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Abstract: In this new era of the fluid field, researchers are interested in hybrid nanofluids because
of their thermal properties and potential, which are better than those of nanofluids when it comes
to increasing the rate at which heat is transferred. Compared to the dynamics of radiative Ethylene
Glycol-Zinc Oxide (nanofluid) and Ethylene Glycol-Zinc Oxide-Titanium Dioxide (hybrid nanofluid)
flows between two permeable expanding/contracting walls, nothing is known in terms of Lorentz
force, heat source, and the activation energy. The thermo-physical characteristics of Ethylene Glycol,
Zinc Oxide nanoparticles, and Titanium Dioxide nanoparticles are used in this study to derive the
governing equations for the transport of both dynamics. Governing equations are converted as a set
of nonlinear ordinary differential equations (with the aid of suitable similarity mutations), and then
the MATLAB bvp4c solver is used to solve the equations. This study’s significant findings are that
rise in the reaction rate constant increases mass transfer rate, whereas an increase in the activation
energy parameter decreases it. The mass transfer rate decreases at a rate of 0.04669 (in the case of
hybrid nanofluid) and 0.04721 (in the case of nanofluid) when activation energy (E) takes input in
the range 0 ≤ E ≤ 5. It has been noticed that the velocity profiles are greater when the walls are
expanding as opposed to when they are contracting. It is detected that the heat transfer rate reduces
as the heat source parameter increases. The heat transfer rate drops at a rate of 0.9734 (in the case
of hybrid Nanofluid) and 0.97925 (in the case of nanofluid) when the heat source parameter (Q)
takes input in the range 0 ≤ Q ≤ 0.3. In addition, it has been observed that the entropy generation
increases as the Brinkmann number rises.

Keywords: quadratic thermal convection; expanding/contracting walls; entropy generation; bvp4c;
quadratic thermal radiation; activation energy

MSC: 91G60

1. Introduction

Nanofluids, a novel type of heat transfer fluid, have been presented as an alternative to
traditional fluids in industrial processes. Because of their modest size, erosion and corrosion

Mathematics 2022, 10, 2984. https://doi.org/10.3390/math10162984 https://www.mdpi.com/journal/mathematics

https://doi.org/10.3390/math10162984
https://doi.org/10.3390/math10162984
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0001-5346-8705
https://orcid.org/0000-0002-1949-5643
https://doi.org/10.3390/math10162984
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10162984?type=check_update&version=2


