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Abstract

This article investigates the physical interpretation of the magnetic field on the free
convection of hyperbolic tangent fluid within a microchannel. The radiating heat through the
permeable surface, dissipative heat and the additional heat source experience an important
role. The interaction of magnetic dissipation and Darcy-dissipation can be neglected
as the flow is supposed to be affected by including a magnetic field and the medium’s
permeability. The dimensional form of the designed model is converted to its corresponding
non-dimensional form for the use of the similarity variables. Further, these are handled
using an approximate analytical technique known as the Adomian decomposition method.
The physical behaviour of certain characterizing parameters on the non-Newtonian flow
phenomena is exhibited and displayed graphically, and the tabular form is used for the
numerical simulation of the rate coefficients.

Subject Classification: 76-10 Mathematical Modeling and Simulation for Problems pertaining to
fluid Mechanics.

Keywords: Tangent hyperbolic fluid, Dissipative heat, Thermal radiation, Heat source, Adomian
decomposition method.

1. Introduction

In recent days the applications of nanofluids have been vital for the
various design models obtained by diffusing nanoparticles, likely copper,
aluminium, etc., into the base liquids, i.e., water, oil, etc. Nanofluids
exhibit completely new properties when the base fluid is used as a solvent
and the nanoparticles are used as solutes. Nanofluids are nanotechnology-
based transfer fluids which are useful for cooling and related technology.
More importantly, the heat transport phenomena enhanced in the case of
nanofluid compared to the base liquids. Choi et. al. [1] input the knowledge
of such fluids in 1995 as “Nanofluids” as high thermal conductive. This
theoretical study uses Hamilton and crosser model to explain copper
nanomaterials in water. Finally, in conclusion, the authors have noted
some points about the pumping performance of heat exchangers. Hayat

® E-mail: dinesh.goyal@poornima.org



ILLUSTRATION OF FREE CONVECTION TANGENT HYPERBOLIC FLUID 485

et. al. [2] discussed elaborately the flow of magnetic nanofluids between
two parallel discs. The authors worked on the reactions which follows
homogeneous-heterogeneous criteria in a ferrofluid flow affected by a
disk which always rotates. They have mathematically analyzed the values
of physical quantities i.e., skin friction and Nussult number, considering
the nanofluid prepared from the combination of water magnetite-Fe304
as solute. The role of homogeneous and heterogeneous reactions has been
discussed for the concentration distribution, showing their effectiveness
in enhancing the profiles.

Further, the rate coefficients are presented for the various components
associated with the model. Sheikholeslami et. al. [3] have extensively
discussed the influence of nanofluid flow, impacting the presence of
forced convection heat transfer through a porous cavity. To simulate the
stream function, CVFEM was used, and the conclusion was convective
heat improved with an augmented Darcy and Reynolds number. Uniform
mass flux has a great role on the behaviour of natural convection which
is deployed by Chamkha et. al. [4]. They have proposed a nanofluid
which is non-Newtonian in nature and flows via vertical cone embedding
within a permeable medium and finally employed the Keller box method
for the solution of the designed model. The important impactness
of thermophoresis and Brownian motion can be visualized from the
conclusive remark obtained by the authors. Chamkha et. al. [5] studied
numerical solutions of MHD-free convection flow of nanofluids. The tri-
diagonal implicit FDM (finite difference method) was used to the problem
and is seen that, the results are strongly agreed with previous results.

Convection heat transfer is the transfer of heat between two bodies
due to the flow of fluid or gas. Energy can be transferred both by heat
conduction and macroscopic motion of the fluid. The convection of heat
transfer process is very important in porous insulation cooling, rotating
electric windings etc. A water-based liquid composed of magnetite-Fe,O,
as a nanoparticle was prepared by Guo et. al. [6] in the year 2015. Many
researchers have discussed the behaviour of the flow that occurs between
two rotating disks which have different velocities. The behaviour of
velocity slip and the convective boundary condition for the heat transport
phenomenon is useful for comparative work with the previous study.
Sheikholeslami et. al. [7-9] discussed different geometry in the study of
the nanofluid flow behaviour by considering various thermophysical
properties. In their investigation, one of the important aspects is the role of
magnetic parameters on the flow of Fe,O, water-based nanofluid through
parallel plates associated with the Lorentz force. They have employed
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both analytical as well as numerical techniques for mathematical analysis.
In particular, computation is carried out by deploying the differential
transform method and FEM. Bhatti et. al. [10] comprehended that
the impact of Darcy dissipation could not be ignored under certain
circumstances when a fluid flow through a permeable medium. With these
assumptions mentioned earlier, authors have carried out their investigation
by considering the effect of Darcy dissipation and the chemical reaction,
and other SLLM methods are helpful for the solution of transformed flow
phenomena. Jena et. al. [11] considered a comparative discussion using
water and kerosene as traditional fluids with copper as nanoparticles.

