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ABSTRACT
This work analyzes the impact of oriented magnetic fields and ther-
mal radiation on the entropy generation of two non-miscible elec-
trically conducting micropolar and Newtonian fluids in a horizontal
rectangular porous channel. In this model, the walls of the duct
are considered perfectly isothermal and the flow inside the porous
channel takes place in the presence of an inclined magnetic field.
Expressions for heat transformation, fluid flow velocity, Bejan num-
ber distribution, and entropy production characteristics are obtained
with the help of a reliable method. To achieve the objective of the
problem, the authors used the continuity of temperature distribu-
tion, thermal flux, shear stress, linear and angular velocity over the
fluid–fluid interface and no-slip conditions at the fixed plates of the
duct. The impact of various emerging parameters on the entropy
optimization, Bejan number, heat transformation, and flow velocity
is analyzed. Our findings are validated by the previously established
results.
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1. Introduction

The flow of immiscible Newtonian and non-Newtonian fluids has a number of real-life
applications in chemical engineering, manufacturing processes, cosmetic industries, phar-
maceutical processes, etc. Non-Newtonian fluids have complex physical and rheological
properties that cannot be studied by the classical Navier–Stokes formulation. These fluids
are categorized by the class of non-Newtonian fluid mechanics. A number of researchers
have worked on non-Newtonian fluids and addressed various non-Newtonian fluid mod-
els such as Jeffrey fluid, Reiner–Rivlin fluids, micropolar fluid, power-law fluid, Maxwell and
Oldroyd-B fluids, couple stress fluid, second, third, and fourth-grade fluids, Casson fluid,
and so on. Micropolar fluids are an important class of non-Newtonian fluids whose behav-
ior matches with the various real-life fluids. Micropolar fluid particles possess the micro-
rotational inertia andmicro-rotational effects. The theory of micropolar fluid developed by
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2 P. K. YADAV ET AL.

Eringen [1,2] provided new dimensions of research for the researchers and scientist. Ari-
man et al. [3,4] presented a comprehensive review of microcontinuum field theories and
provided distinct applications in ideal and real fluid flow problems. Lukaszewicz [5] also did
work on micropolar fluid theory and presented its enormous applications in real life. Later
on, a number of researchers used the theory of micropolar fluid to develop various models
for real-life problems. Yadav and Verma [6] discussed a model of non-miscible fluids flow
through a cylindrical channel which is bounded by a porous cylinder. Khanukaeva et al.
[7] discussed the flow behavior of micropolar fluid through a porous layered membrane
using cell model technique. In this work, they analyzed the influence of porosity parameter
andmicropolarity parameter on hydrodynamic permeability of amembrane. Oahimire and
Olajuwon [8] estimated the mass exchange and heat transfer of unsteady, incompressible,
magnetohydrodynamic, and chemically reacting flow regimes of micropolar fluid inside a
vertical porous conduit. In this work, they used perturbation technique to evaluate flow
velocity, temperature profile, microrotation, and concentration. Srinivasacharya and Bindu
[9] examined the production of entropy in an inclined conduit due to the flow of microp-
olar fluid with a constant pressure gradient and convective boundary conditions. They
utilized spectral quasilinearization technique to find the expressions for temperature pro-
files,microrotationand flowvelocity. AhmedandRashad [10] studied the thermal exchange
and convective flow of micropolar nanofluid within a rectangular porous enclosure. They
solved the governing system of equations numerically by using the finite volume method
with SIMPLE technique. Jena and Mathur [11] discussed the boundary layer and convec-
tive flow of micropolar fluid past a vertical flat plate. Bhattacharya et al. [12] discussed the
impact of radiative heat transfer on the micropolar fluid flow through a porous shrinking
sheet.

The subject of MHD flow and heat transformation is generating considerable interest
among researchers and scientists in terms of MHD accelerators and generators, MHD heat
pumps, energy storage, geophysics etc. Yadav and Jaiswal [13] examined the two-phase
non-miscible fluid layers ofmicropolar and Newtonian fluid inside a horizontal porous con-
duit in the presence of an oriented magnetic field. In this work, they showed that how the
oriented magnetic field can be used to control the flow velocity of inside the porous chan-
nel. Nikodijevic et al. [14] presented aMHDCouette flowmodel of non-miscible Newtonian
viscous fluids in a static horizontal ductwith the influence of orientedmagnetic and applied
electric fields. Srivastava and Deo [15] worked on electrically conducting, fully developed,
incompressible viscous fluids in a porous saturated medium under the action of variable
permeability and transversemagnetic field. They used the Brinkman equation for themod-
elingof fluid throughporousmedium.Komurgozet al. [16] analyzed the impactofmagnetic
field on the entropy production and heat transfer for incompressible and laminar flow of
fluid through a porous saturated inclined channel. Themajor advantages of this work are to
give open-form solution by using generalized differential quadrature method (GDQM) and
differential transform method (DTM). Sharma and Yadav [17] discussed the magnetic field
effect on two-phase flow of blood through narrow blood vessels. Bhatti and Abdelsalam
[18] analyzed the impact of an applied and induced magnetic field on the peristaltically
driven flow of Carreau fluid in a symmetric channel. Shahid et al. [19] examined the chem-
ical reaction and activation energy on bi-convection flow of MHD Carreau nanofluid past
an upper paraboloid porous saturated surface. Bhatti et al. [20] numerically investigated
the impact of thermal radiation on MHD flow of Carreau nanofluid over a shrinking sheet.
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WAVES IN RANDOM AND COMPLEX MEDIA 3

Rashidi et al. [21] described the entropy production during the peristaltic blood like-flow of
MHD nanofluid in an asymmetric channel.

The flow of fluid through various media andmaterials such as sponges, earth’s surfaces,
branches of plants and reservoir rocks motivated us to study the flow of fluid through
porous materials. The flow equation which governs the flow of fluid through porous sub-
stances is suggested by Darcy [22]. Darcy’s formulation is defined for low permeability
porous material. Brinkman [23] estimated the viscous force developed from flowing fluid
in a dense swarm of particles and introduced the modified Darcy’s equation, which is
also known as Brinkman equation. For high porosity medium, the equation suggested by
Brinkman [23] is more appropriate as compared to Darcy model. The comprehensive liter-
ature on the subject of free and forced convection through porous media is well described
by Bejan [24] and Nield and Bejan [25]. Vafai and Tien [26] studied the nature of inertial
and boundary effects upon thermal exchange and fluid flow in porous media. Kaviany [27]
expressed analytical and theoretical solutions for theDarcy–Brinkmanmodel. Rudraiah and
Nagaraj [28] estimated the impact of viscous dissipation as well as Darcy parameter on nat-
ural convective and fully developed flow of fluid within a heated vertical porous stratum.
In this work, they concluded that the obtained results may be useful in plant physiology by
proper adjustment of temperature distribution. Kaviany [29] considered the laminar fluid
flow regime within a porous medium sandwiched by isothermal parallel plates. Umavathi
et al. [30] studied the unsteady fluid flow and heat transformation of viscous fluid through a
horizontal rectangular porous enclosure. They used recognized model of Darcy–Brinkman
to formulate the fluid flow problem. Chamkha [31] analyzed the hydromagnetic, steady,
laminar flow regime, and thermal characteristics of non-miscible fluid in a vertical non-
porous and porous conduit and concluded that obtained resultsmay be useful in coal-fired
MHD generators, in filtration system and oil recovery system where the porous medium is
present. Morosuk [32] investigates entropy production due to laminar flows in an isother-
mal partially or fully filled porous pipe. Ansari and Deo [33] discussed the influence of
magnetic field on two non-miscible type of viscous, incompressible, and electrically con-
ducting fluid in a porous saturated rectangular channel. The impact of magnetic field on
Stokesian flow of an incompressible micropolar fluid past a cylindrical tube enclosing an
impermeable core coated by porous layer is studied by Deo et al. [34]. Maurya et al. [35]
solved the Stokesian flow problem for an incompressible micropolar fluid within a porous
saturated cylindrical channel andobtained the expressions formicrorotation vectors, veloc-
ity vectors, and stream functions. Bhatti and Abdelsalam [36] studied the irreversibility
process and entropy production in peristaltic flow of dusty magnetized Ree–Eyring fluid
in a porous saturated channel with partial slip effects.

