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Mixed convection flow through a rectangular duct with at least one of the sides of the walls of the rectangle being isothermal under
the influence of transversely appliedmagnetic field has been analyzed numerically in this study.The governing differential equations
of the problem have been transformed into a system of nondimensional differential equations and then solved numerically. The
dimensionless velocity, microrotation components, and temperature profiles are displayed graphically showing the effects of various
values of the parameters present in the problem. The results showed that the flow field is notably influenced by the considered
parameters. It is found that increasing the aspect ratio increases flow reversal, commencement of the flow reversal is observed after
some critical value, and the applied magnetic field increases the flow reversal in addition to flow retardation. The microrotation
components flow in opposite direction; also it is found that one component of the microrotation will show no rotational effect
around the center of the duct.

1. Introduction

The theory of fluids with microstructures has been the
subject of a large number of investigations.These are realistic
and important from a technological point of view. The
classical theories of continuum mechanics are inadequate to
explain the microscopic manifestations of complex hydro-
dynamic behaviour. Microcontinuum theory or generalized
continuum theories incorporate independent deformations
of the microstructure inside of a material point. There are
a number of microcontinuum theories by Eringen [1, 2],
namely, couple stress, micropolar, microstretch, and micro-
morphic. These theories impose more or less constraints on
the motion of microstructure inside of a material point. In
microstretch theory, it is assumed that the microstructure of
each material point can undergo expansion or contraction
independently in addition to translation and rigid rotation.
This theory is a generalization of micropolar theory, in
which the microstructure can only have translation and
rigid rotation. Micromorphic theory constitutes extensions

of the classical field theories concerned with the deforma-
tions, motions, and electromagnetic interactions of material
media, as continua, in microscopic time and space scales.
In micromorphic theory, a material body is considered as
a continuous collection of deformable particles, each with
finite size and inner structure. Axtell et al. [3] discussed blood
circulation in tissues as amultistate,multiphase porousmedia
problem by simulating the fluid phase as a micromorphic
continuum. While blood is known to be Newtonian, it
also has electrically conducting properties. Using the finite
elementmethod, Ansari et al. [4] studiedmicromorphic first-
order shear deformable plate element and the microstructure
effect on the analysis of small-scale structures. Applications
of micromorphic theory in micro-/nanoscale are discussed
by formulating generalizedmicromorphic solid and fluid; see
Lee and Wang [5]. Within the framework of micromorphic
and elasticity theory, microstructure effect is developed to
describe the bending behaviour ofmicroplates byAnsari et al.
[6]. Micropolar fluids are a subset of the micromorphic fluid
theory introduced in a pioneering paper by Eringen [7].
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Micropolar fluids constitute an important branch of non-
Newtonian fluid dynamics where microrotation effects as
well as microinertia are exhibited. Traditional Newtonian
fluids cannot precisely describe the characteristic of fluid
with suspended particles. Micropolar fluids formulated by
Eringen [8] include certain microscopic effects arising from
the local structure and micromotions of the fluid elements
and provide a mathematical model for the non-Newtonian
fluid flow behaviour such as exotic lubricants, polymers,
animal blood, and real fluids with suspensions. Eringen [9]
extended the micropolar fluid theory and developed the
theory of thermomicropolar fluids. An excellent review of
micropolar fluids and their applications was given by Ariman
et al. [10]. Extensive review of foundations of the micropolar
continuum mechanics is found in the book by Eremeyev et
al. [11].

There have been numerous studies for the laminar flow
and heat transfer through rectangular ducts [13–19]. Cheng
and Ou [20] have also studied the mixed convection heat
transfer in the thermal entrance region of horizontal rect-
angular channels. Aung and Worku [21] analyzed mixed
convection flow in ducts with asymmetric wall heat fluxes.
Mahaney et al. [22] studied development of laminar mixed
convection flow in a horizontal rectangular duct with uni-
form bottom heating and Abou-Ellail and Morcos [23] also
carried out investigations for similar flow geometry buoyancy
effects in the entrance region. Huang et al. [24] examined
laminar mixed convection heat and mass transfer in vertical
rectangular ducts with film evaporation and condensation.
Yan and Lin [25, 26] numerically investigated the laminar or
turbulent mixed convection flow in a vertical channel under
simultaneous influence of the combined buoyancy effects
of the thermal and mass diffusion for an air-water vapour
system.

