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Abstract: In this article, we analyze the entropy analysis
in unsteady hydromagnetic flow of a viscous fluid over a
stretching surface. The energy attribute is scrutinized
through dissipation, heat source/sink, and radiation.
Furthermore, diffusion-thermo and thermo-diffusion
behaviors are analyzed. The physical description of the
entropy rate is discussed through the second law of ther-

cation in drag force is noted through the Forchheimer
number. Higher estimation of radiation corresponds to a
rise in the heat transfer rate.

Keywords: Darcy-Forchheimer model, entropy genera-
tion, viscous dissipation, heat source/sink, chemical reac-
tion, thermal radiation and Soret and Dufour effects

modynamics. Additionally, a binary chemical reaction is Nomenclature
considered. Partial differential equations are transformed )
into ordinary ones by adequate variables. Here, we used * dens1t¥ o
an optimal homotopy analysis method (OHAM) to develop H dynamic viscosity
a convergent solution. The influence of flow variables on ¢ electrical conductivity
velocity, Bejan number, thermal field, concentration, and v kinematic viscosity
entropy rate is examined through graphs. The physical A porosity variable
performance of drag force, Sherwood number, and tem- y reaction variable
perature gradient versus influential variables is studied. A % temperature difference variable
similar effect holds for velocity through variation of por- % concentration difference variable
osity and magnetic variables. An increment in thermal Tw shear stress
field and entropy rate is noted through radiation. A reverse A unsteady variable
trend holds for the Bejan number and thermal field Be Bejan number
through a magnetic variable. An augmentation in the Br Brinkman number
Soret number enhances the concentration. An amplifi- ¢ concentration
Coo ambient concentration
Cp drag force
Cx drag force
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Ng entropy rate

Nu, Nusselt number

Pr Prandtl number

Qw heat flux

Rd radiation variable

Sc Schmidt number

Sh, Sherwood number

Sr Soret number

o* Stephan-Boltzman constant
T temperature

Teo ambient temperature
T mean fluid temperature
T, wall temperature

-

x =
< <

velocity components
Cartesian coordinates

1 Introduction

The Dufour effect (thermo-diffusion) is the mechanism in
which heat transfer occurs under a concentration gra-
dient (mass). In contrast, the Soret effect (diffusion-
thermo) is the process in which solutal transfer occurs
under a temperature gradient. Thermo-diffusion and dif-
fusion-thermo play a substantial role when there is high
density difference in the liquid flow region. These effects
are effective in combined solutal and thermal transport in
the binary system for transitional nuclear weight gases.
Consequently, in the modern area, various engineers,
scientists, and researchers have concentrated their atten-
tion on Dufour (thermo-diffusion) and Soret (diffusion-
thermo) effect problems because of their widespread
applications in different fields such as nuclear waste
repositories, drag reduction, energy storage units, heat
insulation, plasma actuators, catalytic reactors, geothermal
systems, energy systems, drying technology, and many
others. The heat transfer effect in hydromagnetic non-
Darcian convective flow of a viscous liquid subjected to
a porous medium with thermo-diffusion and diffusion-
thermo effects was discussed by Mahdy [1]. The unsteady
hydromagnetic flow of viscous liquid with Soret and
Dufour effects toward a stretchable surface was discussed
by Raveendra et al. [2]. Khan et al. [3] conducted the
entropy analysis of viscous liquid flow with Dufour and
Soret effects over a rotating cone. Reddy and Chamkha [4]
studied the variable heat source/sink in time-dependent
viscous liquid flow subjected to a permeable surface with
diffusion-thermo and diffusion-thermo effects. Also, useful
studies in this field can be found in refs. [5-13].
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Radiation has a considerable impact on the heat
transit phenomenon in electrically driven flows over any
surface. Radiation is regarded as a decisive parameter in
controlling the heat transfer rate used by processes invol-
ving high temperatures. On the other hand, because of its
comprehensive applications, the Joule heating effect,
which occurs due to interactions between fluid particles,
has maintained prominence. Due to its resistive heating
property, Joule heating is utilized in nuclear engineering,
electrical appliances, iron soldering, glycol vaporizing,
and many more applications. In the manufacturing industry,
the flow of radiation heat transfer is critical for the design of
reliable machinery, gas turbines, nuclear power plants, and
a variety of propulsion technologies, such as, satellites, air-
craft, and space vehicles. Mahanthesh et al. [14] worked on
radiation analysis of a hybrid Al,0s—-H,0 nanoliquid by a
vertical plate. The forced convective hydromagnetic flow of
hybrid nanomaterials with the radiation effect was illumi-
nated by Sulochana et al. [15]. Numerous researchers [16—-30]
elaborated, in their studies, on the significance of radiation
and its effect on fluid flow.

