a' frontiers | Frontiers in Physics

@ Check for updates

OPEN ACCESS

EDITED BY
Arshad Riaz,
University of Education Lahore, Pakistan

REVIEWED BY

Muhammad Sohail,

Khwaja Fareed University of Engineering
and Information Technology (KFUEIT),
Pakistan

Iskander Tlili,

National Engineering School of
Monastir, Tunisia

*CORRESPONDENCE
Shafig Ahmad,
ashafig@math.qau.edu.pk

SPECIALTY SECTION
This article was submitted to
Interdisciplinary Physics,

a section of the journal
Frontiers in Physics

RECEIVED 07 July 2022
ACCEPTED 25 July 2022
PUBLISHED 26 September 2022

CITATION

Ahmad S, Ahammad NA, Khan MN,
Algehyne EA, Tag-Eldin E, Gepreel KA,
Guedri K and Galal AM (2022), Thermal
and solutal energy transport analysis in
entropy generation of hybrid nanofluid
flow over a vertically rotating cylinder.
Front. Phys. 10:988407.

doi: 10.3389/fphy.2022.988407

COPYRIGHT

© 2022 Ahmad, Ahammad, Khan,
Algehyne, Tag-Eldin, Gepreel, Guedri
and Galal. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physics

Tvpe Original Research
PUBLISHED 26 September 2022
pol 10.3389/fphy.2022.988407

Thermal and solutal energy
transport analysis in entropy
generation of hybrid nanofluid
flow over a vertically rotating
cylinder

Shafig Ahmad**, N. Ameer Ahammad?,

Muhammad Naveed Khan?, Ebrahem A. Algehyne?,

Elsayed Tag-Eldin?®, Khaled A. Gepreel*, Kamel Guedri® and
Ahmed M. Galal®’

Department of Mathematics, Quaid-1-Azam University, Islamabad, Pakistan, ?Department of
Mathematics, Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia, *Faculty of Engineering and
Technology, Future University in Egypt, New Cairo, Egypt, “Department of Mathematics, College of
Science, Taif University, Taif, Saudi Arabia, *Mechanical Engineering Department, College of
Engineering and Islamic Architecture, Umm Al-Qura University, Makkah, Saudi Arabia, ®Mechanical
Engineering Department, College of Engineering, Prince Sattam Bin Abdulaziz University, Wadi
Addawaser, Saudi Arabia, “Production Engineering and Mechanical Design Department, Faculty of
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An investigation of an axisymmetric mixed convective boundary layer flow of
silver-titanium dioxide/water (Ag - TiO,/H,O) hybrid nanofluid towards
vertically and rotating stretching cylinder with entropy generation is
conducted. The Cattaneo-Christov theory and joule heating effect are used
to analyze the features of thermal energy. Moreover, the magnetic impact and
convective boundary conditions on the vertical surface also considered in the
current investigation. The developing equations for momentum, energy and
entropy generation are modelled and by the usage of similarity variables to
transform into the system of nonlinear ordinary differential equations (ODEs).
The solutions of nonlinear ODEs are obtained numerically with the assistance of
BVP4C MATLAB built-in scheme. The graphical consequences and relevant
physical reasoning regarding the velocity, temperature, and concentration
profiles are discussed. It is noteworthy that strong estimation of buoyancy
ratio and mixed convection parameter enhances axial velocity, but the swirl
velocity is diminished. The fluid temperature and concentration both are
diminished due to thermal and solutal stratification effects. It is also seen
that thermal Biot and Eckert numbers enhance the temperature distribution.
Further, the Reynold number improves entropy generation.
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1 Introduction

Nanofluids exhibit superior heat transport features to those
of regular fluids. The effectiveness of heat exchange and the
compactness of lower thermal conductivity fluid are delayed in
the process, but many techniques are used to develop heat
transport phenomena. One innovative trick is used to improve
the heat transport/thermal conductivity of a fluid through the
suspension of nanoparticles in the base liquids. Nanofluid
thermal conductivity mainly depends upon the volume
The thermal
nanoparticles is expected to be greater than that of usual