Nowadays, the area of thermal design and thermal exchange process encourages us
to analyze the second law analysis, entropy generation minimization, and system design
related concepts [37]. The second law analysis provides an essential and unique way for
improving the appropriate design parameters in various thermofluid devices by minimiz-
ing the entropy generation because of fluid friction and thermal exchange. Carnot et al.
[38] showed in his work that the dynamic development in heat transfer related areas is
a consequence of entropy production analysis. They discussed various features of irre-
versibility arise due to the second law of thermodynamics. Bejan [39] introduced different
sourcesof entropyproduction in various kindsof flows suchasboundary layer flow, channel
flow, flow in the entrance portion of the duct by using the concept of entropy generation
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4 P. K. YADAV ET AL.

minimization (EGM). He defined discretemethodology and computing techniques for eval-
uating entropy production in the different heat transfer systems. Bejan [40] performed
another study in which he addressed that the production of entropy in the convective
thermal exchange process is mainly because of thermal production, thermal transporta-
tion and viscous nature of the fluid. Srinivas and his team [41–45] have done much work
on the potential of entropy production and discussed the mechanism of entropy in differ-
ent flow situations, flow conditions, and under different boundary conditions. Nezhad and
Shahri [46] analyzed the impact of oriented magnetic field on thermal characteristics, flow
profile, and entropy generation of non-miscible viscous fluids flowing inside an inclined
duct and evaluated the thermal profile, flow velocity, and entropy production by adopting
the homotopy analysis method. Mahmud and Fraser [47] presented numerical and analyti-
cal solutions of forced convective flow and entropy production of Newtonian viscous fluid
through a porous material sandwiched by two parallel plates. He used Darcy–Brinkman
model to formulate the governing equations of the problem. The influence of thermal radi-
ation on thermal profile and entropy production of channel flows has a wide range of roles
in solar technology, power plants, and nuclear reactors. Various approaches have been
proposed by a number of researchers to analyze the entropy production due to thermal
radiation in various participating media. Chauhan and Kumar [48] investigated the fully
developed forced convective flow of fluid through a circular channel packed with highly
porous medium. They used Darcy extended Brinkman–Forchheimer model for the mod-
eling of fluid flow through porous medium. Gorla [49] studied the entropy production
due to fully developed flow of non-Newtonian fluid in a vertical channel. Paoletti et al.
[50] evaluated the exergetic losses due to different thermophysical flow parameters in
a compact heat exchanger. Abbas et al. [51] studied the entropy production during the
peristaltic blood-like transport of nanofluid in a two-dimensional channel with compliant
walls. Bhatti et al. [52] investigated the impact of non-linear thermal radiation and mag-
netohydrodynamics (MHD) on entropy production analysis of an Eyring–Powell nanofluid
over a permeable stretching surface. They used Chebyshev spectral collocation and Suc-
cessive linearization method to the numerical solution of governing system of ordinary
differential equations.Qinget al. [53] presented the influenceof chemical reaction and ther-
mal radiation on entropy production analysis of MHD Casson nanofluid through a porous
stretching/shrinking surface. Riaz et al. [54] discussed the entropy production on peristaltic
transport of non-Newtonian fluid in an asymmetric channel with boundary conditions. The
emerging results of this study provide a benchmark for the study of entropy production
with peristaltic pumping and mass transfer.

The models, as discussed above and which are originated from very well-known appli-
cations of fluid flow and heat transformation process, motivated us to consider and analyze
the present problem. The subject of entropy analysis of immiscible fluids through porous
regions is extensively studied in the above deliberated literature due to its growing need
inmodern technologies. The entropy analysis of immiscible fluids through a porous region
is also an essential need to explore the working capacity of thermal technologies in terms
of the conservation of energy. In the considered work, the main attention is given to the
impact of thermal radiation and oriented magnetic field on the entropy generation of two
non-miscible micropolar and Newtonian fluids in a porous saturated rectangular conduit.
In thiswork, we did an analysis of thermal characteristics, entropy production, and flowpro-
file of two non-miscible fluids in a channel which is filled with two different types of porous
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materials. It is important to mention that the use of porous material in channels may help
in reducing the noise when the non-miscible micropolar and Newtonian fluid takes place
through it. Here, we focused on the consideration of twodifferent types of porousmaterials
through the study, one is for naturally occurring porousmaterial and other is forman-made
porous material. It is noticed that the upper limit of the porosity for the naturally occurring
porous materials is 0.6 whereas the value of porosity for man-made porous substances is
greater than 0.6 [25]. Some distinct man-made porous substances such as cement, air, fil-
ters, metallic foams, and so on take the value of porosity close to 1 [55]. In the present work,
we also analyzed the impact of various emerging parameters such as porosity parameter,
radiation parameter, Hartmann number, Reynolds number , and so on, on the entropy pro-
duction characteristics, flowdistribution, Bejan number, and thermal transformation of two
non-miscible micropolar and Newtonian fluid flowing through the porous channel. Such
study is very helpful in various scientific as well as engineering practical applications, e.g.
making of cooling devices for various types of nuclear reactors. On the basis of past pub-
lished work, no research work, which analyzed the significance of man-made and naturally
occurring porous material on the entropy production characteristics of two non-miscible
micropolar and Newtonian fluid in a duct, has been discussed yet. This fact encourages the
authors to work in this direction for presenting some new results along with the validating
results.

2. Governing fluid flow equations for non-miscible nature of Newtonian and
micropolar fluids through a porousmedium

The flowofNewtonian fluid in a rectangular porous enclosurewith impact of orientedmag-
netic field aswell as thermal radiation is addressedbyenergybalanceequation,momentum
equation, and mass balance equation.

The momentum equation which describes the flow velocity of Newtonian viscous fluid
is given by Navier and Stokes [56]:

ρ
Dv
Dt

= μ∇2v − ∇p + J × B + 2μ
3

∇(∇ · v) − μ

K
v. (1)

In Equation (1),p, ρ, v, andμdepict the appliedpressure in flowdomain, fluiddensity, veloc-
ity, and viscosity of Newtonian fluid respectively. The symbol K indicates the permeability
of porous media. The electric current density J developed in the flow domain because of
applied magnetic field B. The magnetic body force is denoted by expression J × B. In the
present model, the flow field is subjected by a constant and oriented magnetic field which
subtends an angle θ with the perpendicular direction of the flow domain.

Ohm’s generalized law in a rectangular porous conduit takes the form:

J = σ(E + v × B), (2)

in which E and σ represent the electric field vector and electrical conductivity of electrically
conducting immiscible fluid. The electric current density does not exist in the absence of
an electric field and hence Equation (2) takes the form:

J = σ(v × B). (3)
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6 P. K. YADAV ET AL.

Thus the Lorentzian force F = J × Bdevelops in the flow field and the velocity vector acts in
collinear and opposite direction. The Lorentzian force further transform and takes the form
F = −σB20v cos θ where λ = cos θ and B0 = |B| is the magnitude of applied magnetic field
in the y-direction of the flow domain.

Darcy’s generalized law [22] which describes the flow of fluid through porous media is
presented as

∇p = −μ

K
v. (4)

In the current analysis, we employed the Brinkmanmodel [23] for the flow analysis of New-
tonian fluid in the porous regions. In Darcy’s [22] equation, Brinkman [23] added viscous
term μeff∇2v in which μeff depicts the effective viscosity of the fluid in porous material
and it is different from the actual viscosity of fluid μ. Later on, Ochoa-Tapia and Whitaker
[57] worked on Brinkman equation and evaluated that μeff is equivalent to μ

φ
by vol-

ume averaging technique, in which φ denotes the porosity property of Brinkman porous
medium.

Hence, Brinkman equation for the flow of viscous fluid through porous medium with
flow velocity v, permeability K, and porosity φ takes the form as [7]

∇p = μ

φ
∇2v − μ

K
v. (5)

Thus the equation of linear momentum which describes the flow velocity of Newtonian
viscous fluid in porous media will become as [6,7]

ρ
Dv
Dt

= J × B − ∇p + μ

φ
∇2v − μ

K
v + 2μ

3
∇(∇ · v). (6)

Energy equation [14,58]:

ρ
DT
Dt

= k∇2T − p(∇ · v) + μ� + J2

σ
− ∇ · qr , (7)

where

� = 2

[(
∂w

∂z

)2

+
(

∂v

∂y

)2

+
(

∂u

∂x

)2
]

+
(

∂v

∂x
+ ∂u

∂y

)2

+
(

∂u

∂z
+ ∂w

∂x

)2

+
(

∂w

∂y
+ ∂v

∂z

)2

.

Equation of continuity [56]:
∂ρ

∂t
+ ∇ · (ρv) = 0. (8)

In the above equation, temperature profile and thermal conductivity of Newtonian viscous
fluid are depicted by term T , k respectively. The dissipation function of the energy equation
for Newtonian viscous fluid is expressed by the symbol �. The radiative thermal flux for
Newtonian viscous fluid is represented by the last term of Equation (7).

