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Unsteady squeezing flow 
of Cu‑Al2O3/water hybrid 
nanofluid in a horizontal channel 
with magnetic field
Najiyah Safwa Khashi’ie1, Iskandar Waini2, Norihan Md Arifin2* & Ioan Pop3

The proficiency of hybrid nanofluid from Cu-Al2O3/water formation as the heat transfer coolant is 
numerically analyzed using the powerful and user-friendly interface bvp4c in the Matlab software. 
For that purpose, the Cu-Al2O3/water nanofluid flow between two parallel plates is examined where 
the lower plate can be deformed while the upper plate moves towards/away from the lower plate. 
Other considerable factors are the wall mass suction/injection and the magnetic field that applied on 
the lower plate. The reduced ordinary (similarity) differential equations are solved using the bvp4c 
application. The validation of this novel model is conducted by comparing a few of numerical values 
for the reduced case of viscous fluid. The results imply the potency of this heat transfer fluid which can 
enhance the heat transfer performance for both upper and lower plates approximately by 7.10% and 
4.11%, respectively. An increase of squeezing parameter deteriorates the heat transfer coefficient by 
4.28% (upper) and 5.35% (lower), accordingly. The rise of suction strength inflates the heat transfer at 
the lower plate while the presence of the magnetic field shows a reverse result.

Abbreviations
b	� Constant
B	� Time-dependent magnetic field
B0	� Constant
Cf 1,Cf 2	� Skin friction coefficients of lower and upper plates, respectively
Cp	� Specific heat ( Jkg−1K−1)
f  (subscript)	� Base fluid
f (η)	� Stream function
hnf (subscript)	� Hybrid nanofluid
h(t)	� Distance between two plates ( m)
k	� Thermal conductivity ( Wm−1K−1)
M	� Magnetic parameter
Nux1,Nux2	� Local Nusselt number of lower and upper plates, respectively
nf (subscript)	� Nanofluid
Pr	� Prandtl number
t 	� Time
T	� Hybrid nanofluid temperature ( K)
T1,T2	� Fixed temperatures of lower and upper plates, respectively ( K)
u, v	� Fluid velocities, respectively ( ms−1)
uw	� Velocity of the stretching lower plate ( ms−1)
vw	� Velocity of the wall mass porous lower plate ( ms−1)
V0	� Constant
Vh	� Velocity of the upper plate moving towards/away from lower stationery plate ( ms−1)
S	� Suction parameter
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Sq	� Unsteadiness squeezing parameter
s1, s2(subscript)	� Al2O3 and Cu nanoparticles
x, y	� Cartesian coordinates (m

Greek symbols
φ1,φ2	� Concentrations for the nanoparticles
η	� Similarity variable
�	� Stretching parameter
µ	� Dynamic viscosity ( kgm−1s−1)
ν	� Kinematic viscosity ( m2s−1)
θ	� Dimensionless fluid temperature
ρ	� Fluid density ( kgm−3)
ρCp	� Heat capacity ( JK−1m−3

