iriried applied
e sciences

Article

An MHD Marangoni Boundary Layer Flow and Heat Transfer
with Mass Transpiration and Radiation: An Analytical Study

Thippeswamy Anusha 1, Rudraiah Mahesh !, Ulavathi Shettar Mahabaleshwar ! and David Laroze **

check for
updates

Citation: Anusha, T.; Mahesh, R.;
Mahabaleshwar, U.S.; Laroze, D. An
MHD Marangoni Boundary Layer
Flow and Heat Transfer with Mass
Transpiration and Radiation: An
Analytical Study. Appl. Sci. 2022, 12,
7527. https://doi.org/10.3390/
app12157527

Academic Editors: Alexandre

M. Afonso and Luis L. Ferras

Received: 7 June 2022
Accepted: 13 July 2022
Published: 27 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mathematics, Shivagangotri, Davangere University, Davangere 577002, India;
anushat.math@gmail.com (T.A.); maheshrudraiah15@gmail.com (R.M.);
u.s.m@davangereuniversity.ac.in (U.S.M.)

2 Instituto de Alta Investigacion, Universidad de Tarapacd, Casilla 7D, Arica 1000000, Chile
Correspondence: dlarozen@academicos.uta.cl

Abstract: This examination is carried out on the two-dimensional magnetohydrodynamic problem
for a steady incompressible flow over a porous medium. The Cu — Al,O3 nanoparticles are added
to the water base fluid in order to improve thermal efficiency. The transverse magnetic field with
strength By is applied. The governing equations formed for the defined flow form a system of partial
differential equations that are then converted to a system of ordinary differential equations upon
applying the suitable similarity transformations. On analytically solving the obtained system, the
solutions for velocity profile and temperature distribution are obtained in terms of exponential and
Gamma functions, respectively. In addition, the physical parameter of interest, the local Nusselt
number, is obtained. The results are analyzed through plotting graphs, and the effect of different
parameters is analyzed. Furthermore, we observe that the suction/injection parameter enhances the
axial velocity. The porous and radiation parameters enhance the temperature distribution, and the
suction/injection parameter suppresses the temperature distribution.

Keywords: hybrid nanofluid; porous media; Brinkman ratio; suction/injection; magnetic parameter

1. Introduction

Several studies have focused on the problem of boundary layer flow (BLF) and heat
transfer across a stretching /shrinking sheet [1]. Because of its importance in industrial and
engineering processes, a significant amount of effort has been devoted to this area in recent
years. The application of certain flows in engineering and technological operations includes
refrigeration, electrical gadgets with fans, nuclear reactors, polyethylene extraction, steel
fabrication, and many more. Crane introduced the idea of flow across a stretching sheet by
analytically solving the steady 2D flow through a linearly stretched plat [1]. Wang further
generalized this concept to a 3D example [2]. Numerous scholars have since investigated
various facets of this form of movement [3-10]. They examined fluid flow and even heat
transfer properties of a permeable stretching sheet of convective boundary conditions (BCs),
viscous dissipation, and several types of fluid.

Choi was the first to invent the phrase “nanofluid” (NF) in 1995 [11], which is a mixture
that improves the physical and chemical properties of a fluid using nanoparticles. Currently,
the importance of energy consumption has led scientists to optimize thermal devices. One
of the solutions proposed for this purpose is using solid nanoparticles to amend the thermal
properties of conventional viscous fluids. Furthermore, a different type of NF, called a
hybrid nanofluid (HNF), is being studied to boost the mass transfer coefficient even more.
HNF is an enhanced NF composed of two unique nanoparticles, while ordinary NF consists
of a special nanoparticle that absorbs the base fluid. The chemical compositions of HNF are
then improved, which improves mass transfer efficiency. Most of the studies investigated
the BLF and mass transfer. The concept of HNF has been the subject of extensive scientific
studies. It was proven that hybrid nanofluids can be an alternative to the single nanofluid,
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because it can provide more heat transfer enhancement, particularly in the contexts of solar
energy, electromechanics and automobile use.