To the knowledge of the authors and in all of the above-
mentioned studies, the combined effect of an applied mag-
netic field under strong buoyancy force on mixed convection
on the micropolar fluid model which represents realistic
non-Newtonian flow in a rectangular duct has not been
well evaluated. This motivates the present investigation. In
this paper, we study the problem of steady laminar, incom-
pressible mixed convection micropolar fluid flow through a
rectangular duct subject to applied magnetic field with at
least one side of the rectangle being isothermal.Mathematical
formulation has been presented for the governing equa-
tions and the solution is found numerically using the finite
difference method. Results are discussed through velocity,
microrotation, and temperature.

2. Mathematical Formulation

Consider a steady, laminar, incompressible, mixed convective
heat transfer micropolar fluid through an infinite vertical
rectangular duct given in Figure 1, with sides of length 𝑎 and𝑏 in the presence of an external applied magnetic field. In
the formulation of the problem, the following assumptions
are made: Boussinesq approximations are valid, the flow is
parallel and hence the only nonvanishing component is the
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Figure 1: The base of the rectangular duct and the coordinate axes.

𝑍 (vertical) direction component, a uniform magnetic field
is applied normal to the surfaces, and the induced magnetic
field is assumed to be very small. The last assumption is
considered to be valid for the case of smallmagnetic Reynolds
number as done in previousworks byHayat et al. [27]. At least
one of the duct walls is kept isothermal and the temperature is
uniform along the duct vertical direction; hence 𝜕𝑇/𝜕𝑧 = 0.

The equations of motion of a micropolar fluid by Eringen
[8] are as follows:

∇ ⋅ (𝜌𝑉) = 0,
(𝜆 + 2𝜇 + 𝜅) ∇ (∇ ⋅ V) − (𝜇 + 𝜅) ∇ × (∇ × V) + 𝜅∇ × 𝜙

− ∇𝑃 + 𝜌f = 𝜌 (V ⋅ ∇)V,
(𝛼 + 𝛽 + 𝛾) ∇ (∇ ⋅ 𝜙) − 𝛾∇ × (∇ × 𝜙) + 𝜅∇ × V − 2𝜅𝜙

+ 𝜌I = 𝜌𝑗 (V ⋅ ∇) 𝜙,
𝛼∗∇2T = 𝜌 (V ⋅ ∇)T,

(1)

where 𝑗 is microinertia, f and I are body force and body
couple per unit mass, 𝛼, 𝛽, 𝜆, 𝜇, and 𝜅 are material constants
(viscosity coefficients),𝑃 is the thermodynamic pressure,𝑉 =(0, 0, 𝑤) is velocity, 𝜙 = (Γ1, Γ2, 0) is microrotation, 𝛼∗ is the
thermal diffusivity, and T is the temperature of the fluid.

The constitutive equations, giving the stress tensor 𝜏𝑘𝑙 and
the couple stress tensor 𝑀𝑘𝑙, are given by

𝜏𝑘𝑙 = (−𝑃 + 𝜆V𝑟;𝑟) 𝑔𝑘𝑙 + 𝜇 (V𝑘; 𝑙 + V𝑙;𝑘)
+ 𝜅 (V𝑙;𝑘 − 𝜖𝑘𝑙𝑟V𝑟) , (2a)

𝑀𝑘𝑙 = 𝛼V𝑟;𝑟𝑔𝑘;𝑙 + 𝛾V𝑙;𝑘, (2b)

where 𝑔𝑘𝑙 and 𝜖𝑘𝑙𝑟 are the metric tensor and the covariant𝜖-symbol, respectively. The semicolon denotes the covariant
partial differentiation with respect to a space coordinate and
repeated indices are summed. The stress vector 𝜏 and couple
stress vector𝑀 at a point on a surface with normaln are given
by 𝜏𝛼𝑘n𝛼 = 𝜏𝑘 and 𝑀𝛼𝑘n𝛼 = 𝑀𝑘.Thematerial constants must
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satisfy the following inequalities, derived from the Clausius-
Duhem inequality:

3𝜆 + 2𝜇 + 𝜅 ≥ 0,
2𝜇 + 𝜅 ≥ 0,

𝜅 ≥ 0,
(3a)

