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Abstract: In this article, the impact of effective Prandtl number model on 3D incompressible flow in a
rotating channel is proposed under the influence of mixed convection. The coupled nonlinear system
of partial differential equations is decomposed into a highly nonlinear system of ordinary differential
equations with aid of suitable similarity transforms. Then, the solution of a nonlinear system of
ordinary differential equations is obtained numerically by using Runge–Kutta–Fehlberg (RKF) method.
Furthermore, the surface drag force C f and the rate of heat transfer Nu are portrayed numerically.
The effects of different emerging physical parameters such as Hartmann number (M), Reynold’s
number (Re), squeezing parameter (β), mixed convection parameter λ, and volume fraction (ϕ) are
also incorporated graphically for γalumina. Due to the higher viscosity and thermal conductivity
ethylene-based nanofluids, it is observed to be an effective common base fluid as compared to water.
These observations portrayed the temperature of gamma-alumina ethylene-based nanofluids rising
on gamma-alumina water based nanofluids.

Keywords: mixed convection; squeezing flow; gamma-alumina nanoparticles; MHD effect;
numerical solutions

1. Introduction

When natural and forced convection mechanisms work together to deal with heat transfer,
mixed convection occurs. The efficiency of these forces is based on the interaction of pressure and
buoyancy forces or in any forced convection condition, some quantities of free convection are always
there. When natural or free convection is not negligible, these flows are called characterized as
mixed convection.

Press streams or squeeze flow are induced by external normal stresses or vertical speeds by
moving boundaries. The compression flow under the influence of hybrid convection is of great interest
to researchers because it is rich through applications in industries such as nuclear reactions and heat
exchangers, whereas in bioengineering it is used in fiber manufacturing, plastic sheeting, and so on.
The word squeeze means compression of liquid or other material between two boundary walls or
canals. Other names often seen in most journals for squeeze flow are squeeze film flow, pinch flow,
up-setting (in metal research work), uniaxial presses (in material making work) and simple non-closed
(unconfined) compression (in the soil mechanism research). Stefan [1] gave an idea of squeezing flow
for the first time in 19th century. After his seminal work, new doors have been opened for researches
and a lot of contributions are being reported [2–7]. In recent times, Sara et al. [8] published a classical
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paper about power squeezing using lubricating approach. Such a type of flow exists in lubrication
when there is a squeezing flow between parallel plates.

Heat transfer influences fluid nature, orientation, temperature and flow geometry in hybrid
convection flow. In addition, to improve the completion of the hybrid convection squeeze flow.
Munawar et al. [9] explored 3D extruded flow in a rotating channel with a sub stretched porous wall.
Over the past two decades, the effects of low heat conduction on different flow phenomena have
attracted great interest of researchers [10,11]. As a pioneer, Choi [12], proposed the co-conduction
of thermal conductivity in nanoparticles and suspensions of basic fluid. Improving this pioneering
work, various nanofluids are studied and used in different metabolism. Nanofluid is a homogeneous
liquid suspension of base fluids with small nano meter particles that are referred to as nanoparticles.
More than 100 years ago, Maxwell’s theoretical work was published, and a number of theoretical
and experimental studies were carried out on suspended solids containing solid particles. However,
due to the lack of stability of such a suspension suspended by such a large size and high density
of particles, there is no precise way to prevent these large sized solid particles to settle out of the
suspension. This non stability causes flow resistance and erosion. Modern nanotechnology offers new
opportunities to process and produce particles with an average crystalline size below 50 nm [13].