Calculations are performed for different profiles to compare
both nanofluids, and it is concluded that the Cu-kerosene nanofluid is
dominated by Cu-water nanofluid for the velocity and temperature
profiles. Recently, Jena et. al. [12] proposed a numerical solution behaviour
for nanofluid flow through parallel plates by implementing the RK4 (4™
order Runge-Kutta) method by considering shooting technique. Further,
Hagq et. al. [13] worked on the natural convection of a cavity which contains
water-based copper oxide nanofluid. Here, one important and interesting
case was discussed, which is explained by treating the bottom as heated,
and the top as adiabatic, whereas the remaining parts became cold. A a
bidirectional exponentially stretching surface has been considered in the
work of Ahmad et. al. [14] to execute the nanofluid flow. Here, they have
proposed Maxwell models for the formulation of their model. Ramesh
et. al. [15] investigated a numerical behaviour of solution obtained from
the study of the flow at the stagnation point (Maxwell fluid) concerning
an expanding film containing nanoparticles. As a conclusive remark, the
velocity profile is enhanced due to the higher Maxwell parameter, while
the temperature and concentration profiles goes reverse to it. Bhatti et. al.
[16] illustrated the irreversibility process’s behaviour for considering the
Eyring-Powell nanofluid model for enhanced thermal properties. In this
study, the inclusion of the Brownian motion gives a convergent behaviour
for the nanoparticle concentration profile.

Further research on this topic can be found in references [17-24].
Mishra et. al. [25] explored the influence of exponential heat source on
the nano-micropolar fluid over a convectively heated elongated plate.
Barik [26] studied the numerical results of multiple slips affecting the
MHD nanofluid flow with his colleagues. Mishra et. al. [27, 28] worked
to convection heat in micropolar fluids with different heat sources. Many
researchers [29-32] in the last decade focused on nanofluids and their heat
transfer properties with various mathematical approaches. Chamkha et.
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al. [33, 34] studied nanofluids” heat and mass transport properties within
a permeable media. Cogley [35] initiated the importance of thermal
radiation on a time-dependent MHD fluid flow [36-40].

Insight to the aforesaid properties and description presented in the
various literature, the present aim reveals the significant characteristic of
the free convection of tangent hyperbolic nanofluid flow past a parallel
channel in the presence of dissipative heat and thermal radiation. The
electrically conducting nanofluid flow through a permeable medium
is equipped with a heat source, and the effect of Brownian motion and
thermophoresis enriches the flow phenomena. Because of the different
applications in industries depending upon the shape of the final product,
the role of a chemical reaction is also important in this investigation.
Finally, the designed complex nonlinear problem is solved analytically
using the Adomian Decomposition Method.

2. Mathematical model

The present study deals with the characteristic of the flow of a
tangential hyperbolic fluid via a horizontal microchannel considering
the free convection effect. The channel is composed of two parallel plates
separating each other with infinite lengths (Figure 1). A uniform transverse
magnetic field of strength B is imposed in the normal direction of the flow.
In modelling the physical phenomenon, the effects of various parameters
on the flow profiles for the effect of velocity slip and convective boundary
conditions are considered. With these assumptions, the model is designed
as follows;

- entrance length g T I T I

Figure 1

Schematic diagram of the flow
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where the usual notations for the variables and the constants are presented
in the nomenclature section. Radiant heat flux (see [35]) is used as,

% — (T —T )I* 5

o ( I, )
. v _1:- [0

with I :lgr; . (%)w K, dA (6)

mean absorption coefficient (K, ) and Planck’s function (e,,).
Non-dimensional quantities (see [36, 37]) are used to prepare

dimensionless equations as follows,

f=2Fy=a§,T=T,+6(T, ~T,),C=C, +¢(C,-C,), 7)

After using the above said dimensionless quantities, eqns. (2-4)
become

(1-n)F"+nWeF'F"—ReF' —(M+Da)F + A0+ A,¢+P =0, (8)

0" —PrRe®' + Pr(EcE” + (M + Da)EcF> + Nb@'¢ + Nt0"> +(S+1)8) =0,
)

9"+ 6"~ KLePrg =0, (10)
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We, the Weissenberg number, and I, the Radiation parameter.

