Journal of the Vol. 41, Issue 3, pp. 287-312, 2022
Nigerian Mathematical Society (©Nigerian Mathematical Society

IMPACT OF ENTROPY GENERATION ON
HYDROMAGNETIC NANOFLUID FLOW
DISPERSED OVER A RADIATIVE VERTICAL
POROUS PLATE WITH NEWTONIAN HEATING

A. J. OMOWAYE AND O. K. KORIKO

ABSTRACT. Recently and over the years, the industrial ap-
plications of second law analysis is becoming famous. Hence,
this work intend to address the combined impacts of water-
based nanofluids, convective boundary state, thermal radia-
tion, magnetic field and second law of thermodynamics. The
governing equations that unravel the flow within the bound-
ary layer are provided. The transformed governing equations
are obtained by guided similarity variables, the transformed
equations are solved analytically by method of undetermined
coefficient. Entropy generation rate and Bejan number in
dimensionless form are obtained by deriving an expression
through the analytical solutions of temperature and veloc-
ity. The emerging parameters of the flow are: Bejan number,
Biot number, radiation parameter, entropy generation rate,
skin friction, Hartman number, suction, Prandtl, Nusselt and
Reynolds number. Also, the effects of these parameters are
presented in graphs and tables. In addition, Entropy genera-
tion are enhanced by Eckert number, radiation parameter, per-
meability parameter, suction , prandtl number and Brinkman
number for both copper and alumina water. Finally, the re-
sults of this work is compared with published work in the lit-
erature, this result is in consonant with this work.
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1. INTRODUCTION

The word nanofluid was coined and used by Choi (1995) to mean
dispersion of metallic or non - metallic nanoparticles of size less
than one hundred nanometer in base fluid that could be oil, water,
etc. This class of fluid gives an efficient lubricant, coolants for many
industry. Recently, nanoparticles has been an area of research in-
terest to many researchers due to its usefulness in biomedical and
applied sciences. It is interesting to note that when nanoparticles
are dissolved in a base fluid the mixture enhanced heat transfer
in a fluild. Khan and Pop (2010) reported the flow of nanofluid
on stretched sheet. Eshetu and Shankar (2014) carried out a nu-
merical study of heat, mass flows of viscous nanofluid on vertical
stretched sheet in a magnetic, thermal radiating environment; the
nanoparticles volume fraction reduced as a result of Lewis number.
Keblinski et al. (2002) investigated the process of heat movement
in a fluid containing particles which has a Nano-Sized in diameter.
Buongiorno(2006) conducted a study on the characteristics of heat
transferred effects on nanoparticles mass transfer in a nanofluid.
Sheikholeslami et al. (2015) proposed two phase model to study
the effects of radiation on nanofluid. Nanofluid pumping and ther-
mal power was carried out by Akbarzadeh et al. (2016) using the
sensitivity analysis. Zainal et al. (2020) investigated MHD hybrid
nanofluid flow with radiation in a moving permeable porous sur-
face. Finding showed that magnetic field and suction slow down
the movement of the fluid due to relationship between the electric
and magnetic field which brings about Lorentz force. While radi-
ation escalation enhanced the heat movement rate in the medium.
More so, dual solutions exist and the stability analysis on the solu-
tion revealed that only one of the solutions was physically useful.

The research on the influence of magnetic field is of great im-
portance in engineering at the same time in science. Ever since the
advent of Alfven (1942) who reported the usefulness of MHD in
many areas of study and field such as aerodynamics, Geophysics,
bearing, microelectronic devices, etc. The presence of MHD in the
Navier-Stokes equation of motion is only correct when we assumed
the magnetic Reynold number too small, hence induced magnetic
field is neglected. Omowaye (2016) provided an existence results
for a system of differential equations describing the flow of a re-
acting fluid in a porous plate under the influence of magnetic field.
Omowaye (2011) explored a steady MHD reacting convective fluid
flow in a bounded domain. The existence and unique of solutions
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were provided for the problem. Results showed that velocity in-
creased as a result of as Grashof number, Frank-Kamenetskii, and
Prandtl number.