The enrichment of heat transfer performance for the working fluid in cooling/heating appliances with optimum 
use of cost and energy has been the main concern for industrial and societal benefits. The addition of a single 
nanoparticle into a host working fluid is originated by Choi1 to enhance the base fluid’s thermal conductivity. 
Since then, many investigations were conducted through experimental works or fundamental studies (compu-
tational boundary layer flow) with less cost and time consumption. The model by Buongiorno2 which related to 
the effects of Brownian motion and thermopheresis as well as the model by Tiwari and Das3, are widely used by 
many researchers in the computational analysis of the nanofluid’s flow. Using the spectral relaxation method, 
Oyelakin et al.4 solved the Buongiorno’s model of Casson nanofluid flow with the inclusion of slip and convec-
tive conditions, magnetic field and thermal radiation. Further, Oyelakin et al.5 discussed the three-dimensional 
flow of unsteady magnetohydrodynamics (MHD) Casson nanofluid utilizing the Buongiorno’s model. Another 
interesting works regarding the Buongiorno’s model of nanofluid can be read from these papers6–11. Meanwhile, 
Karmakar et al.12 scrutinized the stagnation point flow of carbon nanotubes (CNT)-water nanofluid towards a 
stretching sheet with convective boundary condition. In recent times, the combination of a base fluid with sus-
pended dissimilar nanoparticles is experimentally conducted to create a superior nanocomposite liquid known as 
hybrid nanofluid. The hybrid nanofluid’s correlations by Takabi and Salehi13 and Devi and Devi14 were extensively 
used in the estimation of the thermophysical properties. The advantages of hybrid nanofluid in augmenting the 
heat transfer performance could also be found in these references15–21. For the distant future of the cooling/
heating applications, there are tremendous demands in the investigation of both internal and external hybrid 
nanofluid flows. Acharya et al.22 observed the temperature profile of working fluid with Cu-TiO2 nanosuspen-
sion was greater than single nanofluids when it was streaming over a revolving disk. The inclined magnetic field 
with a suitable inclination angle was shown as one of the potential factors in augmenting the thermal rate of 
the hybrid nanofluid23. Further assessment of the nonlinear radiation and magnetic field effects have been con-
ducted by Acharya et al.24 for hybrid Ag-Fe3O4/kerosene nanofluid flow over a permeable stretching sheet. The 
Cu-Al2O3/water hybrid nanofluid flow past an exponentially stretching/shrinking surface was recently studied 
by Wahid et al.25,26.

The squeezing flow which emerged from the moving boundaries is significant in polymer processing, lubri-
cation equipment, molding’s injection, and compression including the hydrodynamical machines. The connec-
tion between the squeezing flow and the loaded bearings’ performance in engines including the phenomenon 
of adhesion has been highlighted by Jackson27. Stefan28 used lubrication approximation to initiate his work on 
squeezing flow. Meanwhile, other early works considering numerical schemes on the squeezing flow were studied 
by Verma29 and Singh et al.30. Hamza31 inspected the squeezing flow and highlighted the impact of the suction 
and injection parameters. Other interesting papers reflecting the squeezing viscous flow have been debated in 
Ahmad et al.32, Shah et al.33, Khan et al.34, Magalakwe et al.35 and Basha36. Later, the analysis of squeezing flow in 
nanofluids was also considered by a few of researchers. The time-dependent bioconvection flow containing motile 
gyrotactic microorganisms was solved by Raees et al.37 using Buongiorno’s model of nanofluid. Hayat et al.38 ana-
lyzed the unsteady squeezed flow of nanofluid with the presence of magnetic field while Hayat et al.39 scrutinized 
the effect of couple stress due to time-dependent applied magnetic field. Both Hayat et al.38,39 implemented the 
Buongiorno nanofluid model which indirectly examined any specific nanoparticles. Recently, Acharya et al.40 
analyzed the simultaneous effects of chemical reaction, magnetic field, and second-order slip on the bioconvec-
tion nanofluid squeezing flow between two parallel plates. Meanwhile, interesting work of the squeezing hybrid 
nanofluid with Fe3O4-MoS2 and the combination of water and ethylene glycol for the base fluid was conducted 
by Salehi et al.41. The impact of radiation from the solar energy on the Cu-Al2O3/water hybrid nanofluid inside 
a channel was deliberated by Acharya42. Another interesting aspect of the internal hybrid nanofluid flow inside 
a channel also has been scrutinized by Ikram et al.43 and Islam et al.44. Detail description of previous works37–44 
concerning the internal flow between two plates is presented in Table 1 which highlights the gap between previ-
ous works and the present study.

Inspired from the existing literature while fulfilling the available research gaps, this work aims to analyze 
the time-dependent squeezing flow of hybrid Cu-Al2O3/water nanofluid in a horizontal channel (between two 
parallel plates) with the magnetic field effect. The physical geometry of the lower plate is presumed as permeable 
and stretchable. Our main focus is to analyze the features of hybrid nanofluid flow like distribution of velocity, 
skin friction, temperature, and thermal rate for several physical parameters such as suction/injection, stretch-
ing, unsteadiness squeezing, the magnetic and volumetric concentration of the nanoparticles. In long term, this 
study is can be applied in designing an optimum thermal process for example in refrigeration systems and heat 
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pumps using relevant physical sources. To accomplish the objectives, the single-phase mathematical model of 
Cu-Al2O3/water is formulated based on this physical problem and then, transformed into reduced differential 
equations via the similarity transformation. The bvp4c application is completely used for the results’ generation 
and validated based on the available numerical values from the previous works. This study is novel and original 
which considers a time-dependent Cu-Al2O3/water hybrid nanofluid flow with different boundary conditions 
as compared to the existing references in Table 1.