Nanoparticles offer exciting new possibilities to improve heat transfer performance, as compared to
pure liquids. So, these are considered in the next new generation of heat transfer fluids and should also
increase the stability of suspensions. These also have properties superior than those of the convectional
heat transfer fluids and the liquids that contain metal micro-sized particles. Common basic fluids are
water, glycol, polymer solutions and oils. These nanoparticles are usually made up of copper, nitride,
carbide, metal nanoparticles that contain alumina and gamma alumina, and copper and non-metallic
nanoparticles that contain carbon nanotubes and graphite. The thermal conductivity of solids is
usually higher than that of liquids, so nanoparticles are added to these underlying fluids to enhance
the thermophysical and thermodynamic properties of fluids or underlying fluids. Nanofluids have
applications in industrial refrigeration applications. Routbort et al. started a project in 2008 that used
nanofluids for industrial refrigeration and Kaufai et al. [14] reviewed it, which could result in great
energy savings and emission reductions. For the US industry, the replacement of cooling and heating
water with nanofluids has the potential to save one trillion BTU energy, engine cooling, refrigerant,
electronics cooler, diesel efficiency improver and cooler of heat-exchanging devices. Also, it is used in
nuclear reactors, such as described by Kim et al. [15,16], who conducted a study to assess the feasibility
of nanofluids in nuclear applications by improving the performance of water-cooled nuclear systems
and limiting heat dissipation. Possible uses are the primary refrigerant pressurized water reactor
(PWR), stand by safety systems, acceleration targets, plasma divertors, and so on. Due to the large
execution effects of mixed convection flow squeezing into a rotating channel, the researcher draws
interest to himself and also many mathematicians did elaborate work on it. The analytical modeling of
the extrusion of nanofluids in a rotating channel is discussed by Freidoonimehr et al. [17]. Sharif [18]
studied convection in a superficial basal cavity, where the upper wall is hot and the lower wall is
cooled. The average number of Nusselt is demonstrated by the rise in the regimens that is guided by
forced convection (RI-0.1), whereas the natural regimes dominated by convection (RI-10) that increase
rapidly. Tiwari and Das [19] investigated numerically the mixed convection heat transfer and fluid
flow of Cu-water nano liquid into a square cavity with top and bottom insulated walls and differential
heated moving sidewalls. They discovered that when the average number (RI-1) of Nusselt increases
considerably with the augmentation of the volume fraction of the nanoparticles. The mixed convection
current and the heat transfer of Cu-water nano liquid in a rectangular casing with a lid are examined
by Muthtamilselvan et al. [20]. The sidewalls of the housing were adiabatic, while the horizontal walls
were kept at constant temperatures and the upper wall was moved at a constant speed. Arefmanesh
and Mahmoodi [21] conducted a numerical study to cover the effects of uncertainties of viscosity
models for the Al2O3–water nano liquid on mixed convection in a square cavity with cold left, right and
upper walls and hot bottom walls, which are all examined. Their results showed that the average
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number of Nusselt of the hot wall increases by increasing the volume fraction of nanoparticles for both
viscosity models used. Kandaswamy et al. [22] performed a numerical study on buoyancy-driven
convection in a cavity with partially thermally active vertical walls. It was found that the heat transfer
rate is increased when the heating location is located in the middle of the hot wall. Mahmoodi [23]
investigated mixed convection flow of water-Al2O3 nano liquid into a rectangular cavity. He noted
that the heat transfer rate increases due to the existence of nanoparticles in the base fluid for a range of
considered Richardson numbers. Sebdani et al. [24] conducted a numerical simulation to investigate
the effect of nanofluid variable properties on mixed convection in a square cavity with moving cold
side walls and a constant temperature heater on the bottom wall. Their results showed that the heat
transfer of the nano liquid can be improved or relieved with respect to the base fluid that depends
on the Reynolds number and Rayleigh number. Amiri et al. [25] provided a numerical simulation
of combined thermal and mass transport in a square, with a lid-driven cavity. Their results showed
that the heat and mass transfer in the cavity rises for low values of Richardson numbers. Nanofluids
as an innovative approach are used to improve heat transfer, for further detail see the reference [26].
Mhiri et al. [27] performed a numerical study of laminar mixed convection in a cavity with a vertical
downstream air jet. The numerical results showed that the inputs and outputs of the fluid in the
cavity could be efficiently avoided by working with high airflow rates. Channel rotation gives rise to
the Coriolis force that completely changes the flow field and hence the distribution of the local heat
transfer coefficient [28]. The convective nature of nanofluids in porous media and squeezing flow in a
rotating duct, where the carbon nanotubes are interrupted on the lower wall, are mainly studied by
Khan et al. [29,30].

In summary, from the above literature, here we present the idea to pinch a 3D mixed convection flow
of nanofluids in a rotating channel. The obtained model will be numerically solved using RKF method.
The velocity and temperature profiles will be derived using gamma-alumina (γ−Al2O3) nanoparticles
with various basic liquids such as H2O and C2H6O2. Despite these two profiles, we will focus our
attention on evaluating comprehensive results of containment and physical parameters graphically.