The radiative thermal exchange can be approximated by using the concept of Rosse-
land’s diffusion approximation and hence the radiative heat flux term can be derived as
[41]

qr = −4
3

σ ∗

k∗
dT4

dy
. (9)

Here σ ∗ and k∗ are the Stefan–Boltzmann constant and Rosseland’s mean absorption coef-
ficient respectively. It is considered that temperature differences in the flowdomain are too
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WAVES IN RANDOM AND COMPLEX MEDIA 7

small and hencewe express the term T4 in a linear combination of temperature. For this, we
adopt the Taylor series expansion about T0. The above assumptions lead to the following
expression:

T4 =
∞∑
n=0

1
n!
[(T4)(n)]T=T0(T − T0)

n.

or

T4 = T0
4 + ((T4)′)|T=T0(T − T0) + 1

2!
((T4)

′′
)|T=T0(T − T0)

2 + − − −

T4 = T0
4 + 4T03(T − T0) + 6T02(T − T0)

2 + − − − (10)

and removing the higher-order terms except for first degree term, we get

T4 = 4T03T − 3T04. (11)

Differentiating Equation (9) and using Equation (11), we have

dqr
dy

= −16σ ∗T03

3k∗
d2T
dy2

. (12)

The flow ofmicropolar fluid inside a rectangular porous conduit under the impact of an ori-
ented magnetic field as well as thermal radiation is given by the energy balance equation,
momentumbalance equation togetherwithmass balance equation. The constitutive equa-
tions of micropolar fluid are given by Eringen [1,2].

Thus the equation of linear momentum which describes the flow velocity of micropolar
fluid in porous media will become as [6,10]

ρ
Dv
Dt

= −∇p + κ

φ
∇ × ω − (μ + κ)

φ
∇ × ∇ × v + (ξ1 + 2μ + κ)∇(∇ · v)

+ J × B − μ + κ

K
v + ρg. (13)

Here (ξ1,μ, κ) are designated for viscosity coefficients or material constants of micropolar
fluid, in which κ andμ denote the Eringen vortex viscosity and Newtonian dynamic viscos-
ity respectively. The terms ω, v denote the angular and linear velocity vectors respectively.

Equation of angular momentum [6,10]:

ρj
Dω

Dt
= ρI − 2κω + κ∇ × v − γ∇ × ∇ × ω + (α1 + β + γ )∇(∇ · ω). (14)

Here (α1,β , γ ) are symbolized for angular viscosities, I depicts the body couple defined per
unit mass and symbol j denotes the gyration coefficient. The following inequalities hold for
the above-discussed parameters [44].

| β |≤ γ ; κ ≥ 0; 3α1 + γ + β ≥ 0; κ + 2μ ≥ 0; 3ξ + κ + 2μ ≥ 0; γ ≥ 0.
Energy equation [10,44]:

ρ
DT
Dt

= −p(∇ · v) + ρ� − (∇ · h) + J2

σ
+ μ + κ

K
v2 − ∇ · qr , (15)

where the expression for ρ� takes the value:
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8 P. K. YADAV ET AL.

ρ� = ξ1(∇ · v)2 + γ (∇ω : ∇ω) + 4
κ

φ

(
1
2
∇ × v − ω

)2

+ α1(∇ · ω)2

+ 2
μ

φ
(D : D) + β(∇ω : (∇ω)T ).

In the theory of microfluids, the deformation rate tensor is denoted by D, which takes the
form 1

2 (vi,j + vj,i). In energy equation,mechanical energyper unitmass is expressedby term
�. The coefficients κ ,α1,β and γ are designated in such a way that if κ = α1 = β = γ = 0
as well as I vanishes in Equation (14) then ω = 0 and system of equations transformed
into the classical hydrodynamical Navier–Stokes equations. The symbol h is designated
for thermal flux of micropolar fluid which takes the form −k∇T , here k stands for heat
conductivity.

Continuity equation [42,44]:

∂ρ

∂t
+ ∇ · (ρv) = 0. (16)

3. Statement and solution of the considered problem

3.1. Mathematical formulation

In this study, the two-layered non-miscible flow of micropolar and Newtonian fluid system
through a rectangular porous conduit with oriented magnetic field and thermal radiation
effect has been discussed. In this model, the Newtonian fluid layer and micropolar liquid
layer lie in the bottom and upper porous regions of the conduit respectively. The geomet-
rical configuration and coordinate system are displayed in Figure 1. The model is confined
by two isothermal parallel walls expanding in x- and y -directions. It is considered that the
height of the conduit is too much small as compared to its length and the flow of non-
miscible fluid takes place because of the applied pressure gradient which is functioned
along axial direction of the flow system. The rectangular conduit is designated in such a
way that the top and bottom walls are of 2 h distance apart and the walls are kept at static
position. Due to immiscibility, the Newtonian and micropolar fluids cannot mixed up with
each other. An oriented magnetic field acts on the flow domain and it subtends an angle
θ , (0 < θ < π/2)with y-axis of the flow field. In this flow problem, the top (0 ≤ y ≤ h) and
bottom zones (−h ≤ y ≤ 0) of the flow conduit are saturated by porous material having
different nature of porosity φ1 and φ2 respectively. The permeability of upper and bottom
porous zones of the flow conduit is taken as K1 and K2 respectively. According to these cir-
cumstances, themicropolar liquid layers confined inupperporousdomain (0 ≤ y ≤ h)with
flow properties such as viscosityμ1, porosity φ1, flow velocity u1, permeability K1, electrical
conductivityσ1, and thermalproperties suchas thermal conductivity k1 and thermal charac-
teristics T1. The Newtonian liquid layers confined in bottom porous domain (−h ≤ y ≤ 0)
with flow properties such as viscosity μ2, porosity φ2, flow velocity u2, electrical conduc-
tivity σ2, permeability K2, and thermal properties such as thermal conductivity k2, thermal
characteristics T2.
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WAVES IN RANDOM AND COMPLEX MEDIA 9

Figure 1. Mathematical model.

3.2. Problem description and governing equations

According to the physical flow situations of the problem, authors adopted following
assumptions for formulating the governing equations of thermal field and flow distri-
bution of non-miscible fluid inside a rectangular porous conduit. These assumptions are
compatible throughout the problem.

• The two non-miscible fluid layers of micropolar and Newtonian fluid are governed by
fully developed, axisymmetric, unidirectional, steady, and laminar flow regimes.

• The transport characteristics of two-phase micropolar and Newtonian fluid are sup-
posed to be constant.

• The porous media in rectangular conduit is homogeneous.

With the above assumptions, the governing field equations (13)–(16) for an incom-
pressible, radiative, magnetized, and steady flow regime of micropolar fluid within a static
rectangular porous conduit are addressed by the equation of continuity, momentum, and
energy respectively.

Continuity equation [42,44]:

∇ · v1 = 0. (17)

Equation of linear momentum [6,10]:

(μ1 + κ)

φ1
∇2v1 + κ

φ1
∇ × ω − ∇p + J × B − μ1 + κ

K1
v1 = 0. (18)

Equation of angular momentum [6,10]:

γ∇2ω − κ(2ω − ∇ × v1) = 0. (19)
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10 P. K. YADAV ET AL.

Energy equation [10,44]:

k1∇2T1 + 2
μ1

φ1
(D : D) + 4

κ

φ1

(
1
2
∇ × v1 − ω

)2

+ β(∇ω : (∇ω)T )

+ J2

σ
+ μ1 + κ

K1
v21 − ∇ · qr = 0. (20)

The governing field equations (6)–(8) for an incompressible, radiative, magnetized, and
steady flow regime of Newtonian fluid within a static rectangular porous conduit are
addressed by continuity, Brinkman momentum, and energy equation respectively.

Continuity equation [56]:

∇ · v2 = 0. (21)

Equation of linear momentum [6,59]:

μ2

φ2
∇2v2 − ∇p + J × B − μ2

K2
v2 = 0. (22)

Energy equation [14,58]:

k2∇2T2 + μ2

φ2
� + J2

σ
+ μ2

K2
v22 − ∇ · qr = 0. (23)

Since, due to the consideration ofmass balance equation for an incompressiblemicropolar
fluid in a fully developed flow regime, the axial velocity component of micropolar fluid will
be a function of y onlywhereas its y-directional velocity componentwill vanish. Thus, under
the above-mentioned assumptions of theproblem, the component formofmicrorotational
and linear flow velocity vector ofmicropolar fluid in upper porous region of the conduit can
be expressed as ω = (0, 0,ω) and v1 = (u1, 0, 0) respectively, where u1 = u1(y).