Mathematical model
Physical assumptions and thermophysical correlations.  Cu-Al2O3/water formation is considered to 

flow between two infinite parallel plates, as shown in Fig. 1. The upper plate is placed at y = h(t) =

√

νf (1−αt)

b  
from the lower plate, while the upper plate with velocity Vh =

dh(t)
dt = −

α
2

√

νf
b(1−αt)  is moving towards (squeez-

ing) the lower plate. Further assumption is the lower and upper plates are maintained at fixed temperatures T1 
and T2 , respectively. Meanwhile, the porous lower plate is included in the physical illustration for the possible 
fluid suction/injection with the wall mass velocity is denoted as vw = −

V0
1−αt ; V0 > 0 for suction, V0 < 0 for 

injection and V0 = 0 corresponds to an impermeable plate. Also, the lower plate is stretchable with linear veloc-

Table 1.   Detail description of references concerning the internal flow between two plates.

References Single/Hybrid Nanofluid Description of lower and upper plates Additional physical parameters Method of solution

Raees et al.37 Unsteady flow of single nanofluid (Buon-
giorno model)

Both lower and upper plates are imper-
meable Bioconvection Homotopy Analysis Method

Hayat et al.38 Unsteady flow of single nanofluid (Buon-
giorno model) Lower plate is permeable and stretchable Magnetic field Homotopy Analysis Method

Hayat et al.39 Unsteady flow of single nanofluid (Buon-
giorno model) Lower plate is permeable and stretchable Magnetic field and couple stress viscosity 

effect Homotopy Analysis Method

Acharya et al.40 Single nanofluid flow (Buongiorno 
model) – Bioconvection, magnetic field, chemical 

reaction and second order slip Runge–Kutta-Fehlberg method

Salehi et al.41

Unsteady flow of hybrid Fe3O4-MoS2/
mixture of ethylene glycol–water (cor-
relations of hybrid nanofluid as in Devi 
and Devi14)

Lower plate is impermeable and static Magnetic field and heat generation Akbari and Ganji’s method

Acharya42
Hybrid Cu-Al2O3/water (correlations 
of hybrid nanofluid as in Takabi and 
Salehi13)

Lower plate is stretchable
Upper plate is permeable Solar radiation Shooting method

Ikram et al.43
Hybrid Ag-TiO2/water (correlations 
of hybrid nanofluid as in Takabi and 
Salehi13)

– Magnetic field, natural convection and 
heat generation Laplace transform method

Islam et al.44
Micropolar hybrid GO-Cu/water (cor-
relations of hybrid nanofluid as in Takabi 
and Salehi13)

Lower plate is stretchable
Upper plate is permeable

Magnetic field, thermal radiation and 
rotating system Homotopy Analysis Method

Figure 1.   Physical illustration with coordinate system.
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ity uw =
bx

1−αt ; t < 1
/

α while the inclusion of time-dependent magnetic field is formulated with B(t) = B0
1−αt 

(see Hayat et al.38,39).
Under these assumptions and using the hybrid nanofluid model proposed by Takabi and Salehi13, the govern-

ing conservation equations are37–39.

where V =
∂v
∂x −

∂u
∂y . The associate conditions at the lower and upper plates are (see Raees et al.37 and Hayat 

et al.38,39)

Here u and v are the velocities along x and y directions and T is the hybrid nanofluid temperature. For the evalu-
ation of the thermophysical properties (see Table 2), we adopt the correlations by Takabi and Salehi13 which 
are feasible and correct based on the experimental validation. These correlations are built based on the physical 
assumptions. Meanwhile, Table 3 display the the physical properties of the pure water and nanoparticles.