Furthermore, for the design of any thermal systems to work
optimally, it is important to note that nanofluids can be used to
enhance the heat transfer rate at the same time the entropy gen-
eration need to be minimised (Bejan, 1996). It is a known fact
that during entropy generation, the amount of energy in the sys-
tem and thermal system decreases thereby diminishes the rate of
efficiency. When we considered the first and second laws of thermo-
dynamics, the first explained the principle of conservation of energy
while the second talks about irreversibility of all real process. The
irreversibility of a thermodynamics system can be measure by its
entropy generation rate vis and vis the energy increases while ex-
ergy decreases. The entropy production in a system is enhanced
by mass transfer, viscous dissipation, etc by virtue of interaction
at the solid surfaces (Woods, 1975). Also, the volume of energy
in a system is a function of entropy generation within the system.
Hence, when entropy generation is minimised, then heat systems is
optimised to get maximum heat transfer and there is drop in pres-
sure to the minima level. In an engineering process that can not be
reversed the entropy generated depreciates by virtue of irreversibil-
ities of the process. More so, the entropy generation is a measure
of quantitative irreversibilities as a result of thermodynamic pro-
cess. This is used as a condition for effective performance of en-
gineering equipments. In other words, it is looked at as a random
movement of molecules propagated in a fluid flow, mass and heat
transfer [Kish and Ferry(2017), Narayan et al. (2010), Datta et al.
(2016)]. Information on entropy generation in various thermal sys-
tem see [Bejan, 1995, Bejan, 1982]. Monaledi and Makinde (2019)
investigated the thermal performance of water-copper nanoparticle
shape with volume fraction and inherent irreversibility. The results
showed that volume fraction and nanoparticles shapes affected the
entropy generation. Zainal et al. (2020) investigated MHD hybrid
nanofluid flow with radiation in a moving permeable porous sur-
face. Finding showed that magnetic field and suction slow down
the movement of the fluid due to relationship between the electric
and magnetic field which brings about Lorentz force. While radi-
ation escalation enhanced the heat movement rate in the medium.
More so, dual solutions exist and the stability analysis on the solu-
tion revealed that only one of the solutions was physically useful.
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Sahoo and Nandkeolyar (2021) elucidated on entropy generated by
MHD Casson mixed convection flow of nanofluid and hall current in
contact with thermal radiation. Analysis showed that the Casson
parameter behaved as helping parameter in the temperature field
when viscous and Joule dissipation are not there. Also, for large
Brinkman number entropy generation increases rapidly. Finally, in
other to improve the effectiveness of the model a multiple regression
analysis was carried out for those physical quantities present in the
model.

Newtonian heating refers to movement of heat from the sur-
face of a plate, this heat is proportional to surface temperature.
However, over the years owing to the usefulness and industrial ap-
plications of Newtonian heating scientists, engineers has included
the condition in their respective studies. Oluwakuade, et al. (2019)
took Newtonian heating into consideration and explored a steady
reacting MHD convective fluid flow on a vertical surface. The ve-
locity and temperature of the fluid increased as a result of Biot
number. The effect of Newtonian heating on a boundary layer nat-
ural convective viscous fluid flow on a vertical surface was consid-
ered by Merkin (1994).Hussanan et al. (2013) reported Newtonian
heating influence on heat and mass transfer on a vertical plate,
the exact solution of the problem was obtained and the results of
the flowing parameters were provided graphically. Hussanan et al.
(2014) employed Laplace transform method to solve boundary layer
flow with Newtonian heating of a Casson fluid in contact with ther-
mal radiation. Vieru et al. (2014) provided an analytical results of
MHD Newtonian heating on mass diffusion in a stress shear viscous
convective fluid flow on an infinite plate. While Ramzan (2015) pre-
sented the influence of Newtonian heating on couple stress nanofluid
flow of MHD in 3-D in the presence of Joule heating and viscous
dissipation.

