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Abstract
The effect of non-inertial acceleration and the temperature
dependent volumetric heat source is discussed for the Rayleigh
- Bénard convection of couple-stress fluid in the presence of
applied magnetic field. Both linear and weakly non-linear
analysis is performed in the present problem. The eigen
boundary value problem is solved analytically for the external
Rayleigh number. Linear stability analysis discusses the
stationary mode of convection where as non-linear theory
helps in analyzing the quantification of heat transport. The
non-linear theory is based on the truncated representation of
Fourier series.The Lorenz model for the system is derived and
are solved using the numerical method. The thermal Nusselt
number is calculated and the influence of Taylor number and
the other parameters are discussed in the presence and absence
of non-inertial acceleration.
Keywords: Rayleigh-Bénard convection; Boussinesq Stokes
suspension; Boussinesq aproximation; Magnetoconvection;Taylor
number; non-inertial acceleration.

1. INTRODUCTION

Thermal convection in a horizontal fluid layer in the
presence of internal heat source subject to constant but of
different temperatures at the boundaries has been extensively
investigated by many researchers due to its practical
importance in engineering and geophysical problems. The
Rayleigh-Bénard convection in Newtonian fluids with heat
sources has been analyzed by Sparrow et. al[1]. Many
theoretical studies on thermal convection given by Roberts[2]
,McKenzie [3], Kulacki and Goldstein [4], Thirlby[5] et. al.
Also the other researchers Palm[6], Tritton and Zarraga[7],
Clever et. al. [8] gave the experimental results. In all
the above works, the internal heat source Q∗ is assumed as
uniform but in many practical problems and applications,
Q∗ is nonuniform 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 radiation from
external medium, radioactive decay and so on. Riahi[9]
has studied the nonlinear convection in the harizantal layer
with heat source. He showed that the effect of nonuniform
internal heat source Q∗ strongly affects the cell size, the
stability of convective motion and the internal motion of
hexagonal cells. Riahi[10] also studied the problem of
nonlinear thermal convection in a low Prandtle number fluid
with internal heating. Sparrow et al.[1] and Palm[6] studied the

Nomenclature

Latin symbols:

d Depth of the fluid layer
g acceleration due to gravity
H0 Magnetic field
p pressure
~q Velocity (u,v,w)
Pr Prandtl number
Pm Magnetic Prandtl number
Q Chandrasekhar number
C Couple Stress Parameter
Ta Taylor number
RI Internal Rayleigh number
RE External Rayleigh number
Nu Nusselt Number
T Temperature
t Time
∆T Temperature difference between the plates

Greek symbols:

πα Wave number
µ Dynamic Viscosity
µ
′

Couple-stress Viscosity
µm Magnetic permeability
β Thermal expansion coefficient
χ Constant Thermal diffusivity
ρ Density
ψ Stream function
Ψ Perturbed Stream function
Θ Perturbed Temperature
Ω angular velocity of rotation
ζ z - component of vorticity

Other symbols:

î Unit vector normal in x - direction
k̂ Unit vector normal in z - direction
∇2 Laplacian operator
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thermal instability in a horizontal fluid layer with a uniformly
distributed volumetric heat source. Bhattacharya and Jena[11]
have analyzed the thermal instability of horizontal layer of
micro polar fluid with heat source. They found that heat
source and heat sink both have the same destabilizing effect
in micro polar fluids. Siddheshwar and Stephan Titus[12]
have made a detailed linear and nonlinear stability analysis
for the Newtonian fluid with heat source/sink analytically
using Lorenz and Ginzburg-Landau models. Siddheshwar
and Meenakshi[13] studied the Rayleigh-Bénard convection
for the twenty nanoliquids in the presence of volumetric heat
source analytically.

In most of the above works researches have considered the
effect of heat source for Newtonian fluids. But in many
practical situations, most of the fluids are not so pure, which
may contains suspended particles like polymeric suspensions,
liquid crystals etc. Suspended particles plays a very important
role in the analysis of fluid. Due to the presence of suspended
particles there is a large stabilizing/destabilizing effect on
the thermal convection of the fluids. Hence the study
related to non-Newtonian fluids with heat source/sink in our
modern science technology is desirable. The study on such
fluids has been a field of sprightly research for the last few
decades especially in many industrially important fluids like
polymeric suspensions,chemicals, paints, solidifications of
liquid crystals, pharmaceutical, food and beverage as well as
refrigeration and so on.