After applying the above assumptions with thermal radiation and oriented magnetic
field effect, the governing coupled differential equation for angular velocity, temperature
profile, and linear flow velocity of the micropolar fluid will become as follows:

Conservation of linear momentum [6,7]:

(μ1 + κ)

φ1

d2u1
dy2

+ κ

φ1

dω

dy
− σ1B

2
0λ

2u1 − μ1 + κ

K1
u1 = dp

dx
. (24)

Conservation of angular momentum [6,7]:

γ
d2ω

dy2
− κ

(
2ω + du1

dy

)
= 0. (25)

Ahmadi [60] introduced the value of symbol γ which is expressed as

γ =
(
μ1 + κ

2

)
i. (26)

The symbol i designated for microinertia density.

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



WAVES IN RANDOM AND COMPLEX MEDIA 11

Energy equation [42,44]:

k1
d2T1
dy2

+ μ1

φ1

(
du1
dy

)2

+ κ

φ1

(
du1
dy

+ 2ω
)2

+ β

(
dω

dy

)2

+ σ1B
2
0λ

2u1
2 + μ1 + κ

K1
u1

2 − dqr1
dy

= 0. (27)

Since, due to the consideration of mass balance equation for an incompressible Newto-
nian fluid in a fully developed flow regime, the axial velocity component of Newtonian
fluid will be a function of y only whereas its y-directional velocity component will vanish.
Thus under the above-mentioned assumptions of the problem, the component form of lin-
ear flow velocity vector of Newtonian fluid in bottom porous region of the conduit can be
expressed as v2 = (u2, 0, 0) respectively, where u2 = u2(y).

After applying the above assumptions with thermal radiation and oriented magnetic
field effect, the governing coupled differential equation for angular velocity, temperature
profile, and linear flow velocity of the Newtonian fluid will become as follows:

Conservation of linear momentum [6,7]:

μ2

φ2

d2u2
dy2

− μ2

K2
u2 − σ2B

2
0λ

2u2 = dp
dx

. (28)

Conservation of energy [14,58]:

k2
d2T2
dy2

+ μ2

φ2

(
du2
dy

)2

+ μ2

K2
u2

2 + σ2B
2
0λ

2u2
2 − dqr2

dy
= 0. (29)

3.3. Solutionmethodology

To transform the converted governing system of ordinary differential equations into nor-
malized form, the following dimensionless variables are deployed:

ui
∗ = ui

U0
, i = 1, 2, y∗ = y

h
, x∗ = x

h
, p∗ = p

ρ1U2
0

,

ω∗ = ωh

U0
, nμ = μ2

μ1
, nk = k2

k1
, Da2 = h2

K1

nσ = σ2

σ1
, α = κ

μ1
, θi = Ti∗ − T0

�T
, Br = μ1U2

0

k1�T
,

δ = β

μ1h2
, Ha = B0h

√
σ1

μ1
, Re = ρ1U0h

μ1

L2 = γ

μ1h2α
, nK = K2

K1
, Nr = 4σ ∗T03

k∗k1
.

The non-dimensional numbers such as Reynolds number, permeability parameter, Hart-
mann number, and Brinkman number are expressed by the symbol Re, Da, Ha, and Br
respectively. The dimensionless variables such as nσ , nk , nK , and nμ represent the electri-
cal conductivity ratio, thermal conductivity ratio, permeability ratio of porous medium,
and viscosity ratio of two-phase flow system respectively. The quantities �T denote the
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12 P. K. YADAV ET AL.

characteristics temperature which is expressed as �T = T∗
1 − T∗

2 , in which T∗
1 > T∗

2 . The
characteristic flow velocity is depicted by the symbol U0. The scaling parameter is denoted
by symbol L.

With the consideration of these dimensionless variables in Equations (24)–(29) and
removing the ∗ symbol, we addressed the following simplified form of governing differ-
ential equations:

Region-1 (−h ≤ y ≤ 0):

d2u1
dy2

+ α

1 + α

dω

dy
− (Ha2λ2 + Da2(1 + α))

1 + α
φ1u1 − ReP

1 + α
φ1 = 0, (30)

d2ω
dy2

− 1
L2

(
2ω + du1

dy

)
= 0, (31)

(
1 + 4

3
Nr

)
d2θ1
dy2

+ Br

φ1

[(
du1
dy

)2

+ α

(
du1
dy

+ 2ω
)2

+ δφ1

(
dω

dy

)2

+ (Ha2λ2 + (1 + α)Da2)φ1u
2
1

]
= 0, (32)

where P = dp
dx .

Region-2 (0 ≤ y ≤ h):

d2u2
dy2

−
(
Da2

nK
+ nσ

nμ

Ha2λ2
)

φ2u2 − RePφ2

nμ

= 0, (33)

(
1 + 4

3
Nr

nk

)
d2θ2
dy2

+ Brnμ

nkφ2

[(
du2
dy

)2

+
(
Da2

nK
+ nσ

nμ

Ha2λ2
)

φ2u
2
2

]
= 0. (34)

We employed reliable technique for evaluating the closed form solution of Equa-
tions (30)–(34). Thus the flow variable of incompressible micropolar fluid in the top porous
region and incompressibleNewtonian fluid in thebottomporous regionof the flowconduit
is as follows.

The flow velocity distribution for micropolar fluid is

u1(y) = c1 e−εy + c2 eεy + c3 e−τy + c4 eτy + PReφ1

Da2φ1 + Da2αφ1 + Ha2λ2φ1
. (35)

The angular velocity distribution for micropolar fluid is

w(y) = η(−c1 e−εy + c2 eεy) + ξ(−c3 e−τy + c4 eτy). (36)

The temperature characteristics for micropolar fluid is

θ1(y) = Br1(−8ε12c1PReξφ1 e−yε − 8ε12c2PReξφ1 eyε

− 8τ12c1PReξφ1 e−yτ − 8τ12c2PReξφ1 eyτ )

+ Br1(e2yεε12ξc22((1 + α)ε2 + 4αεη + 4αη2 + χ)

+ e2yτ τ12ξc42((1 + α)τ 2 + 4ατζ + 4αζ 2 + �))
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+ Br1(8 e(ε−τ)y(ε − τ)1
2ξc2c3(−� + ϕ) + 8 e(−ε+τ)y(ε − τ)1

2ξc1c4(−� + ϕ))

+ Br1(8 e−(ε+τ)y(ε + τ)1
2ξc1c3(� + ϕ) + 8 e(ε+τ)y(ε + τ)1

2ξc2c4(� + ϕ))

+ 2Br1y2(−2ξ((1 + α)ε2c1c2 + 4αεηc1c2 + τ 2c3c4)

− 2ξ(α(4η2c1c2 + (2ζ + τ)2c3c4))

+ 2Br1(P2Re2 + 2ξ(ξφ1(c1c2 + c3c4))) + 2Br1(2ξ(δ(ε2η2c1c2 + ζ 2τ 2c3c4)))φ1

+ Br1( e−2yεξε1
2τ1τc1

2((1 + α)ε2 + 4αεη + 4αη2 + χ))

+ Br1(e−2yτ ξτ1
2ε1εc3

2((1 + α)τ 2 + 4ατζ + 4αζ 2 + �)) + c5 + yc6. (37)

The flow velocity distribution for Newtonian fluid is

u2(y) = c7 e−y� + c8 ey� − nKReP

Da2nμ + Ha2λ2nKnσ

(38)

The temperature characteristics for Newtonian fluid is

θ2(y) = −Br2(e2y�c82
√
nKnμ(Da2nμ + Ha2λ2nKnσ )) − Br2(P

2Re2y2nK
3/2φ2) + c9

+ yc10Br2(4 e−�yPRec7nK
3/2nμ + 4 e�yPRec8nK

3/2nμ)

− Br2( e−2y�c7
2√nKnμ(Da2nμ + Ha2λ2nKnσ )), (39)

where

ε =
√
A1 −

√
A12 − 4A2, (40)

τ =
√
A1 +

√
A12 − 4A2, (41)

A1 = 1
L2(1 + α)

+ α

2L2(1 + α)
+ Da2φ1

2(1 + α)
+ Da2αφ1

2(1 + α)
+ Ha2λ2φ1

2(1 + α)
(42)

A2 = Da2φ1

2L2(1 + α)
+ Da2αφ1

2L2(1 + α)
+ Ha2λ2φ1

2L2(1 + α)
(43)