3𝛼 + 𝛽 + 𝛾 ≥ 0, 𝛾 ≥ 𝛽 . (3b)

The momentum, angular momentum, and energy equations
may be written within boundary layer approximation as

𝜅 (𝜕Γ2𝜕𝑥 − 𝜕Γ1𝜕𝑦 ) − 𝑃0 + 𝜌𝑔 [1 − 𝛽𝑇 (𝑇 − 𝑇0)]

+ (𝜇 + 𝜅) (𝜕2𝑤
𝜕𝑥2 + 𝜕2𝑤

𝜕𝑦2 ) − 𝜎𝐵20𝑤 = 0,

− 2𝜅Γ1 + 𝜅𝜕𝑤
𝜕𝑦 − 𝛾 ( 𝜕2Γ2𝜕𝑥𝜕𝑦 − 𝜕2Γ1𝜕𝑦2 )

+ (𝛼 + 𝛽 + 𝛾) (𝜕2Γ1𝜕𝑥2 + 𝜕2Γ2𝜕𝑥𝜕𝑦) = 0,

− 2𝜅Γ2 − 𝜅𝜕𝑤
𝜕𝑥 + 𝛾 (𝜕2Γ2𝜕𝑥2 − 𝜕2Γ1𝜕𝑥𝜕𝑦)

+ (𝛼 + 𝛽 + 𝛾) ( 𝜕2Γ1𝜕𝑥𝜕𝑦 + 𝜕2Γ2𝜕𝑥2 ) = 0,
𝜕2𝑇
𝜕𝑥2 + 𝜕2𝑇

𝜕𝑦2 = 0,

𝑇0 = ∫𝑎
0

𝑑𝑥 ∫𝑏
0

𝑑𝑦 𝑇,

(4)

where 𝑤 is flow velocity, Γ1 and Γ2 are components of
microrotation, 𝑇 is the temperature, 𝜌 is fluid density, 𝜇 is
dynamic coefficient of viscosity, 𝜅 is vortex viscosity, 𝛼, 𝛽,𝛾 are material constants (the spin, gradient, and viscosity),𝑔 is the acceleration due to gravity, 𝛽𝑇 is the coefficient of
thermal expansion, 𝑇0 is the reference (mean) temperature,𝐵0 is magnetic induction, and 𝜎 is electric conductivity of the
fluid. We introduce the nondimensional variables

𝑥 = 𝑥𝑎,
𝑦 = 𝑦𝑎,
𝑤 = 𝑤𝑈0,
Γ1 = 𝜐1𝑈0𝑎 ,

(5a)

Γ2 = 𝜐2𝑈0𝑎 ,
𝑇 − 𝑇0 = (𝑇1 − 𝑇2) 𝜃,

𝜎 = 𝑏
𝑎

(5b)

and the mean velocity

𝑈0 = 1
𝑎𝑏 ∫𝑎
0

𝑑𝑥 ∫𝑏
0

𝑤 𝑑𝑦. (6)

Substituting the nondimensional variables in (4) and drop-
ping the tildes, we get

𝑁
1 − 𝑁 (𝜕𝜐2𝜕𝑥 − 𝜕𝜐1𝜕𝑦 ) − 𝜆 + Gr

Re
𝜃

+ 1
1 − 𝑁 (𝜕2𝑤

𝜕𝑥2 + 𝜕2𝑤
𝜕𝑦2 ) − 𝐻𝑎2𝑤 = 0,

(7)

− 2𝜐1 + 𝜕𝑤
𝜕𝑦 − 2 − 𝑁

𝑚2 ( 𝜕2𝜐2𝜕𝑥𝜕𝑦 − 𝜕2𝜐1𝜕𝑦2 )

+ 1
𝑙2 (𝜕2𝜐1𝜕𝑥2 + 𝜕2𝜐2𝜕𝑥𝜕𝑦) = 0,

(8)

− 2𝜐2 − 𝜕𝑤
𝜕𝑥 + 2 − 𝑁

𝑚2 (𝜕2𝜐2𝜕𝑥2 − 𝜕2𝜐1𝜕𝑥𝜕𝑦)

+ 1
𝑙2 ( 𝜕2𝜐1𝜕𝑥𝜕𝑦 + 𝜕2𝜐2𝜕𝑦2 ) = 0,

(9)