2. Description of the Problem

Consider an unsteady three-dimensional squeezing current of an electrically conductive nanofluids
in a rotating duct. The nanoparticles are Newtonian such as water and ethylene glycol, in which
nano particles such as alumina and gamma alumina are immersed between two parallel plates to
improve the thermophysical properties of the basic liquids such as water and ethylene glycol. The nano
liquid is pressed in the negative y-direction with the velocity Vh = dh

dt = − ∝

2
√

v f (1−∝t)
. The nanofluids

and the plates are rotated counterclockwise in positive y-axis with the angular velocity
→

Ω =
ω j

(1−∝t) .

The transverse magnetic field is assumed to be variable
→

B = B0√
(1−∝t)

and is imposed perpendicularly.

The nano liquid is sucked by the bottom plate, which is located at y = 0. The thermophysical properties
of nanofluids originate from Rashidi et al. [31]. The schematic diagram of the flow model is given in
Figure 1 [17].

The specific model of mixed convection-squeezing flow of electrically conductive nanofluids
in the presence of an applied magnetic field is well defined by the following series of partial
differential equations:

∂u
∂x

+
∂v
∂y

= 0, (1)

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+ 2
ω

(1− αt)
w = −

1
ρn f

∂p
∂x

+Vn f

(
∂2u
∂x2 +

∂2u
∂y2

)
−

σn f B2
0

ρn f (1− αt)
u+

g(ρβ)n f (T − Tw)

ρn f
, (2)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

=−
1
ρn f

∂p
∂y

+ Vn f

(
∂2v
∂x2 +

∂2v
∂y2

)
, (3)
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∂w
∂t

+ u
∂w
∂x

+ v
∂w
∂y
− 2

ω

(1− αt)
u = Vn f

(
∂2w
∂x2 +

∂2w
∂y2

)
−

σn fβ
2
0

ρn f (1− αt)
w, (4)

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

=−
kn f(
ρCp

)
n f

(
∂2T
∂x2 +

∂2T
∂y2

)
. (5)

The appropriate framework conditions for the model are [17,32];

u(x, y, t) = Uw0 =
ax

1− αt
, v(x, y, t) = Vw0, (6)

w(x, y, t) = 0,T(x, y, t) = Tw, at y = 0,

u(x, y, t) = 0, v(x, y, t) = Vh,

w(x, y, t) = 0,T(x, y, t) = Th, at y = h(t), (7)

where Th = Tw + Tw
(1−∝t) , Vw0 = − Vw

(1−∝t) such that Vw is taken as constant, and it corresponds to wall
injection and suction when Vw0 is less than zero and Vw0 is greater than zero.
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Figure 1. Schematic diagram of the flow model.

In Equations (1)–(7), u, v, and w are the velocity components along x, y, and z directions respectively,
p denotes the pressure, B0 is the magnetic field, σ is the electrical conduction, g is the magnitude or
size of acceleration, ∝ is the characteristic parameter time reciprocal dimension t and ∝ t is less than
1. T is the fluid’s temperature, ρn f is the effective density of nanofluids, Vn f =

µn f
ρn f

is the effective

kinematic viscosity of the nanofluid, kn f is effective thermal conductivity of nanofluids,
(
ρCp

)
n f

is

the thermal expansion coefficients of nanofluids, and (ρβ)n f is the thermal expansion coefficients of
nanofluids, which are given as,

ρn f = (1−ϕ)ρ f + ϕρs,(
ρCp

)
n f

= (1−ϕ)
(
ρCp

)
f
+ ϕ

(
ρCp

)
s
,

(ρβ)n f = (1−ϕ)(ρβ) f + ϕ(ρβ)s, (8)

where ϕ is referred to as a fixed volume fraction of the nanofluid. The dynamic viscosity of the
nanofluid is defined as

µn f

µ f
= 123ϕ2 + 7.3ϕ+ 1, (for γAl2O3 −H2O)

µn f

µ f
= 306ϕ2

− 0.19ϕ+ 1, (for γAl2O3 −C2H6O2) (9)
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Similarly,
kn f

k f
= 4.97ϕ2

− 2.72ϕ+ 1, (for γAl2O3 −H2O)

kn f

k f
= 28.905ϕ2

− 2.8273ϕ+ 1, (for γAl2O3 −C2H6O2). (10)

The effective Prandtl number of the nano liquid is given by

Prn f

Pr f
= 82.1ϕ2 + 3.9ϕ+ 1, (for γAl2O3 −H2O)

Prn f

Pr f
= 254.3ϕ2

− 3ϕ+ 1, (for γAl2O3 −C2H6O2). (11)

In addition, the thermophysical properties of base fluids such as water and ethylene glycol and
the nanoparticles such as alumina and gamma alumina are listed in Table 1 [31]:

Table 1. Thermophysical properties of the flow models for gamma-alumina nanoparticles.