(1)
∂u

∂x
+

∂v

∂y
= 0,

(2)
∂V

∂t
+ u

∂V

∂x
+ v

∂V

∂y
=

µhnf

ρhnf

∂2V

∂y2
−

σhnf

ρhnf
B(t)2V ,

(3)
∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
=

khnf

(ρCp)hnf

∂2T

∂y2
,

(4)
u = �

bx

1− αt
, v = −

V0

1− αt
, T = T1 at y = 0 (lower plate)

u = 0, v =
dh(t)

dt
, T = T2 at y = h(t) (upper plate)

Table 2.   Hybrid nanofluid’s correlations13.

Properties Hybrid Nanofluid

Density (ρ) ρhnf =
(

1− φhnf
)

ρf + φ1ρs1 + φ2ρs2

Heat Capacity 
(

ρCp

) (

ρCp

)

hnf
=

(

1− φhnf
)(

ρCp

)

f
+ φ1

(

ρCp

)

s1
+ φ2

(

ρCp

)

s2

Dynamic Viscocity (µ) µhnf

µf
=

1
(

1−φhnf
)2.5

Thermal Conductivity (k) khnf
kf

=





















�

φ1k1 + φ2k2

φhnf

�

+ 2kf + 2(φ1k1 + φ2k2)

−2φhnf kf
�

φ1k1 + φ2k2

φhnf

�

+ 2kf − (φ1k1 + φ2k2)

+φhnf kf





















Electrical Conductivity (σ ) σhnf
σf

=





















�

φ1σ1 + φ2σ2

φhnf

�

+ 2σf + 2(φ1σ1 + φ2σ2)

−2φhnf σf
�

φ1σ1 + φ2σ2

φhnf

�

+ 2σf − (φ1σ1 + φ2σ2)

+φhnf σf





















Table 3.   Thermophysical properties for pure water and nanoparticles45,46.

Thermophysical Properties H2O

Nanoparticles

Al2O3 Cu

ρ

(

kgm−3
)

997.1 3970 8933

Cp

(

Jkg−1K−1
)

4179 765 385

k
(

Wm−1K−1
)

0.6130 40 400

σ
(

sm−1
)

0.05 3.69 ×107 5.96 ×107
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Reduced differential equations.  According to Raees et al.37 and Hayat et al.38,39, the suitable dimension-
less variables are

Hence, substituting (5) into Eqs. (2)-(4), the ODEs and boundary conditions are

where � > 0 refers to the stretching lower plate and � = 0 denotes the fixed/static lower plate. Another dimen-
sionless parameters are the unsteadiness squeezing parameter Sq , magnetic parameter M , suction parameter S , 
Prandtl number Pr and constant δ . These parameters are defined as37–39

In this work, we set δ = 0 which in accordance with Hayat et al.38,39. Further, we notice that Eq. (6) is com-
patible with the reduced momentum equation in Hayat et al.38 and Hayat et al.39 (if the couple stress parameter 
is zero) with the exclusion of the hybrid nanoparticles or φ1,φ2 ≈ 0 (regular fluid). The reduced skin friction 
coefficients and local Nusselt numbers at lower and upper plates are37–39

where Rex =
xUw
νf

.

Numerical methods and validation test.  In solving the boundary layer equations, there are many 
methods proposed by the researchers such as homotopy analysis method (HAM), shooting technique, Keller-
box method, Runge–Kutta method, Laplace transform and many others. A concise review of the numerical 
methods which used to solve the boundary layer equations specifically for Casson fluid was discussed by Verma 
and Mondal47. Meanwhile, Rai and Mondal48 reviewed spectral methods like spectral relaxation method, spec-
tral homotopy analysis method, spectral quasi-linearization method and spectral local linearization method in 
solving fluid flow problem. Another interesting technique namely multi domain bivariate quasi-linearization 
method was used by Oyelakin et al.49 in solving mixed convection flow of Casson nanofluid. Meanwhile, the 
bvp4c solver procurable in the Matlab software was also widely used by many researchers to solve the nonlinear 
ODEs. It is validated that the results of limiting cases using bvp4c is in accordance with the previously published 
results that used another methods (i.e., analytical, shooting, Keller-box method). The finite difference method 
under subclass 3-stage Lobatto IIIa scheme was programmed into the bvp4c solver through a general syntax 
sol = bvp4c (@OdeBVP, @OdeBC, solinit, options). For the completion of the numerical solutions in this study, 
Eqs. (6) to (8) are solved by transforming it first into the language of the bvp4c code as follows:

(5)

ψ =

�

bνf

1− αt
xf (η), u =

bx

1− αt
f ′(η), v = −

�

bνf

1− αt
f (η),

η =

�

b

νf (1− αt)
y, θ(η) =

T − T0

T2 − T0























(6)

(

µhnf

/

µf

ρhnf
/

ρf

)

f iv + ff ′′′
− f ′f ′′ −

Sq

2

(

3f ′′ + ηf ′′′
)

−

(

σhnf
/

σf

ρhnf
/

ρf

)

Mf ′′ = 0,

(7)
1

Pr

khnf
/

kf
(

ρCp

)

hnf

/

(

ρCp

)

f

θ ′′ + f θ ′ −
Sq

2
ηθ ′ = 0,

(8)
f ′(0) = �, f (0) = S, θ(0) = δ,

f ′(1) = 0, f (1) =
Sq

2
, θ(1) = 1.

(9)Pr =

(

ρCp

)

f

kf
, Sq =

α

b
, M =

σf B0

bρf
, S =

V0

bh
, δ =

T1 − T0

T2 − T0
,

(10)Lower: Re1/2x Cf 1 =
µhnf

µf
f ′′(0), Upper: Re1/2x Cf 2 =

µhnf

µf
f ′′(1),

(11)Lower: Re−1/2
x Nux1 = −

khnf

kf
θ ′(0), Re−1/2

x Nux2 = −
khnf

kf
θ ′(1),

(12)f = y1, f ′ = y2, f ′′ = y3, f ′′′ = y4,

(13)

f iv =

(

ρhnf
/

ρf

µhnf

/

µf

)(

f ′f ′′ − ff ′′′
+

Sq

2

(

3f ′′ + ηf ′′′
)

+

(

σhnf
/

σf

ρhnf
/

ρf

)

Mf ′′

)

,

=

(

ρhnf
/

ρf

µhnf

/

µf

)(

y2y3− y1y4+
Sq

2

(

3y3+ ηy4
)

+

(

σhnf
/

σf

ρhnf
/

ρf

)

My3

)

,
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where ya and yb implies the boundary conditions at lower and upper plates, respectively. The bvp4c solver will 
code Eqs. (13) and (15) into @OdeBVP while the condition (16) is coded into @OdeBC. Generally, the solinit 
function refers to the initial mesh point and guesses at the mesh points. However, modifications are necessary for 
the solinit and options functions in the bvp4c syntax to solve the present internal flow problem which affirms the 
novelty of this work. The asymptotical profile (for usual boundary layer flow) is necessary when the problem is 
dealing with the external flow over an infinite surface where these profiles must satisfy the free stream condition. 
However, in this work, the validation part is based on the comparison with previous similar works as presented 
in Tables 4 and 5. The validation is important to highlight the precision of the present model and code. Hence, 
the numerical values are compared with Hayat et al.38,39 (main references) as displayed in Tables 4 and 5 which 
shows identical results when suction and magnetic parameters are considered.

(14)θ = y5, θ ′ = y6,

(15)

θ ′′ = Pr





�

ρCp

�

hnf

�

�

ρCp

�

f

khnf
�

kf





�

Sq

2
ηθ ′ − f θ ′

�

,

= Pr





�

ρCp

�

hnf

�

�

ρCp

�

f

khnf
�

kf





�

Sq

2
ηy6− y1y6

�

,

(16)

f ′(0) = �, f (0) = S, θ(0) = δ,

f ′(1) = 0, f (1) =
Sq

2
, θ(1) = 1,

ya2− �, ya1− S, ya5− δ,

yb2, yb1−
Sq

2
, yb5− 1.

Table 4.   Comparative values of f ′′(0)-lower plate and f ′′(1)-upper plate when Sq = 0 , � = 1 , φ1,φ2 = 0 with 
various S and M.