Mahabaleshwar et al. studied the radiation effect on inclined MHD flow and found
the exact solution for the flow over the porous media by considering different boundary
conditions, such as on the studied MHD flow with CNTs by considering the impact of
mass transpiration and radiation, on the flow and heat transfer with chemical reaction
in porous media, as well as on the unsteady inclined MHD flow for Casson HNF due to
porous media [12,13]. Moreover, Aly and Pop [14] performed a comparison between the
significance of HNF and NF on MHD flow and heat transfer by considering the effect of
partial slip. The flow of MHD in such a particular case was first explored by Sarpakaya [15]
and Mahabaleshwar [16]. Mahabaleshwar et al. [17] investigated the MHD effect on a
Newtonian fluid flow due to a super-linear stretching sheet. Fang and Zhang [18] and
Hamad [19] examined the MHD flow due to a shrinking sheet and a stretching sheet,
respectively. Turkyilmazoglu [20] examined the MHD flow, heat and mass transfer of
viscoelastic fluid with slip over the stretching surface, and obtained multiple solutions.
Suresh et al. [21,22] investigated the effect of HNF on heat transfer and the formation of
HNF out of (Al;03-Cu/H;0). Vinay Kumar et al. [23] also investigated the MHD flow over
a nonlinear stretching/shrinking sheet and the impact of slip on it in a porous medium.

On the other hand, many studies have been conducted on HNF flow, MHD HNF
flow due to a quadratic stretching/shrinking sheet, radiative mixed convective flow, and
also dusty HNF [24,25]. Furthermore, recent developments and applications of HNF were
investigated in Refs. [26,27].

The Marangoni convection is stress due to the transverse gradient of surface tension
that is acting along interfaces to produce movements in liquid-liquid or liquid—gas in-
terfaces in some industrial processes. The thermo-Marangoni convection has important
applications in the semiconductor and metallurgical industries, as well as in welding and
crystal growth [27-29]. Chamkha [30] demonstrated that surface-driven flows, which may
be produced not only by Marangoni effects but also by the existence of the buoyancy effects
caused by gravity and the external pressure gradient, can produce steady boundary layers
along the interface of two immiscible fluids. Motivated by the aforementioned works,
the aim of the current study was to examine the 2D MHD steady incompressible flow
and heat transfer of HNF over a porous medium. In particular, we included the effect
of adding Cu — Al,O3 nanoparticles to the base fluid water in order to improve thermal
efficiency. The thermal conductivity of Cu — Al,O3 water increases with increasing volume
concentration of nanoparticles. The main reason for the increase in thermal conductivity of
Cu — Al,O3 water hybrid nanofluid is the functionalization of Al,O3 and Cu nanoparticles,
which have a higher thermal conductivity than Al;O3 nanoparticles. Thermal radiation was
also incorporated in the present study. Because of its impact on processes that operate at
high temperatures, thermal radiation has also drawn a lot of interest [31-33]. We performed
an analysis to obtain the velocity profile and temperature distribution for this system. The
manuscript is arranged as follows: In Section 2, the physical model is presented and, in
Section 3, the analytical solutions of the model are obtained. In Section 4, the results are
discussed. Finally, the concluding remarks are given in Section 5.

2. Physical Model

The 2D MHD steady incompressible flow and heat transfer of HNF over a porous
medium are here considered. As shown in Figure 1, the transverse magnetic field with
strength By is applied along the y-axis. In addition, the Cu and Al,O3; nanoparticles are
added to the water base fluid. This shows that the velocity boundary layer thickness is
more than the thermal boundary layer thickness. The ambient temperature of the HNF is
kept constant at Te. In adopting the standard boundary layer approximation, the leading

equations are as follows [27],

Ju ov
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Figure 1. Physical model of the flow.

All mentioned parameters are as described in the nomenclature. The subscript hn f
denotes the HNF quantities and are described as below,
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The radiative heat flux is calculated by applying the Rosseland approximation for
radiation as follows [12,28],

_ 40*oT*

"= Tk oy

(6)

It is implicit that the temperature varies within the flow, where the term T* is the linear
function of the temperature. Therefore, using Taylor series expansion to the term T* about
T and ignoring the higher order terms, we acquire

T4~ 4T3 T — 3T 7)
Equation (3) reduces to

oT . oT  Kpny 0°T 160*TS,  9°T

U Ve = —=— 5+ o~ 5 8)
ox 9y (0Cp)ys oy*  3k*(0Cp)yyp Iy
Consider the suitable similarity transformations as follows [27]:
Y1) = Saxf (1), 1 = C1y o ©)
u=G8xfy(n), v=—0f(n),00n)="2°
On using (9), Equations (2) to (4) are converted as
Afypy +C1 (ffmi _fﬂ2> - (CSM + CzDafl)f,? =0 (10)
1 /Cs
(:4(I)r+NR)97777+f917 —-2f,0=0 (11)
With the imposed BCs as
f(O) =S ’ f’777(0) = _2(1 - ¢1)2.5(1 - (P2)2.5 ’ 9(0) = 1/ (12)
fu() =0, 68(n) =0 as y — o0