Mathematics 2022, 10, 2984 2 of 22

are greatly reduced. Refrigeration, heat exchangers, and electronic device cooling are just a
few of the many uses for nanofluids. In the beginning, Choi [1] discussed the pioneering
work that was done on the flow dynamics of nanofluids. He came to the conclusion that
the thermal conductivity of any fluid may be significantly improved by the addition of
nanoparticles to the fluid. Moraveji and Toghraie [2] analyzed the effects of a number
of inlets, tube length, and diameter of cold outlet on temperature and flow rates passing
through the vortex tube. They concluded that the passing flow rate from a cold outlet
is increased as its diameter increase. Kavusi and Toghraie [3] made a two-dimensional
numerical model that uses different nanofluids to simulate how a heat pipe works. They saw
that when a nanofluid is used instead of water, the thermal efficiency goes up and the heat
at the wall of the heat pipe goes down. Mostafazadeh et al. [4] numerically investigated
the effect of thermal radiation on the natural and steady convection of nanofluid in a
vertical channel with the two-phase mixture and single-phase methods. It is noticed that
the velocity is lower for the constant heat flux case compared with the constant temperature
case. Thameem Basha et al. [5] scrutinized the Falkner-Skan flow of SWCNH/Diamond-
Ethylene glycol nanofluid over the wedge, plate, and stagnation point with the influence
of an induced magnetic field and nonlinear radiation. They noticed that the Diamond
nanoparticles dominate the SWCNH nanoparticles in a fluid flow over the wedge, plate,
and stagnation point. Recently, several researchers [6–9] examined various nanofluid flows
over distinct geometries, including the flow TiO2/H2O over an exponential elongating
sheet. In contrast to mono nanofluid, a hybrid nanofluid contains more than one particle.
Because of this, hybrid fluids have better heat transfer properties than mono fluids. Among
the many uses for these materials are solar collectors and military hardware. Balla et al. [10]
numerically studied the enhancement of heat transfer for hybrid nanofluids flowing in a
circular pipe with constant heat flux. They observed that the heat transfer coefficient of
nanofluids is strongly dependent on the nanoparticles and increases with an increasing
volume concentration of nanoparticles. Iqbal et al. [11] analyzed the effects of the stagnation-
point flow of an electrically conducting hybrid nanofluid (Al2O3 − Ag/H2O) towards a
stretching surface with an induced magnetic field. Their results revealed the fact that the
velocity profile and induced magnetic field are greater for nanofluid as compared to hybrid
nanofluid. Mehran et al. [12] theoretically examined the free convective heat transfer of a
hybrid nanofluid (Cu− Al2O3/H2O) flow within a square porous cavity. They concluded
that the reduction percentage of the heat transfer rate for a hybrid nanofluid is much more
than that for a single regular nanofluid (Al2O3/H2O). Mashayekhi et al. [13] studied the
laminar flow of hybrid nanofluid (Al2O3 − Cu/Water) in a double-layered microchannel
with sinusoidal walls. They discovered that increasing fluid viscosity increases shear
stress, particularly at the wall and in fluid layers, and that this factor can enhance pressure
drop in higher solid nanoparticle volume fractions. Ruhani et al. [14] developed a new
model for the rheological behavior of Silica-Ethylene glycol/Water hybrid nanofluid. They
discovered that, as the volume fraction increases, the relative viscosity increases due to the
greater dispersion of the nanoparticles in the base fluid. Mabood et al. [15] discussed the
entropy generation optimization in the hybrid nanofluid flow with the combined impacts
of melting heat transfer and nonlinear thermal radiation. They discovered that as Eckert’s
number increases, so does Bejan’s number and entropy generation. To study the radiative
flow of Casson fluid mixed with a hybrid nanofluid (water + magnesium oxide + silver),
Mousavi et al. [16] employed a heated extending sheet. As the suction parameter increases,
the surface drag force increases, as well as one of their findings. Newly, a wide range of
researchers [17–27] has examined several hybrid nanofluid flows with diverse parameters,
including thermal radiation.

Some physical and biological conditions necessitate channels with walls that expand
and compress. These include industrial cleaning chambers, aerospace engineering, filling
machines, and coolant circulation. Researchers are interested in studying these fluxes
because of the numerous uses they have. Research into the flow of water via channels with
dilation/squeezing walls has yielded a variety of findings. Laminar and incompressible
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flow in a porous channel with expanding/contracting walls was studied by Zhou and
Majdalani [28]. Raising the Reynolds number is observed to quicken flow turning and raise
the axial to normal velocity ratio in injection-accelerated flows, according to the researchers’
findings. The same channel was used by Raza et al. [29] to investigate the heat transfer
characteristics of a nanofluid (Cu/H2O) flow using a shooting approach. They found that
when the volume proportion of nanoparticles increased, the fluid temperature decreased.
Ahmed et al. [30] found that increasing the permeability of a nanofluid flow (Water + CNTs)
in a channel with porous walls increased the rate of heat transfer at the top wall. In their
study of the hybrid nanofluid (H2O/Cu− Al2O3) flow, Saba et al. [31] discovered that the
platelet shape conspicuously had greater temperature values as compared to brick and
cylinder shapes of nanoparticles. The micropolar nature of the same hybrid nanofluid
was explored by Mollamahdi et al. [32], who discovered that the micro rotation parameter
declines with increased wall expansion. Ali et al. [33] studied the flow of nanofluid
with Brownian motion and thermophoresis using HAM and discovered that the pressure
gradient behavior is dependent on injection/suction with an increase in the deformation
parameter. In recent studies, shah et al. [34] and Sajjan et al. [35] studied the thermal
enhancement due to nanoparticles to investigate diverse nanofluid flows.