fraction of nanoparticles. conductivity of
fluids. These nanoparticles are very small, not more than
100 mm. The term nanofluids was first used to refer to the
fluids along suspended nanoparticles by Choi [1]. Some
experimental outcomes have been obtained by Eastman et al.
[2] with respect to the development of thermal conductivity with
the suspension of CuO in base fluid water. The transport of the
heat and mass of the 3D stagnation point flow of a water-based
nanofluid toward an exponentially stretching surface was
identified by Rehman and Nadeem [3]. Sheikholeslami [4]
present the numerical examination of the CuO-water based
nanofluid affected by a magnetic field about a porous channel.
Bilal et al. [5] surveyed the numerical inspection of MHD and the
thermal radiative flow of a Williamson nanofluid influenced by
variable thermal conductivity across a stretching cylinder.
Maskeen et al. [6] used a stretching cylinder to evaluate the
heat transfer features of alumina-coper/water hybrid nanofluid.
The heat and mass transport analysis of a chemically reactive
Eyring-Powell nanofluid influenced by a Cattaneo-Christov heat
flux was performed by Reddy et al. [7] through a stretching
cylinder. Ullah et al. [8] explored the collective characteristics of
heat sources and the zero mass flux of magnetized nanofluid flow
with an activation effect across a rotating and stretchable disk.
Khan et al. [9] elaborated a comparison between a linear and
exponential stretching surface to identify the rotating impact on a
nanofluid flow in stratification conditions. Dawar et al. [10]
observed the convective flow of a Williamson nanofluid across
the two different geometries with convective boundary
conditions. Some meaningful research in the direction of
nanofluid is presented in Refs. [11, 12]. Scientists have lately
discovered novel techniques to boost thermal conductivity and
the heat transport rate of a fluid. One of the best ways to improve
the heat conductivity of fluid by the addition of more than two
nanoparticles in the convectional fluid, which is said a hybrid
nanofluid. A hybrid nanofluid is more beneficial than simple
nanofluids. Some key developments in the direction of hybrid
nanofluid can be found in Refs. [13-20].

In the modern era, entropy generation is the most valuable
subject for the researcher, in which irreversible processes of mass
and heat transport occur. The Second Law of Thermodynamics
entirely revolves around entropy. The design of the system that
depends upon heat transport has a valuable application in the
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real life of the entropy generation. Entropy minimized energy
losses in the system. Heat and mass transport processes occur in
heat exchange, heat engines, fluid flow, heat pumps, refrigerators,
air conditioners, power plants, anelastic deformation, and
substance mixing and expansion, among other sites.
Significant work has been done on entropy with application to
various flelds by Adrian Bejan [21-24]. Mahian et al. [25]
elaborated convective heat transport augmentation with the
use of nanofluid flow and entropy generation impacts to
develop high heat flux cooling devices. Siavashi et al. [26]
heat

characteristics of nanofluid flow across an annular pipe in a

scrutinized the transport and entropy generation
two-phase combination model. Rashid et al. [27] observed
entropy generation on ferromagnetic fluid flows along the slip
and nonlinear radiation impact across a stretching sheet. Khan
et al. [28] reviewed the modeling and computational study of
hybrid nanofluids subject to entropy generation. Muhammad
etal. [29] examined the Darcy-Forchheimer boundary layer flow
influenced by activation energy and entropy generation across a
curved surface. Recent studies related to the investigation of
entropy generation are given in Refs. [30-33].

Heat transportation occurs due to temperature gradients.
There are three modes of heat transfer conduction, radiation, and
convection. Heat transportation phenomena have many
important industrial and engineering applications, such as
heat exchange, power generation, nuclear power, refrigeration,
petroleum production, and so on. Fourier [34] first developed the
law of heat conduction to analyze the rate of heat transport in a
system. Ellahi et al. [35] scrutinized the heat transfer rate of a
mixed convective boundary layer fluid flow across a vertical
permeable slender cylinder. The heat and mass transportation of
a non-Newtonian fluid flow influenced by transverse magnetic
field and suction/injection effect towards permeable stretching
sheet was developed by Sandeep et al. [36]. The heat transfer
scrutiny of MHD micropolar fluid flows subject to joule heating
and chemical reactions across a stretching sheet were explored by
Dawar et al. [37]. Ramadan et al. [38] analyzed that flow and heat
transport in a microchannel influenced by gas cooling conditions
and thermal creep. Finally, other studies of heat transfer are
presented in Refs. [39-48].