𝜕2𝜃
𝜕𝑥2 + 𝜕2𝜃

𝜕𝑦2 = 0 (10)

with the additional conditions

∫1
0

𝑑𝑥 ∫𝑦0
0

𝑑𝑦 𝜃 = 0
∫𝑎
0

𝑑𝑥 ∫𝑦0
0

𝑤 𝑑𝑦 = 𝑦0,
(11)

where 𝑁 = 𝜅/(𝜇 + 𝜅) is the coupling number, 𝑙2 = 2𝑎2𝜅/(𝛼 +𝛽+𝛾) is a nondimensional parameter, Gr = 𝑔𝛽𝑇(𝑇2−𝑇1)𝑑3/]2
is the thermal Grashof number, Re = 𝑈𝑜𝑑/] is the Reynolds
number, Ha2 = 𝜎𝐵20𝑎2/𝜌] is the Hartman number, ] is the
kinematic viscosity, 𝑚2 = 𝑑2𝜅(2𝜇 + 𝜅)/𝛾(𝜇 + 𝜅) is micropolar
parameter, 𝑑 = 2𝑎𝑏/(𝑎 + 𝑏) is the hydraulic diameter, and𝜆 = 𝑎2𝑃𝑜/𝜇𝑈𝑜 is a dimensionless parameter.

The boundary conditions for velocity and microrotations
in dimensionless form are as follows:

𝑤 (𝑥, 0) = 𝑤 (𝑥, 𝜎) = 𝑤 (0, 𝑦) = 𝑤 (1, 𝑦) = 0, (12a)

𝜐1 (𝑥, 0) = 𝜐1 (𝑥, 𝜎) = 𝜐1 (0, 𝑦) = 𝜐1 (1, 𝑦) = 0, (12b)

𝜐2 (𝑥, 0) = 𝜐2 (𝑥, 𝜎) = 𝜐2 (0, 𝑦) = 𝜐2 (1, 𝑦) = 0. (12c)

The thermal boundary conditions for two cases are set as
follows.
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Table 1: Values of 𝑤(𝑥, 𝑦) for different positions in the duct.

(𝑥, 𝑦) Barletta [12] Present
(0.5, 0.5) 0.073671 0.073560
(0.6, 0.6) 0.068744 0.068639
(0.75, 0.75) 0.045286 0.045206
(0.85, 0.85) 0.032666 0.023547
(0.9, 0.9) 0.013071 0.013026

Case 1 (thermal boundary conditions).

𝜕𝑇
𝜕𝑥

𝑥=0 = 0,
𝑇 (𝑥, 0, 𝑍) = 𝑇1,

(13a)

𝜕𝑇
𝜕𝑥

𝑥=𝑎 = 0,
𝑇 (𝑥, 𝑏, 𝑍) = 𝑇2.

(13b)

Case 2 (thermal boundary conditions).

𝑘𝜕𝑇
𝜕𝑦

𝑦=0 = −𝑞𝑤,

𝑇 (0, 𝑦, 𝑍) = 𝑇1,
(14a)

𝑘𝜕𝑇
𝜕𝑦

𝑦=𝑏 = 𝑞𝑤,

𝑇 (𝑎, 𝑦, 𝑍) = 𝑇1.
(14b)

Applying the dimensionless parameters, taking the reference
temperature difference Δ𝑇 = 𝑇1 − 𝑇2, and assuming 𝑇1 >𝑇2 for the thermal boundary conditions (Case 1) and Δ𝑇 =𝑎(𝑞𝑤/𝑘) for the thermal boundary conditions (Case 2), we get
the dimensionless thermal boundary conditions as follows.

Two Isothermal and Two Adiabatic Walls. Surfaces parallel to
the 𝑦-axis are assumed adiabatic and temperature is assumed
to be greater than the other parallel surface

𝜕𝜃
𝜕𝑥

𝑥=0 = 0,
𝜕𝜃
𝜕𝑥

𝑥=1 = 0,
(15a)

𝜃 (𝑥, 0) = 𝑠,
𝜃 (𝑥, 𝜎) = 𝑠 − 1. (15b)

Two Isoflux and Two IsothermalWalls. Surfaces parallel to the𝑦-axis are assumed isothermal