The another most important aspect in the study of convection
of fluids is due to the presence of rotating medium. The
Rayleigh-Bénard convection in the presence of rotation
has been studied by Sutton[14], Chandrasekhar [15],
Acheson[16], Khiri[17], Chatterjee[18] et.al. and references
therein. Rotating convection was first treated theoretically by
Sutton[14], and studied the combined effect of non-uniform
temperature gradient caused by rapid heating or cooling at
the boundaries and Coriolis force rotation. Chandrasekhar[15]
who devoted the third chapter of his book to the phenomena,
in which he extended Rayleigh’s analysis to the rotating
case. But all these previous investigators have considered
the effect of rotation/non-inertial acceleration in Newtonian
fluids. The convective instability in a couple-stress fluid layer
heated from below have been investigated in the recent past.
Siddheshwar and Sakshath [19] studied both the linear and
non-linear stability analyses of Rayleigh-Benard convection
for the Newtonian nanoliquid in a rotating medium. They
considered rigid-rigid isothermal boundaries for investigation
and concluded that the onset of convection is delayed due
to rotation and hence leads to decrease in heat transport.
Balasubramanian and Robert[20] presented an experimental
work on Rayleigh-Benard convection in the presence of
rotation for Newtonian nano-liquids. They considered
rigid-rigid isothermal boundaries for investigation. They
observed that the onset of convection is delayed due to
rotation and hence leads to decrease in the heat transport.
Further they proved that the amount of heat transport is
less in the case of rigid-rigid isothermal boundaries when

compared to free-free isothermal boundaries. The same work
have been done by Ramya Rajagopal, Shelin Elizabeth and
Sangeetha George [21] for free-free isothermal boundaries
theoriticaly. They discussed the non-linear stability analysis
of Rayleigh-Benard convection in the presence of magnetic
field and couple stress fluid an addition with rotating
medium. The combined effect of rotational modulation
and magnetic field for the Rayleigh-Benard convection of
couple stress fluid using Ginzburg-Laundau model is discussed
in detail. The Rayleigh–Benard convection in a square
enclosure filled with viscoplastic fluid has been investigated
by Hassan and Manabendra[22], numerically as well as
experimentally. Sekhar and Jayalatha[23] have made a
linear stability analysis of thermal convection in variable
viscosity for Newtonian ferromagnetic liquid by considering
all possible boundary combinations in the presence of
heat source using Galerkin and shooting techniques..
Maruthamanikandan[24] et.al. presented a work on Marangoni
convective instability in a ferromagnetic fluid layer in the
presence of a spatial heat source and viscosity variation.
A local nonlinear stability analysis using a eight-mode
expansion is performed in arriving at the coupled amplitude
equations for Rayleigh-Benard-Brinkman convection (RBBC)
in the presence of LTNE effects by Siddheshwar and
Kanchana[25]. Siddheshwar and Siddabasappa[26] studied
the effect of local thermal non-equilibrium (LTNE) on onset
of Brinkman–Bénard convection and on heat transport is
investigated. The work carried out in present paper aims in
analyzing the effects Coriolis force and Boussinesq-Stokes
suspension for the fluid with Rayleigh-Bénard convection in
presence with applied magnetic field and heat source/sink both
linearly and non-linearly.

2. MATHEMATICAL FORMULATION

Consider the Boussinesq Stokes fluid between two parallel
plates of infinite length and depth’d’. The lower and upper
boundary are maintained at different temperatures so that
there is temperature gradient ∆T > 0. Here the boundaries
are considered as stress free and isothermal (i.e maintained at
constant temperature). The upper boundary is maintained at
temperature T0 where as lower boundary at T0 + ∆T . The
transverse magnetic field H0 is the applied vertically along
the Z-direction. The schematic representation of the problem
is shown in the Fig.1. For the sake of analysis all physical
quantities of the fluid are assumed to be independent of y
and considered x and z axis for the reference. Subjected
to the Oberbeek-Boussinesq approximations, the governing
equations describing the Rayleigh-Bénard instability situation
for the electrically conducting couple stress fluid are

∇.~q = 0, (1)

∇. ~H = 0, (2)

ρ0

[
∂~q
∂t

+ (~q.∇) ~q
]

= −∇p− ρ (T ) gk̂ + µ∇2~q − µ′∇4~q

−µ2
m

(
~H.∇

)
~H − 2ρ0(~q × ~Ω),


(3)
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∂T

∂t
+ (~q.∇)T = χ∇2T +Q∗(T − T0), (4)

∂ ~H

∂t
+ (~q.∇) ~H =

(
~H.∇

)
~q + νm∇2 ~H, (5)

ρ(T ) = ρ0[1− β(T − T0)], (6)

The term Q∗(T − T0) in the equation (4) represents the
temperature dependent heat source/sink.