η =
(
L2ξφ1

2α
− 1

2
− L2(1 + α)ε2

2α

)
ε, (44)

ζ =
(
L2ξφ1

2α
− 1

2
− L2(1 + α)τ 2

2α

)
τ , (45)

ξ = (Ha2λ2 + Da2(1 + α)), (46)

ϕ = (Ha2λ2 + Da2(1 + α) + δεζητ)φ1, (47)

χ = (Ha2λ2 + Da2(1 + α) + δε2η2)φ1, (48)

� = (Ha2λ2 + Da2(1 + α) + δτ 2ζ 2)φ1, (49)

� = ετ + α(ε + 2η)(2ζ + τ), (50)

� =
√
Da2nμ + Ha2λ2nKnσ

√
φ2√

nK
√
nμ

, (51)
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Br1 = 3Br
4(3 + 4Nr)ξ

, ε1 = 1
ε
, τ1 = 1

τ
, (ε + τ)1 = 1

(ε + τ)
, (ε − τ)1 = 1

(ε − τ)
,

(52)

Br2 = 3Br

2(4Nr + 3nk)
√
nk(Da

2nμ + Ha2λ2nKnσ )φ2
. (53)

General solutions of the governing system of equations are obtained by evaluating the val-
ues of arbitrary constants c1, c2, c3, c4, c5, c6, c7, c8, c9, c10, which are involved in the above
equations. These constants are determined by the appropriate boundary conditions which
are discussed in the next section.

3.4. Boundary conditions

The fluid–fluid interface possesses numerous varieties of conditions in various flow chan-
nels. From a mechanical viewpoint, the continuity of shear stress, velocity component,
convective heat transfer, and thermal flux occurs at the porous–porous interface. The bot-
tom and top static isothermal plates of the conduit are expressed by y = −1 and y = 1
respectively while the porous–porous interface is denoted by y = 0.

The shear stress and flow velocity component across y = 0 are continuous [6].

(1 + α)

φ1

du1
dy

+ α

φ1
ω = nμ

φ2

du2
dy

. (54)

u1(y) = u2(y), (55)

At the porous–porous interface, the convective heat transfer and thermal flux are continu-
ous.

θ1(y) = θ2(y), (56)

dθ1

dy
= nk

dθ2

dy
. (57)

The constant angular velocity across the porous–porous interface of the conduit is given
by Ariman et al. [4].

dω

dy
= 0 at y = 0. (58)

The convective thermal exchange at the upper and bottom isothermal wall of the conduit
is given by

θ1 = 1, at y = 1, (59)

θ2 = 0, at y = −1. (60)

It is well known that themicro-rotation vector at the porouswall surface = angular velocity
of micropolar fluid particles at the porous boundary. This condition is known as hyper-stick
condition which takes the form:

ωwall = n(∇ × v1), in which 0 ≤ n ≤ 1. (61)

In Equation (61), n determines the concentration or interaction of the micropolar fluid par-
ticleswith the porous boundaries of the conduit. The value ofω becomes zerowhenweput
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the value of n equal to zero, this shows that for n = 0, the rotational motion of micro-fluid
particle becomes zero at porous boundaries of the duct [11]. This may happen because of
the strong concentration of micro-fluid particles.

Here, the angular velocity is zero at the upperwall surfacewhich is also known as no-spin
condition [12].

ω(y) = 0 at y = 1. (62)

In the prescribedmodel, no-slip conditions were essentially imposed on upper and bottom
wall surfaces of the duct [42].

u1(y) = 0 at y = 1, (63)

u2(y) = 0 at y = −1. (64)

4. Entropy production number and Bejan number

4.1. Production of entropy in a rectangular porous enclosure

The production of entropy is a thermodynamic property that analyzes the destruction
of useful energy in any thermal and engineering procedure which involves in fluid flow,
thermal exchange, and mass transfer phenomenon. The analysis of entropy production is
determined by thermal exchange and velocity distribution. In the current problem, the pro-
duction of entropy arises because of fluid friction, applied electromagnetic field, porous
media, and thermal radiation.

The production of entropy per unit volume for radiative, incompressible, magnetized,
electrically conducting, and viscous micropolar fluid flow within the porous medium takes
the form [41,44] :

(S1)G = k1
T20

[
1 + 16σ ∗T30

3k∗k1

](
∂T1
∂y

)2

+ β1

T0

(
∂ω

∂y

)2

+ μ1

T0φ1

(
∂u1
∂y

)2

+ k1
T0φ1

(
∂u1
∂y

+ 2ω
)2

+ μ1 + κ

K1T0
u1

2 + σ1B20λ
2u21

T0
. (65)

In Equation (65), first, fifth, and sixth terms respectively represent the production of
entropy in micropolar fluid because of radiative heat transfer, presence of porous media
and action of the orientedmagnetic field. The remaining term depicts the entropy produc-
tion because of fluid friction through the porous conduit.

The analysis of volumetric entropy production rate for radiative, incompressible,magne-
tized, electrically conducting and viscous Newtonian fluid flow within the porous conduit
takes the form [48]:

(S2)G = k2
T20

[
1 + 16σ ∗T30

3k∗k2

](
∂T2
∂y

)2

+ μ2

T0φ2

(
∂u2
∂y

)2

+ μ2

K2T0
u2

2 + σ2B20λ
2u22

T0
. (66)

In Equation (66), first, third, and fourth terms respectively represent the production of
entropy in Newtonian fluid because of radiative heat transfer, presence of porous media,
and action of an oriented magnetic field. The second term depicts the entropy production
because of fluid friction through the porous conduit.
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It has been introduced by Bejan [24,39] that characteristics entropy production rate is
determined by

SG,C =
[
k1(�T)2

h2T20

]
. (67)

In Equation (67) �T , T0, and h respectively, described the difference in temperature pro-
file between the fixed wall surface of the duct, reference temperature, and half distance
between the wall of the conduit.

The entropyproductionnumber is a dimensionless quantitywhich is the fractionof volu-
metric entropy production rate (Si)G, i = 1, 2 to the characteristics entropy production rate
SG,C

The production of entropy for radiative, incompressible, magnetized, and electrically
conducting micropolar fluid flow inside a porous conduit takes the form:

Ns1 =
[
1 + 4

3
Nr

](
dθ1

dy

)2

+ Br

φ1

[(
du1
dy

)2

+ α

(
du1
dy

+ 2ω
)2

+δφ1

(
dω

dy

)2

+ (Ha2λ2 + (1 + α)Da2)φ1u
2
1

]
(68)

The production of entropy for radiative, incompressible, magnetized, and electrically con-
ducting Newtonian fluid flow inside a porous conduit takes the form:

Ns2 =
[
1 + 4

3
Nr

nk

](
dθ2

dy

)2

+ Brnμ

nkφ2

[(
du2
dy

)2

+
(
Da2

nk
+ nσ

nμ

Ha2λ2
)

φ2u
2
2

]
(69)

Nsi = Nyi + Nf i. (70)

In Equation (70), Nyi depicts the production of entropy because of radiative heat transfer
andNf i represents the production of entropy arises because of fluid friction,magnetic field,
and porous media.

4.2. Bejan number distribution

The irreversibility distribution ratio is the fraction of entropy production because of fluid
friction (Nf i) to the entropy production because of radiative thermal exchange (Nyi), i.e.

pi = Nf i
Nyi

, i = 1, 2. (71)

The nature of irreversibility distribution is classified according to the different ranges of pi.
The radiative heat transfer irreversibility, fluid friction irreversibility, and irreversibility dis-
tribution due to combining effect of radiative thermal transportation and fluid friction is
classified in the ranges of 0 < pi < 1, pi > 1, and pi = 1 respectively [42].

Bejan number is an important thermodynamic parameter in advanced thermal engi-
neering. It is an alternative parameter of irreversibility distribution mechanism which is
introduced by Paoletti et al. [50] in their work. Bejan number distribution is obtained,
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with the division of the entropy generation because of radiative heat transfer by the total
entropy production arises within the flow system.

Bei = Nyi
Nsi

= Nyi
Nyi + Nf i

= 1
1 + pi

, i = 1, 2. (72)

The Bejan number distribution is classified in three different ranges. From Equation (72),
Be = 0 depicts that irreversibility generated by radiative heat transfer is zero, Be = 1
denotes that the irreversibility generatedby fluid friction,magnetic field, andporous is neg-
ligible; Be = 0.5 shows that irreversibility generated by radiative heat transfer and other
factors such as fluid friction, magnetic field, and porous media (all) are same.