Model ρ (kg/m3) Cp (kg−1K−1) k (Wm−1K−1) σ Pr

H2O 997.1 4179 0.613 0.005 6.96
C2H6O2 1116.6 2382 0.249 5.5 × 10−6 204
Al2O3 3970 765 40 3.5 ×107 –

The similarity transformations [32] are defined in order to reduce the PDE system (1)–(7) into ODEs.

η =
√

a
v f (1− ∝ t)

y, u =
ax

1− αt
f ′(η), v = −

(
av f

) 1
2 f (η),

w =
ax

1− αt
g(η) and T = Tw +

Tw

1− αt
θ(η).

The ordinary differential equations in dimensionless form are obtained by reducing the prevailing
equations as follows:

For γAl2O3 −H2O model

f ′′′′ + B1
(
−
β
2 (3 f ′′ (η) + η f ′′′ (η)) − 2Rg′(η) − f ′(η) f ′′ (η) + f (η) f ′′′ (η)

)
− B2M2 f ′′ (η) + B3λθ′(η) = 0. (12)

g′′ (η) + B1

(
f (η)g′(η) − f ′(η)g(η) − β

(
g(η) +

η

2
g′(η)

)
+ 2R f ′(η)

)
− B2M2g(η) = 0. (13)

θ′′ (η) + B4(Pr) f ( f (η)θ′(η)) −
β

2
ηθ′(η) = 0. (14)

For γAl2O3 −C2H6O2

f ′′′′ + C1

(
−
β

2
(3 f ′′ (η) + η f ′′′ (η)) − 2Rg′(η) − f ′(η) f ′′ (η) + f (η) f ′′′ (η)

)
−C2M2 f ′′ (η) + C3λθ

′(η) = 0.

(15)

g′′ (η) + C1

(
f (η)g′(η) − f ′(η)g(η) − β

(
g(η) +

η

2
g′(η)

)
+ 2R f ′(η)

)
−C2M2g(η) = 0 (16)

θ′′ (η) + C5(Pr) f ( f (η)θ′(η)) −
β

2
ηθ′(η) = 0, (17)

where

A1 =

(
1−ϕ+ ϕ

(
ρs

ρ f

))
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A2 =

1−ϕ+ ϕ

 (ρβ)s

(ρβ) f


A3 =

1−ϕ+ ϕ


(
ρcp

)
s(

ρcp
)

f


,

A4 =


(
σs + 2σ f

)
+ 2ϕ

(
σs − σ f

)(
σs + 2σ f

)
− 2ϕ

(
σs − σ f

) 
A5 =

(
82.1ϕ2 + 3.9ϕ+ 1

)(
1−ϕ+ ϕ

(
(ρcp)s

(ρcp) f

)) ,

A6 =

(
1−ϕ+ ϕ

(
(ρcp)s

(ρcp) f

))
(
1−ϕ+ ϕ

(
ρs
ρ f

) ) ,

B1 =
A1

(123ϕ2 + 7.3ϕ+ 1)µ f
,

B2 =
A4

(123ϕ2 + 7.3ϕ+ 1)µ f
,

B3 =
A6

(123ϕ2 + 7.3ϕ+ 1)µ f
,

B4 =

(
1−ϕ+ ϕ

(
ρs
ρ f

))
(123ϕ2 + 7.3ϕ+ 1)

(
1−ϕ+ ϕ

(
(ρcp)s

(ρcp) f

)) ,

C1 =
A1

(306ϕ2 − 0.19ϕ+ 1)
,

C2 =
A4

(306ϕ2 − 0.19ϕ+ 1)
,

C3 =
A6

(306ϕ2 − 0.19ϕ+ 1)
,

C4 =

(
254.3ϕ2

− 3ϕ+ 1
)

A4
,

C5 = C1·C4.