3. Aspects of physical quantities of engineering interest

At both the lower and upper ends the rate coefficients of plates are

calculated as follows:

Cf, = (-mf ) 05T (),

(13)
Nut, == (T'(y), ., Sh, == = (CW)),.,
Cf, =((1-m)F'(§) + 0.5nWeF™ (), (14)
Nity =1+ Nr)(0'(8))._, Shy =—(¢'())._,
Cf, =(1-n)F'(&)+0.5nWeF™*(&)),_, (15)
Nu, ==(1+Nr)(0'(5)),_,, Sh, =—(9'(5))._,

4. Proposed Method (Adomian Decomposition Method (ADM))

The transformed equations (8)-(10) are solved analytically using

ADM. The methodology for the proposed problem is elaborated as follows:
2

To re-write equations (8)-(10), we introduced the operator R = ;—2(0)

14
with an inverse operator R™'(e) = [ [(#)dEdE. Therefore, the set of equations
00

(8)-(10) is presented as:
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R(F)=(ReF'+(M+Da)F - 1,0 — A, —P)((1—n)+nWeF')",
R(0) = Pr(Re® —(S+1)0 — EcF”> —(M + Da)EcF> - Nb'¢' — Nt6"*),!  (16)
R(¢) =K LePro— 10 R(6)

Taking the inverse of the above equations, we arrive at the following,
F(&)=RY{(ReF'+(M+Da)F — 1,0 — A, — P)((1—n)+nWeF') '},
0(&) =R {Pr(Re®’ —(S+1)0 — EcF"> — (M + Da)EcF* — NbO'¢' — Nt6'*)},

#(E)=R" {K LePr¢— ' Pr(Re®’ —(S+1)0

—EcF™ —(M + Da)EcF? — Nbg'¢' — Nt6" )} ,
(17)

Series expansion of all the linear and nonlinear terms of equation (17)
are considered as,

F=3A,F=%B, F=%C,F’=3D,6=3%E,
k=0 k=0 k=0 k=0 k=0 (18)
0=YF,0=3G,,0¢=>H0%=Y1
k=0 k=0 k=0 k=0

The initial guess solutions are obtained from the given initial
conditions presented in equation (11), and these are,

F,(8)=(5,+8)F(0),6,(5) =6(0)+B,(6(0)-1)5,9,(5) =9¢'(0)5 (19)
The recursive expressions become

. (&) =R {(ReB, +(M+Da)A, ~ AE, -~ A,G, —P)((1-n)+nWeB,)},
6,,,(&)=R{Pr(Re A, —(S+I)E, —EcD, —(M+Da)EcC, - NbH, - Nt1,)},

B (§)=R" {K LePrG, - X Pr(Re A, —(S+)E,

—EcD, —(M + Da)EcC,) - NbH, — Ntlk} ,
(20)

k=0,1,2,... The unknowns are numerically evaluated, and the
approximate analytical solutions for different flow profiles can be obtained
further.
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5. Discussion on the present outcomes

The influence of free convection on the three-dimensional flow of
tangent hyperbolic nanofluid through a microchannel in the occurrence of
the transverse magnetic field is presented in this article. The flow through
a porous medium for the interaction of dissipative heat, thermal radiation,
and heat source affects the flow phenomena greatly. Also, due to the
variation of Brownian and thermophoresis, the two-phase nanofluid
model contributes significantly to the coupled heat and solutal transport
properties. More importantly, the transformed governing equations
formulated by including several characterizing parameters are handled
analytically by implementing the Adomian Decomposition method.
The behaviour of the several physical components affecting the flow
phenomena is displayed in Figs.2-12 and the computational results for the
rate coefficients are also deployed in tabular form. The following fixed
values of the parameters are presented during the entire computation
processn=0.5, We=0.5, Re=2, M=1, Da=1, 4, =0.01,4,=0.01, P=1,
Pr=2, §=01, 1=01, Ec=01, S =05, Bi=0.50, Nb=0.5, Nt=0.5,
Le=1, and K=2 consider the particular variation as displayed in the
corresponding figures.

