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The present study considers transient buoyancy-opposed double diffusive free convection of a micropolar
fluid consisting of rigid and non-deformable particles suspension with its own rotation in a square enclo-
sure. The governing equations are written in terms of the primitive variables and a numerical solution of
the complete set of nonlinear equations has been done without any scaling to the flow terms. The modified
Marker and Cell (MAC) method is used for the solution of the variables in the primitive form with the help
of the Alternating Direction Implicit (ADI) scheme. In order to handle effectively the advection terms, the
gradient dependent consistent hybrid upwind scheme of second order (GDCHUSSO) and the operator-
splitting algorithm have been employed. A parametric study is conducted to illustrate the effects of the
Rayleigh number, Prandtl number, buoyancy ratio and the vortex viscosity parameter. Interesting features
of stability at critical buoyancy ratios with the inclusion of the vortex viscosity parameter is reported.
Detailed distributions of isotherms, isoconcentrations, flow lines and microrotation lines are provided
to reveal the concealed physics of the complex phenomenon. A power spectrum analysis and phase plane
maps are provided to bring clarity about the instability involved in the phenomenon. Correlations have
been developed for the average Nusselt and Sherwood numbers based on the computed results.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The micropolar fluid theory is used to describe those fluids
whose micro-constituents play a pivotal role in affecting the
hydrodynamics of the flow. The micro-structure of these fluids is
modeled as being rigid and randomly oriented. The Navier–Stokes
equations for a Newtonian fluid have failed to describe the flow
behavior of the fluids with suspensions which are classified as
non-Newtonian fluids. A glimpse to the history shows that, Eringen
[1] is the pioneer who introduced the theory of micropolar fluids
by giving the concept of micro-rotation. He defined various
material parameters and added other constitutive equations for
non-Newtonian fluids in the Newtonian fluid equations. Ariman
et al. [2] have shown that the micropolar fluid theory is applicable
for all linear, viscous and isotropic fluids. Various polymeric fluids,
colloidal fluids, animal blood, liquid crystals are modeled using the
micropolar fluid theory. Ahmadi [3] has studied the self-similar
solution of incompressible micropolar fluid boundary layer flow
over a semi-infinite flat plate. He has observed that micro-rotation
vector is proportional to the fluid shear stress, and found that the
micro-inertia density varies as the square of the perpendicular dis-
tance from the surface without boundary layer. Jena and Mathur
[4] have reported on the similarity solutions for laminar free con-
vection flow of a thermo-micropolar fluid flow past a non-isother-
mal vertical flat plate. Jena and Bhattacharya [5] have investigated
the effect of micro-structure on the thermal convection in a rectan-
gular box of fluid heated from below. Sharma and Gupta [6] have
considered the effect of medium permeability on the thermal con-
vection in micropolar fluids. They reported that the presence of
coupling between thermal and micropolar effects brings over sta-
bility in the system. Hsu and Chen [7] have studied the steady,
laminar, natural convection of micropolar fluids in a rectangular
enclosure. They have solved the governing equations using the
cubic spline collocation method. They have observed a significant
effect of the micro-structures on the convective heat transfer. It
was reported that an increase in the vortex viscosity parameter
decreases the heat transfer rate whereas an increase in the spin
gradient viscosity increases the heat flux. Hsu and Hsu [8] have
made a numerical study on the natural convection of micropolar
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Nomenclature

C solute concentration (kg m�3)
Cp specific heat capacity (J kg�1 K�1)
D mass diffusivity (m2 s�1)
g acceleration due to gravity (m s�2)
i,j nodal index
k thermal conductivity (W m�1 K�1)
L length of the cavity (m)
N angular velocity (s�1)
N microrotation vector
Nu Nusselt number
Nu average Nusselt number
P dimensionless pressure
Pr Prandtl number
R vortex viscosity parameter/material parameter
Ra thermal Rayleigh number
Ras solutal Rayleigh number
Sh Sherwood number
Sh average Sherwood number
T absolute temperature (K)
t time (s)
u,v dimensional velocity component (m s�1)

U,V dimensionless velocity component
x,y dimensional coordinate (m)
X,Y dimensionless coordinate

Symbols
a thermal diffusivity (m2 s�1)
bT coefficient of thermal expansion (K�1)
bC coefficient of solutal expansion (m3 kg�1)
H dimensionless temperature
U dimensionless concentration
l dynamic viscosity (kg m�1 s�1)
m kinematic viscosity (m2 s�1)
s dimensionless time
q density, (kg m�3)