Nowadays, the essential concern of engineers and
researchers is to determine the mechanism that can manage
the consumption of good energy. It is a well-known fact that
all thermal devices work on the thermodynamics principle
and produce an irreversibility phenomenon. Entropy mini-
mization is necessary to enhance efficiency of thermodyna-
mical systems such as refrigerators, power plants, thermal
storage devices, environmental control of aircraft, heat
exchanger design, and electronic device cooling systems.
Irreversibility analysis problems have gained more consid-
eration due to astonishing applications in power collec-
tors, fuel cells, slider bearings, geothermal processes,
engineering phenomena, geothermal energy systems,
and advanced nanotechnology. Entropy generation occurs
through the Joule-Thomson effect, fluid friction, thermal
flux, Joule heating, molecular vibration, mass flux, radia-
tion, and many other effects. Bejan [31,32] discussed theo-
retical work on entropy problems in fluid flow with thermal
transportation. Khan et al. [33] performed the entropy and
melting analysis for the hydromagnetic flow of nanoliquid
with radiation over a stretchable surface. Irreversibility
analysis of the Darcy-Forchheimer flow of CNT-based
nanomaterials with Lorentz force over a porous surface
was studied by Seth et al. [34]. Entropy analysis of the
hydromagnetic flow of a power-law fluid with Dufour and
Soret behaviors in a permeable cavity was highlighted by
Kefayati [35]. Some important studies in this field are
highlighted in refs. [35-45].

The above-mentioned evaluations indicate that no
effort has been made to investigate the effect of entropy
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on time-dependent Darcy—-Forchheimer flow of a viscous
fluid with Lorentz force over a permeable surface. Yet, in
recent times, numerous researchers have scrutinized the
Soret and Dufour effects in viscous liquid with entropy
rate over a permeable surface. Here, the prime objective
of this work is to address the aspects of irreversibility
analysis of Darcy—-Forchheimer flow of a viscous fluid
over a stretching permeable surface. Heat communica-
tion is discussed with dissipation heat source/sink and
radiation. Furthermore, Soret and Dufour behaviors are
also addressed. The physical description of irreversibility
analysis is given. The first-order reaction is considered.
Ordinary differential systems are obtained through ade-
quate variables. Here, we used the optimal homotopy
analysis method (OHAM) to construct a convergent solu-
tion [46,47]. Significant impacts of sundry variables on
entropy rate, velocity field, thermal field, Bejan number,
and concentration are graphically discussed. The influ-
ence of flow variables on drag force, concentration gra-
dient and Nusselt number are studied. A comparison
study with published studies is highlighted in Table 1,
which shows an excellent agreement.

2 Methodology

Consider time-dependent hydromagnetic Darcy—Forchheimer
flow of a viscous fluid over a permeable surface. Dissipation,
heat source/sink, and radiation are considered in the heat
expression. Thermo-diffusion and diffusion-thermo effects
are also addressed. The physical feature of entropy analysis
is discussed through the second law of thermodynamics.
The first-order reaction rate is also taken into account.
The magnetic force of strength (B,) is incorporated. Let us

suppose thatu (=uW = (lf—xm) is the stretching velocity with

a positive rate constant. The induced magnetic field is
neglected due to the low magnetic Reynolds number. The
flow sketch is highlighted in Figure 1.

Table 1: Comparative results of heat transfer rate with [46,47]

Pr Wang [46] Gorla and Sidawi [47] Current result
0.07 0.0656 0.0656 0.0655
0.20 0.1691 0.1691 0.1692
0.70 0.4539 0.4539 0.4540
2.00 0.9114 0.9114 0.9115
7.00 1.8954 1.8954 1.8953
20.00 3.3539 3.3539 3.3538
70.00 6.4622 6.4622 6.4623
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Figure 1: Flow diagram.

The governing equation satisfies

a_u + a_v = O,
ox oy
2 2
a_u+ua_u+va_u: a_u_O_BO _Ku_Fuz’
ot ox dy dy? p K
3T 3T 3T T Duky d%C
- — +V— = - R
ot ox dy ay? Gy Oy?
A (u) 8 om ot
(pcp)\ 9y 3 k*(pcy) dy?
+ Do),
(pcp)
oc 8¢, o€ ¥C  Duky T
o ox  dy  "oy2 T, oy?
- ky(C - Cs)-

For t > 0, we have

u=u,, v=0, T=17,, C=C, aty=0
u—0, T=T,, C=Cx wheny—oo |

Considering

u= (1_M)fl(l’l), V=- (1_At)f(rl)9
T = Too + Tw[m]e(ﬂ), y

X v

one obtains

Fr - F - S - M+ A DF - B =0,
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(4)

®)

(6)

@)



878 —— Yun-jJie Xu et al.

(1+Rd)8" + Prf0' — Prf'0 - Pr no’

(8)
- 2Pr AG + PrDu¢” + Pr ch"2 +PrQo=o0,

@' + Sfp - Scf'$ - Zscng
— 2ScA¢ + ScSr8" - yScg = 0,

f(0)=0, f'(0)=1, 6(0)=1, ¢(0)=1} (10)
f'(c0) =0, 6(c0) =0, P(c0) =0 :

)

Here, dimensionless variables are A(:A), A(z%),

_oB31-At) _ DmKrCy 2vex
M(_ ; _),Df(__vcscprw) r(=2),Fr(=2%), Ec( Twcp)’

&
Br(=Pr Ec), Rd(z;6 = ), Sc(=DLm), A(:krﬂ;/\t))’ and

(-

DyKrTy
vCywTn

2.1 Entropy generation
Entropy generation is defined as [33-39]

ok 16 0*T3, oT u (ou Hooo
Sg = (1+ 3 )(ay) + Too(ay) +KTmu

T2, kk
, (11)
AT dC Rp
(ay EW) Coo ( )
One can find
Ng = ay Re(1+Rd) 6 + %Brf”z
(12)

+ %/\Brf’z + LRe®'¢’ + L ReZ2¢p'2.