There is nothing known about comparing the dynamics of ethylene glycol-zinc oxide
(nanofluid) and ethylene glycol-zinc oxide-titanium dioxide (hybrid nanofluid) flows
between two permeable expanding/contracting walls when quadratic thermal radiation,
magnetic field, and activation energy are important, after a thorough review of the literature.
Irreversibility analysis is done in this study for the pertinent parameters, including the
Brinkmann number. Engineering parameters of interest, such as mass transfer rate, are
explained using graphs in this report.

2. Formulation

A laminar, two-dimensional, and Ethylene Glycol-Zinc Oxide-Titanium dioxide (hy-
brid nanofluid) flow through a permeable infinitely long rectangular channel with con-
tracting/expanding walls (when quadratic thermal radiation, heat source, and activation
energy are important) was studied in this work. Zno and TiO2 were added to the base fluid
(Ethylene Glycol) to create the hybrid nanofluid’s composition. The x-axis goes in the same
direction as the flow, while the y-axis goes in the opposite direction. The thermo-physical
characteristics of this hybrid nanofluid are outlined in Table 1. When the channel dilates or
contracts, the porous walls allow fluid to enter or depart, allowing the channel to expand
or constrict. A time-dependent rate

.
a(t) = da

dt is assumed to govern the expansion and
contraction of the walls. The channel’s initial height is 2a(t). In comparison to its breadth
and length, the channel’s height is considered to be extremely tiny in comparison. The flow
geometry of the current problem is shown in Figure 1 below.

With these assumptions, equations which are governing the flow and boundary condi-
tions are presented below (Sarojamma et al. [36], Al-Kouz et al. [37] and Irfan et al. [38]):

∂ u
∂ x

+
∂ v
∂ y

= 0, (1)

∂u
∂t + u ∂u

∂x + v ∂u
∂y = − 1

ρhn f

∂p
∂x + υhn f

(
∂2u
∂x2 + ∂2u

∂y2

)
+ g
(

βT(T − T2) + β1T(T − T2)
2 + βC(C − C2)

)
− u

σhn f B2
0

ρhn f

(2)

(
ρCp

)
hn f

(
∂ T
∂ t

+ u
∂ T
∂ x

+ v
∂ T
∂ y

)
= khn f

(
∂2T
∂ x2 +

∂2T
∂ y2

)
− ∂ qR

∂ y
+ Q0(T − T2) (3)

∂C
∂t

+ u
∂C
∂x

+ v
∂C
∂y

= Dm

(
∂2C
∂ x2 +

∂2C
∂ y2

)
− kr

(
T
T2

)m
exp

(
− E0

k1T

)
(C − C2) (4)

at y = −a : u = 0, v = −vw = −A
.
a, T = T1, C = C1

at y = a : u = 0, v = vw = A
.
a, T = T2, C = C2

}
(5)
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Figure 1. Flow diagram.

Table 1. Nanomaterial and base fluid’s thermo-physical property values (Jamshed and Aziz [39]).

S. No. Ethelene Glycol (EG)(f) ZnO (s1) TiO2 (s2)

1 ρ
(

kgm−3
)

1114 5660 4250

2 Cp

(
J(kg K)−1

)
2415 495.2 686.2

3 k
(

W(m K)−1
)

0.252 13 8.953

4 σ
(

Sm−1
)

0.0000055 0.01 2,380,000

2.1. Thermo-Physical Properties of Hybrid Nanofluid

Heat capacity, viscosity, density, thermal conductivity, and electrical conductivity of
the hybrid nanofluid are(

ρCp
)

hn f =
[
(1− φ1)