M S

f ′′(0) f ′′(1)

Present Hayat et al.39 Present Hayat et al.39

0 0.5 −7.4111525 −7.411153 4.7133028 4.713303

1 0.5 −7.5916177 −7.591618 4.7390165 4.739017

4 0.5 −8.1103342 −8.110334 4.8202511 4.820251

9 0.5 −8.9100956 −8.910096 4.9648698 4.964870

4 0.0 −4.5878911 −4.587891 1.8424469 1.842447

4 0.3 −6.6656620 −6.665662 3.6536948 3.653695

4 0.6 −8.8514442 −8.851444 5.3912475 5.391248

4 1.0 −11.9485843 −11.948584 7.5934262 7.593426

Table 5.   Comparative values of f ′′(1)-upper plate when � = 1 and φ1,φ2 ≈ 0 with various S , Sq and M.

M Sq S f ′′(1)

Present Hayat et al.38

0 1 0.5 1.814634 1.81463

0.25 1 0 -1.171551 -1.17155

0.25 1 0.5 1.808177 1.80818

0.25 0 0.5 4.719656 4.79166

0.25 1.5 0.5 0.283948 0.28395

0.25 1 1 4.573016 4.57302

1 1 0.5 1.789372 1.78937
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Results and discussion
The results are generated and graphically presented for the distribution of the skin friction coefficients, velocity, 
heat transfer rates, and temperature of both upper and lower plates. The value of the Prandtl number is fixed to 
6.2 which indicates the use of water at 25 °C while the initial temperature at the lower plate’s wall is represented 
by δ = 0 so that θ(0) = 0 . Other parameters are controlled within the ranges of 0 ≤ Sq ≤ 1 (unsteadiness squeez-
ing parameter), −1.2 ≤ S ≤ 1.2 (suction/injection parameter), 0 ≤ � ≤ 2 (stretching parameter), and 0 ≤ M ≤ 3 
(magnetic parameter).

Table 6 shows the variety of Re1/2x Cf 1 , Re
1/2
x Cf 2 , −Re

−1/2
x Nux1 and −Re

−1/2
x Nux2 . With the consideration of 

viscous fluid, lower static plate, and the exclusion of magnetic, suction/injection, and squeezing parameters, the 
internal flow has zero frictions and equal heat transfer rates at both plates. The observation in Table 6 shows 
that as the stretching parameter increases from � = 0 to � = 1 , −Re

−1/2
x Nux1 increases, but the stretching lower 

plate tends to increase Re1/2x Cf 1 . Further, we analyze four types of fluids: viscous/water (φ1,φ2 = 0) , Al2O3-water 
(φ1 = 0.01,φ2 = 0) , Cu-water (φ1 = 0,φ2 = 0.01) , and Cu-Al2O3/water (φ1,φ2 = 0.01) which reveals that the 
Cu-Al2O3/water has the highest heat transfer coefficients at both plates followed by the Cu-water, Al2O3-water, 
and water. This implies the suitability of Cu-Al2O3/water hybrid nanofluid as an effective coolant in engineer-
ing and technology appliances. Since the inclusion of the squeezing parameter can reduce the heat transfer rate 
at both plates, it is useful to know the exact parameters which can assist the heat transfer performance for this 
situation. In Table 7, we analyze the difference percentage of the heat transfer rate at both upper and lower plate 
which can be used for future assessment by other engineers or researchers. This analysis also can help in deter-
mining the preferable strength of the parameters either in the augmentation or reduction of the heat transfer 
in both locations.

The exploration of pertinent parameters’ impact such as squeezing, suction/injection, and stretching param-
eters is continued with the observation on f ′(η) and θ(η) as displayed in Figs. 2–7. In Fig. 2, the velocity dis-
tribution enhances with the addition of the unsteadiness squeezing parameter. As the squeezing parameter’s 
magnitude increases up to Sq = 1 , the velocity distribution is depreciated at the upper plate. This is due to the 
squeezing effect which originated from the upper plate. However, the temperature profile in Fig. 3 slightly reduces 
near to the lower plate (η < 0.5) while increases near to the upper plate (η > 0.5).

Further, the impact of the suction/injection parameter on both profiles is visualized in Figs. 4 and 5. As the 
suction/injection parameter increases from injection to suction (S = −1.2,−0.2, 0, 0.2, 1.2) , the velocity profile 
decreases which reflects the higher magnitude of suction strength can reduce the velocity distribution. Since the 
suction is applied through the lower permeable plate, the velocity lessens while increases near to the upper plate. 
The temperature profile augments at both locations (lower and upper plate). Figures 6 and 7 present the plots 
of velocity and temperature distribution with variety values of the stretching parameter. The velocity gradually 
increases when η < 0.3 while a contrary observation is obtained for η > 0.3 . The temperature profile increases 
for both lower and upper plates.