Subscripts
L lower
H higher
0 reference
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fluids in tilting enclosures with heat sources. Takhar et al. [9] have
studied the micropolar fluid flow and heat transfer between two
porous discs using the finite-element method. They have obtained
a numerical solution for the governing equations and found that an
increase in the micropolar concentration increases both the heat
transfer and axial velocity but reduces the skin friction. Srinivas-
acharya et al. [10] have studied the unsteady Stokes flow of a
micropolar fluid between two parallel porous plates. They
observed that an increase in the suction to injection ratio increases
the skin friction. Wang and Cheng [11] have studied the transient
behavior of the laminar mixed convection in a micropolar fluid
flow over a vertical wavy surface. They reported that for micropo-
lar fluids, the skin friction coefficient is lower than that for Newto-
nian fluids for smaller values of the vortex viscosity parameter but
higher for larger values of the vortex viscosity parameter. They also
reported that the heat transfer rate of a micropolar fluid is always
less than that for a Newtonian fluid. Chamkha et al. [12] have stud-
ied the fully developed free convection flow of a micropolar fluid in
a vertical parallel channel and presented the solution both analyt-
ically and numerically. They have considered an asymmetrical
heating condition and used the implicit finite difference method
for the numerical solution. They found that an increase in the wall
temperature increases the velocity and micro-rotation profiles, and
an increase in the vortex viscosity reduces the velocity profile.
Chamkha et al. [13] have also studied the fully developed mixed
convection flow of a micropolar fluid. Chamkha et al. [14] have
reported on the three-dimensional micropolar fluid flow due to a
stretching surface and found that the boundary layer structure is
affected by the material parameters. Kim and Lee [15] have
reported an analytical study on magneto-hydrodynamics (MHD)
oscillatory flow of a micropolar fluid over a vertical porous plate.
They have studied the effects of micro-gyration vector on the flow
when a magnetic field is applied transversely to the plate. They
found that increasing the magnetic field decreases the velocity dis-
tribution in the boundary layer. They observed that the velocity
gradient near the porous plate decreases as the vortex viscosity
increases. Duwairi and Chamkha [16] have studied the transient
free convection flow of a micropolar fluid over a vertical surface.
They have noticed that the vortex viscosity has a direct effect on
the velocity and temperature profiles inside the boundary layer
and an inverse effect on fluid rotation. Also, increasing the micro-
polar material parameter increases the coefficient of friction. Chen
[17] has investigated the transient analysis of natural convection in
a micropolar fluid to determine the heat transfer between concen-
tric and vertically eccentric spheres with specified isothermal
boundary conditions. He found that up to a low Rayleigh number,
the skin friction acting on the wall for a Newtonian fluid is stronger
than the same for a micropolar fluid, however; with a high Ray-
leigh number, the behavior is reversed. Gorla et al. [18] have stud-
ied mixed convection boundary layer flow of a micropolar fluid
along a vertical cylinder. They found that as the Prandtl number
increases, the surface friction factor decreases, the surface heat
transfer rate increases and the wall couple stress decreases with
the stream-wise distance. Lok et al. [19] reported on non-orthogo-
nal stagnation-point flow of a micropolar fluid. Aydin and Pop [20]
have considered natural convection of a micropolar fluid in a
closed geometry. They have done the analysis in a differentially
heated enclosure filled with a micropolar fluid by numerically solv-
ing the governing equations using the finite difference method.
They observed that irrespective of the value of the Prandtl number,
the effect of the micropolar material parameter is found to
decrease the heat transfer. The decrease in the heat transfer is
due to increasing the micropolar material parameter, which is
more significant for higher values of the Rayleigh number. Zia-
bakhsh and Domairry [21] have used the Homotopy Analytic
Method (HAM) to study the micropolar flow in a porous channel
with high mass transfer. Also Joneidi et al. [22] have studied the
micropolar flow in a porous channel with high mass transfer. They
solved the governing equations using the Optical Homotopy
Asymptotic Method (OHAM), and observed that with the increase
in the Reynolds number, there is an increase in the stream-wise
and transverse velocities. Zadravec et al. [23] have studied the
natural convection of a micropolar fluid in an enclosure with
the boundary-element method to derive the governing equations
in differential and integral forms. They observed that the local
and average Nusselt numbers decrease as the micropolar material
parameter increases. Damseh et al. [24] have studied combined
heat generation and first-order chemical reaction effects on micro-
polar fluid flowing over a uniformly stretched permeable surface.
Ashraf et al. [25] have numerically studied asymmetric flow of a
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micropolar fluid in a porous channel. Prathap Kumar et al. [26]
have reported on the unsteady mixed convection of a micropolar
fluid in a rectangular cavity and observed the effects of concentra-
tion of microelements. Magyari and Chamkha [27] have analyti-
cally studied combined heat absorption and first-order chemical
reaction for a micropolar fluid over a uniformly stretched perme-
able surface. Chamkha et al. [28] have studied MHD natural con-
vection from a heated vertical plate for a micropolar fluid with
the Joule heating, chemical reaction and the radiation effect.
Saleem et al. [29] have presented a numerical study of natural con-
vection flow in a rectangular cavity heated from below for both
steady and transient cases. Si et al. [30] have studied the heat
and mass transfer of a micropolar fluid flow in a porous channel
subjected to a chemical reaction. They used the analytical differen-
tial transformation method and observed that there is a decrease in
the velocity and micro-rotation profiles as the Reynolds number
increases. Recently, Bourantas and Loukopoulos [31] have modeled
the natural convective flow of micropolar nanofluids. They have
compared the nano-fluidic suspensions with the micropolar
theory.