Thus the Bejan number profile for the flow regime of micropolar fluid through a static
rectangular porous enclosure under the influence of oriented magnetic field and thermal
radiation is given as [41,44]

Be1 =
[
1 + 4

3Nr
] (dθ1

dy

)2
[
1 + 4

3Nr
] (dθ1

dy

)2
+ Br

φ1

[(
du1
dy

)2 + α
(
du1
dy + 2ω

)2 + δφ1

(
dω
dy

)2 + (Ha2λ2 + (1 + α)Da2)φ1u21

]
. (73)

The Bejan number profile for the flow regime of Newtonian fluid through a static rect-
angular porous enclosure under the influence of oriented magnetic field and thermal
radiation is given as [46]

Be2 =
[
1 + 4

3
Nr
nk

] (
dθ2
dy

)2
[
1 + 4

3
Nr
nk

] (
dθ2
dy

)2 + Brnμ

nkφ2

[(
du2
dy

)2 +
(
Da2
nK

+ nσ

nμ
Ha2λ2

)
φ2u22

] . (74)

5. Analysis of the results

A growing body of literature has examined the thermal characteristics and flow field of
non-miscible fluid through various geometrical configuration and flow situation because
of its dynamic applications in various emerging fields of science. Our study provides addi-
tional support for entropy generation analysis of the two-layered non-miscible flow of
micropolar and Newtonian fluid through a porous conduit with the impact of inclined
magnetic field and thermal radiation. The existence of porous material in flow domain cre-
ates extra friction, drag, and flow resistance between the flow regime and porous solid
surfaces. Considerable attention must be paid to this research work because of its enor-
mous advantages in the industrial manufacturing process, modern technological systems,
and many engineering procedures which involve the flow of non-miscible fluid and con-
vective heat transfer process. In this study, the closed-form solutions for Bejan number
distribution, entropy production characteristics, flow velocity, and thermal profile are car-
ried out when the two-layered non-miscible fluid is flowing through a rectangular porous
conduit. Detailed graphical analysis of the influence of optimal design parameters on the
dimensionless velocity distribution, Bejan number distribution, temperature distribution,
and entropy production characteristics across the porous conduit have been discussed.
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To achieve the objective of the considered problem, the ranges of various design thermal
and flow parameters which produces the significant results of this study are considered
frompast published research articles [6,41,42,44,46]. Asmentionedabove, the independent
design parameters involved in this study are: pressure gradient P = dp

dx lies in the ranges
(−∞, 0) [42], non-dimensional micropolarity parameter α lies between [0,∞) [44], non-
dimensional Hartmann number Ha have ranges [0,∞) [44]. The range of inclination angle
parameter λ lies between zero to π

2 [58]. The non-dimensional parameter L lies in the inter-
val [0,∞) [7]. The permeability of upper and bottom porous region of the flow conduit are
assumed as K1 and K2 respectively and range of these parameters are taken from the arti-
cle of [23]. The naturally occurring porous material takes the values less than 0.6 whereas
man-made porous substances assumed the porosity value closed to 1 [25]. The contribu-
tion of radiative thermal exchange in the flow domain is depicted by term Nr which lies in
the interval (0,∞) [41].

5.1. Micropolarity parameter effect on flow properties

Here, we discuss the detailed graphical explanation of micropolarity parameter on Bejan
number distribution, flow velocity, temperature profile, and entropy production character-
istics. In Figures 2–6, the dotted curves and solid curves depict the impact of micropolarity
parameter on various flow properties of non-miscible type of micropolar and Newtonian
fluid for man-made porous material and naturally occurring porous materials respectively.
Figures 2 and 3 visualize the distributions of micropolarity parameters on angular and lin-
ear flow characteristics of two-layered non-miscible micropolar and Newtonian fluid in a
rectangular flow conduit respectively. The angular flow velocity (microrotation) of microp-
olar fluid particles decelerates with the ascending trend of micropolarity parameter α, as
displayed in Figure 2. Figure 2 demonstrates that the microrotation decreases slowly till
the middle of the micropolar fluid region and then it decreases rapidly towards the upper
porous boundary of the channel and tends to zero which verifies the no-spin boundary
conditions at the upper porous wall of the flow conduit. Figure 3 illustrates that, with an
enhancement in micropolarity parameter, there is high deceleration in the flow velocity of
non-miscible fluid throughout the porous duct. The physics behind this is the character-
istics property of micropolar fluid. The characteristics property of micropolar fluid is that
the fluid particles rotate about its own axis with high angular velocities and hence a large
amount ofmomentumof fluid particles transferred to the rotationalmotion of the fluid par-
ticles. Due to this reason, the linear flow velocity of non-miscible nature of micropolar and
Newtonian fluid decreases. It can be noticed that the peak value of velocity distribution for
small values of micropolarity parameter is observed in porous–porous interface, however,
for larger value of micropolarity parameter, the peak value of velocity distribution shifted
towards the Newtonian fluid region. Such results are validated with the article published
by Murthy and Srinivas [42]. Figure 4 illustrates the evolution in temperature distribution
profile of two-layered non-miscible fluid flow through porous duct with the decreasing
trend of micropolarity parameters. This result occurs due to the presence of micropolarity
parameter in micropolar fluid which reduces the linear motion of fluid in the porous con-
duit and hence the dissipation of energy reduces and consequently the thermal profile of
non-miscible fluid decreases in porous flow channel. The behavior of entropy production
characteristics with ascending trend of micropolarity parameter is portrayed in Figure 5.
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Figure 2. Behavior of microrotational velocity ω via micropolarity parameter α, when P = −1.5,
Da = 0.1, L = 1, nK = 1.2,Ha = 0.5, Br = 0.5, δ = 0.7, Re = 2.5,� = 1, nμ = 0.9, nk = 1.1, λ = 0.5,
nσ = 0.5,Nr = 1.

Figure 3. Behavior of velocity profile via micropolarity parameter α, when P = −1.5,Da = 0.1, L =
1, nK = 1.2,Ha = 0.5, Br = 0.5, δ = 0.7, Re = 2,� = 1, nμ = 0.9, nk = 1.1, λ = 0.5, nσ = 0.5,Nr= 1.

Thegiven figure demonstrates that the nature of entropyproduction is in descendingorder
with the ascending trend of micropolarity parameter. The production of entropy is lowest
at the central zone of the porous flow conduit. The most remarkable result which emerges
from the current discussion is that the production of entropy for immiscible fluid attains its
extremum value in Newtonian fluid region. The science behind this fact is that the New-
tonian fluid viscosity in the bottom porous layer is higher as compared to micropolar fluid
in the upper porous layer. Figure 6 visualizes the nature of the Bejan number distribution
with estimated values of the micropolarity parameter. The Bejan number distribution of
non-miscible fluid in porous flow channel rises with the ascending trend of micropolarity
parameter. These results are approved with the articles published by Srinivas et al. [42,43].

5.2. Hartmann number effect on flow properties

The comparative study of various flow and thermal properties like entropy production
characteristics, Bejan number distribution, flow velocity and thermal field of two-layered
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Figure 4. Behavior of temperature profile via micropolarity parameter α, when P = −1.5,Da =
0.1, L = 1, nK = 1.2,Ha = 0.5, Br = 0.5, δ = 0.7, Re = 2.5,� = 1, nμ = 0.9, nk = 1.1, λ = 0.5, nσ =
0.5,Nr = 1.

Figure 5. Behavior of entropygenerationnumber viamicropolarity parameterα, whenP = −1.5,Ha =
0.5, Br = 0.5, δ = 0.7, Re = 2.5,� = 1, nμ = 1, nk = 1, λ = 0.5, nσ = 1, nK = 1, L = 1,Da = 0.1.