The aim of this examination is to study the 3D axisymmetric
MHD flow of a viscous nanofluid with nanoparticles generated
by vertically rotating a stretching cylinder. The main concern of
this existing inquiry is to identify entropy generation evaluation
of mixed convective hybrid nanofluid flow with modified
Fourier’s and Fick’s law across a rotating and stretching
surface. Moreover, convective boundary conditions are also
considered to identify a flow regime. The formulated fluid
model is converted into a pair of ODEs by adopting
appropriate similarity variables. The coupled ODEs are
numerically manipulated with the aid of BVP4C MATLAB
built-in technique [49-53]. A graphical inquiry into the
evolving parameters with respect to temperature distribution,
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FIGURE 1
Flow diagram of the article.

concentration distribution, and velocity profile is established and
discussed. The comparison of current outcomes with previous
investigation is presented, and a good harmony is shown
between them.

2 Flow modelling

Here, we observe a steady, incompressible, axisymmetric
laminar, and mixed convective boundary layer flow of Ag—
TiO,/H, 0 hybrid nanofluid induced by a vertical and rotating
stretching cylinder with a double diffusion Cattaneo-Christov
and entropy generation impact. The equation of thermal and
solutal energy are through the consideration of heat
generation/absorption, chemical reaction, and joule heating
impact. Furthermore, thermal and concentration convective
conditions are enforced on the boundary of the stretching
cylinder. A magnetic field (By) is applied in the direction of the
r—axis to analyze the effect of the Lorentz force. The stretching
cylinder has radius is Ry, r is the radial direction, and z—axis is
measured along the cylinder. The cylinder rotates with an
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angular velocity and the stretching velocity is directly
the the
concentration and temperature of the surface nanoparticles

proportional  to axial distance. Moreover,
are C,, and T, respectively, and away from the surface they
are symbolized by C, and T, respectively. The flow
geometry and the coordinate axes are shown in Figure I.
Using the above-mentioned supposition with the presence of

Boussinesq approximation, the flow equations are followed by

[49, 50],
ou w ow
==t =), 1
o0z <r " ar> M
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The related surface and ambient conditions are stated as
follows:

5 (n2) = Er i (r,2) = 20z, @(r,2) = 0~y o = hf(Tw -7),
or
N asr =Ry,
¢ .
Dz, =ho(Cu=C).
(6)
(7)

i— 0, 7> 0, T—> To, C— Cop,asr — 00

In the above Eqs. 1-6, 1 and w are the velocity of the fluid
in the z— and r— directions, respectively. The symbols vy,
Ohnfs> 9% (B> Beds €05 thnf> Qo» Cps 1 Ping> K1» hf, hgand
Djg indicate kinematic viscosity of hybrid nanofluid, electrical
conductivity of hybrid nanofluid, gravitational force, thermal
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and concentration volumetric expansion coefficients, thermal
diffusivity, heat
heat,

relaxation time, density of fluid hybrid nanofluid, chemical

relaxation time, thermal generation/

absorption  coefficient, specific concentration

reaction constant, mass diffusivity, coefficient of convective

heat transfer, coefficient of convective mass transfer, and
mass diffusivity, respectively.

2.1 Hybrid nanofluid model

The experimental relationship for an Ag-TiO/water hybrid
nanofluid is given as follows [14],

2.1.1 Hybrid nanofluid dynamic viscosity

Pany 1

—s (®)
ﬂf (1 - ¢sl - ¢52)245
2.1.2 Hybrid nanofluid density
Phn s s
ph_ff = (1 - ¢sl - ¢52) + ¢51[;_; + ¢52g_;’ (9)

2.1.3 Hybrid nanofluid specific heat capacity

(pCP)hnf _
(Pcp)f B

(PCo)y , , (PCr),
1- 17 ¥s2 s1 . s2 . 4

(10)

2.1.4 Hybrid nanofluid thermal conductivity

1ksi+d ks
khnf B Zkf + (%) +2 (¢51k51 + ¢52k52) - 2(¢sl + ¢52)kf

ky

- >

2kf + (%) - (¢slk51 + ¢s2k52) + (¢sl + ¢52)kf
(11)

2.1.4 Thermal and solutal volumetric coefficient

(PBr ) f =
(Pﬁc)hnf =(1-

(1= )] (4B + (1= 6. (B} + 0 (0B

8] (0B + (1= 6. (6B0), | + 90 (0BL)
(12)
Here, s1 and s2 specify the silver (Ag) and titanium dioxide

(TiO,) nanoparticles, respectively. Further, the solid volume
fraction of Ag is represented by ¢, and TiO, with ¢,.
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TABLE 1 Thermophysical characteristics of base liquid and
nanoparticles [14].