All of the above studies are limited to single diffusive convec-
tion of a micropolar fluid. But in some conditions, the convection
of a micropolar fluid is affected by concentration gradients along
with the thermal gradients. Such convection is known as double
diffusive convection of a micropolar fluid. A glimpse on the avail-
able literature shows the existence of a few studies on the same
phenomenon. Sharma and Kumar [32] are the first to study the
double diffusive convection of a micropolar fluid. They have
studied the thermo-solutal convection in a layer of an electri-
cally-conducting micropolar fluid heated from below and
reported the over stability of the system due to inherent coupling
between the micropolar rotation and the thermo-solutal convec-
tion. Sharma and Sharma [33] have extended the previous study
to porous media and reported that the coupling between the
thermo-solutal and micropolar rotation introduces an oscillatory
motion in porous media. Chamkha et al. [34] have studied the
double diffusive convective flow of a micropolar fluid over a ver-
tical plate embedded in a porous medium with a chemical reac-
tion. They have noticed the increase in the local micro-rotation
coefficient with the increase in the buoyancy ratio and the
micro-rotation parameter. Sunil et al. [35] have done a linear sta-
bility analysis on double diffusive convection of a micropolar fer-
romagnetic fluid in a saturating porous medium. They have
noticed an oscillatory mode due to the presence of the micropo-
lar viscous effect, micro-inertia and the solute gradient. Alloui
et al. [36] have discussed the double diffusive Soret-induced con-
vection of a micropolar fluid. They have taken a vertical channel
for the analysis of flow. Alloui and Vasseur [37] have extended
their previous work to Soret-driven double diffusion of a
power-law fluid in a shallow rectangular enclosure. They have
analytically solved the problem after a scaling analysis. Recently,
Liu and Umavathi [38] have studied the double diffusive convec-
tion of a micropolar fluid saturated in a sparsely packed porous
medium. They have used the Darcy–Brinkman–Forchheimer
model for the study and analytically found out the stability crite-
rion. They have reported the intensiveness of wave number with
the increase in other parameters except the porous medium
parameter. From the literature review, it is noticed that, very
few studies do exist on the double diffusive flow of a micropolar
fluid. All the studies existing are either of boundary layer type
approximation to explain the double diffusive effect, or parallel
flow kind approximation in a shallow cavity to find the analytic
solution for the double diffusive phenomenon. The present
study is focused on the solution of complete, flow equations
without any scaling to any flow terms. A control volume-based
integration is done to find the solution of the flow equations
which helps to present the analysis corresponding to a realistic
situation.

2. Mathematical formulation and governing equations

A two-dimensional square enclosure having dimension L � L is
filled with a concentrated binary micropolar fluid. The right verti-
cal wall of the enclosure is at a higher temperature ðTHÞ and con-
centration ðCHÞ, while the left vertical wall of the enclosure is at
a lower temperature ðTLÞ and lower concentration ðCLÞ. The hori-
zontal walls are thermally insulated and solutally impermeable.
The schematic arrangement is shown in Fig. 1. The flow of the
micropolar fluid is assumed to be incompressible and laminar in
the working range of parameters. All the thermo-physical proper-
ties of the micropolar fluid are assumed to be constant except the
density whose variation is assumed as per the Boussinesq approx-
imation. The equation of state for the fluid is expressed as

q ¼ q0ð1� bTðT � TLÞ � bCðC � CLÞÞ ð1Þ

where bT ¼ �
1
q0

@q
@T

� �
p;C

and bC ¼ �
1
q0

@q
@C

� �
p;T

All the thermo-physical properties are estimated at a reference
temperature TL and concentration CL. The following relationships
are used to normalize the variables:

ðX;YÞ ¼ ðx; yÞ
L

; ðU;VÞ ¼ ðu; vÞ
m=L

; N ¼ N
v=L

; s ¼ t

L2=m
;

H ¼ T � TL

TH � TL
; U ¼ C � CL

CH � CL

The dimensionless form of the equations are expressed as
Mass continuity equation

@U
@X
þ @V
@Y
¼ 0 ð2Þ

Horizontal momentum equation

@U
@s
þ @

@X
U2 þ P� 1þRð Þ@U

@X

� �
þ @

@Y
UV � 1þRð Þ@U

@Y
�RN

� �
¼ 0

ð3Þ
Vertical momentum equation

@V
@s
þ @

@X
UV � ð1þRÞ @V

@X
þRN

� �
þ @

@Y
V2 þ P � ð1þRÞ @V

@Y

� �

� Ra
Pr
ðHþ }UÞ ¼ 0 ð4Þ

Angular momentum equation

@N

@s
þ @

@X
UN� 1þR

2

� �
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@X
�RV

� �

þ @

@Y
VN� 1þR
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� �
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� �
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Energy equation

@H
@s
þ @

@X
UH� 1

Pr
@H
@X

� �
þ @

@Y
VH� 1

Pr
@H
@Y

� �
¼ 0 ð6Þ

Concentration equation

@U
@s
þ @

@X
UU� 1

PrLe
@U
@X

� �
þ @

@Y
VU� 1

PrLe
@U
@Y

� �
¼ 0 ð7Þ

The dimensionless numbers used in the equations are defined as
follows

Le ¼ a
D
; Pr ¼ m

a
; Ra ¼ gbT L3 TH � TLð Þ

ma
;

Ras ¼
gbCL3 CH � CLð Þ

mD
; } ¼ Ras

RaLe

In a micropolar fluid, a net unbalanced moment exists at the
molecular level due to the complex molecular shape, which causes
spinning of molecules and destroys the symmetricity of the stress
tensor. The non-dimensional vortex viscosity index or the material
parameter (R) indicates the ratio of the spinning viscosity to the
dynamic viscosity, which determines the relative importance of
the spin viscosity over the dynamic viscosity. The value of R ¼ 0
indicates a symmetric stress tensor and zero spinning, i.e. the flow
is pure Newtonian.