Heff

i is the Brinkman ratio;

where Da~! = % is the inverse Darcy number; A =

By? . . xT 3, . .
M= ngOuf is the magnetic field; Ng = 163‘%%" is thermal radiation; and C;, where i =1 to

5, is taken as

o) C k
LA LT R C4:M and Cs — Finf 13)
Pf Hf of (Cp) kf
The interested physical local Nusselt number Nuy is given by
Xqw
= e 14
where gy, is the heat flux given as
oT
Gw = —Kpnf (ay + ‘h) o (15)

Equations (14) and (15) lead to

k
Nu, = — (l’z;f - khanrNR> &1x6, (0) (16)
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3. Exact Analytical Solutions

In this section, we compute the analytical solution of the model. We separate the
section into two subsections for the velocity and temperature fields.

3.1. Velocity
The exact analytical solution of Equation (10) is in the form

f(n) =dy +dge™ (17)

where & > 0 is to be determined. On using BCs (12a)

di=S—dp
dy = —F (1= 1) (1= ¢2)** "
So, using (17) in Equation (10) gives
Aa® — SCra? — (C3M n CzDa_1>ac 2011 - ¢1)*°(1—¢2)>° =0 (19)
3.2. Temperature Distribution (1)
Using Equation (17) and applying a new variable ¢ = —e™*7 in Equation (11),
€0ee(€) + (p — qe)0e(e) +2g96(e) =0 (20)
with BCs as
0(0)=0, 6(—1) =1, 1)
where p = 1 — %{S + 3—2(1 — ) (1— 4)2)2‘5} and g = i—?(l —¢1)* (1= ¢)*°, where

To solve Equation (20), we deploy the Laplace transformation to obtain
5(7=5)0s(S) +[3q +S(p —2)|0(S) = 0 (22)
Here, ©(S) = L[f(¢)]. Integrating Equation (22) gives

(s -t

o(s) = = 3)

In order to obtain the solution of Equation (20), we apply the inverse Laplace transfor-
mation and use the convolution property to acquire

f 2
C t—w
o(t) = Ty P]/ (prrz) exp(qw)dw, here p < —1 (24)
0
where C is integrating constant can be determined by using the BCs 6(—1) = 1 in
Equation (24) to obtain,
2Ir[-1-
c= =) (25)
- 2
J S exp(qu)dw
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Therefore, Equation (24) becomes

fe —exp(qw)dw
0(c) = — (26)
| e (o)

1

Operating the integration of Equation (26) gives the final expression for 6(t)

_ 7?e’T[—p — 1,0, —qe] +2geT[—p,0, —qe] +T[—p + 1,0, —ge]

0(e (27)
2 ¢*T[—p —1,0,q] —2qT[p,0,4] + T[-p +1,0,q]
In terms of the similarity variable #, Equation (27) becomes:

o) — 1€ T[=p —1,0,qe™*"] —2qe”""T[—p,0,qe "] + T[—p +1,0,qe]
() = T[—p —1,0,4] — 2qT[—p,0,4] + T[—p + 1,0 (28)
g?T[=p—1,0,q] = 2qT[=p,0,q] + T[=p +1,0,4]

Differentiating Equation (28), we obtain
20q{T[=p,0,9] — qT[=p —1,0,4]}
8, (0) = (29)
1O = Py —1,0,q) — 24T, 0,] 4 T1—p +1,0,4
Therefore, from Equation (16,) Nusselt number becomes
Kinf 209{T[~p,0,9] — qT[-p —1,0,4]}
Nuy = — — Ky, ¢PrN, 30
" < T R> Ty —1,0,q) — 20T [—p,0,q] + T[-p + L,0,q] O

In the next section, we analyze these results.

4. Results and Discussion

We examined the 2D MHD steady incompressible flow and heat transfer due to a
porous medium containing Cu — Al,O3 nanoparticles in the base fluid by applying a mag-
netic field of strength By to the fluid flow. The addition of nanoparticles enhances the
thermal efficiency of the flow system. The leading equations form the system of PDEs and
are then converted into the system of ODEs by adopting suitable similarity transforma-
tions. The system is analytically solved to obtain the solutions for the velocity profile and
temperature distribution in terms of exponential and Gamma functions, respectively. In all
plots, the dotted lines refer to the behavior of the base fluid, while the solid lines refer to
the behavior of HNF for Cu — Al Os3.