Physical properties Base fluid Nanoparticles

H,O Ag TiO,
Cp(Jkg™'K™) 4,179.0 235.0 686
pkgm™) 997.10 10,500 4,250
k(Wm™'K™) 0.620 429.0 8.9538
Br x 10° (1/K) 21 1.89 0.9
o (1/0Qm) 0.05 2.6 x 10° 6.30 x 107

Table 1 presents the thermo-physical features of convectional
fluid and hybrid nanofluid, as follows:

2.2 Similarity variables

The applicable similarity variables are signified as in [50]:

2
.
=gV Eg(n), u=2azf(n), w= —aleSZ)r

(13)
(T-Ta)

(Tw-Tw)

(C-Cu) _
* (Cu-Co)

0(9) x(n).

Using Eq. 12, Egs. 2-10 take the following form:

Mg M Gyng
il (nf" 4 F1) 5 Mo 1 are(@ N
phnf/pf phnf/pf
+Re(ff" - f7)
=0,
(14)
Ping M g
Jiy (21125” +2g - g) - RE< Hevife,. g+2nfg'+ fg) =0, (15
phnf/Pf phnf/pf
khnf/k Ghnf/u'f ME.
L (0" +0") 4+ PrRe| Ty (fP g -2 (S S
(PCP)hnf/(pCP)j (PCP)""f/(PCP)f
D,
+99' )+~ (0-2ef0') + 0" 26, (20" + ff' 6
) (Ce)usf (o), ) ( )
=0,
(16)
nh" +h' + SRefh' - 26 SRe( f2h" + ff' 1)
+2S.RRe(e.fH' —h)
=0, (17)
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TABLE 2 Assessment of f3 (1) and g’ (1) with previous data, when N; = TABLE 3 Numerical values of CfRef,’ 5 against the various parameters.
Pr=0=1=M=¢,.
Re M N, A —C¢Re??
Re Fang and Yao [49] Present outcomes
1.0 1.0 2.0 0.1 0.53491
1 g'(1) f g'(1) 20 0.75833
3.0 0.97647
0.1 ~0.48180 -0.51019 ~0.482506 -0.512193 L 051590
0.2 -0.61748 -0.52605 ~0.615485 -0.525057 s 063514
0.4 ~0.806609 -0.594819 50 075556
0.5 -0.88220 -0.58488 ~0.881203 -0.585882 o1 061458
1.0 ~1.17775 -0.68772 ~1.176753 -0.688721 02 061456
2.0 ~1.59389 ~0.87263 ~1.594892 ~0.873635 03 061454
4.0 ~2.176135 ~1.173650 o1 065162
5.0 ~2.41743 ~1.29788 ~2.416435 ~1.296879 05 065142
10 ~3.34446 ~1.81006 ~3.344465 ~1.811065 07 065132
The convenient conditions are as follows:
(f’<1)= L F()=0, g(1) =1, K (1) = B.(h(1) = 1,6 (1) b Oins o, MEe
T g +PrRe ; ( 12
= kkf B, (6(1) - 1)> (Pcp)hnf/(PCp)f ¢ <(PC")h"f/(PCp)f>
hnf
(18)
(f1(00) = 0= g(e0). o) = 0= 0e)). (19) g =2 ([ f oo f 14 00.))
The parameters involved are given as Reynold number + D. (6e* - 2, £6.)
Ref= aRl/Zv },  magnetic parameter M{= afBz/ 4> and (pCP)hnf/(pCp)
mixed convectlon parameter N 1{— o5} The Grashof numbers
for  temperature  and concentratlon are  Gr(=
Py (T — Teo)Z® /”ff ) and  Gr*(= gB.(Cyp - Ceo)Z® /”ff ) P
t

respectively, and the parameters of the buoyancy (f Oux + f fb: = f20) + O, | =0, (22)
ratio A{= Gr/R 2} local Reynold number Re.{= u? /vz},
thermal  relaxation &{=epa}, concentration relaxation
&= €1a}, and Prandtl number Pr{= %} are also given.
The above equations hold only for the positive Reynold

number, and the solution convergence criteria are very slow for hee + S.Refhy — 250R€ &S Re

(f hxx fzhx + fthx)

the lower Reynolds numbers. To improve solution convergence,
+2S.R.Re (e fhy - he )

we use the transformation # = e*, developed by Fang and Yao [31].