No slip and no penetration velocity boundary conditions are
assumed at all solid walls. These are expressed in dimensionless
form as

U;V ¼ 0; 8X ¼ 0;1 & Y ¼ 0;1:

The thermal and solutal boundary conditions at the vertical walls
are expressed as

H;U ¼ 0; 8X ¼ 0

H;U ¼ 1; 8X ¼ 1

@H
@Y

;
@U
@Y
¼ 0; 8Y ¼ 0;1

A strong concentration of micro-elements is assumed to be in the
binary fluid and the rotation of the particles near the rigid walls
is restricted [39]. So, the boundary condition of the micro-rotation
vector is defined as

N ¼ 0 8X ¼ 0;1&Y ¼ 0;1

The initial conditions are taken as follows

U;V ;H;U;N ¼ 0 8s ¼ 0; 90 < X;Y < 1

The heat and mass fluxes are the quantities of physical interest.
The local heat and mass fluxes are expressed in terms of the local
Nusselt and Sherwood numbers, respectively are follows:

Nu ¼ � @H
@X

����
X¼0;1

ð8Þ

Sh ¼ � @U
@X

����
X¼0;1

ð9Þ

The total heat and mass transfer across the cavity is
expressed in terms of the average Nusselt and Sherwood numbers
as follows:

Nu ¼
Z 1

0
� @H
@X

dY
����

X¼0;1
ð10Þ

Sh ¼
Z 1

0
� @U
@X

dY
����

X¼0;1
ð11Þ
3. Solution technique and results validation

It is observed from the previous section that the governing
equations are highly nonlinear in nature and are coupled through
their source terms. As no closed form solution exists, their solu-
tions through numerical schemes are reported in the present work.
The modified Marker and Cell (MAC) method developed by Hirt
and Cook [40] is used to solve the mass continuity and momentum
equations. The investigation by Kim and Benson [41] suggests the
significance of the MAC method for accuracy and computational
effort. A partial staggered grid arrangement described by Vanka
et al. [42] is taken for the pressure and velocity correction. In the
partially staggered grid, the pressure is calculated at the center
of the control volume, and all other scalar and vector variables
are calculated at the cell corner. Finite difference forms of the gov-
erning equations are derived by integrating the equations over an
elementary control volume. The equation for pressure is obtained
by taking divergence of velocity across the elementary control vol-
ume such that there is no net mass flow in or out of the control vol-
ume. The solution for pressure in the Poisson equation involves
simultaneous iteration on pressure and velocity components to
obtain a divergence free velocity field as described by Chorin
[43]. In the pressure correction equation, the pressure correction
in the neighboring cells is taken as zero, as described by Biswas
[44] (Muralidhar and Sundarrajan). This is equivalent to the solu-
tion of the full Poisson equation for pressure as shown by Brandt
et al. [45]. The operator-splitting algorithm [46,47] is used to solve
the energy and concentration equations. The operator-splitting
algorithm properly identifies the mixed mathematical character
of the governing differential equation and splits the equation into
a series of homogeneous component. The advection diffusion is
hyperbolic in nature when the diffusion part is neglected whereas
it becomes parabolic in nature when the advection part is
neglected. The operator-splitting algorithm neglects the diffusion
term and solves the advection part to get a predicted field, again
it neglects the advection part and solves the diffusion part taking
the predicted value to obtain the correct field. The false diffusion
is absent in the case of operator-splitting algorithm as there is no
unwinding in the method. The governing differential equations
(2)–(7) have been discretized over an elementary control volume.
The resulting sets of the discretized equations for each variable
are solved by the Alternating Direction Implicit (ADI) scheme with
a line-by-line procedure, combining the LU decomposition for
matrix inversion. In the present study, a gradient-dependent con-
sistent hybrid upwind scheme of second order (GDCHUSSO) is used
for the discretization of the advection term in the flow equations.
In a five-point stencil, the nonlinear convective term, discretized
using the GDCHUSSO scheme is as follows:

@U2

@X

�����
i;j

¼ 1
4dX

Ui;jþUi;jþ1
� �

Ui;jþUi;jþ1
� �	

þI Ui;jþUi;jþ1
� ��� �� Ui;j�Ui;jþ1

� �
� Ui;j�1þUi;j
� �

Ui;j�1þUi;j
� �

�I Ui;j�1þUi;j
� ��� �� Ui;j�1�Ui;j

� �

ð12Þ

where I is a weighted average central and upwind differencing fac-
tor. When I = 0, and I = 1, Eq. (12) is space-centered and fully
upwind, respectively. The upwind scheme helps to suppress the
oscillations but suffers from false diffusion, while central difference
helps to improve the accuracy but suffers from instability. The
hybrid scheme discussed above is the combination of central differ-
ence and the upwind scheme. A second-order central difference
scheme is adopted for the diffusion terms. The overall accuracy of
the solution is second order in space. The Simpson’s 1/3 rd rule of
integration is used to evaluate Eqs. (10) and (11). A global tolerance
of 10�7 is taken between two successive time steps for convergence.



