/j.ijengsci.2011.05.020
http://dx.doi.org/10.1115/1.4024943
http://dx.doi.org/10.1017/S0022112070001593
https://zbmath.org/?q=an:0128.20401
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0187533
http://dx.doi.org/10.1017/S0022112064000386

[33] K. C. Stengel, D. S. Oliver, J. R. Booker: Onset of convection in a variable viscosity fluid.

J. Fluid Mech. 120 (1982), 411-431.
[34] R. Thirlby: Convection in an internally heated layer. J. Fluid Mech. 44 (1970), 673-693.
[35] K. E. Torrance, D. L. Turcotte: Thermal convection with large viscosity variations. J.

Fluid Mech. 47 (1971), 113-125. doi
[36] D.J. Tritton, M. N. Zarraga: Convection in horizontal layers with internal heat genera-
tion: Experiments. J. Fluid Mech. 80 (1967), 21-31. doi

[37] E.L. Watson: Rheological behaviour of apricot purees and concentrates. Can. Agric.
Eng. 10 (1968), 8-11.

[38] A.B. Yusuf, O.A. Ajibade: Combined effects of variable viscosity, viscous dissipation
and thermal radiation on unsteady natural convection couette flow through a vertical
porous channel. FUDMA J. Sci. 4 (2020), 135-150. doi

Authors’ addresses: Nagasundar Kavitha (corresponding author), Agrahara Sanjeev-
murthy Aruna, MKoppalu Shankarappa Basavaraj, Department of Mathematics, Rama-
iah Institute of Technology, Bengalore-560 054, India, e-mail: n12kavitha@gmail.com,
arunamsrit@gmail.com, basavarajms149@gmail.com; Venkatesh Ramachandramurthy, De-
partment of Basic Sciences, R. R. Institute of Technology, Bengalore-560 090, India, e-mail:
vramachandramoorthy@yahoo.co.in.

376


https://zbmath.org/?q=an:0534.76093
http://dx.doi.org/10.1017/S0022112082002821
https://zbmath.org/?q=an:0219.76098
http://dx.doi.org/10.1017/S0022112070002082
http://dx.doi.org/10.1017/S002211207100096X
http://dx.doi.org/10.1017/S0022112067001272
http://dx.doi.org/10.33003/fjs-2020-0402-208