(
ρCp

)
f + φ1

(
ρCp

)
s1

]
(1− φ2) +

(
ρCp

)
s2

φ2,

µhn f =
µ f

(1− φ1)
2.5(1− φ2)

2.5 , ρhn f =
[
(1− φ1)ρ f + φ1ρs1

]
(1− φ2) + ρs2 φ2,

khn f = kn f ×
ks2 + 2kn f − 2kn f φ2 + 2ks2 φ2

ks2 + 2kn f + kn f φ2 − ks2 φ2
, kn f = k f ×

ks1 + 2k f − 2k f φ1 + 2ks1 φ1

ks1 + 2k f + k f φ1 − ks1 φ1
,

σhn f = σn f ×
σs2 + 2σn f − 2σn f φ2 + 2σs2 φ2

σs2 + 2σn f + σn f φ2 − σs2 φ2
, σn f = σf ×

σs1 + 2σf − 2σf φ1 + 2σs1 φ1

σs1 + 2σf + σf φ1 − σs1 φ1
.


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In agreement with the theory by Al-Kouz et al. [37], the radiative heat flux qR can be
defined as

qR = − 4
3k∗

∂

∂y

(
σ ∗ T4

)
(6)

With the aid of Taylor’s series expansion T∞ and by truncating the series after the
second order term, we obtain

T4 ≈ T4
∞ + 4T3

∞(T − T∞) + 6T2
∞(T − T∞)2 = 3T4

∞ − 8T3
∞T + 6T2

∞T2 (7)

Substituting Equation (7) into Equation (6) to obtain

qR =
−4σ∗
3k∗

∂

∂y

(
3T4

∞ − 8T3
∞T + 6T2

∞T2
)
⇒ − ∂qR

∂y
= − 32σ ∗ T3

∞
3k∗

∂2T
∂y2 +

24σ ∗ T2
∞

3k∗
∂2

∂y2 (T)2

With this, Equation (3) becomes,

(
ρCp

)
hn f

(
∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

)
= khn f

(
∂2T
∂x2 +

∂2T
∂y2

)
− 32σ ∗ T3

∞
3k∗

∂2T
∂y2 +

24σ ∗ T2
∞

3k∗
∂2

∂y2 (T)
2 + Q0(T − T2) (8)

Variables for transformations proposed by Sarojamma et al. [36] are

η =
y

a(t)
, u = υa−2xFη(η, t), v = −υa−1F(η, t), θ =

T − T2

T1 − T2
, Φ =

C − C2

C1 − C2

}
(9)

where Fη = ∂F
∂η .

After eliminating the pressure term from (2) and applying (9), Equation (2), Equation (4),
Equation (8) and boundary conditions in (5) changed as:

1
H1

Fiv + α(3F′′ + ηF′′′ ) +
(

F′F′′ − FF′′′
)
− a2

υ

∂F′′

∂t
− Gtθ′ − 2Gtδ∗θθ′ − GdΦ′ − H3

H2
MF′′ = 0 (10)

1
Pr

1
H5

(
(H4 + R + 3Rθθ1 − 3Rθ)θ′′ + 3R(θ1 − 1)θ′2

)
+ (αη − F)θ′ − a2

υ

∂θ

∂t
+

1
H5

Qθ = 0 (11)

1
Sc

Φ′′ + (αη − F)Φ′ − a2

υ

∂Φ
∂t
− γ(1 + δθ)m exp

(
− E

1 + δθ

)
Φ = 0 (12)

at η = −1 : F = −Re, F′ = 0, θ = 1, Φ = 1
at η = 1 : F = Re, F′ = 0, θ = 0, Φ = 0

}
(13)

Note that prime indicates the derivate w.r.t η.
Note that α = a

.
a

υ > 0 represents wall expansion, α < 0 corresponds to wall contrac-
tion, Re is positive for suction and negative for injection.

One way to find a similar solution is to look at the case in which the non-dimensional
parameter α(t) = a0

.
a0

υ (a0 and
.
a0 denote the initial channel distance and expansion rate) F

is a function of η, α instead of η, t f = F
Re (Dauenhauer and Majdalani [40]).