Table 1
Grid sensitivity study.

Mesh size 41 � 41 51 � 51 61 � 61 71 � 71 81 � 81

Ra = 105, Pr = 0.1 Nu 3.1857 3.1828 3.1821 3.1819 3.1816
} = �0.4, R ¼ 1 Sh 4.9134 4.9102 4.9095 4.9091 4.9089

Ra = 106, Pr = 1 Nu 4.7655 4.7637 4.7626 4.7621 4.7619
} = �4, R ¼ 2 Sh 11.4261 11.4247 11.4236 11.4229 11.4223

Table 2
Validation of Nu with Aydin and Pop [20].

Ra = 105 Ra = 106

Aydin and Pop
[20]

Current
study

Aydin and Pop
[20]

Current
study

0 4.486 4.483 8.945 8.940
0.5 4.033 4.029 7.984 7.981
1 3.729 3.724 7.433 7.429
2 3.314 3.211 6.673 6.668
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Fig. 2. Validation with Sezai and Mohamad [48].
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After a detailed discussion of the adopted numerical schemes and
their solution procedure, the generated code is subscribed with a
grid independence test and a mesh of 61 � 61 control volume is
found to be adequate to produce grid-independent results. The grid
independence test results are provided in Table 1. Prior to discus-
sion of the obtained results, the numerical code has been tested
and validated with relevant benchmark literature results. The code
has been validated with the work of Aydin and Pop [20] for natural
convection of a micropolar fluid, and the results are provided in
Table 2. The code for double diffusion has been validated with Sezai
and Mohammad [48]. Fig. 2 shows the excellent agreement
between the results.
4. Results and discussion

In the present study, the transient form of the governing equa-
tions is solved to understand the dynamics of double diffusive sys-
tems of fluid containing suspensions of non-deformable particles
with their own rotation, i.e. so called micropolar fluid. Emphasis
has been given to study the combined effect of micro-rotation
and double diffusion. The thermal Rayleigh number is taken in
the range (Ra = 105–106) to depict the effect of the buoyancy force.
Three discrete values of the buoyancy ratio (} 2 {�0.4,�1,�4}), are
taken to see the effect of thermally-dominant convection, solutal-
dominant convection and the transition of the above one to other.
Computations are carried out for three value of the Prandtl number
(Pr = {0.1,1,10}). Three values of the micropolar material parame-
ter or the vortex viscosities have been chosen (R ¼ 0;1;2) to see
the effect of micro-rotation of constituents. R ¼ 0 represents the
corresponding Newtonian flow. The Lewis number (Le = 3) is kept
fixed. The obtained contours of isotherms, isoconcentrations, flow
lines and micro-rotation vectors have been provided to enable
the parametric study. The dynamics of Nusselt and Sherwood
numbers at critical buoyancy ratio along with power spectrum plot
and phase plane map helps to analyze the interesting outcomes of
the study.

Fig. 3 presents the contour maps of the isotherms, isoconcentra-
tions, flow lines, and the micro-rotation path lines for Ra = 105 and
} = �0.4 for different Prandtl number and vortex viscosity values.
} = �0.4 represents the thermally-dominated flow, i.e., the condi-
tion of higher thermal buoyancy strength compared to that of
the solutal buoyancy strength. It can be clearly noticed, irrespec-
tive of the Prandtl number and the vortex viscosity parameter,
the flow rises along the right wall and falls along the left wall to
complete the circulating loop. Because of the higher value of the
thermal buoyancy force, the direction of the flow is upward along
the right vertical plate, which resembles the condition of a bound-
ary layer flow along a vertical hot plate. Similarly, the flow is down
streaming along the left cold plate. For a Newtonian flow i.e.,
R ¼ 0, secondary circulations are noticed at the core for all values
of the Prandtl number (Fig. 3(c), (k) and (s)). The same secondary
circulation disappears with an increase in the vortex viscosity
parameter to R ¼ 2 (Fig. 3(g), (o) and (w)). The inclusion of addi-
tional viscosity does not permit the counter stream flow at the
core; hence, the secondary circulations disappear. The flow gradu-
ally loses its strength with the increase in the Prandtl number. The
flow is more intensive/stronger for a low value of the Prandtl num-
ber (Pr = 0.1) compared to a higher value of the Prandtl number
(Pr = 10). This is evidenced from the orientation of the micro-rota-
tion lines along which the spinning particles of same magnitude
align. The increase in the Prandtl number causes reduction in both
the circulation velocity and the rotation velocity. A close inspection
of Fig. 3(h), (p) and (x), reveals that the micro-rotation strength
reduces 100 times with the increase in the Prandtl number from
Pr = 0.1 to Pr = 10. The same thing is also noticed in the case of
the streamline values. The Prandtl number has an inverse relation-
ship with the flow strength. Distortion of the isoconcentrations
gets reduced and the isotherms show a gradual stratification with
the increase in both the vortex viscosity parameter and the Prandtl
number.