Therefore, fascinated and inspired by the applications of these
studies above, the present study will explore the impact of entropy
generation on hydromagnetic nanofluid flow dispersed over a radia-
tive vertical porous plate with Newtonian heating. Of particular
interest in this study is the analytical solution of the the problem
which serves as a check on asymptotic and numerical solution. The
present study will be compared with that of Ajala et al.(2019) in a
particular case. The physical characteristics of the flow parameters
are annotated in graphs for better understanding.
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2. FORMULATION

Suppose we consider a steady flow of an electrically conduct-
ing nanofluid flow dispense over a radiative infinite vertical porous
plate with Newtonian heating. Initially the plate is moving with
a velocity of Uj in its own plane while the axis -y is taken along
the flow as shown in figure 1. The nanoparticles and the base fluid
(water) are in thermal equilibrium and there is no slip condition. A
magnetic field By of uniform strength is applied normal to the flow
while the viscous dissipation is taken into consideration assume
magnetic Reynolds number to be small. Following the nanofluid
model of Ajala et al. (2019) and invoking the Boussinesq approxi-
mation. Then the governing equation is given as:

Mamaparicles
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Figure 1: Geometry of the flow.
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where wu; is the velocity of the fluid, 77 nanofluid temperature, v0
suction velocity, T, is the temperature at free stream, o, sthermal
diffusivity of nanofluid that is given as

klnf
Alpf = 2.5
! (pcp)ing (25)

tiny s the dynamic viscosity of the nanofluid, the nanofluid density
pins given in Brinkman(1952)

3((5

—1)¢

Ping = (1=E)ps+Eps Omf=0p |1+

Hing = (1_—2)25

(2.6)
the nano-particle volume fraction is £,pys, ps base fluid and solid
particle densities, o, o the base fluid and nano-particle of electrical
conductivity respectively and psviscosity of base fluid. While the
thermophysical properties of the base fluid and nanoparticles are
given in table 1.

Table 1: Thermophysical properties of base fluid and nanoparticles

(Oztop and Abu-Nada,2008)

(= +2 - (2%

9f

)

Physical properties H50 AlyO3 Cu
p(k/m?) 997.1 3970 8933
Cp(J/kgK) 4179 756 385
K(W/mK) 0.613 40 400
B(K™) 21X107° 0.85X107° 1.67X107°
Aminossa and Ghasemi(2019) define the nanofluid thermal conduc-
tivity as
kin ks + 2ky) — 26(ky — ks
g (Ks £ 2ky) = 26(ky — ks) (27)

kp (ks + 2kp) — E(ky — Ky)

¢, ) nanofluid capacitance is given by
PCp

(pcp) = (1 = &) (pep) s + E(pcy)s (2.8)
the subscripts in equ (2.5)- equ(2.8) are basic features of the base
fluid, nanofluid nano-particle.

The Roseland approximation is used to illustrate the radiative heat
flux, this is given in Fagbade et al. (2018) as

dQT o —40'1 dT14 -~ —160'1T30 d2T1

= ~ 2.9
dyy ki dy ki dyt 29)
Introducing non-dimensional variables
T — T
S e S (2.10)

Vy - Tf — Too Uo
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Substituting equations (2.5)-(2.10) into equations (1)-(3) we have

d*M dM
— SN M=k =0 211
gz~ STy M-k 1)
Tamg = STage +Ts (=) +TeM* =0 2.12
3dg2 4d§+5(dg)+6 ( )
where Ty = (=92°((1=8pstp:8) p _ (1-£)%5 1+(3%;—_1)5 H?2
1 = wy )+ 2 (%+2)+((%),1) a’
_ 1
kl - kug

(pcy) p EF2E) =28k k)
Ty =(1+ %N <(ks+2kf)—25(kf_ks)>)( PCp)f Thstaky)—&(k}—Fs) )

= — &(
(ks+2kg)—E(kg—ks) pr(l—¢+ (:Ccpp;sf)

. prEc o 3((p8/pf) _ 1)5 ) o
r = s T = (4 G 3 e =)
£)* Ha*Ec. where S the suction parameter, Pr Prandtl number,
Ha Hartman number, k; porosity parameter, N radiation parame-
ter, Ec Eckert number.
The boundary conditions are

M) =1 %@’(g — Bn(O(s) - 1) ¢ =0
’ (2.13)
M) =0 Ok) — 0 ¢ — o0 (2.14)

hy .
where Bn = ”J,;—ff is the Biot number.

3. METHOD OF SOLUTION

Equations (2.11) and (2.12) subject to equations (2.13) and
(2.14) are solved analytically using method of undetermined coeffi-
cient. The results are presented as

M(s) = e ™ (3.1)
®<§) = age_““ + a4€—2a1§ (32)
where ay, ...., a5 are defined in the appendix.