The above ODEs are transformed into following form: =0, (23)
t”hnf/,uf Mah"f/gf e fx The convenient conditions at the boundary are as
(fow = 2f ot fu) = ——— Re7 follows:
phnf/pf phnf/pf
+MRee™ (6+ Nih) ~Ref} + Ref f ~Ref f (fx(0) =1, £(0) =0, g(0) = 1, h, (0) = =B (1~ h(0)), 6, (0)
=0, (20) = -B,(1-0(0)),),
Pinf M Opny (24)
/Mf( xx_g)_ﬂReg+2Refgx+Refg:0,
Pins p, 2 uyfp, (,dim e fo(00) =0, g(00) = 0, h(00) = 0,0(c0) =0, ),

(21) (25)
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FIGURE 2
(A—F) Variation in f' () and g(#) against M, A and Nj.
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FIGURE 3

(A,B) Variation in 6(n) and h () against ¢ and e, respectively.

2.3 Entropy generation

To include irreversibility sources, for present article, entropy
generation consists of the heat transport, mass transport, and joule
heating impact. The equation of entropy generation is stated as follows:

& Kung (OT\' g (0u\*  RaDy (9C\"  RyDy (9T
92\ or Teo \OF Co \Or Teo \Or
aC Ohnf 2
_— B N
X<ar)+Tm 2w

(26)

Entropy generation Ng is the ratio between the entropy
generation rate S and the characteristic entropy generation rate
SS’, such that:

v kg (AT)?
Kpn z z
Ng = kh—ff4;70’2 + £(5>471h’2 + 8(5)4719’ W
2
N YT T

Now, using the transformation 7 = e* for fast convergence,
we get the following form:

_ kh"f -x 02 z —x7,2 (2> —x
Ng = K, 4e 9x+s(Q)4e hi+e a 4e7*0,.h,

() ol

In the above equation, the parameter of the temperature

‘u/»u,,_, . . _ AC
K, AT is the Brinkman number, > = o

(29)

difference is Q = %—T, Br =
w
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B
004
003
003
0025
-
S
S
T o
0015
6.2 0.0,0.3 05,07
001
0005
0
0 05 1 15 2 25 3
. . . _ RdDBCm .
is the concentration difference parameter, and ¢ = s the

dimensionless constant.

2.4 Skin friction

The quantities of interest, such as skin friction, are very
precious for the engineering point of view. No transport of heat
and mass rate were observed in the current investigation. The
mathematical form of skin fraction is as follows:

T,
Cj=———, (30)
! (TQ)ZP;mf
In Eq. 29, 7y, is defined as:
= L O G31)
P Ve 10T lar,

Equation (30) in its dimensionalized form is as follows:

(Re,)"*Cy = V2 f", (32)

Re, = %2 is the Reynolds number.

3 Graphical discussion

The numerical algorithm BVP4C in MATLAB is used to
solve Eqs. 20-23 along with the boundary conditions (Eqs. 24,
25). The Bvp4c technique is only applicable to first-order
ordinary differential equations. Thus, we first transform the
third and
differential equation with the use of a new variable.

second-order equations into a first-order
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A

x10%

Be =0.0,051.0,1.5

FIGURE 4
(A,B) Variation in 6(5) and h(x) against Be and B, respectively.

25

Ec= 1.0, 2.0, 3.0,4.0

05

FIGURE 5
(A,B) Variation in 6(n) and h(#) against Ec and S¢, respectively.