Fig. 4 displays the case for Ra = 106. The buoyancy strength
increases with the increase in the Rayleigh number, which ampli-
fies the flow activities. This can also be noticed from Fig. 4(c). A
complex triplet secondary circulations appears in the core, with
auxiliary peripheral counter clock-wise circulation for Pr = 0.1.
The intensities of the flow in the core are quite high. However,
for R ¼ 2 (Fig. 4(g)), the inclusion of the additional vortex viscosity,
the flow is unable to counter the complete buoyancy strength
causing the secondary circulations to exist. However, the flow
strength also decelerates with the increase in the vortex viscosity
parameter. The isotherms and the isoconcentrations get more dis-
torted at sharp locus at the core of the cavity for Ra = 106, com-
pared to that of Ra = 105, which is the feature of enhanced
buoyancy effect. The bottom portion of the right wall and the top
portion of the left wall are the more active zones for heat and mass
transfer. The isotherms and the isoconcentrations are intensified at
these locations. The magnitudes of the flow strength and the
micro-rotation strength bear an inverse quasi-linear relationship
with the Prandtl number. The momentum, thermal and solutal
boundary layer thicknesses decrease with the increase in the
Rayleigh number.



0.1

0.2

0.3
0.4

0.5
0.6

0.7

0.8 0.9

0.1

0.2 0.3

0.5

0.6

0.7
0.8 0.9

0.1 0.2
0.3

0.4

0.5

0.6

0.7
0.8 0.9

0.1

0.2 0.3
0.4

0.5

0.6
0.7 0.8 0.9

0 1
3 4

5 6
7

00

0

0.1

0.2
0.3

0.4
0.5

0.6

0.7
0.8 0.9

0.1

0.2 0.3
0.4

0.5

0.6
0.7 0.8 0.9

0.081722 0.1637

0.24569 0.327670.40965

0.49163 0.573620.6556

0.1

0.2
0.3

0.4

0.5

0.6

0.7
0.8 0.9

0.1

0.2 0.3
0.4

0.5

0.6
0.7 0.8 0.9

0.1

0.2
0.3

0.4

0.5
0.6

0.7
0.8 0.9

0.1

0.2 0.3

0.4

0.5

0.6

0.7 0.8 0.9

0.1

0.2
0.3

0.40.5

0.6
0.7

0.8 0.9

0.1

0.2 0.3

0.4

0.5

0.6

0.7 0.8 0.9

66
59

52

4429
22 14

7

( )i ( )j ( )k ( )l

( )m ( )n ( )o ( )p

( )q ( )r ( )s ( )t

( )u ( )v ( )w ( )x

( )a ( )b ( )c ( )d

( )e ( )f ( )g ( )h

Pr 0.1,

0

=
ℜ =

Pr 0.1,

2

=
ℜ =

Pr 1,

0

=
ℜ =

Pr 1,

2

=
ℜ =

Pr 10,

0

=
ℜ =

Pr 10,

2

=
ℜ =

Isotherm Isoconcentration Flow Lines Micro Rotation Lines

Fig. 3. Isotherm, isoconcentrations, flow lines and micro rotation lines distribution (Ra = 105, } = �0.4).
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Fig. 4. Isotherm, isoconcentrations, flow lines and micro rotation lines distribution (Ra = 106, } = �0.4).
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Fig. 5. Isotherm, isoconcentrations, flow lines and micro rotation lines distribution (Ra = 105, } = �4).
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Figs. 5 and 6 present the cases for solutal buoyancy-dominated
flow. At } = �4, The solutal buoyancy force is the primary source of
flow initiation. From Figs. 5 and 6, it is seen that the solutally-
enriched fluid undergoes a down streaming along the right wall
under the gravity action and forms a clockwise circulation. The iso-
therms, isoconcentrations and the micro-rotation vectors are
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Fig. 6. Isotherm, isoconcentrations, flow lines and micro rotation lines distribution (Ra = 106, } = �4).
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accordingly oriented. Similar to the thermally-dominated flow; in
this case, the inclusion of the vortex viscosity causes the decelera-
tion of the flow strength. An increase in the Rayleigh number
enhances the flow strength. For Ra = 105, the micro-rotation
strength reduces from 30 to 0.3 with an increase in the Prandtl
number from 0.1 to 10. For Ra = 106, the micro-rotation vector
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reduces from 51 to 0.50, with the increase in the Prandtl number
from 0.1 to 10. The Prandtl number also plays an inverse quasi-lin-
ear relationship with the flow strength. The top portion of the right
wall and the bottom portion of the left wall are more active in
terms of the heat and mass transfer. At the critical buoyancy ratio
} = �1, the thermal buoyancy strength is equal to the solutal buoy-
ancy strength. So, there is a competition between both buoyancy