Figure 2 demonstrates the axial velocity f (1) for various Da~!. We found that the
velocity declines as Da~!increases. Panels (a)—(c), where the velocity is examined for S = 0
show that there is no permeability. For suction S = 1 and injection S = —1, we observe that
as S increases from injection to suction, the axial velocity for HNF very quickly coincides
with the base fluid as Da~! increases. In all cases, the profile of f, (1) has a decreasing
nature, and it becomes constant to zero at a certain point of 7.

Figure 3 depicts the velocity f,(7) as a function of # for various values of A. The
velocity increases with an increase in A. Panels (a)-(c), where the velocity is examined for
S = 0, show that there is no permeability. For suction S = 1 and injection S = —1, we
observe that the difference between the axial velocity of the base fluid and HNF is larger in
the case of suction and smaller in the case of injection. In all cases, the axial velocity is less
for an HNF than the base fluid.

Figure 4 shows the profile of f; (1) for various M. It can be seen that f;(#7) is smaller
for larger values of M. Panels (a)—(c), where the velocity is examined for S = 0, show that
there is no permeability. For suction S = 1 and injection S = —1, we observe that the
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difference between the axial velocity of the base fluid and the HNF is more in the case of
suction and less in the case of injection.

L e L s e e S e—

0.8 S = 0 (No—permeability) 8

Axial velocity £,(7)

Similarity varible 77

(a)
0-8 I ' ' ! ! I ! ! ' ' I ' T ' ' I T ! [ ) I I T T T T

S > 0(Suction)

=
(=2}
1

Axial velocity f,(7)
[=]
i

0.2 N, |
%050 0.5 10
Similarity varible 77
(b)

Figure 2. Cont.
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Figure 2. The axial velocity as a function of 5 for various values of Da~! and for
three different regimes of S: (a) S =0, (b) S=1, and (c) S = —1. The other fixed parameters are:
A=M=1, ¢; =0.1, ¢ = 0.04.
I" T T T T l T T T T I T T T T I T T T T I T T T T l
1.5 ]
S = 0(No—permeability)

Axial velocity f,(7)

Similarity varible 7

(a)

Figure 3. Cont.
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>
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Figure 3. The axial velocity as a function of 7 for various values of A and for three different regimes
of S: (@) S=0,(b) S=1and (c) S = —1. The other fixed parameters are: Da~! = M = 1,
¢ = 0.1, ¢, = 0.04.
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1.0

Axial velocity f,(7)

0.8

Axial velocity f,(7)

0.0

The effect of S is shown in Figure 5 for both the suction and injection cases. Clearly, the
velocity profile f; (1) decreases for a larger S. Panel (a) shows that the difference between
the axial velocity of the base fluid and the HNF is larger in the case of suction and smaller
in the case of injection as in panel (b). At # = 0, the axial velocity is different for various
values of each parameter.

1 T T T T T T T T T T T T T T T

S = 0(No—permeability)

Similarity varible 7

@)

0.6 = .

0.4;

S > 0(Suction)
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Figure 4. Cont.
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Axial velocity f,(7)
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()

Figure 4. The axial velocity as a function of # for various values of M and for three different regimes
of S: (@) S=0,(b) S=1and (c) S = —1. The other fixed parameters are: A = Da ! =1,
¢1 = 0.1, ¢ = 0.04.
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Figure 5. Cont.
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Axial velocity f,(7)

2.0

0.0

S < 0(Injection)

2 4 6 8
Similarity varible 7

(b)

Figure 5. The axial velocity as a function of # for various values of S, (a) for suction case and (b) for
injection case. The other fixed parameters are: A = Da~! = M =1, ¢; = 0.1, ¢ = 0.04.

Figure 6 displays the temperature profile 6(1) for various values of Da~!. We observe
that 6(7) increases as Da ! increases. Panels (a)—(c), where the temperature is shown for
S = 0, show that there is no permeability. For suction S = 1 and injection S = —1, we
observe that (1) for HNF coincides with the base fluid as Da~! increases. In all cases, we
found that 0(77) decreases and that becomes constant to zero at a certain point of 77. The
temperature profile has the same value at 7 = 0 irrespective of the parameters’ values.
Moreover, as the thermal rate increases upon adding nanoparticles to the base fluid, we
can see from the figures that 6(7) becomes more of an HNF than a base fluid.