Figure 1: Schematic diagram of the flow configuration

Assuming the components of velocity ~q, temperature T and
density ρ in the basic state as ~qb, Tb(z) and ρb(z), the solutions
obtained in quiescent state of the form :

~q = (0, 0, 0), Tb = T0 + ∆Tf
(
z
d

)
~Ω = Ω0k̂, ~Hb = H0k̂

ρb
(
z
d

)
= ρ0

[
1− β∆Tf

(
z
d

)]
pb
(
z
d

)
= −

∫
ρb
(
z
d

)
gd
(
z
d

)
+ c1


, (7)

Where, f( zd ) =
[sin
√
RI(1−Z

d )]
sin
√
RI

, RI = Q∗d2

χ (Internal
Rayleigh number) and C1 is the constant of integration

We now superimpose the finite amplitude perturbations for
the basic state in the form,

~q = ~qb + ~q′, T = Tb (Z) + T ′, ρ = ρb(Z) + ρ′

p = pb (Z) +
,
p ~H = ~Hb(Z) + ~H ′,

 (8)

where, the prime indicates a perturbed quantity. Substituting
Eqn.(9) in the governing equations, we get the following
component equations:

∇.~q
′

= 0, (9)

∇. ~H
′

= 0, (10)

ρ0

[
∂~q′

∂t
+ (~q′.∇) ~q′

]
= −∇p′ − ρ′ (T ) gk̂ + µ∇2~q′ − µ′∇4~q′

−µ2
m

(
~H ′.∇

)
~H ′ + µmHb

∂ ~H ′

∂z


(11)

∂T
′

∂t
+ (~q

′
.∇)T

′
+ w

′ ∂Tb
∂z

= χ∇2T
′
, (12)

∂ ~H
′

∂t
+ (~q

′
.∇) ~H

′
−
(
~H
′
.∇
)
~q
′
−Hb

∂w′

∂z
= νm∇2 ~H

′
, (13)

ρ
′

= −ρ0βT
′
. (14)

Operating curl twice for the Eq.(11), to eliminate pressure p
,we get

ρ0
∂

∂t
(∇2w′) =αρ0g∇2

1θ
′ + µ∇6w′

− µ′∇4w′ − µ2
mσH

2
0w
′ − 2ρ0Ω

∂ζ

∂z

(15)

where ζ =
(
∂v′

∂x −
∂u′

∂y

)
is the z-component of the vorticity,

~w′ = ∇ × ~q′. Now by differentiating x and y components
of Eq.(11) partially with respect to y and x respectively, then
subtracting the resulting equations from one another, which
again gives the following equation

ρ0
∂ζ

∂t
= 2ρ0Ω

∂w

∂z
+ µ∇2ζ − µ′∇4ζ − µ2

mσH
2
0ζ (16)

In the view of analyzing the fluid, we consider only
two dimensional disturbances, hence we introduce magnetic
potential φ

′
and stream function ψ

′
as

u′ = −∂ψ
′

∂Z , w
′ = ∂ψ′

∂X

H ′x = −∂φ
′

∂Z , H
′
z = ∂φ′

∂X

 (17)

The classical procedure of operating curl for the eq (12) helps
in eliminating the pressure p and transforming the above
system of equations to dimensionless equations using the
scaling mentioned below,

(X,Z) =
(
x
d ,

z
d

)
, Ψ = ψ′

χ , θ = T ′

∆T , Φ = φ
dHb

ζ∗ = ζ
(χ/d2) , t

∗ = t
(d2/χ) , w

∗ = w′

(χ/d)


(18)

We obtain the non-dimensional governing equations as

1
Pr

( ∂
∂τ

(∇2Ψ) + J(Ψ,∇2Ψ)
)