forces to counter-balance each other, as a consequence, an inter-
esting flow feature is observed. At } = �1 for Ra = 105 and
Pr = 0.1, the flow converges to a steady-state condition, however,
for Pr = 1 and Pr = 10, the flow shows a periodic oscillation over
time. A low Prandtl number fluid has a high thermal diffusivity
compared to the momentum diffusivity. Hence, despite the equal
solutal and thermal buoyancy forces, the flow is dominated by
the thermal buoyancy force as noticed from Fig. 7(c). The core is
filled with anti-clockwise rotating thermal circulation, while very
few tiny compositionally-driven cells are noticed at the corners
(Fig. 7(c)). The isotherms and the isoconcentrations are likely
arranged. For Pr = 1 and higher, the momentum diffusivity is
almost equal and is higher than the thermal diffusivity, which
prevents the flow from attaining steady state and it oscillates over
time. This has been presented in Fig. 9.
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Fig. 10 shows the power spectra of the same results as in Fig. 9.
For Pr = 1, a fundamental frequency of 33.74 is observed and the
other two frequencies 67.59 and 101.2 are the integral multiple
of the fundamental frequency. Similarly, for Pr = 10, a fundamental
frequency of 3.85 is noticed and the other four frequencies are the
integral multiple harmonic of the fundamental frequency. It can be
clearly noticed from the above power spectrum, that when the Pra-
ndtl number increases 10 times, the oscillating frequency reduces
10 times. This oscillating frequency gradually goes on decreasing
with the increase in the Prandtl number and finally gives a conver-
gent and steady-state solution, when the momentum diffusivity is
quite high compared to the thermal diffusivity. But for a Prandtl
number of unity, an oscillating solution is obtained. The corre-
sponding phase plane diagram between two orthogonal compo-
nents of the velocity is shown in Fig. 11. For Pr = 1, a circular
limit cycle is noticed, which deforms into an elliptical limit cycle
with Pr = 10. Interestingly for Ra = 105, the inclusion of the vortex
viscosity parameter dampens the oscillation and brings the system
to a convergent steady state solution which can be seen from the
variation of the Sherwood number in Fig. 9. The oscillating
Sherwood number for Pr = 1 and Pr = 10 at the critical buoyancy
ratio gets stabilized and a steady-state solution is reached for
6760

52 44

37

29
22

14

6

6

5

4

3
2 1 0

0

0

0

0.067487

0.145280.22308

0.37867

0.45647

0.61206

0.53426

( )c ( )d

( )g ( )h

( )k ( )l

( )o ( )p

1

Pr 0.1

0

℘= −
=

ℜ =

1

Pr 0.1

2

℘= −
=

ℜ =

1

Pr 1

2

℘= −
=

ℜ =

1

Pr 10

2

℘= −
=

ℜ =

Flow Lines Micro Rotation Lines

icro rotation lines distribution (Ra = 105, } = �1).



Fig. 8. Variation of micro rotation vector distribution with Prandtl number and buoyancy ratio (Ra = 106).

Fig. 9. Dynamics of Nu and Sh evolution for various vortex viscosity parameters.

Fig. 10. Power spectra analysis at critical buoyancy ratio (} = �1).
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Fig. 11. Phase plane plot of orthogonal component of velocity at critical buoyancy
ratio (} = �1).
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R ¼ 1. With the inclusion of the vortex viscosity parameter, a
major part of the energy is consumed for the development of the
gyrational velocities of the micropolar fluid, and as a consequence,
it prevents the onset of instability in the system. For Ra = 105,
} = �1, the steady-state contour maps are provided in Fig. 7. It is
seen from this figure that the fluid is thermally dominated at the
core and a very small recirculation due to compositional variance
appears at the corners. The flow and micro-rotation vector also
gradually lose their strength with the increase in the Prandtl num-
ber. For Ra = 106, the flow is found to be chaotic at the critical
buoyancy ratio for all values of the Prandtl number. For Ra = 106,
inclusion of the vortex viscosity parameters is unable to bring
the flow to steady-state condition at the critical buoyancy ratio.
Fig. 12. Phase plane plot of orthogonal component

Table 3
Heat and mass transfer record.