Figure 6. Behavior of Bejan number via micropolarity parameter α, when P = −0.1,Ha = 0.5, Br =
0.5, δ = 0.7, Re = 2.5,� = 1, nμ = 1, nk = 1, λ = 0.5, nσ = 1, nK = 1, L = 1,Da = 0.1.
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non-miscible fluidwithin aporous conduitwith various estimatedvaluesofHartmannnum-
ber is presented in this section. Figure 7 shows the variation of flow velocity with estimated
ranges of Hartmann number. From this figure, it is observed that continuous growth in
the Hartmann number profile diminishes the flow velocity of two non-miscible micropolar
and Newtonian fluid in a porous flow domain. The science behind this fact is the exis-
tence of strongmagnetic field in the flow domain which develops the Lorentzianmagnetic
drag force in the flow field of immiscible fluid. Consequently, this drag force decelerated
the non-miscible fluid motion in both the regions of the duct. The behavior of the Hart-
mann number on microrotational velocity is displayed in Figure 8. It shows that, with the
ascending trend in Hartmann number profile, the microrotational velocity of micropolar
fluid decreases in upper porous zone. Figure 9 shows the influence of Hartmann number
on the thermal profile of non-miscible fluidwithin a rectangular porous channel. This figure
presents that temperature profile in more than half of the Newtonian and micropolar fluid
region towards the wall of the conduit reduces on rising the strength of the applied mag-
netic field. An important conclusion is made from this figure that the temperature profile
in naturally occurring porous medium nearby the interface enhancing on increasing the
Hartmann number. Temperature profile reduces for larger values of Hartmann number and
peak value of temperature profile is obtained in the micropolar fluid zone. This result is
verified with the previously published articles [42,46]. The Hartmann number impact on
entropy production distribution is disclosed in Figure 10. Rising Hartmann number causes
the reduction in entropy generation number of micropolar and Newtonian fluid in more
than half of the Newtonian and micropolar fluid region towards the wall of the conduit,
however, magnetic field show reverse impact on the entropy generation number nearby
the interfacial region. Theminimumvalues of entropy production are noticed in the central
zone of the porous domain whereas the extremum values are remarked in the Newto-
nian fluid region. Physics behind the above result is that, more viscous fluid improves the
entropyproduction in theporous conduits that iswhy theproductionof entropy is higher in
the Newtonian fluid region. The present results are verified with the references Jangili et al.
[44], Nezhad and Shahri [46]. Impact of Hartmann number on Bejan number distribution is
displayed in Figure 11. From this figure, an increment in the distribution of Bejan number
profile is noticed for ascending values of the Hartmann number. This result has excellent
agreement with [44].

5.3. Permeability parameter effect on flow properties

Figure 12 is designed to analyze the permeability parameter impact on the flow distribu-
tion of two-layered non-miscible micropolar and Newtonian fluid in the porous conduit.
The flow velocity of immiscible fluid shows decreasing trend with the ascending values
of permeability parameter. Figure 13 presents the outcomes of permeability parameter
on microrotational velocity of two-phase micropolar and Newtonian fluid flow within the
porous conduit. It is observed that, for increasing values of permeability parameter, the
angular velocity gets decreased within the upper porous domain of the channel. This pat-
tern of plots is observed in the work of Yadav et al. [6,13]. An important finding is observed
from Figures 12 and 13 that the flow velocity of non-miscible fluids in naturally occurring
porousmaterial is less than as compared toman-made porousmaterial. The physics behind
this is the existence of maximum number of solid pores in natural porous material which
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Figure 7. Variation of velocity profile with Hartmann number Ha, when P = −2, Re = 8,Da = 0.1, L =
1, nK = 1.2, Br = 0.5,α = 0.2, δ = 0.7,� = 1, nμ = 0.6, nk = 1.1, λ = 0.5, nσ = 0.9.

Figure 8. Variation of microrotational velocity ω profile with Hartmann number Ha, when P = −2,
Re = 8,Da = 0.1, L = 1, nK = 1.2, Br = 0.5,α = 0.2, δ = 0.7,� = 1, nμ = 0.6, nk = 1.1, λ = 0.5, nσ

= 0.9.

Figure 9. Variation of temperature profile with Hartmann number Ha, when P = −2, Re = 8,Da =
0.1, L = 1, nK = 1.2, Br = 0.5,α = 0.2, δ = 0.7,� = 1, nμ = 0.6, nk = 1.1, λ = 0.5, nσ = 0.9.
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Figure 10. Variation of entropy generation number profile with Hartmann number Ha, when
P = −1.5,Da = 0.1, L = 1, nK = 1, Re = 2.5, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1, λ
= 0.5, nσ = 1.

Figure 11. Variation of Bejan number profile with Hartmann number Ha, when P = −0.1,Da =
0.1, L = 1, nK = 1, Br = 0.5, λ = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 1, nk = 1, Re = 2.5, nσ = 1.

resist the motion of fluid particles in the flow medium. A similar trend of plots is reported
by [6]. Figures 14–16 are prepared to analyze the temperature profile, entropy generation
number, and on Bejan number respectively. It is concluded from these figures that the
permeability parameter shows the same kind of impact on temperature profile, entropy
generation number, and on Bejan number respectively as of inclination angle parameter as
discussed in the above section. The presence of porousmaterial in the flow domain creates
resistance to themotion of the fluid and slows down the flow velocity of immiscible fluid. In
this scenario, the conduction is only possible mechanism for heat transfer in flow domain.
As a result, the thermal characteristics of non-miscible type of micropolar and Newtonian
fluid tends to decrease. Figures 12–14 are in excellent agreement with the findings of ref-
erences [32]. The temperature profile slightly enhances at the central zone of immiscible
fluid for natural porous materials. From Figure 15, it is remarkable that the increasing value
of the permeability parameter creates less permeable media which enhances the produc-
tion of entropybecause of friction losses andhighpressure drop in the immiscible fluid flow
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Figure 12. Variation of velocity profilewith permeability parameterDa, when P = −0.1,Ha = 0.5, λ =
1, L = 1, nK = 1, Re = 2.5, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 1, nk = 1, nσ = 1.

Figure 13. Variation of microrotational velocity ω profile with permeability parameter Da, when P =
−0.1,Ha = 0.5, λ = 1, L = 1, nK = 1, Re = 2.5, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 1, nk = 1,
nσ = 1.

domain. Moreover, the entropy production in the porous saturated region is dominated by
drag and friction forces between the flow regimeandporous solids surface. Thedistribution
of Bejan number slightly increases at the interfacial region of immiscible fluid (Figure 16).
Figures 15 and 16 are validated with the findings of references [16,32].

5.4. Radiation parameter effect on flow properties

Entropy analysis, thermal profile, and Bejan number distribution for estimated values of
thermal radiation parameter inside a porous flow conduit have been presented in this
section. The outcomes of the temperature distribution for the various ranges of radia-
tion parameter are exhibited in Figure 17. This plot concludes that the thermal profile of
non-miscible fluid gets reduced by radiation parameter for man-made and natural porous
materials both. Figure 18 promulgates that the production of entropy of non-miscible fluid
diminishes due to the enlargement of radiation parameter Nr. This figure also concludes
that the radiation parameter Nr shows maximum impact nearby the walls of the porous
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Figure 14. Variation of temperature profile with permeability parameter Da, when P = −2, Re =
2.5,Ha = 0.5, L = 1, nK = 1, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 1, nk = 1, λ = 1, nσ = 1.

Figure 15. Variation of entropy generation number with permeability parameter Da, when P =
−0.1,Ha = 0.5, λ = 1, L = 1, nK = 1, Re = 2.5, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,
nσ = 1.

Figure 16. Variation of Bejan number profile with permeability parameter Da, when P = −0.1, λ =
1, L = 1, nK = 1, Re = 2.5, Br = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,Ha = 0.5, nσ = 1.
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Figure 17. Variation of temperature profile with radiation parameter Nr, when P = −1.5, L = 1,Da =
0.1, nK = 1.2,Ha = 0.5, Br = 0.5, δ = 0.7,α = 2,� = 1, nμ = 1, nk = 1.1, λ = 0.5, nσ = 1.

Figure 18. Variation of entropy generation numberwith radiation parameterNr, when P = −1.5,Da =
0.1, L = 1, nK = 1, Br = 0.5, λ = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,Ha = 0.5, nσ = 1,
Re = 2.5.

conduit, however, it shows negligible impact on the entropy generation number at the
interfacial region of the non-miscible type of micropolar and Newtonian fluid. It is impor-
tant to note that the entropygenerationnumberNs attains itsminimumvalue at the central
zone of the conduit whereas the extremum value of entropy arises at the lower porous wall
(Newtonian fluid region) of the duct. Figure 19 exhibits the Bejan number Be distribution
for various estimations of radiation parameter Nr. This figure presents that the radiation
parameter Nr shows the inverse effect on the Bejan number distribution as on the entropy
generation number. It is noticed that the distribution of the Bejan number attains its peak
value at the central zone of immiscible fluid. These findings are in good agreementwith the
reference [8].

5.5. Viscous dissipation parameter effect on flow properties

Figures 20 and 21 present the graphical visualization of entropy production number and
Bejan number distribution of non-miscible type of micropolar and Newtonian fluid with
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Figure 19. Variation of Bejan number profile with radiation parameter Nr, when P = −0.1,Da =
0.1, L = 1, nK = 1, Br = 0.5, λ = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,Ha = 0.5, nσ = 1,
Re = 2.5.