The skin friction coefficient Sy and Nusselt number Nn, are
parameters of interest to engineers they are given as:

S = v Nn, = — 2w (3.3)

pfu?u 7 kf(Tw —T)

8u1 a,Tl
= gy [ S w = —hing [ = 3.4

where
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using (2.10) in (3.3) and (17) yields

1 / Nnx 1, _ ks
=M 0 /ﬁmQ— 5 00
(3.5)

1
StRex R =

4. ENTROPY GENERATION

Following (Bejan(1996), Alboud and Saouli(2010), Monaledi and
Makinde(2019)), the rate of generation of entropy of a nanofluid,
when magnetic field, thermal radiation is presented over an infinite
vertical plate using the boundary layer approximations is given by

Sgen = @ (1+ 1601 T3, @) (dT1)2 L Honf <%)2 _i_anfﬁgu%

T2 Kk, k) \dy T \dy T,
(4.1)
The entropy generation rate due to characteristic length is given by
k(AT)?
So = 1272 (4.2)
Entropy generation in a dimensionless form can be expressed as
Syen Ao\’ Br (dM\? Br_
= = Reyl's | — I¢Rep— | — I'RepHa—M
Q@ S, €L3(dg)+66LQ(dg>+7€L )
(4.3)
2,2 2
where Rej, = LV;'“O Reynolds number, Br = :ffAUOT Brinkman number,
f
Q = % dimensionless temperature parameter, AT = (T} — T)

ks+2k p—E(k p—ks)
kes+2ky—2E(kp—ks)(1—£)25)

temperature difference, I'g =

3((22)-1)¢
— 7f
7= (1 + m)

we can rewrite equ (4.3) as
Q=P +P (4.4)

where P = Re;I's (%)%nd Py = FGReL% (%)2 +F7R6LHCL%M2
This implies P1 is heat transfer due to irreversibility while p2 is
entropy generation by the friction due to the fluid and the magnetic

field. Then the Bejan number is given as
1

Q  1+v
where ¢ = g—f is the irreversibilty ratio. We must remark here that
the irreversibility is major when ¢ > 1 while irreversibility due to

heat transfer is dominant for 0 < ¢ < 1. Finally, ¢ = lwhen

Be (4.5)
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irreverssibity due to heat transfer and friction are the same. It is
obvious from the above equation that Bejan number is between 0
and 1. The Bejan number will be the same as at the boundary when
Be=0 this implies irreversibilty is by heat transfer. Be=1 depicts
boundary at which irreversibility is dominated by friction in the
flow. It is equivalent at Be=0.5 when friction and heat transfer are
the same.

Table 2. Values of -M ' (0) for different values of S are compared with
results obtained by Ajala et al.(2019).

S - M'(0) k; = Ha=Bn=Re=0=0.1,Ec=0.01,Nr=1.0,Br=0.8,Pr=0.71
Ajala et al (2019) Present work

0.1 [1.7563 1.75633660

0.3 [1.8622 1.86218711

0.5 [1.9738 1.97382853

Table 3. Values of skin friction coeflicient and nusselt number at
various values of Hartman number

7 kn /
0.1 -1.756336596381 0.031403584884
0.3 -2.644176875511 0.238731853004
0.5 -3.2977565696451991 | 0.718920340300