Then f = f (η), θ = θ(η) and Φ = Φ(η) which leads to ∂ f ′′
∂t = ∂θ

∂t = ∂Φ
∂t = 0.

With these changes, Equations (10)–(12) and the conditions (13) become:

1
H1

f iv + α(3 f ′′ + η f ′′′ ) +
(

f ′ f ′′ − f f ′′′
)
− λ

(
(1 + 2δ∗θ)θ′ + ζ Φ′

)
− H3

H2
M f ′′ = 0 (14)

(H4 + R + 3Rθθ1 − 3Rθ)θ′′ + H5Pr(αη − Re f )θ′ + 3R(θ1 − 1)θ′2 + PrQθ = 0 (15)

1
Sc

Φ′′ + (αη − Re f )Φ′ − γ(1 + θδ)m exp
(
− E

1 + θδ

)
Φ = 0 (16)

at η = −1 : f (η) = −1, f ′ (η) = 0, θ (η) = 1, Φ(η) = 1
at η = 1 : f (η) = 1, f ′(η) = 0, θ(η) = 0, Φ(η) = 0

}
(17)
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where

H1 = (1− φ2)

[
(1− φ1) + φ1

ρ1

ρ f

]
+ φ2

ρ2

ρ f
, H2 = (1− φ1)

2.5(1− φ2)
2.5,

H31 =
σ1 + 2σf − 2φ1

(
σf − σ1

)
σ1 + 2σf + φ1

(
σf − σ1

) , H3 =
σ2 + 2H31σf − 2φ2

(
H31σf − σ2

)
σ2 + 2H31σf + φ2

(
H31σf − σ2

) H31,

H41 =
k1 + 2k f − 2φ1

(
k f − k1

)
k1 + 2k f + φ1

(
k f − k1

) , H4 =
k2 + 2H41k f − 2φ2

(
H41k f − k2

)
k2 + 2H41k f + φ2

(
H41k f − k2

) H41,

H5 = (1− φ2)

[
(1− φ1) + φ1

(
ρCp

)
1(

ρCp
)

f

]
+ φ2

(
ρCp

)
2(

ρCp
)

f
,


and

α = a
.
a

υ , M =
σB2

0
µa−2 , ξ = x

a , Gt = gβT(T1−T2)a3

υ2ξ
, Gd = gβC(C1−C2)a3

υ2ξ
,

λ = Gt
Re , ζ = Gd

Gr , R =
16σ∗T3

2
3k f k∗ , θ1 = T1

T2
, Pr =

µCp
k f

, γ = kra2

υ , Re = Aa
.
a

υ = avw
υ ,

Sc = υ
Dm

, E = E0
k1T2

, δ = T1−T2
T2

, δ∗ = β1T∆T
βT

.


2.2. Engineering Parameters of Concern

Skin friction coefficient near the lower wall is defined as:

C fL =
τw

ρvw
where τw = µhn f

(
∂u
∂y

)
y=− a

(18)

With the help of (9), (18) can be rewritten as (Re)C fL = 1
H1

f ′′ (−1).
Nusselt number and Sherwood numbers near the lower wall are defined as:

NuL =
qw

k f
a (T1 − T2)

, ShL =
sw

Dm
a (C1 − C2)

, (19)

where qw = − khn f

(
∂T
∂y

)
y=−a

, sw = −Dm

(
∂C
∂y

)
y=− a

(20)

By using (9) and (20), terms in (19) can be rewritten as

NuL = −H4θ′(−1), ShL = −Φ′(−1)

Similarly, formulae to find the same parameters near the upper wall can be expressed as:

(Re)C fU =
1

H1
f ′′ (1), NuU = −H4θ′(1), ShU = −Φ′(1)

2.3. Entropy Generation and Bejan Number

For a hybrid nanofluid flow between two porous walls (expanding/contracting), the
formula to find the entropy generation is stated as follows:

SG =
khn f

T2
2

[(
∂T
∂x

)2
+
(

∂T
∂y

)2
]
+

µhn f
T2

[
2
(

∂u
∂x

)2
+ 2

(
∂v
∂y

)2
+
(

∂u
∂y + ∂v

∂x

)2
]
+

σhn f B2
0

T2
u2

+ RDm
C2

(
∂C
∂y

)2
+ RDm

T2

(
∂T
∂y

)(
∂C
∂y

) (21)
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Equation (21), in its non-dimensional version, is

NEG = H4δθ′2 +
H∗
H1

(
4BrF′2 + Br1F

′′2
)
+ H3MBr1F′2 + H ∗ β0

δ
Φ′2 + H ∗ θ′Φ′ (22)

With f = F
Re Equation (22) becomes

NEG = H4δθ′2 +
H ∗ Re2

H1

(
4Br f ′2 + Br1 f

′′2
)
+ H3MBr1Re2 f ′2 + H ∗ β0

δ
Φ′2 + H ∗ θ′Φ′ (23)

Entropy generation parameter NEG, Brinkmann number Br, Local Brinkmann number
Br1, diffusion parameter H∗, and concentration ratio parameter β0 are specified as:

NEG = SGa2T2
(T1−T2)k f

, Br = µυ2

a2(T1−T2)k f
, Br1 = µυ2x2

a4(T1−T2)k f
, H∗ = RDm(C1−C2)

k f
,

β0 = C1−C2
C2

.


The Bejan number may be calculated using the following expression:

Be =
Entropy production as a result of the transport of heat and mass

The production of all entropy

By using (23), it is written as:

Be =
H4δθ′2 + H ∗ β0

δ Φ′2 + H ∗ θ′Φ′

H4δθ′2 + H∗Re2

H1

(
4Br f ′2 + Br1 f ′′2

)
+ H3MBr1Re2 f ′2 + H ∗ β0

δ Φ′2 + H ∗ θ′Φ′

3. Validation

An excellent match can be shown in Table 2, which shows comparisons between our
results and those of previous studies.

Table 2. Comparison of the present results with those that have been previously reported f ′′ (1) under
specific conditions, such as, φ1 = φ2 = 0.

M Re Bilal et al. [35] Current Outcomes

0 0.5 4.713254 4.713217

1 4.739148 4.739109

2 4.820361 4.820342

3 4.396271 4.396280

2 0 1.842331 1.842323

0.3 3.653601 3.653614

0.6 5.391148 5.391142

1 7.593006 7.593001

4. Discussion of Outcomes

Equations (14)–(16) together with the conditions (17) are solved with the help of bvp4c,
MATLAB in-built function. The results are explained for two different types of nanofluids:
nanofluid (EG + ZnO) and hybrid nanofluid (EG + ZnO + TiO2). All results are estab-
lished for the expansion case, i.e., α > 0. The streamlines of the present hybrid nanofluid
flow is presented in Figure 2. In this study, simulated the two cases of flow denoted as
Solid Lines: Blue color: Hybrid Nanofluid and Dashed Lines: Red color: Nanofluid.
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Figure 2. Streamlines of the present hybrid nanofluid flow.

4.1. Velocity Profiles

It is evident from Figure 3 that an increase in the suction parameter decreases the
fluid velocity. In fact, strong suction attracts the heated fluid towards the boundary and
increases the viscosity, which decelerates the fluid flow. Figure 4 exhibits the impact of
the magnetic field on the velocity profile. It is discovered that the velocity diminishes
with the rise in magnetic field parameters. Generally, the motion of the fluid is affected
by an applied magnetic field. The particles of liquid structure chain turn towards the
course of the applied attractive field. During this time, the particles are collided with
one another, forming a barrier to the fluid flow. Fluid velocity decreases due to increased
viscosity, as seen in Figure 4. Figure 5 shows that when walls contract, the velocity profiles
are higher than when walls expand. This could be because of the space created by wall
contraction/expansion. As the volume percentage of nanoparticles grows, the viscosity of
the fluid increases, which impedes the flow. Consequently, the velocity decreases as the
size φ1 increases (see Figure 6).