The associated boundary conditions are;
At lower plate:

f (0) = S,
f ′(0) = 1,
g(0) = 0,
θ(0) = 0

. (18)
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At upper plate:
f (1) = β

2 ,
f ′(1) = 1,
g(1) = 0,
θ(1) = 1

. (19)

The non-dimensional parameters embedded in the flow model are given as

β = α
a , M2 =

σB2
0

aρ f
, R = ω

a , Re = xUw0
V f

, Gr =
gβ f Twx3

v2
f (1−αt)

, Grm = λ = Gr
Re2 , Pr =

(µCp) f
k f

, S = V0
ah . (20)

The quantities like wall shear stress or skin friction coefficient and Nusselt number or rate of heat
transfer are defined as follows,

C f =
−2µn f

ρ f U2
w

(
∂u
∂y

)
y=0

, Nux =
xqw

k f (Tw − T∞)
. (21)

Now, the skin friction coefficient:
For γAl2O3 −H2O

(
C f

)
y=0

=
√

ReC∗f , at y=0 =
f ′′ (0)

(
123ϕ2 + 7.3ϕ+ 1

)(
1−ϕ+ ϕ

ρs
ρ f

) =
f ′′ (0)

B1
. (22)

For γAl2O3 −C2H6O2

(
C f

)
y=0

=
√

ReC∗f , at y=0 =
f ′′ (0)

(
306ϕ2

− 0.19ϕ+ 1
)(

1−ϕ+ ϕ
ρs
ρ f

) =
f ′′ (0)

C1
. (23)

The Nusselt number is defined as:
For γAl2O3 −H2O
At lower plate

Nuat y=0 = (1− ∝ t)1.5Nu∗at y=0 = −
(
4.97ϕ2 + 2.72ϕ+ 1

)
θ′(0). (24)

At upper plate

Nuat y=h(t) = (1− ∝ t)1.5Nu∗at y=h(t) = −
(
4.97ϕ2 + 2.72ϕ+ 1

)
θ′(1). (25)

For γAl2O3 −C2H6O2

At lower plate

Nuat y=0 = (1− ∝ t)1.5Nu∗at y=0 = −
(
28.905ϕ2 + 2.8273ϕ+ 1

)
θ′(0). (26)

At upper plate

Nuat y=h(t) = (1− ∝ t)1.5Nu∗at y=h(t) = −
(
28.905ϕ2 + 2.8273ϕ+ 1

)
θ′(1). (27)
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3. Solution of the Problem

To solve the flow models, we used the RKF numerical technique coupled with shooting method [33].
For this purpose, consider

b1 = F, b2 = F′, b3 = F′′ , b4 = F′′′ , b5 = G, b6 = G′, b7 = θ, b8 = θ′. (28)

Firstly, we write the flow model in the following form,

F′′′′ = −B1

(
−
β

2
(3F′′ + ηF′′′ ) + 2RG′ + F′F′′ + FF′′′

)
+ B2M2F′′ − B3λθ

′. (29)

G′′ = −B1

(
FG′ + F′G− β

(
G +

η

2
G′

)
+ 2RF′

)
+ B2M2G. (30)

θ′′ = −(Pr) f A5

(
β
(
θ+

η

2
θ′

)
+ Fθ′

)
. (31)

By substituting Equation (28) into Equations (29)–(31), we get the system of first order ordinary
differential equation as



b′1
b′2
b′3
b′4
b′5
b′6
b′7
b′8


=



b2

b3

b4

−B1
(
−β

(
3
2 b3 + ηb4

)
+ 2Rb6 + b2b3 − b1b4

)
+ B2M2b3 − B3λb8

b6

−B1
(
−β

(
b5 +

η
2 b6

)
+ 2Rb2 + b1b6 − b2b5

)
+ B2M2b5

b8

−(Pr) f A5
(
β
(
b7 +

η
2 b8

)
+ b1b8

)


. (32)

The associated boundary conditions are

b1

b2

b3

b4

b5

b6

b7

b8


=



S
1
β
2
0
0
0
0
1


(33)

Equations (32) and (33) form the 1st order system of initial value problem. Then, we obtained the
solution of this system with Mathematica 10.0.

Similarly, we can solve γAl2O3 −C2H6O2 model in a similar way.

4. Results and Discussions

In this segment, the numerical results are evaluated with the help of graphical aids and tabulated
values. These results are assessed by different flow parameters.