5. ANALYSIS AND DISCUSSION OF RESULTS

The problem of impact of entropy generation on hydromagnetic
nanofluid flow dispersed over a radiative vertical porous plate with
Newtonian heating is explored in this work. Equations (2.11) and
(2.12) together with equations (2.13) and (2.14) are solved analyt-
ically by an efficient method called undermined coefficient. The
solutions of equations (3.1) and (3.2) are discussed and annotated
in graphs to infer the behaviour of emerging parameters in the
flow regime. The analytical solutions (3.1) and (3.2) are substi-
tuted into (4.3) where expression for entropy generation rate along
the vertical plate is obtained. Visible among the parameters are
prandt]l number, permeability parameter, magnetic parameter, FEck-
ert number, Bejan number, suction, radiation parameter, Reynolds
number, Brinkman number among others. Furthermore, values of
these parameters are carefully selected in conjunction with stan-
dard values of these parameters in the literature. Also, in both
cases of velocity and temperature profiles the dash line indicates
the copper water while the solid line indicate the alumina water.
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Also, to validate the present study in limiting cases, this work was
compared with Ajala et al(2019), the results we obtained in table
2 encourage us, in that this result is in agreement with that of the
published work Figures 2-8 elucidate the significance of the flow
parameters on the temperature and velocity variation during the
flow. The variation of permeability parameter on the velocity and
temperature profiles for both cases of copper and aluminia water
are depicted in figures 2 and 3. The velocity decreases as permeabil-
ity parameter increases for both copper and alumina water. This
indicates that more of the fluid are drainig away quickly from the
pores of the plate while the temperature of the fluid decreases as
permeability parameter increases, it is also observe that alumina
water retain more heat than the copper water. Figures 4 and 5 in-
dicate the variation in velocity and temperature plots for different
values of Suction/injection parameter. It is observed that increase
in Suction/injection parameter leads to drastic reduction in the mo-
mentum and thermal boundary layer for both Al,O3 — water and
Cu—water nanofluids. Figure 6 exhibits the influence of Biot num-
ber (Bn) on temperature distribution. The Biot number is defined
as the rate of change in temperature which is directly proportional
to the difference in temperature of the fluid and temperature of the
nanofluid. It is discovered that the Biot number is an increasing
function of the thermal boundary layer for both Al;O3 —water and
Cu — water nanofluids. The reason can be attributed to the fact
that the values of the Biot number in consideration are relatively
small (Bn < 1) and are thermally simple, due to uniform temper-
ature distributions that is applied to its body surface. The effect
of Eckert number (Ec) on temperature field is portrays in figure
7. The Eckert number is the ratio of flow’s kinetic energy to the
enthalpy. It is found that temperature of the flow decreases, this is
because of internal friction within the boundary layer which try to
retards the flow of heat in the system as in the case of AloO3—water
as well as C'u —water. Figure 8 illustrates the impact of Radiation
parameter (Nr) on the thermal field. It is obvious that increase in
Radiation parameter enhances the thermal boundary layer for both
Al,O5 — water and Cu — water nanofluids. Prandtl number (Pr)
influence on the temperature field is displayed in figure 9. It is ob-
vious that an increase in the Prandtl number propels the thermal
boundary layer for both Al,O3 — water and Cu — water nanoflu-
ids. This is due to the fact that higher Prandtl number implies
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enhancement in the thermal conductivity and the efficiency of heat
transfer system of the fluid.

The influence of some parameters on Bejan number are dis-
played in figures 9-17. Figure 9 illustrates the effect of Suction/injection
parameter (S) on Bejan number (Be). It is observed that the
Suction/injection parameter is an increasing function of the Be-
jan number due to heat transfer irreversibility dominance at the
Suction wall. The variation of permeability parameter (K7) on Be-
jan number (Be) is displayed in figure 10. It is found that the rise
in permeability parameter leads to value increase in Bejan number.
The reason can be attributed to heat transfer irreversibility domi-
nance over fluid friction irreversibility within the porous medium.
Also, this effect is more noticeable in the alumina water than copper
water. Figure 11 depicts the impact of Biot number (Bn) on Be-
jan number (Be). It is observed that biot parameter enhanced the
Bejan number. Physically, Biot number connotes the relative im-
portance of conduction and convection which determines the tem-
perature difference during convection and by conductive transport
rate it encourages heat transfer by irreversibility. Also, the alumina
water Bejan number is higher than that of copper water. The im-
pact of Eckert number (Ec) on Bejan number is shown in Figure
12. It is noticed that increase in Eckert number gives rise to in-
crease in Bejan number, which indicates the relationship between
enthalpy and flow kinetic energy of the fluid. Figure 13 expressed
the influence of thermal radiation parameter (Nr) on Bejan number
(Be). It is observed that the Bejan number is an increasing func-
tion of thermal radiation parameter, this is due to heat transfer
irreversibility dominance over entropy generation. Figure 14 dis-
plays the influence of Prandtl number (Pr) on Bejan number (Be).
It is observed that Prandtl number is an increasing function of the
Bejan number. This is as a result of heat transfer irreversibility
dominance over fluid friction irreversibility. Figure 15 shows the
effect of Brinkman number (Br) on Bejan number (Be). It is found
that the Brinkman number is a decreasing function of the Bejan
number which indicates reduction in heat transfer as a result of fluid
friction irreversibility dominance over heat transfer irreversibility.
Figure 16 displays the effect of dimensionless temperature param-
eter (2) on Bejan number (Be). The dimensionless temperature
parameter (€2) is an increasing function of Bejan number due to
extra source of heat coming to the system. Also, it encourages heat
transfer by irreversibility. Figure 17 shows the effect of Hartman
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number (Ha) on Bejan number (Be). It is noticed that increase in
Hartman number implies a rise in Bejan number for copper water
while it has little or no effect on alumina water.