Figure 2 illustrates the characteristic of the non-Newtonian
Weissenberg number and the Reynolds number on the velocity profiles.
The Weissenberg number exhibits the flow phenomena as an elastic force
to the viscous force. It is expressed as the relationship between stress
relaxation time with respect for the specific process time. Enhanced We
suggests the increasing elastic force overrides viscous force, resulting in
the increased fluid velocity near the upper plate. The minor enhancement
near the lower plate of the channel retards the channel width gradually.

Further, the application of the Reynolds number plays an important
role in fluid velocity. Mathematically, it is expressed as the ratio of inertial
and viscous forces. Here, the dominating nature of the viscous force over
the inertial force enhances the Reynolds number. Therefore, increasing
the Reynolds number, the fluid velocity closer to the lower plate became
deviating from their position for which the channel width increases, but at
the middle layer of the channel, the hike in the profile is maximum.

Figure 3 exhibits the impact of the magnetic parameter in conjunction
with the porous matrix affecting the fluid velocity. The impact of
magnetization is due to the Interaction of a transverse uniform magnetic
field on the flow phenomena. The conjunction of this vector field produces
a resistive force termed “Lorentz force” that tends to retards the fluid
velocity; the property also shows greater retardation in the fluid velocity
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near the lower plate region. Further, as described in the magnetic case,
porosity is also exhibited as a resistive force, and a stronger deceleration in
the fluid velocity is exhibited due to increased porosity. The observation
clarifies that the flow through the impermeable medium shows its
maximum strength compared to the flow through a porous medium.

Figure 4 displays the variation of buoyant forces due to the
involvement of the thermal and solutal buoyancy on the fluid velocity. The
variation shows the negative and the positive values, where the negative
indicates the heating of the plate and the positive stands for the cooling.
The mathematical expression gives rise to the physical significance of
the buoyancy parameter, and the cooling of the plate means the ambient
state temperature is greater; therefore, the temperature flow is towards
the plate, and the reverse condition is deployed in case of heating. This
indicates that with increasing buoyancy, the fluid temperature increases.

Figure 5 shows the effectiveness of the parameters like the magnetic
and porosity on the fluid temperature exhibiting resistivity properties. The
behaviour of the resistive forces decelerates the fluid velocity significantly,
and ata similar instant, it is observed that the energy stored near the surface
is at the lower plate of the channel. This stored energy boosts the fluid
temperature, transferring energy from the lower region to the upper. Also,
it is an exhibit that permeability enriches the fluid temperature within
the fluid domain. This enhancement is due to the resistivity property of
including the porous matrix.

Figure 6 shows the impact of the thermophoresis and the Brownian
motion on the fluid temperature distribution for the existence of other
characterizing parameters. Both parameters exist due to the inclusion of
the terms Nb¢'0' and Nto”* equation (9) that enriches the flow properties.
The combined effect of Brownian and thermophoresis is due to the cross-
diffusion between the thermal and solutal gradients. The observation
signifies that the enhanced thermophoresis and Brownian encourage the
flow phenomenon of the fluid temperature near the lower plate, whereas
the reverse impact is rendered in the case of Brownian motion at the upper
plate.

Figure 7 exhibits the behaviour of the Eckert number and the power
law index parameter on the fluid temperature distribution of the non-
Newtonian fluid. The Eckert number exists because of the coupling effect
of the velocity and temperature for the interaction of the dissipative heat.
The inclusion of the magnetic and porosity suggests the behaviour of all
the dissipative energy that affects the flow properties. The enhanced Eckert
number is due to the retardation in the temperature difference between the
fluid and the ambient state. Here, the enhanced Eckert number enriches
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the nanofluid temperature throughout the domain. A similar impact is
rendered for the index parameter.

Figure 7 represents the physical behaviour of the thermal Biot
number and the Reynolds number affecting the fluid temperature. The
Biot number exists because of the convective boundary condition applied
in the heat transport phenomenon. The property of the Biot number
reveals that the increasing Biot number enhances the fluid temperature,
and this augmentation is exhibited towards the upper plate region. The
enhancement effect is due to the stored energy near the lower plate
region enchasing heat energy and the flow towards the upper plate
region. Further, the increasing Reynolds number also enhances the fluid
temperature throughout.