Figures 2–6 highlight the variation in axial velocity f (η) under the influence of several emerging
flow parameters such as rotation parameter R, squeeze parameter β, Hartmann number M, mixed
convection parameter λ, and the volume fraction of the nanoparticle φ. Figure 2 is dedicated to uplift
the axial velocity f (η) for different values of rotation parameter R. İt is observed that, for rising values
of rotation parameter R, the axial velocity f (η) increases in the case of suction S > 0, while, in the case
of injection S < 0, the reverse behavior is seen. Moreover, in the case of suction S > 0, near the lower
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plate slightly reverse behavior is shown due to stretching parameter a. The effects of squeeze parameter,
which is the ratio of characteristic parameter α to stretching parameter a depected in Figure 3. β > 0
stands for upper plate moves towards the lower plate on which fluid velocity increases and β < 0
indicates that upper plate fixed apart from the lower plate at distance h(t). For the suction case S > 0,
the axial velocity decreases quite rapidly upon the rising values of squeeze parameter, while in the
case of injection S < 0, the velocity profile is opposite that of the suction. Figure 3 reflects the impact of
electromagnetic forces to the viscous forces. For increasing values of Hartman number, the velocity
profile decreases for both the suction and injection case because Lorentz forces tend to decrease the
velocity for higher values of magnetic parameter. The effects of mixed convection parameter λ on the
axial velocity illustrated in Figure 5. For the case of suction, the velocity profile decreases quite rapidly
upon the enhancing values of mixed convection parameter. On the other hand, in the case of injection,
the opposite behavior is noticed. The volume fraction parameter φ is portrayed in Figure 6. For rising
values of volume fraction, the axial velocity decreases in the case of suction S > 0. While, in the case of
injection S < 0, the velocity decreases upto the half of the channel and then increases on rising values
volume fraction.Energies 2020, 13, x FOR PEER REVIEW 9 of 19 
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The uplifts of velocity field gradient f ′(η) with emerging parameters such as rotation parameter
R, squeeze parameter β, ratio of electromagnetic forces to viscous forces M and mixed convection
parameter λ are illustrated in Figures 7–10. The effects of rotation parameter R on velocity gradiant
f ′(η) reflected in Figure 7. For higher values of rotation parameter R, the velocity gradiant f ′(η)
reduces in the upper half channel and then increases with increasing values of R in the case of suction
S > 0. Meanwhile, in the case of injection S < 0, slightly reverse flow observed near the lower
plate due to stretching factor a. Figure 8 depicts the impact of squeeze parameter β on the velocity
gradiant field f ′(η). One can easily seen that, for rising values of charectristic parameter to stretching
parameter velocity gradiant increases for both the suction and injection cases. The uplifts of the ratio of
electromagnetic to viscous force M2 on f ′(η) reflected in Figure 9. For increasing values of Hartmann
number, the velocity gradient initially reduced in the upper half channel and then increases with rising
values of M2 in the suction case. While, in the case of injection S < 0, the opposite behavior is seen.
However, in Figure 10, for rising values of mixed convection parameter λ, the velocity gradients for
both the suction and injection cases look similar to that of the injection case in Figure 9b. On some
extents change of decreasing in velocity occurs more rapidly for base fluid water with gamma-Al2O3

suspended nano particles than that of base fluid ethylene glycol.Energies 2020, 13, x FOR PEER REVIEW 11 of 19 
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Effects of embedding parameters such volume fraction, ratio of electromagnetic to viscous forces,
rotation parameter, quotient of characteristic to stretching factor and mixed convection parameter on
angular velocity are portrayed in Figures 11–15. The effects of rotation on velocity gradient illustrated
in Figure 11. For increasing values of rotation parameter, the angular velocity g(η) reduced till η � 0.5
and then increases for enhased values of rotation parameter in the case of suction S > 0. While, in the
case of injection S < 0, the angular velocity increases with rising values of R. Figure 12 indicates that,
the angular velocity enhanced with rising values squeeze parameter for both the suction and injection
case. The uplifts of magnetic parameter, mixed convection and volume fraction on angular velocity are
illustrated in Figures 13–15. It is observed that, for increasing values of all these emerging parameters,
angular velocity was initially reduced in the upper half channel in the case of suction S > 0. On the
other hand, in case of injection S < 0, the angular velocity decreases for rising values of magnetic
parameter and volume fraction. Meanwhile, for increasing values of mixed convection, quite the
opposite behavior is seen.