𝜕𝜃
𝜕𝑦

𝑦=0 = −1,
𝜕𝜃
𝜕𝑦

𝑦=𝜎 = 1,
(16a)

𝜃 (0, 𝑦) = 𝑠,
𝜃 (1, 𝑦) = 𝑠, (16b)

where 𝑠 = (𝑇1 − 𝑇0)/(𝑇1 − 𝑇2).
3. Results and Discussion

Thedimensionless temperature equation (10) and the coupled
velocity and microrotation equations ((7)–(9)) together with
the boundary conditions ((12a), (12b), (12c), (15a), (15b), (16a),
and (16b)) are solved numerically using the finite difference
method with 40 mesh points in both directions. Throughout
the study unless specified otherwise the values 𝑁 = 0.5, 𝑙 =1, 𝑚 = 3, 𝜆 = 5, Ha = 3, 𝑠 = −1.6, and 𝜎 = 1 are used.
For validation, we use the following values: 𝑁 = 0, Ha = 0,𝜆 = −1, and Gr/Re → 0. Table 1 shows a comparison of the
present values and those obtained by Barletta [12] and it can
be seen that they are in in good agreement.

The coupling number 𝑁 characterizes the coupling of
linear and rotational motion arising from the micromotion
of the fluid molecules. 𝑁 signifies the coupling between the
Newtonian (𝜇) and rotational viscosities (𝜅) and hence 0 ≤𝑁 < 1. For large values of 𝑁, the effect of microstructure
becomes significant, whereas for small values of 𝑁 the
individuality of the substructure is much less pronounced. As𝜅 → 0 (i.e., 𝑁 → 0), the micropolarity is lost and the fluid
behaves as a nonpolar fluid. Hence, 𝑁 → 0 corresponds to
a viscous fluid. More on this relation can be found. Detailed
study comparing the classical and micropolar theory can be
found in the work of Ansari et al. [28].

The results are discussed first for two of the sides (sides
parallel to the 𝑦-axis) that are adiabatic and the others
that are isothermal, that is, thermal boundary condition
(Case 1). The profiles for velocity and microrotations V1
and V2 are presented in Figures 2(a)–2(e). From Figures
2(a)–2(c), it is observed that as the aspect ratio increases the
flow reversal near the hot plate (plate with temperature 𝑇1)
increases. The profile of microrotation V1 is antisymmetric,
at 𝑦 = 0.4, whereas the microrotation component V2 shows
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Figure 2: Case 1: different aspect ratios, with Gr/Re = 50 and 𝑆 = 0.5.

antisymmetric rotation about the center for 𝜎 = 1. It is
also noted that microrotation components flow in opposite
direction as it can be seen from Figures 2(d) and 2(e).

Figures 3(a)–3(c) show the effect of Gr/Re on velocity and
microrotations for the aspect ratio 𝜎 = 1. For Gr/Re > 0,
upward flow, when mean flow 𝑈0 > 0, the velocity decreases
with increase in Gr/Re whereas the microrotations increase.
It is also noted that the microrotation component 𝑉2 shows a
flow reversal near the plate as the value of Gr/Re increases.
The influence of the applied magnetic field is shown in
Figure 3(d) for Gr/Re = 200 and aspect ratio 𝜎 = 1. It is seen
that the presence of the magnetic field influences the flow

behaviour at the center in addition to the decreasing nature
when the value of Ha increases.

In the following discussion, we consider the boundary
conditions where two of the sides are isothermal (sides
parallel to the 𝑦-axis) and the other two sides are isoflux.
The dimensionless temperature distribution (10) is solved
independently of the velocity and microrotation from (10)
and (16a) and (16b).The solution is shown in Figure 4(a).The
profile of velocity and microrotations for different values of
Gr/Re for two isoflux and two isothermal walls is shown in
Figures 4(b)–4(e). It is interesting to see that the flow reversals
for velocity are dependent on the sign of Gr/Re with respect



6 Mathematical Problems in Engineering

Gr/Re = 50, 100, 150, 200

−0.2
0

0.2
0.4
0.6

W

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
X

(a) The effect of Gr/Re on velocity

−0.25
−0.2

−0.15
−0.1

−0.05
Gr/Re = 50, 100, 150, 200

V
1

0.2 0.4 0.6 0.8 10
X

(b) The effect of Gr/Re on microrotation 𝑉1

Gr/Re = 50, 100, 150, 200

−0.05

0

0.05

V
2

0.2 0.4 0.6 0.8 10
X

(c) The effect of Gr/Re on microrotation 𝑉2

Ha = 0, 1, 3, 5

−0.2

−0.1

0

0.1

0.2

W

0.2 0.4 0.6 0.8 10
X

(d) The effect of Ha effect on velocity for 𝑆 = 0.5 for Gr/Re = 200

Figure 3: Case 1: effects for thermal boundary condition.