= RE
∂Θ

∂X
+QPm

(∂(∇2Φ)

∂Z
+ J(Φ,∇2Φ

)
−
√
Ta

∂

∂Z
− C∇6Ψ + µ∇4Ψ


(19)

∂Θ

∂τ
=
∂Ψ

∂X

(
1 + 2

∞∑
n=1

RI
RI − n2π2

CosnπZ

)
+∇2Θ +RIΘ− J(Ψ,Θ)

(20)
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(
∂

∂τ
− pm∇2

)
Φ =

∂Ψ

∂Z
+ J(Ψ,Φ) (21)

− 1

Pr

(
∂ζ

∂τ
+ J(Ψ, ζ)

)
= ∇2ζ − C∇4ζ −

√
Ta
∂Ψ

∂Z
(22)

where, The Jacobian J(F1, H1) = ∂F1

∂X
∂H1

∂Z −
∂F1

∂Z
∂H1

∂X and

The boundary conditions for the present problem on velocity
and temperature are

Ψ = ∇2Ψ = Θ = DΦ = 0 at Z = 0
Ψ = ∇2Ψ = Θ = DΦ = 0 at Z = 1

}
(23)

Using (23), the solutions of dimensionless equations (19), (20),
(21) and (22) are obtained.

2.1. Linear Theory

To perform the linear stability analysis, the linearized version
of the Eqs.(19), (20), (21) and (22) are considered along with
the stress free and isothermal boundary conditions (23). Which

means that, it is essential to neglect the Jacobian’s
∂(Ψ,∇2Ψ)

∂(X,Z)
,

∂(Φ,∇2Φ)

∂(X,Z)
and

∂(Ψ,Θ)

∂(X,Z)
,
∂(Ψ,Φ)

∂(X,Z)
in Eqs. (19), (20), (21)

and (22). The neglect of the Jacobian’s is essential to remove
products of amplitudes which are very small in studying the
linear theory.
The solution of linear versions of these equations are assumed
to be periodic waves (see Chandrasekhar [17]) in the form

Ψ(X,Z, τ) = Ψ0sinπαXsinπZ

Θ(X,Z, τ) = Θ0cosπαXsinπZ

Φ(X,Z, τ) = Φ0sinπαXcosπZ

ζ(X,Z, τ) = ζ0sinπαXcosπZ


(24)

then,

REc
=
π2Ta + (1 + Cη2

1)(Qπ2η2
1 + η6

1(1 + Cη2
1))

π2α2(1 + Cη2
1)

. (25)

Where, πα is the horizontal wave number. The quantities
Ψ0, Θ0 , Φ0 and ζ0 are the amplitudes of the stream
function, temperature, magnetic potential and vorticity
function respectively.
Clearly, Ψ,Θ, Φ and ζ as assumed in Eqs.(24) satisfy the
boundary conditions (23). Now Substituting the trial functions
assumed in the equations (22) in the linearized version of
the dimensionless equations (19), (20),(21) and (22) , using
the standard Galerkin procedure (i.e integrating the equations
with respect toX and Z between [0, 2π

πα ] and [0, 1] respectively
), we obtain the set of homogeneous equations in Ψ0,Θ0 ,Φ0

and ζ0. Hence the critical value of REc
as in equation (25) is

obtained, which signifies the onset of convection.

2.2. Non-linear Theory

The representation of a minimal double Fourier series for the
stream function Ψ, magnetic potential Φ and the temperature
Θ which describes the finite amplitude convection in the fluid
is given by

Ψ(X,Z, τ) = A(τ)sinπαXsinπZ

Θ(X,Z, τ) = B(τ)cosπαXsinπZ −D(τ)sin2πZ

Φ(X,Z, τ) = E(τ)sinπαXcosπZ − F (τ)sin2παX

ζ(X,Z, τ) = G(τ)sinπαXcosπZ −H(τ)sin2παX


,

(26)

where A, B, D, E, F, G and H are the amplitudes to
be determined from the dynamics of the system. Then
substitute the Eq. (26) into the dimensionless equations.(19),
(20),(21) and (22) and proceeding using the standard Galerkin
procedure, we obtain the following non-linear autonomous
system of differential equations:

dA

dτ1
=

 (Cη21 + C1)A+ C2B − PmQ
(

4π4α3−2π2αη21
η41

)
EF

− (PmQπ)