Energies 2020, 13, 3138 13 of 19

Energies 2020, 13, x FOR PEER REVIEW 12 of 19 

 

  
(a) (b) 

Figure 10. Influence of 𝜆 on 𝑓′(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

Effects of embedding parameters such volume fraction, ratio of electromagnetic to viscous 

forces, rotation parameter, quotient of characteristic to stretching factor and mixed convection 

parameter on angular velocity are portrayed in Figures 11–15. The effects of rotation on velocity 

gradient illustrated in Figure 11. For increasing values of rotation parameter, the angular velocity 

𝑔(𝜂) reduced till 𝜂 ≅ 0.5 and then increases for enhased values of rotation parameter in the case of 

suction 𝑆 > 0. While, in the case of injection 𝑆 < 0, the angular velocity increases with rising values 

of 𝑅. Figure 12 indicates that, the angular velocity enhanced with rising values squeeze parameter 

for both the suction and injection case. The uplifts of magnetic parameter, mixed convection and 

volume fraction on angular velocity are illustrated in Figures 13–15. It is observed that, for increasing 

values of all these emerging parameters, angular velocity was initially reduced in the upper half 

channel in the case of suction 𝑆 > 0. On the other hand, in case of injection 𝑆 < 0, the angular velocity 

decreases for rising values of magnetic parameter and volume fraction. Meanwhile, for increasing 

values of mixed convection, quite the opposite behavior is seen. 

  
(a) (b) 

Figure 11. Influence of 𝑅 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. Figure 11. Influence of R on g(η) for (a) S > 0 and (b) S < 0.Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

  
(a) (b) 

Figure 12. Influence of 𝛽 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0 

 
 

(a) (b) 

Figure 13. Influence of 𝑀2 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

  
(a) (b) 

Figure 14. Influence of 𝜆 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

Figure 12. Influence of β on g(η) for (a) S > 0 and (b) S < 0.

Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

  
(a) (b) 

Figure 12. Influence of 𝛽 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0 

 
 

(a) (b) 

Figure 13. Influence of 𝑀2 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

  
(a) (b) 

Figure 14. Influence of 𝜆 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

Figure 13. Influence of M2 on g(η) for (a) S > 0 and (b) S < 0.



Energies 2020, 13, 3138 14 of 19

Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

  
(a) (b) 

Figure 12. Influence of 𝛽 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0 

 
 

(a) (b) 

Figure 13. Influence of 𝑀2 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

  
(a) (b) 

Figure 14. Influence of 𝜆 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. Figure 14. Influence of λ on g(η) for (a) S > 0 and (b) S < 0.Energies 2020, 13, x FOR PEER REVIEW 14 of 19 

 

  
(a) (b) 

Figure 15. Influence of 𝜙 on 𝑔(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

The upshots of embedding parameters such as Prandtl number, volume fraction, magnetic 

parameter, ratio of characteristic parameter to stretching factor, rotation parameter, and mixed 

convection parameter on temperature profile 𝜃(𝜂) are illustrated in Figures 16–21. In Figures 16–21, 

for both the suction and injection cases, the temperature profile enhanced with increasing value of 

these pertinent parameters except Figure 19b. Prandtl number also influences the temperature field 

of nanofluids like water and ethylene glycol suspended with gamma- 𝐴𝑙2𝑂3  nanoparticles in 

increasing manner for both inhalation and injection. 

  

(a) (b) 

Figure 16. Influence of 𝑅 on 𝜃(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

  

(a) (b) 

Figure 17. Influence of 𝛽 on 𝜃(𝜂) for (a) 𝑆 > 0 and (b) 𝑆 < 0. 

Figure 15. Influence of φ on g(η) for (a) S > 0 and (b) S < 0.

The upshots of embedding parameters such as Prandtl number, volume fraction, magnetic
parameter, ratio of characteristic parameter to stretching factor, rotation parameter, and mixed
convection parameter on temperature profile θ(η) are illustrated in Figures 16–21. In Figures 16–21,
for both the suction and injection cases, the temperature profile enhanced with increasing value of
these pertinent parameters except Figure 19b. Prandtl number also influences the temperature field of
nanofluids like water and ethylene glycol suspended with gamma-Al2O3 nanoparticles in increasing
manner for both inhalation and injection.
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Figure 21. Influence of Pr on θ(η) for (a) S > 0 and (b) S < 0.