4.2. Temperature Profiles

The heat energy of a fluid increases whenever it is exposed to a source of thermal
radiation. As a result, temperature rises as thermal radiation rises (see Figure 7). These
results are matched with Al-Kouz et al. [37], and Figure 8 depicts the effect of a heat source
on a temperature profile. It can be seen that the temperature rises as the heat source
increases. Increases in the heat source parameter typically result in an increase in the
thermal boundary layer thickness of the fluid due to the propagation of excess heat.
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Figure 3. Influence of Re on the velocity profile.

Figure 4. Influence of M on the velocity profile.
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Figure 5. Influence of α on the velocity profile.

Figure 6. Influence of φ1 on the velocity profile.
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Figure 7. Influence of R on the temperature profile.

Figure 8. Influence of Q on the temperature profile.
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4.3. Concentration Profiles

As depicted in Figure 9, raising the reaction rate decreases fluid concentration. This
may be attributed to the production of high entropy. Figure 10 provides an explanation of
the activation energy’s effect on the concentration profile. As activation energy increases,
fluid threshold energy decreases, influencing average kinetic energy. This circumstance
demonstrates a lower average kinetic energy. As a result, the fluid will be more concentrated
due to decreased diffusion.

Figure 9. Influence of γ on the concentration profile.

Figure 10. Influence of E on the concentration profile.
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4.4. Engineering Parameters of Interest, Entropy Generation, and Bejan Number Profiles

Figures 11 and 12 show the effects of Mφ1 and on the skin friction coefficient near
the lower wall. Shear stress decreases with an increase in the magnetic field parameter.
Consequently, there is a reduction in the skin friction coefficient (see Figure 11). It is
noticed that when magnetic field parameter (M) takes an input in the range 0 ≤ M ≤ 3,
skin friction coefficient decreases at a rate of 0.10847 (in the case of hybrid nanofluid) and
0.13105 (in the case of nanofluid) per unit value of magnetic field parameter. As can be
seen in Figure 12, the skin friction coefficient increases as φ1 increases. With the increase
in RQ, the heat transfer rate decreases as shown in Figures 13 and 14. Note that as the
values of both parameters increase, the thermal conductivity of the fluid decreases. Since
thermal conductivity and convective heat transfer coefficient are related, there is a decrease
in the convective heat transfer coefficient. Consequently, the Nusselt number drops. The
heat transfer rate drops at a rate of 0.9734 (in the case of hybrid Nanofluid) and 0.97925
(in the case of nanofluid) when the heat source parameter (Q) takes input in the range
0 ≤ Q ≤ 0.3.

Figure 11. Influence of M on skin friction coefficient near the lower wall.

According to Figures 15 and 16, an increase in γ creases mass transfer rate, whereas
an increase E decreases it. Note that as the activation energy parameter increase, the mass
diffusivity of the fluid decreases. Since mass diffusivity and convective mass transfer
coefficient are related, there is a decrease in the convective mass transfer coefficient. Con-
sequently, the Sherwood number drops. Increasing the value γ results in a higher mass
transfer rate, but increasing the value E has the opposite effect. The mass transfer rate
decreases at a rate of 0.04669 (in the case of hybrid nanofluid) and 0.04721 (in the case of
nanofluid) when activation energy (E) takes an input in the range 0 ≤ E ≤ 5. It is observed
that the same results are obtained near the upper wall. So, the results near the upper wall
(C fU , NuU , ShU) are avoided in this report.
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Figure 12. Influence of φ1 on skin friction coefficient near the lower wall.

Figure 13. Influence of R on heat transfer rate near the lower wall.
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Figure 14. Influence of Q on heat transfer rate near the lower wall.