Figure 7 shows the temperature profile 6(#) for different values A. We observe that
6(n) decreases with the enhancement in A. Panels (a)—-(c) show the regimens of S. In
panel (a) for S = 0, there is no permeability, whereas in panel (b) suction (S =1) and
finally in panel (c) for injection case (S = —1). We found that there is an achievement of
enhancement of heat transfer upon using HNF and that Casson fluid will suppress the
temperature distribution.

Figure 8 shows the temperature profile as a function of # for different values of M. We
see that (1) increases as M increases. Panels (a)-(c) show 0 for S =0,S =1,and S = —1,
respectively. We observe that HNF has much more thermal conductivity than the base fluid.
Furthermore, we observe that as the value of S increases, the domain of the temperature
distribution decreases.
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Similarity varible 7
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Figure 6. The temperature distribution 6(7) as a function of 7 for various values of Da~! and for

three different regimes of S: (a) S=0, (b) S =1, and (c) S = —1. The other fixed parameters are
M=A=Ng=1, ¢ =01, ¢ = 0.04.
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Figure 7. Cont.
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Figure 7. The temperature distribution 6(7) as a function of # for various values of A and for
three different regimes of S: (a) S =0, (b) S =1 and (¢) S = —1. The other fixed parameters are:
M=Da'=Ng=1, ¢ =01, ¢ = 0.04.
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Figure 8. The temperature profile 6(y7) as a function of 5 for several values of M and for
three different regimes of S: (a) S =0, (b) S =1, and (c) S = —1. The other fixed parameters are:
A=Da'=Nr=1,¢ =01, ¢ =0.04.

Figure 9 shows the temperature distribution 6(7) for various values of the radiation
parameter Ng. We can observe that (1) increases as the effect of radiation increases.
Panels (a)—(c) show the profile for cases with no permeability, with suction and injection. We
note that the domain of the temperature is larger in the case of injection and smaller in the
case of no-permeability. Furthermore, by observing each plot of temperature distribution,
the effect of radiation on the change of heat transfer rate is less than those of the magnetic
field and Casson fluid, i.e., the difference in temperature distribution between base fluid
and HNF is not that much more significant.

Finally, the effect of various values of S on the temperature profile is shown in Figure 10
for suction and injection cases. 6(#) decreases when as S increases, as shown in the figure.
The domain of 6(7) is larger in the case of injection than in suction.
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Figure 9. The temperature distribution 6(7) as a function of # for different values of Nr and for
three different regimes of S: (a) S =0, (b) S =1, and (c) S = —1. The other fixed parameters are:
M=A=Da'=Ng=1, ¢ =01, ¢ =0.04.
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Figure 10. The temperature profile 6(1) as a function of 7 for several values of S. The other fixed
parameters are: M = A = Da~! = Ng =1, ¢; = 0.1, ¢ = 0.04.

5. Concluding Remarks

In the present study, we examined 2D MHD steady incompressible flow and heat
transfer over a porous medium containing Cu — Al,O3 nanoparticles in a base fluid. The
addition of nanoparticles enhances the thermal efficiency of the flow system. The system
was analytically solved to obtain the solutions for the velocity profile and temperature
distribution in terms of exponential and Gamma functions, respectively. In addition, the
effect of different physical parameters was examined by using graphical representations.
The following observations were made:

e  The axial velocity declines with increasing porous parameter or magnetic field, and
the suction/injection parameter increases with increasing Brinkman ratio.

e  The temperature distribution increases for higher values of the porous parameter,

magnetic field, or radiation; it decreases with an increase in the Brinkman ratio or

suction/injection parameter.

At = 0, the axial velocity is different for various values of each parameter.

The axial velocity is smaller for hybrid nanofluid than for base fluid.

6(7) is the same for every value of varying parameters at 77 = 0.

As the thermal rate increases upon adding nanoparticles to the base fluid, the figures

showed that 6(#) will be larger for hybrid nanofluid than for base fluid.

In the future, we plan to conduct a similar investigation on a non-Newtonian fluid
with mass transfer problems. We postulate that adding the effect of viscous dissipation and
various physical parameters can uncover another interesting phenomenon.
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