To validate our flow model, a comparison of the present work withφ = 0 and M = 0.5 is illustrated
in Table 2. It is observed that, the present study is in best agreement with the existing literature which
proved the reality and novelty of the current study. Numerical results of skin friction coefficient and
Nusselt number for γAl2O3 −H2O and Al2O3 −C2H6O2 are given in Tables 3 and 4 respectively.

Table 2. Comparison with existing literature for φ = 0, M = 0.5.

β R S
f”(0) f”(1)

Present [9] Present [9]

−1.0 2.0 0.5 −10.53119500 −10.5311950 7.70317226 7.7031724
0.0 – – −7.58900683 −7.5890069 4.82359091 4.8235909
1.0 – – −4.51255172 −4.5125517 1.80917188 1.8091719
2.0 – – −1.28942091 −1.2894209 −1.35422925 −1.3542292
3.0 – – 2.08350344 2.0835034 −4.67005029 −4.6700503
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Table 3. Numerical results of skin friction coefficient and Nusselt number for γAl2O3 −H2O

R M2 λ β f”(1) −θ
′

(1)

S>0 S<0 S>0 S<0

1 0.5 1 3 −21.9385 −44.9142 0.318371 0.580722
– – – 2 −7.74985 −30.4113 0.152864 0.427103
– – – 1 6.26419 −16.08 −0.024544 0.262825
– – – 0 20.1085 −1.92094 −0.215265 0.0866754
– – – −1 34.5299 12.0847 −0.421818 −0.102728
– – – −2 47.1583 25.8305 −0.643296 −0.307139
– – – – 60.444 39.4562 −0.884845 −0.528295
– – 0 1 6.29071 −16.0491 −0.0246038 0.262761
– – 100 – 3.62675 −19.1475 −0.0186288 0.269122
– – 300 – −1.77226 −25.3733 −0.00669314 0.281661

Table 4. Numerical results of skin friction coefficient and Nusselt number for γAl2O3 −C2H6O2

R M2 λ β f”(1) −θ
′

(1)

S > 0 S < 0 S > 0 S < 0

1 0.5 1 3 −21.9377 −44.9131 0.318366 0.580717
2 −7.74947 −30.4106 0.15286 0.427098
1 6.26428 −16.0801 −0.0245476 0.262821
0 20.1129 −1.92194 −0.215275 0.0866763
−1 33.6084 14.7246 −0.42067 −0.0975386
−2 47.1471 25.8336 −0.643222 −0.307105
−3 60.3558 39.4142 −0.884469 −0.528115

0 1 6.29071 −16.0491 −0.0246038 0.262761
100 1 3.63485 −19.1493 −0.0189869 0.268752
300 1 −1.75006 −25.3634 −0.00777303 0.280488

5. Conclusions

An unsteady 3D squeezing flow model comprising the aluminum and γ-aluminium oxide
nanoparticles is used to observe the effect of mixed convection in a rotating channel. The system of
nonlinear partial differential equation is reduced to a set of ordinary differential equation with the help
of similarity transformation and the core findings form the given results as follows:

1. Enormous values of mixed convection parameter λ depict a significant effect on the velocity profile.
2. Temperature of the nanofluids is larger than the base fluid.
3. For rising values of β, the skin friction coefficient increases for both the γAl2O3 −H2O and

γAl2O3 −C2H6O2. While, in the case of higher values of mixed convection parameter λ, the skin
friction coefficient decreases.

4. Temperature of the γAl2O3 −C2H6O2 nanofluids is larger than the γAl2O3 −H2O.
5. In the presence of γAl2O3 − H2O and γAl2O3 − C2H6O2 nanoparticles, temperature

profile increases.
6. For rising values of β, the skin friction coefficient increases for both the γAl2O3 −H2O and

γAl2O3 −C2H6O2. Meanwhile, in the case of higher values of mixed convection parameter λ, the
skin friction coefficient decreases.

7. In the absence of effective Prandtl number, the Nusselt number decreases. Meanwhile, in the
presence of effective Prandtl number, the opposite behavior is seen.

8. For S > 0 and S < 0, the axial velocity decreases with Hartmann parameter M.
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