Figure 15. Influence of γ on Sherwood number near the lower wall.
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Figure 16. Influence of E on Sherwood number near the lower wall.

Figures 17–19 illustrate the impact of Br, M and φ1 on the entropy generation profile.
The rise in fluid viscosity resulting from an increase in Br causes an increase in entropy
generation (see Figure 17). Entropy formation increases as M increases because the irre-
versibility of Joule dissipation increases as M rises (see Figure 18). As shown in Figure 19,
a rise in φ1 causes an increase in entropy generation. According to Figures 20–22, when
the parameters Br, Mφ1 rise, the Bejan number decreases. This may be due to the fact that
the irreversibility of heat and mass transfer is eclipsed by the unchangeability of the other
terms, including fluid friction.

Figure 17. Influence of Br n entropy generation profile.
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Figure 18. Influence of M on entropy generation profile.

Figure 19. Influence of φ1 on entropy generation profile.
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Figure 20. Influence Br on the Bejan number profile.

Figure 21. Influence of M on the Bejan number profile.
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Figure 22. Influence of φ1 on the Bejan number profile.

5. Conclusions

Ethylene Glycol-Zinc Oxide-Titanium dioxide (hybrid nanofluid) flow between two
permeable expanding/contracting walls with the magnetic field parameter was investi-
gated in this study when quadratic thermal radiation, heat source, and activation energy are
important. Based on the analysis and discussion of the results, it is worthy to conclude that:

• As the magnetic field parameter increases, the skin friction coefficient decreases.
It is noticed that, when magnetic field parameter (M) takes an input in the range
0 ≤ M ≤ 3, skin friction coefficient decreases at a rate of 0.10847 (in the case of
hybrid nanofluid) and 0.13105 (in the case of nanofluid) per unit value of magnetic
field parameter.

• The rate of heat transfer reduces as the value of the heat source parameter increases.
The heat transfer rate drops at a rate of 0.9734 (in the case of hybrid Nanofluid) and
0.97925 (in the case of nanofluid) when the heat source parameter (Q) takes an input
in the range 0 ≤ Q ≤ 0.3.

• Increasing the value of γ results in a higher mass transfer rate but increasing the value
E has the opposite effect. The mass transfer rate decreases at a rate of 0.04669 (in the
case of hybrid nanofluid) and 0.04721 (in the case of nanofluid) when activation energy
(E) takes an input in the range 0 ≤ E ≤ 5.

• Entropy generation rises as the Brinkmann number rises. As the magnetic field
parameter increases, there is a corresponding decrease in the fluid’s velocity.

• The Bejan number falls as the Brinkmann number and magnetic field increase.
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Nomenclature

µ Dynamic viscosity of the fluid
[
kg m−1s−1

]
Sc Schmidt number

ρ The density of the fluid
[
kgm−3

]
Pr Prandtl number
βT Thermal expansion coefficient
k∗ Mean absorption coefficient
g Acceleration of gravity
υ Kinematic viscosity

[
m2s−1]

k f Thermal conductivity
[
Wm−1K−1

]
f ′ Dimensionless velocity
Cp Heat capacity
u, v Velocity components in x, y directions

[
ms−1]

E Activation energy parameter
δ∗ Nonlinear thermal convection parameter
Re Suction/injection parameter
η Similarity variable
R Radiation parameter
σ∗ Stefan-Boltzmann constant
Gt Thermal Grashoff number
Gd Diffusion Grashoff number
ζ Buoyancy ratio parameter
Dm Molecular diffusivity

[
m2s−1]

M Magnetic field Parameter
Q0 Volumetric rate of heat source parameter
k1 Boltzmann constant
E0 Dimensional activation energy Parameter
Q Heat source parameter
βC Diffusion expansion coefficient
θ Non-dimensional temperature
m Fitted rate constant
γ Reaction rate constant
δ Temperature difference parameter
λ Mixed convection parameter
Subscripts
f fluid
n f Nanofluid
hn f Binary hybrid nanofluid
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