Figure 8 reveals the impact of the additional heat source and the
radiative heat affecting the nanofluid temperature profiles. The basic
idea behind including thermal radiation is to measure the amount of
electromagnetic radiation emitted from the fluid element. This emission
causes cooling in the lower plate region; therefore, the fluid temperature
greatly enhances. Thus, it is observed that the increasing thermal radiation
augments the nanofluid temperature significantly. Further, the additional
heat source also presents a favourable condition for smooth enhancement
in the temperature distribution.

Figure 9 portrays the behaviour of the Lewis number on the fluid
concentration profile in conjunction with the impact of the Reynolds
number. The mathematical description of the Lewis number exhibits that
it is the ratio of the diffusivity forces like thermal and Brownian diffusivity.
The enhanced Lewis number clarifies that the Brownian diffusivity, i.e.,
the intermolecular forces between the fluid elements retards. Therefore,
the thermal diffusivity enhances, and this physical property reveals
significant retardation in the fluid concentration. The behaviour of the
Reynolds number reveals that the fluid concentration enriches the domain.

Figure 10 depicts the characteristic of the Brownian and
thermophoresis parameters on the fluid concentration. The significant role
of these parameters was exhibited in the fluid temperature, and the dual
behaviour is exhibited with their increasing values. The figure reveals that
the enhanced Brownian motion enriches the concentration because of its
random movement within the domain. The opposite impact is presented
on the concentration profile for the enhanced thermophoresis parameter.

Figure 11 shows the characteristic of the chemical reaction parameter
on the fluid concentration distribution. The negative value of the reactant
reveals the constructive form of the chemical substances, whereas the
positive represents the destructive reaction. Also, the profile exhibits the
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behaviour for the non-occurrence of the reacting agents. It is exhibited
that with the increasing chemical reaction from constructive to destructive
the fluid concentration retards, and this retardation is towards the upper
plate domain. The behaviour shows its linearity due to the absence of the
chemical reaction parameter.

Finally, the simulated results of the rate coefficients, such as the shear
rate and the heat and solutal transfer rate for the various parameters
characterizing the flow phenomena, are presented in Table 2 and Table
3, respectively. Table 2 shows that with the increasing index parameter
and the Reynolds number, the rate coefficient for the shear rate retards
in magnitude significantly. Further, the non-Newtonian parameter for
the impact of the Weissenberg number and the buoyant forces favours
enhancing smoothly. The increase in the resistive force for the impact
of magnetic and porosity, along with the slip parameter retards the
shear rate coefficient. Table 3 shows that the enhanced values of the
Eckert number, thermal radiation, additional heat source, Brownian and
thermophoresis parameters encourage the heat transfer rate coefficient at
both plates. However, the augmentation in the Biot number encourages
it significantly. The increasing Lewis number and the chemical reaction
parameter decelerate the solutal transfer rate.

6. Conclusive remarks

The free convection of tangent hyperbolic nanofluid flow through a
parallel channel embedding within a porous matrix is investigated in the
present article. The dissipative heat composed of viscous, Joule and Darcy
parameters is included due to the iteration of the resistive force offered
by magnetic and porosity. The novelty arises because of the behaviour of
Brownian motion and thermophoresis, thermal radiation, heat source,
and chemical reaction. Finally, the important outcomes of the study are
visualized as follows;

e The influence of the non-Newtonian Weissenberg number is to
enhance the fluid velocity at the upper plate, whereas the increasing
Reynolds number has a reverse impact on the velocity distribution.

* The enhanced buoyancy forces for the augmentation in the thermal

and solutal buoyancy further enrich the fluid velocity throughout
the domain; the cooling case dominates the heating of the plate.
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The resistivity due to the inclusion of magnetic parameters in
the presence of the porous matrix is favourable for the smooth
enhancement in the channel width near the lower plate region.

The higher values of the Biot number for the influence of convective
heat boundary condition augments the fluid temperature, and a hike
isremarked at the central region of the channel further; the increasing
heat source and thermal radiation enhances it significantly.

The Brownian motion and thermophoresis exhibit their dual
characteristic on the fluid concentration distribution, and it is seen
that the increasing Brownian motion enriches the profile, whereas
thermophoresis decelerates it.