Table 6.   Numerical values of Re1/2x Cf 1 , Re
1/2
x Cf 2 , −Re

−1/2
x Nux1 and  −Re

−1/2
x Nux2 with various values of the 

control parameters.

Sq M S φ1 φ2 � Re
1/2
x Cf 1 Re

1/2
x Cf 2 −Re

−1/2
x Nux1 −Re

−1/2
x Nux2

0 0 0 0 0 0 0 0 1 1

0 0 0 0 0 0.5 -2.021410 0.988195 1.161853 0.898716

0 0 0 0 0 1 -4.085563 1.953179 1.336614 0.802165

0 0 0 0.01 0 1 -4.189890 2.002674 1.363747 0.831425

0 0 0 0 0.01 1 -4.194140 2.000385 1.365114 0.832586

0 0 0 0.01 0.01 1 -4.302130 2.051712 1.393870 0.863450

1 0 0 0.01 0.01 1 -1.240570 -1.220273 1.323125 0.828030

1 1 0 0.01 0.01 1 -1.322328 -1.301313 1.318921 0.831390

1 1 0.2 0.01 0.01 1 -2.688739 -0.003914 1.893656 0.668863

1 1 -0.2 0.01 0.01 1 -0.003540 -2.635965 0.887339 1.001950

Table 7.   Heat transfer analysis with the addition of the control parameters.

Parameters
Develop/reduce the thermal rate at 
lower plate

Difference percentage of 
−Re

−1/2
x Nux1

Develop/reduce the thermal rate at 
upper plate

Difference percentage of 
−Re

−1/2
x Nux2

Squeezing 
(

Sq
)

Reduce -5.35% Reduce -4.28%

Magnetic (M) Reduce -0.32% Develop 0.40%

Suction (S > 0) Develop 30.35% Reduce -24.30%

Injection (S < 0) Reduce -48.64% Develop 17.02%
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Figure 2.   Effect of squeezing parameter on f ′(η) when S = 0.2 , � = 0 , M = 1 and φ1 = φ2 = 0.01.

Figure 3.   Effect of squeezing parameter on θ(η) when S = 0.2 , � = 0 , Sq = M = 1 and φ1 = φ2 = 0.01.

Figure 4.   Effect of suction/injection parameter on f ′(η) when � = 0 , Sq = M = 1 and φ1 = φ2 = 0.01.
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Figure 5.   Effect of suction/injection parameter on θ(η) when � = 0 , Sq = M = 1 and φ1 = φ2 = 0.01.

Figure 6.   Effect of stretching parameter on f ′(η) when S = 0.2 , Sq = M = 1 and φ1 = φ2 = 0.01.

Figure 7.   Effect of stretching parameter on θ(η) when S = 0.2 , Sq = M = 1 and φ1 = φ2 = 0.01.
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Conclusion
This novel work presents a numerical study of Cu-Al2O3/water inside two plates (parallel lower and upper) with 
the appearance of the magnetic field. The lower plate is permeable for the suction/injection processes and also 
can be stretched. Meanwhile, the upper plate can move towards the lower plate and creates the squeezing flow 
phenomenon. The mathematical model which suits this physical phenomenon follows the usual approximations 
of boundary layer flow while the bvp4c programme is fully utilized for the generation of the results. The distri-
bution of Re1/2x Cf 1 , Re

1/2
x Cf 2 , −Re

−1/2
x Nux1 and  −Re

−1/2
x Nux2 are examined. The heat transfer rate of the lower 

plate reduces with the increase of magnetic, squeezing, and injection parameters. However, about 30.35% of 
−Re

−1/2
x Nux1 is developed with the inclusion of suction. Meanwhile, the enhancement of magnetic and injection 

parameters can lead to the development of the upper plate’s heat transfer performance. Another observation is 
conducted for the distribution of the velocity and temperature profiles. The addition of squeezing and stretching 
parameters can increase the velocity profile whereas high suction’s magnitude shows the opposite trend.
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