η21
E −− (Pmπ

√
Ta)

η21
F


(27)

dB

dτ1
=

1

η2
1

[
4π3α

4π2 −RI
A− (RI − η2

1)B − π2αAD

]
(28)

dD

dτ1
=

1

η2
1

[
π2α

2
AB − (4π2 −RI)D

]
(29)

dE

dτ1
=

1

η2
1

[πA− pmη2
1E + π2αAF ] (30)

dF

dτ1
=

1

η2
1

[−π2αAE − 4π2α2pmF ] (31)

dG

dτ1
=

1

η21

[
prπ
√
TaA+ pr(η

2
1 + Cη41)G− π2α

4
AH

]
(32)

dH

dτ1
=

1

η2
1

[
−π

2α

2
AG− 4π2α2prH − 16π4α4prH

]
(33)

where C1 = Pr

[(
η2

1 − 2π2

2η2
1

)
a2 −

a0

2

]
,

C2 =
Prπ2

η2
1

[
1 + α2

2
a0 +

1− α2

2
a2

]
and τ1 = η2

1τ .

The above system of non-linear differential equations are
difficult to be solved using analytical procedure for the general
time dependent variable. So these equations has been solved
using numerical method like Runge-Kutta Fehlberg45 with the
help of Mathematica 9.0 software .
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3. HEAT TRANSPORT

The quantification of heat transport is very important in the
study of convection in Boussinesq Stokes suspension fluids, as
convection sets in with the increase of the temperature gradient
across the layer of fluid, which can be detected by its effect on
the heat transport.
The horizontally averaged Nusselt number Nu, for the
stationary mode of magnetoconvection is given by

Nu(τ) =

[
αc

2

(
2/α∫
X=0

(1− Z + Θ)ZdX

)]
Z=0[

αc

2

(
2/α∫
X=0

(1− Z)ZdX

)]
Z=0

, (34)

Substituting the Eq. (24b) in Eq. (30), the Nusselt number
Nu(τ) expression is obtained as:

Nu(τ) = 1 +
2(

π2α2REc

η6

) (
1− RI

4π2

) tan√RIRI
D(τ) (35)

4. RESULTS AND DISCUSSIONS

In this paper the effect of rotation on the onset of
magnetoconvection for the couple-stress fluid is discussed in
the presence of heat source/sink. The following effects on the
Rayleigh-Bénard magnetoconvection are considered.

1. Suspended particles

2. Heat source/sink

3. Applied magnetic field

4. Coriolis force

The effects of the above four are studied under the influence
of the couple stress parameter C, Internal Rayleigh number
RI , Chandrasekhar number Q and the Taylor number Ta. The
main emphasis of the present study is to consider the impact
of these parameters on the onset of convention. A linear and
non-linear stability analysis is performed in the problem with
these constraints.

4.1. Linear theory

The magnetoconvection of the fluid is studied using Hartmann
formulation. Before we move on to the discussion we note
that in the case when the system is rotated it generates an
additional component of velocity and hence some energy
is used up in this. This results in the delay of onset of
convection, which is reflected in the Table(1) and (2). Both
the tables clearly explains the linear stability analysis under
the influence of Taylor number Ta, Internal Rayleigh number
RI and Chandrasekhar number Q. The effect of increasing C
corresponds to increase in the values ofREc . This is due to the
fact that suspended particles stabilize the system. The similar
effect can be observed even in the presence of Taylor number
Ta and the applied vertical magnetic field, i.e increase in Q

and Ta increases the external Rayleigh number REc . They
individually inhibits the onset of Rayleigh-Bénard convection.
The effect of heat source/sink is opposite to these. From
the Tables (1) and (2) it is evident that increase in RI is to
decrease in REc

exhibiting the destabilization of the system.
The important result in the present study that the system is
destabilized in the absence of rotation due to the presence of
internal heat source even if the suspended particles exist in the
system with an applied magnetic field. It is also clear from
these tables that the system is destabilized in the absence of
both suspended particles and the magnetic field and also for
smaller values of these parameters.

4.2. Non-linear theory

The following are the important highlights of non-linear
stability analysis.

1. the non-linear system of equations are obtained in the
form of generalized Lorenz model,

2. quantification of heat transport is analyzed through
Nusselt number for the stationary mode of
magnetoconvection in the Boussinesq Stokes suspension
fluid under the influence of rotation and variable heat
source.