The outcome of some pertinent parameter on the entropy gener-
ation rate are portray in figures 18-23. Figure 18 displays the effect
of Suction/injection parameter (S) on entropy generation rate (Q).
It is noticed that increase in the Suction/injection parameter gives
rise to generation rate. This is as a result of Suction on the fluid sys-
tem encourages entropy generation. Figure 19 shows the influence
of permeability parameter (K;) on entropy generation rate (Q).
It is discovered that the permeability parameter is an increasing
function of the entropy generation rate. Also, the entropy gener-
ation rate is higher in copper water between 0<Q<0.5 while that
of alumina water is higher between 0.5<Q<1. Figure 20 illustrates
the effect of Eckert number on entropy generation rate (Q). It is
noticed that there is an overlapping both in the profiles of copper
and alumina water between 0<Q<0.5, also the entropy generation
is higher in copper water at the initial stage than alumina water.
Between 0.5<Q<1 the entropy generation rate for alumina water
is higher than that of copper water. Figure 21 depicts the impact
of thermal radiation parameter on entropy generation rate (Q). It
is found that increase in thermal radiation parameter is to increase
entropy generation rate this can be attributed to increase in radia-
tion emission. It is observed that the profiles of copper and alumina
water supper imposes between 0.3<Q<0.5 beyond this region that
is Q= 0.5 the entropy generation rate for alumina water is higher
than that of copper water. The effect of Prandtl number (Pr) on
entropy generation rate (Q) is displayed in figure 22. It is noticed
that an increase in Prandtl number makes the entropy generation
rate to increase due to entropy generation dominance over fluid
friction irreversibility. The figure also portray that entropy gen-
eration rate is well pronounced in alumina water in terms of the
Prandtl number than any other parameter. Figure 23 illustrates
the influence of Brinkman number on entropy generation rate (Q).
It is noticed that increase in Brinkman number value increases en-
tropy generation rate. Furthermore, the entropy generation rate is
higher in copper water than alumina water more so, their entropy
rate is very close between 0<Q<0.3 and try to converge at the
free stream. Table 3 shows the effect of Hartman number on the
skin friction and Nusselt number as Hartman number increases the
Nusselt number increases while the skin friction decreases. Table 4
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portrays the Bejan and entropy generation rate together with var-
ious fluid conditions and fluid properties. It is obvious that both
Bejan and entropy rate decreases for both alumina and copper wa-
ter when suction, permeability parameter, Eckert number increases
while the reverse is the case for biot number, radiation parameter
and Prandtl number.ix

6. APPENDIX

Sy1+4/((S71)2 +4(v2+k1)) S
ay = Vi B ay = —(az + as),ay = —:a5 =

3
kp
 (a3ts) (55 Bi(6(0)-1))+2a105
4”/3&%4—20,15’ 3 — —ay
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Figure 2: Variation of velocity
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Figure 10: The Bejan number Figure 12: The Bejan number
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Table 4: Variation of flow conditions and fluid properties on Bejan
and entropy generation rate.