The shear rate retards in magnitude for the increasing Reynolds
number; further, the non-Newtonian parameter, Weissenberg
number and the buoyant forces significantly enhance it.
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Figure 12
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Table 2

Numerical Computation of Shear rate

497

N | Re| We | M | Da p A, A, S, cf, cf,
05| 2 | 05 1 1 |001|001]| 05 0.1549 -0.2070
0.1 0.2297 -0.3069
0.2 0.2135-0.2882
0.5 0.1957 -0.2134
0.1233 -0.1921
0.2 0.1499 -0.2204
0.3 0.1516 -0.2160
0.5 0.1291 -0.1707

0.1110 -0.1446

0.1291 -0.1707

0.1110 -0.1446

-1 0.1548 -0.2070

2 0.1549 -0.2070

0.2 0.1946 -0.2496

0.3 0.2163 -0.2713

0.5 0.2 0.1582-0.2198

0.3 0.1600 -0.2265

0.5 0.2 0.1881 -0.3086

0.3 0.1757 -0.2627
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Table 3

Numerical Computation of the rate of heat transfer and rate of solutal transfer

n |Re M |Da|Pr{Ec|S |[I |Nb|Nt B, |Le|K Nu, Nu, Sh, Sh,
0512 (1 |1 |2 [0 |0.010.01{0.5(0.5]0.5(1 |2 |-0.1270-0.5861 -0.4125 2.4907
0.1 -0.1240 -0.5822 -0.4131 2.4858
0.2 -0.1247 -0.5831 -0.4130 2.4869
051 -0.1180 -0.5325 -0.3411 2.3521
-0.0878 -0.5662 -0.4705 2.5256
2 -0.1259 -0.5847 -0.4131 2.4892
-0.1249 -0.5836 -0.4134 2.4878
1|2 -0.1259 -0.5847 -0.4131 2.4892
-0.1249 -0.5836 -0.4134 2.4878
111 -0.0157 -0.4356 -0.5843 1.8349
-0.1521 -0.6776 -0.1916 4.0769
0 -0.1189 -0.5760 -0.4150 2.4786
0.1 -0.1199 -0.5772 -0.4147 2.4801
0.210.2 -0.0621 -0.5081 -0.4378 2.4041
0.3 -0.0693 -0.5168 -0.4350 2.4137
0.01 {0.02 -0.2402 -0.7223 -0.3689 2.6421
0.03 -0.4232 -0.9422 -0.2980 2.8862
0.01(0.2 -0.1240 -0.5960 -0.2587 3.2157
0.3 -0.1255 -0.5936 -0.3448 2.8156
0.510.2 -0.1264 -0.5841 -0.4951 2.2390
0.3 -0.1266 -0.5848 -0.4674 2.3222
0.510.2 -0.2703 -0.4821 -0.4125 2.5233
0.3 -0.1729 -0.4696 -0.4296 2.4537
0.5 -0.1197 -0.5734 -0.2318 3.1878
-0.1157 -0.5655 -0.1346 3.7579
1 |-2 {-0.1270 -0.5861 -0.4125 2.4907
-1 {-0.1270 -0.5861 -0.4125 2.4907
1 |-0.1270 -0.5861 -0.4125 2.4907

N
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Appendix

Nomenclature

B, magnetic flux density

Le Lewis number

C  concentration of species

Sh Sherwood number

C, specific molecular diffusivity
T  fluid temperature

C_ species concentration at infinity
T, fluid temperature at infinity

D  chemical molecular diffusivity
v, scale of suction velocity

Da Darcy number

Greek symbols

Ec  Eckert number

n  similarity variable

F  radiation parameter

p  density of the fluid

g  acceleration due to gravity

4 dynamic viscosity

Gm solutal Grashof number

v kinematic viscosity

Gr  thermal Grashof number

kK  thermal conductivity

K chemical reaction parameter
B, coefficient of thermal expansion
m  mean concentration difference
B.  coefficient of volume expansion
M  magnetic parameter

f  dimensionless fluid velocity
Nu  Nusselt number

0  dimensionless temperature
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Pr
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Prandtl number
dimensionless concentration
mean temperature difference

skin friction

g,  constant heat flux

o electrical conductivity
S heat source parameter
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