3. plotting of Nusselt number variation with respect to time
in order to study the individual effects of the parameters
involved.

Before we start on the discussion of the results, we note that the
truncated Fourier series models are good enough to represent
Rayleigh Bénard convection (Ref Siddeheshwar(12)). Also
the Lorenz model of the problem is solved numerically using
Runge-Kutta Fehlberg 45 method with the adoptive step size.
In order to carry out the numerical integration of the coupled
system, we have used the initial conditions A(0) = B(0) =
D(0) = E(0) = F (0) = G(0) = H(0) = 5. Due
to the suspended particles being present in the carrier liquid,
the prandtl number of the couple-stress liquids is taken much
higher than the Newtonian carrier liquid. Hence we have
taken the value of the prandtl number as Pr = 10 and
is maintained through out the discussion. There are many
theoretical or experimental researches have been done on
linear and non-linear analysis of the fluid, either by considering
the individual effect or by considering the combined effect
of the few of the parameters. Here an effort has been made
in analyzing the combined effect of rotation, magnetic field,
suspended particles in addition to heat source/sink on heat
transfer. In order to study the amount of quantification of heat
transfer, we computed the variation of space-averaged Nusselt
number with time τ . The figures from (2) to (7) are the plots
of Nusselt number Nu versus time τ for various values of
Ta, Q,C, and RI . Here the figures from (2) to (4) are the
plots of Nusselt number Nu for the couple stress parameter
C = 0.02 and figures from (5) to (7) are the plots of Nusselt
number Nu verses τ for C = 0.04. Due to the influence of
suspended particles in the fluid heat transport decreases both in
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the presence or absence of rotation, which are reflected in the
figures from (2) to (7). The similar effect can even be observed
in the presence of magnetic field Q and Taylor number Ta. On
comparing the Nusselt numberNu plots (2),(3),(4) and (5), (6)
(7) we can notice the effect of internal heat source/sink.

5. CONCLUSION

1. The Effect of increases in couple stress parameter C
is to decrease the Nusselt number, these indicates the
stabilizing effect of the system.

2. The effect of increase in Chandrasekhar number Q
and Taylor number Ta is to delay the heat transfer,
i.e decrease in Nusselt number. Hence reducing heat
transfer and stabilizing the system.

3. The effect of increase in internal Rayleigh number RI
increases the heat transfer and hence destabilize the
system.

Table 1: Critical values of Rayleigh number REc
corresponds to the wave number παc for Q = 2

RI C
Ta = 0 Ta = 100 Ta = 1000

παc REc
παc REc

παc REc

0.02 2.212 997.59 2.449 1149.44 3.267 1977.77
-1 0.04 2.133 1207.8 2.306 1345.03 2.994 2133.74

0.02 2.180 910.93 2.419 1054.13 3.239 1839.02
0 0.04 2.104 1101.28 2.278 1230.44 2.966 1975.64

0.02 2.143 826.8 2.388 961.54 3.2044 1703.93
1 0.04 2.072 997.97 2.243 1119.22 2.934 1821.91

Table 2: Critical values of Rayleigh number REc
corresponds to the wave number παc for Q = 4

RI C
Ta = 0 Ta = 100 Ta = 1000

παc REc
παc REc

παc REc

0.02 2.275 1061.52 2.485 1205.89 3.283 2018.5
-1 0.04 2.190 1275.11 2.347 1405.9 3.006 2178.42

0.02 2.243 970.49 2.454 1106.8 3.252 1877.26
0 0.04 2.158 1163.87 2.318 1287.09 2.978 2017.44

0.02 2.205 882.08 2.419 1010.5 3.217 1739.72
1 0.04 2.127 1055.93 2.284 1171.74 2.947 1860.89

C = 0.02, Q = 2, Ri = -1

Ta = 0 Ta = 100
Ta = 1000

0.0 0.1 0.2 0.3 0.4 0.5
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3
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Figure 2: Nusselt number Nu variation plot with τ
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Figure 3: Nusselt number Nu variation plot with τ
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Figure 4: Nusselt number Nu variation plot with τ
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Figure 5: Nusselt number Nu variation plot with τ
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Figure 6: Nusselt number Nu variation plot with τ
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Figure 7: Nusselt number Nu variation plot with τ
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