S |k |Bn|Ec |Nr|Pr|Br|Q |Hal|Re| AlsOswater Cu-water

Be Q Be Q

0.1 0.5647 | 0.5647 | 0.0568 |0.0568

0.3 0.1782 | 0.1782 | 0.0174 | 0.0174

0.5 0.0981 |0.0981 |0.0981 | 0.0091

0.1 0.5647 | 0.5719 | 0.0568 |0.0572

0.3 0.5066 | 0.5685 | 0.0542 | 0.0571

0.5 0.4062 | 0.5647 | 0.05041| 0.0568

0.1 0.5647 | 0.5647 | 0.0568 | 0.05668

0.3 0.6720 | 0.6720 | 0.0676 | 0.0676

0.5 0.7793 | 0.7793 | 0.783 | 0.0783

0.01 0.5647 | 0.5647 | 0.0568 |0.0568

0.03 0.4635 | 0.5141 | 0.0482 | 0.0547

0.09 0.3623 | 0.5141 | 0.0396 | 0.0525

1.0 0.5647 | 0.5647 | 0.0568 |0.0568

3.0 1.2202 | 1.2202 | 0.1238 | 0.1238

5.0 1.8756 | 1.8756 | 0.1908 | 0.1908

1.5 0.5647 | 0.5647 | 0.0568 | 0.0568

3.0 1.0961 | 1.0961 | 0.1129 |0.1129

4.5 1.5940 | 1.5940 | 0.1682 | 0.1682

0.8 0.5647 | 0.5647 | 0.0568 |0.0568

0.9 0.5647 | 0.5647 | 0.0568 | 0.0568

1.0 0.5647 | 0.5647 | 0.0568 |0.0568

0.1 0.5647 | 0.5647 | 0.0568 |0.0568

0.3 0.5647 | 0.5647 | 0.0568 |0.0568

0.5 0.5647 | 0.5647 | 0.0568 | 0.0568

0.1 0.5647 | 0.5852 | 0.0568 | 0.0587

0.3 0.5101 | 0.5772 | 0.0521 |0.0580

0.5 0.4172 | 0.5647 | 0.0444 | 0.0568

0.02 0.5647 | 0.5647 | 0.0568 | 0.0568

0.06 0.5647 | 0.5647 | 0.0568 | 0.0568

0.10 0.5647 | 0.5647 | 0.0568 | 0.0568
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7. CONCLUDING REMARKS

This study presents an analytical solutions for the problem of
impact of entropy generation on hydromagnetic nanofluid flow dis-
persed over a radiative vertical porous plate with Newtonian heat-
ing. The main findings are summarized as follows:

-Entropy generation are enhanced by Eckert number, radiation pa-
rameter, permeability parameter, suction , prandtl number and
Brinkman number for both copper and alumina water.

-Entropy generation decreases by temperature parameter.

-Bejan number decrease as Brinkman increase for both copper and
alumina water.

-Bejan number increases as Eckert number, radiation parameter,
permeability parameter, suction, prandtl number and Brinkman
number for both copper and alumina water.
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NOMENCLATURE
p-10 p.80 ay, as, as Constants

Be Bejan number

Bn Biot number

Br Brinkman

Cp Specific heat at constant pressure
Ec Eckert number

Ha Hartman number

hy Convective heat transfer coefficient
K Permeability of the medium

k* Absorption coefficient
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kiny Thermal conductivity of the nanofluid
k¢ Thermal conductivity of the fluid

ks Thermal conductivity of the solid

ky Porosity parameter

L Characteristics length

M Dimensionless velocity

Nn Nusselt number

Nr Radiation parameter

Pr Prandtl number

P, Heat transfer due to irreversibility

P, Entropy generation by the friction

QQ Dimensionless entropy generation rate
¢w» Heat flux

¢- Radiative flux

Re Reynolds number

S Suction/injection

Sgen. The rate of generation of entropy

So Entropy generation rate due to characteristic length
Sy Skin friction

Ty Reference temperature
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Ty1 Temperature
Ty Fluid temperature
T, Ambient temperature
u; Velocity along x axis
up Reference velocity
U, Velocity along the wall
v Velocity along y axis
Greek
a1ns Thermal diffusivity of nanofluid
Bo Coefficient of volumetric expansion
o1ns Electrical conductivity of the nanofluid
oy Electrical conductivity of the fluid
os Electrical conductivity of the solid
pins Density of the nanofluid
ps Density of fluid
ps Density of the solid
finy Dynamic viscosity of the nanofluid
¢ Volume fraction
vins Kinematic viscosity of the nanofluid

Tw Shear stress at the wall
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g Constant

) Dimensionless temperature parameter

© Dimensionless temperature

¢ Irreversibility ratio
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