References [32-35] are recommended to readers because this
system is well-known. Table 2 displays an assessment of the
present outcomes in comparison with previously published
data. From the table, it can be concluded that the current
outcomes show good harmony with the results produced by
Fang and Yao [31]. Table 3 presents the tabulated values for
skin friction for different emerging parameters. It can be
observed from the table that due to enhancement of the
of the
the numerical value

estimation Reynold number and magnetic

parameters, of skin friction is

enhanced, while it falls due to the enhancement of the
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0.16

0.14

0.12

Bc =0.1,02 0304

0.05

0.04

SC =1.0,20,30,4.0

0.01

value of mixed convection and buoyancy ratio parameters
it is reduced. For several growing parameters, graphical
results are achieved covering axial and swirl velocity,
2AB
illustrate the influence of the magnetic parameters on swirl

temperature, and concentration field. Figures
and axial velocity. The figure shows that both fluid velocities
diminish with a higher estimation of the magnetic parameter.
When the magnetic parameter value is increased, Lorentz
force appears, which enhances resistive force in the fluid flow,
and as a result, the fluid velocity is reduced. The upshot of the

influence of the buoyancy ratio parameter on swirl and axial
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FIGURE 6

(A,B) Variation in Ng (1) against 2 and Re, respectively.

velocity is discussed in Figures 2C,D. The figure shows that
axial velocity improves while swirl velocity declines with
growing estimation of the buoyancy ratio parameter, and
the same result is found for the mixed convection parameter
portrayed in Figures 2E,F. Physically, both buoyancy
movement forces and forced convection progress in the
same direction, boosting the values of the buoyancy ratio
parameter. Thus, because the buoyancy effect produces
resistive force to the rotation of fluid particles, the axial
velocity of liquid flow grows, while the swirl velocity
decreases. A relationship between the temperature and
thermal and solutal
3A,B. The fluid
temperature and concentration are both diminished with
effects.
Physically, the mass and heat transport in the fluid flow

concentration distribution via

stratification is observed in Figures

thermal and solutal relaxation parameter

are reduced with the dimensionless thermal and solutal
both the profiles
diminish. Figures 4A,B explore the upshot of thermal and

relaxation parameter; as a result,
solutal Biot number on temperature and concentration field.
Greater convection is caused by an increment in the thermal
Biot number, resulting in higher temperature and correlated
thickness of boundary layer. The same behavior is seen for the
solutal Biot number that is depicted in Figure 4B. The
response of the Eckert number on temperature and
Schmidt number on concentration profile is observed in
Figures 5A,B, respectively. If the Eckert number is strong,
the fluid components are more energetic due to energy
storage. As a an upsurge in fluid
temperature (see in Figure 5A). Figure 5B discloses the
of the Schmidt
distribution. It is seen that by boosting the values of S, the

result, there is

influence number on concentration
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Re=0.1,0.15,0.2,0.25

mass diffusivity is reduced, so the concentration profile
shrinks. The upshot of parameter of temperature variance
and Reynold number on entropy generation is demonstrated
in Figures 6A,B. In Figure 6A, it can be seen that the entropy
age diminishes along the temperature variance parameter,
although the Reynold number augments the entropy
generation described in Figure 6B.

4 Concluding remarks

In the present analysis, the mixed convection hybrid nanofluid
flow is discussed using a modified Fourier and Ficks law. Entropy
generation is calculated. Further, the influences of heat generation/
absorption, chemical reaction, Joule heating, and the thermal and
solutal Biot number are discussed. This analysis presents the
thermal characteristics of hybrid nanofluid, which presents
many novel applications in the thermal engineering, such as
nuclear reactions, heat exchangers, cooling and heating devices,
fission and fusion chemical reactions, coolant in machining and
manufacturing, thermal extrusion processes, and much more. The
bvp4c approach is utilized to solve the problem numerically. The
key findings of the present results are as follows:

> Axial and swirl velocities are reduced due to Lorentz forces
produced by higher magnetic parameters.

> The axial velocity of fluid flow is enhanced and the swirl velocity
is decreased with the buoyancy ratio parameter, as the buoyancy
effect generates resistive force to the rotation of fluid particles.

> The temperature field is a growing function of thermal Biot
number and the Eckert number but presents a diminishing
function of thermal relaxation parameter.
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> For larger values of the Schmidt number and solutal
relaxation, the parameter concentration field is reduced,
but for larger solutal Biot numbers, it is enhanced.

> Entropy generation is boosted with increased Reynolds number
and reduced with falling parameter of temperature difference.
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