00.51 00.51
−0.2

0

0.2

0.4

YX



(a) Temperature profile

00.51 00.51
YX

Gr/Re = 1200

−1

0

1

2

w

(b) Velocity profile

00.5100.51
YX

Gr/Re = −1200

−0.5

0

0.5

1

w

(c) Velocity profile

0 0.5 1 0 0.2 0.4 0.6 0.8 1

Y
X

Gr/Re = 1200

−0.5

0

0.5

V
1

(d) Microrotation

0 0.2 0.4 0.6 0.8 1 0
0.5

1

Y

X

Gr/Re = 1200

−0.5

0

0.5

V
2

(e) Microrotation

Figure 4: Case 2: thermal boundary condition with different values of Gr/Re.



Mathematical Problems in Engineering 7

Gr/Re = 500, 600, 700, 800

0.2 0.4 0.6 0.8 10
X

−0.1

0

0.1

0.2

0.3

W

(a) Velocity

Gr/Re = 500, 600, 700, 800

−0.02

−0.01

0

0.01

0.02

V
1

0.2 0.4 0.6 0.8 10
X

(b) Microrotation

Gr/Re = 500, 600, 700, 800

0.2 0.4 0.6 0.8 10
X

−0.1

−0.05

0

0.05

0.1

V
2

(c) Microrotation

Gr/Re = −600, −800, −1000, −1200

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
X

−0.3

−0.2

−0.1

0

0.1

W

(d) Velocity

Gr/Re = −600, −800, −1000, −1200

−0.02

−0.01

0

0.01

0.02

V
1

0.2 0.4 0.6 0.8 10
X

(e) Microrotation

Gr/Re = −600, −800, −1000, −1200

0.2 0.4 0.6 0.8 10
X

−0.1

−0.05

0

0.05

0.1

V
2

(f) Microrotation

Figure 5: Simulation of velocity and microrotation.
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Figure 6: Simulation of velocity.

to the axes. It is also noted that microrotation 𝑉1 is almost
constant (no rotation) around the middle of the duct as seen
in Figure 4(d).

For Gr/Re > 0, the fluid is heating (𝑞𝑤 > 0) with upward
mean flow; flow reversal is observed in the neighbourhood
of the isothermal walls. Figures 5(a)–5(c) show that increas-
ing the values of Gr/Re decreases the velocity. In Figures
5(d)–5(f), flow reversal is observed for negative values of
the parameter Gr/Re next to the isoflux walls. Microrotation
components show symmetric effects in general; it is also
observed that the microrotation component 𝑉2 shows rever-
sal flow near the same plates.

The effect of themagnetic field is presented in Figure 6(b)
which shows the magnetic field slows down the flow. It is
also interesting to see that the higher the applied magnetic

field in addition to the flow retardation, themore pronounced
the flow reversal. In Figure 6(b), the effect of 𝑠 is presented.
The numerical results show that when the value of 𝑠 is
approximately 𝑠 > −0.1, the commencement of flow reversal
is observed for the aspect ratio 𝜎 = 1, on a square duct.

4. Conclusion

Amodel has been developed for mixed convection micropo-
lar fluid through a vertical rectangular duct with transverse
magnetic field. Effects of different parameters governing
the flow have been studied numerically. Two cases for the
boundary conditions have been considered: the first case
with two faces with constant different temperature and the
others kept adiabatic and the other case with two faces
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isothermal and the others isoflux. Generally, increasing the
aspect ratio shows more flow reversal. It is also observed that
as 𝑠 → −0.1, the onset of flow reversal is observed. As the
magnetic field increases, flow reversal increases and velocity
decreases. For microrotation components, opposite direction
flow is observed. It is also seen that, for the microrotation
component 𝑉1, the rotational effect is suction around the
center of the duct for higher values of Gr/Re.
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