} = �0.4

R ¼ 0 R ¼ 1 R ¼ 2 R ¼ 0

Ra = 105
Nu 3.6431 3.1821 2.9153 3.0202

Pr = 0.1 Sh 5.5336 4.9095 4.5278 4.3825

Ra = 105
Nu 4.2772 3.5318 3.1284 –

Pr = 1 Sh 6.6242 5.4700 4.8513 –

Ra = 105
Nu 4.4088 3.5638 3.1400 –

Pr = 10 Sh 6.7581 5.4866 4.8553 –

Ra = 106
Nu 6.8591 6.0543 5.6109 –

Pr = 0.1 Sh 10.3373 9.2284 8.6038 –

Ra = 106
Nu 8.3603 7.0194 6.2803 –

Pr = 1 Sh 12.8031 10.7400 9.5770 –

Ra = 106
Nu 8.6588 7.1040 6.3159 –

Pr = 10 Sh 13.1534 10.7722 9.6016 –
For a high Rayleigh number, the buoyancy strength is quite high,
so the viscous force along with the vortex viscous force is unable
to counter-balance the buoyancy force and control the instability.
However, at Ra = 106, the flow shifts from a chaotic state to a peri-
odic state with the inclusion of the vortex viscosity parameter. This
can be seen from the phase plane analysis of the orthogonal veloc-
ities in Fig. 12. In the absence of the vortex viscosity, the flow is
chaotic in nature (Fig. 12(a)). The same comes to a periodic circular
orbit for R ¼ 1 (Fig. 12(b)). With further increase in the vortex vis-
cosity R ¼ 2, the orbit takes a oblong shape (Fig. 12(c)). The same is
also observed for the other Prandtl number values. Hence, inclu-
sion of the vortex viscosity brings stability in the system. The effect
of the Prandtl number on the micro-rotation is shown in Fig. 8. For
both thermal- and solutal-dominated flows, the micro-rotation
strength decreases with the increase in the Prandtl number. The
micro-rotation vector and the Prandtl number in a double diffusive
system have an inverse quasi-linear relationship.

The heat and mass transfer results of the entire computation are
shown in Table 3. Both heat and mass transfer bear a nonlinear
relationship with the buoyancy ratio. The steady-state heat and
mass transfer rates are minimum at the critical buoyancy ratio
which increases moving either side of the critical buoyancy ratio.
The rates of heat and mass transfer also increase with an increase
in the Prandtl number. The thermal and solutal boundary layers get
thinner and cause a high gradient, which results in increase in the
heat and mass transfer rates with the increase in the Prandtl num-
ber. Due to the influence of the micro-constituents of micropolar
fluids, the average heat and mass transfer rates decrease with an
increase in the vortex viscosity parameter. The concentration of
of velocity at critical buoyancy ratio (} = �1).

} = �1 } = �4

R ¼ 1 R ¼ 2 R ¼ 0 R ¼ 1 R ¼ 2

2.6629 2.4395 2.8926 2.6535 2.4878
3.8879 3.5757 7.4259 6.5072 5.9300

2.8160 2.4913 3.4954 2.9626 2.6756
4.1028 3.6234 8.2688 6.8669 6.1310

2.7800 2.4671 3.5740 2.9918 2.6920
4.0142 3.5657 8.3511 6.8938 6.1446

– – 4.8623 4.6059 4.3845
– – 13.2696 11.8772 10.9720

– – 5.8945 5.1875 4.7626
– – 14.6463 12.5878 11.4236

– – 6.0141 5.2457 4.8007
– – 14.8295 12.6661 11.4674



Fig. 13. Parity plot (a,b: } = �0.4 and c,d: } = �4) (—: correlated values, ⁄: computational values).
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the micro-constituents increases with an increase in the vortex vis-
cosity and the major part of the energy of the system is consumed
for developing in the gyrational velocities. This restricts the free
molecular movement of the molecules in the fluid and causes
reductions in both the heat and mass transfer rates.

5. Useful correlations

A multi-linear regression analysis is performed on the com-
puted results to find out the correlations among the various
parameters for the average heat and mass transfer rates (average
Nusselt and Sherwood numbers) in the present working range.
The following correlations are developed.
For thermally-dominated flow (} = �0.4)

Nu ¼ 0:1396Ra0:292Pr0:0321:1508�R ð13aÞ

Sh ¼ 0:2291Ra0:286Pr0:0321:1455�R ð13bÞ

For solutally-dominated flow (} = �4)

Nu ¼ 0:2061Ra0:239Pr0:0311:1092�R ð14aÞ

Sh ¼ 0:3890Ra0:261Pr0:0161:1350�R ð14bÞ
A maximum deviation of 7% is observed between the computed val-
ues and the correlated values from Eqs. (13) and (14). The parity
plot is provided in Fig. 13, where the correlated values are pre-
sented as solid line and the computed results are provided by the
star symbol. This clearly shows the close agreement between the
computed and the correlated values.
6. Conclusions

A detailed parametric study has been performed on double
diffusive free convection of a micropolar fluid inside a square
enclosure. The effect of the various affecting parameters have
been studied and discussed in the previous section. The following
conclusions are outlined.

� Both circulation and rotation velocities increase with an
increase in the Rayleigh number which results in enhancement
of the heat and mass transfer rates.
� The circulation and rotation strength bear an inverse quasi-

linear relationship with the Prandtl number.
� The inclusion of the vortex viscosity parameter causes a mono-

tonic decrease in the flow strength and heat and mass transfer
rates.
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� The heat and mass transfer rates are minimum at the critical
buoyancy ratio. They increase at either side of the critical buoy-
ancy ratio.
� The vortex viscosity parameter brings stability in the system

through additional viscous spinning resistance.
� The correlation for heat and mass transfer, for thermally-domi-

nated flow is expressed as Nu ¼ 0:1396Ra0:292Pr0:0321:1508�R

and Sh ¼ 0:2291Ra0:286Pr0:0321:1455�R respectively.
� The correlation for heat and mass transfer, for solutally-domi-

nated flow is expressed as Nu ¼ 0:2061Ra0:239Pr0:0311:1092�R

and Sh ¼ 0:3890Ra0:261Pr0:0161:1350�R respectively.
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