Figure 20. Variation of entropy generation number with viscous dissipation parameter Br
�
, when

P = −1.5,Da = 0.1, L = 1, nK = 1, Br = 0.5, λ = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,Ha
= 0.5, nσ = 1.

viscous dissipation parameter respectively. It is observed from Figure 20 that an enhance-
ment in viscous dissipation parameter enhances the production of entropy due to increase
in fluid friction. It is important tomention that the fluid friction, which enhances on increas-
ing the viscous dissipation parameter, is responsible for the enhancement of production of
entropy. From Figure 20, we noticed that the production of entropy isminimum at the cen-
tral zone of the flow conduit, i.e. useful energy (exergy) is maximum at the interface. These
findings are consistent with the work reported by Gorla [49]. The graphical results of Bejan
number profile with the viscous dissipation parameter are demonstrated in Figure 21.

5.6. Inclination angle parameter effect on flow properties

In this section, an attempt is made to discuss the influence of inclination angle parame-
ter on flow velocity and entropy generation of non-miscible fluid through man-made and
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Figure 21. Variation of Bejan number with viscous dissipation parameter Br
�
, when P = −1.5,Da =

0.1, L = 1, nK = 1, Br = 0.5, λ = 0.5,α = 0.01, δ = 0.7,� = 1, nμ = 0.9, nk = 1,Ha = 0.5, nσ = 1.

naturally occurring porous layered channel. The comparative study of the inclination angle
parameter with the flow velocity of the non-miscible fluid in a porous conduit is analyzed
in Figure 22. This plot illustrates that by increasing the value of λ, the flow velocity of
micropolar and Newtonian fluid shows a continuous decreasing trend in porous channel.
The physics behind the above findings is that the Lorentzian magnetic drag force which
is produced due to the action of electromagnetic field at an angle (90 − θ) with the flow
direction of the immiscible fluid increases in the opposite direction of the flow and hence
the velocity of the fluid decreases. Such graphical results are obtained in the previously
published article [14,58]. It is noticed from Figure 22 that the non-miscible fluids achieved
higher value in Newtonian fluid region as compared to the incompressiblemicropolar fluid
region. Figure 22 demonstrates that the inclination angle λ show the slightly higher impact
on the flow velocity of non-miscible fluid in man-made porous material as comparison to
in the naturally occurring porous medium. During the flow analysis of non-miscible fluid, it
is observed that the flow velocity of immiscible fluids attains higher values for man-made
porousmaterialwhoseporosity is greater thannatural porousmaterial. This result authenti-
cates the fact that thepresenceof large void spaces inman-madeporousmaterial enhances
the flow velocity of non-miscible fluid as compared to natural porous material. Figure 23
indicates the impact of λ on entropy generation characteristics of the non-misciblemicrop-
olar andNewtonian fluid throughaporousduct. As seen in Figure23, the ascending trendof
the inclination angle parameter shows a descending trend of entropy generation number
nearby the porous wall of the flow conduit.

The generation of entropy slightly enhances on increasing the inclination angle parame-
ter nearby the central zoneof theporous conduit. Theproductionof entropy is higher in the
neighborhood of the bottom porous wall of the duct (Newtonian fluid region). The science
behind this fact is that the fluid friction irreversibility arises by the Newtonian fluid is more
than themicropolar fluid. The higher values of entropy production is noticed forman-made
porous material as compared to naturally occurring porous material. Such phenomenon
authenticates the fact that the flow velocity of immiscible fluid is higher in man-made
porous material because of the presence of large void space in porous substances that is
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Figure 22. Variation of velocity profile with inclination angle parameter λ, when P = −2,Ha =
0.5,Da = 0.1, L = 1, nK = 1.2, Re = 2, Br = 0.5,α = 0.2, δ = 0.7,� = 1, nμ = 0.6, nk = 1.1, nσ = 0.9.

Figure 23. Variationof entropygenerationnumberwith inclinationangleparameterλ,whenP = −1.5,
Da= 0.1, L= 1, nK = 1, Re= 2.5, Br= 0.5,α = 0.01, δ = 0.7,�= 1, nμ = 0.9, nk = 1,Ha= 0.5, nσ = 1.

why the entropy production is maximum in man-made porous medium as compared to
naturally occurring porous material.

Table 1 shows the numerical values of temperature andmicrorotation at the interface of
Newtonian andmicropolar fluid regionof the rectangular porous channel for various values
of inclination angle parameter λ. From this table, we concluded that values of temperature
at the interfacial region enhance on increasing the inclination angle parameter λ for both
types of porous materials, i.e. for naturally occurring as well as man-made porous material.
However, the microrotation decreases on enhancing the inclination angle parameter λ.

6. Conclusion

In this work, convective thermal exchange, flow velocity, Bejan number distribution, and
entropy production number of the fully developed immiscible micropolar and Newtonian
fluid in a rectangular porous enclosure are analyzed. The exergy analysis is performed
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Table 1. Numerical values of the temperature and microrotation at y = 0 when P = −0.7,Da =
0.1, L = 1, nK = 1.2, Br = 0.5,α = 0.2, δ = 0.7,� = 1, nμ = 0.6, nk = 1.1,Ha = 0.5, nσ = 0.9.

Temperature at y = 0 Microrotation at y = 0

λ φ1 = 0.6,φ2 = 0.5 φ1 = 1,φ2 = 1 φ1 = 0.6,φ2 = 0.5 φ1 = 1,φ2 = 1

0.50 3.33537 5.74025 0.239233 0.430819
0.75 3.36269 5.80887 0.234356 0.415418
0.85 3.37513 5.83639 0.231928 0.407917
1.00 3.39444 5.87351 0.227826 0.395481

by using the concept of second law of thermodynamics. In this non-miscible fluid flow
problem, we consider the thermal radiation influences together with a constant oriented
magnetic field which is functioned perpendicular to the direction of the flow domain. The
coupled system of differential equations arising from this study is solved by well-known
methods and the expression for thermal transformation, flow distribution of non-miscible
fluid is addressed analytically. The characteristics of various emerging thermal and flow
parameters on flow variable of non-miscible type of micropolar and Newtonian fluid are
pictorially deliberated. The present flow analysis of entropy production of non-miscible
micropolar and Newtonian fluid in a porous flow conduit has many potential applications
such as cooling of nuclear reactor, filtration processes, industrial manufacturing processes,
and so on. The appropriate analysis of entropy production provides the best knowledge
of enhancing the efficiency of thermal system, modifying the system design and optimiz-
ing the operating conditions in the system. Thus the present discussion is very helpful in
various disciplines of science and engineering community because of its enormous roles in
heat transfer related areas. Important observations arise from this work are as follows:

(1) The temperature profile, velocity field, and entropy production characteristics
reduce for increasing values of micropolarity parameter.

(2) Hartmann number can be used to reduce the velocity field, entropy generation
characteristics, and temperature profile of immiscible fluids.

(3) The entropy generation number and temperature distribution of non-miscible fluid
are enhanced in parallel with the radiation parameter.

(4) Permeability parameter decreases the velocity field, thermal distribution, and
entropy generation characteristics for the present model. The reason behind this
is that the porous medium is composed of some void and solid spaces and pres-
ence of these solid spaces in the porous media creates resistance in fluid motion
and hence flow velocity of immiscible fluid decreases. In this situation, the conduc-
tion heat transfer is the only possible mode of heat transfer which diminishes the
temperature profile of immiscible fluid. The entropy production in porous media is
dominated by drag and friction forces between the flow regime and porous solids
surface.

(5) It is concluded that the entropy generation characteristics have extremum value in
the region of Newtonian fluid due to more viscous nature of Newtonian fluid.

(6) During the analysis of the result, it is noticed that the production of entropy is lowest
at the central zone of non-miscible fluids while the Bejan number attains its peak
value at the centerline of the conduit.
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(7) During the flowof immiscible fluid in porous flow channel, a crucial result noticedby
authors that all flow variables such as Bejan number distribution, flow distribution,
thermal profile, and entropy production number achieved higher values for man-
made porous material in comparison to naturally occurring porous material.

The present researchwork can be extended for entropy production analysis in peristaltic
transport of immiscible nature of micropolar and Newtonian fluid in a porous saturated
channel. The concept of entropygeneration analysis can alsobeused inblood flow through
arteries. The considered problem can be extended for variable flow properties such as
varying viscosity and varying permeability.
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