461

The Bejan number (Be) is mathematically written as
follows:

Heat and mass transfer irreversibility

Be = Total irreversibility I
or
Ng = a;Re(1+Rd) 8'2 + L Ref'¢p’ + L Rei—f(ﬁ'z
Be = N; = qRe(1+Rd)0'? + %Brf”2 + %ABrflz L4

+LRef'¢p’ + L ReZ—fd)’z

in which dimensionless parameters are NG(

oa(:%), (Xz(Ié) and L(=7R"(C"k = )

SevZ(1 - At)3 T
kexT, ’

2.2 Quantities of interest
2.2.1 Surface drag force

Surface drag force is defined by

Ci = T—W,
pu,
T,, shear stress satisfy
_du
w = }45 o
We have
CaRe} = f7(0).

2.2.2 Heat transfer rate

(%)

and g, heat flux is given by

Mathematically

Nu, =

-0 ( w )
kT, \c v

(6T) 16 o*T2, ( OT
qW = k - =~ ]
0z 3 k* \oy
one can find

Nu,Re;"/2 = —(1+Rd)#'(0).

2.2.3 Mass transfer rate

Mathematically
2
Shy = (Z—V)
c

and j,, mass flux is
oC
=-D,|—=
m( GY)

Sh,Re;'/? =

(1—/\t)(2_v).
D,.Cy \ ¢ T

or

-¢'(0).
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2.3 Solutions

Linear operators and initial guesses for OHAM satisfy

o) =1-e™,
Bo(n) = e, , (24)
¢0(rl) =e,
-9 _2
f= o o
aZ
LG = a_rlz -1, (25)
2
Ly = Ba_r[z -1,

with

Ly = [ao + @e + ae™], Ly = [aze” + a4e"7],}’ )

Ly = [ase™ + age™],

here a; (i = 0, 2, 3, ..., 6) signify the arbitrary constants.
Suppose that k¢, hg, and hy are auxiliary variables
and g € [0, 1] the embedding variable.

2.3.1 Zeroth-order deformation problems

It is given by
(1 - p) Li[F(; p) - fo(D] = phyReLe[F(n; p)],  (27)
(1 = p) Lo[6(n; p) — Oo(1)] = pheReLelO(n; )], (28)
(1 - p) L3[p(n; p) = po(M)] = phgReLelPp(n; p)1, (29)
F'(0;p) =1, F(0O;p) =0, F'(co; p) =0

8(0; p) = 1, (30)
B(c0; p) =0, P(0; p) =1, ¢(co;p) =0

Linear operators are defined as

aF(n p) _ A ¥F(;p)

°F
Ly = “52 + F(1; p) -
9F(11; p) 9F(n; p)
_( an ) _A( an ) (1)
B M(aF(n; p)) B A(BF(U; p>) B Fr(aF(n; p) )2
an an an ’
20(n; 20(n; 0(n;
Lyp=" ;Zzp) + Ra2 ;”zp) + Pr(F(n;p) 0 p) (3,,’7))
) 0(n;
_ pr(e(n p) p)) ?Pm (gnm -

- 2Pr A6(n; p) + PrDp~ 2L 22 ‘p(” 12 PrEc(aF(Z p))

+ PrQo(n; p),

L, = aqs(Z n SC(F(U p) 2 p>)

- Sc( g1 p) FEL)

= 2S¢ A¢(n; p)

+ ScS§,

9%0(; p)
on?

ch

-y Scp(n; p)

2.3.2 M-th order deformation problems

M-th order problems satisfy

Lilfn = X fn-1
Lz[em

Lo,

R} = ”’1+me1kf"—— y

- Zf,’nflfkflz — Mfjy — Afty — Mgy b
k=0

m-1

= ¢m|'1:00 =

n=0

- Fr ) fooifio

k=0

- Xmem—l] =
~ Xn®Pm1l = heRE,

= fmlp=0 =
=0 mi

m-1

= FlfR,ﬁ,

fm

heRS,

on n=co

-0 = 0m|rz=oo = 0’

0,

f = (1+Rd) B7,_; + Pr ). frn 146

m-1

k=0

- Pr z Om-1-1 fic %Pr N0n_1 ~

k=0

m-1

=0,

6¢(n p)

N

2Pr AByy 4

+ PrDy)  + BrY fryifi +PrQ6ny,

k=0

m-1 m-1
RE = +SCY furid) —SC) v ifi
k=0 k=0

A
- 3SC rl¢r:1—1
+ScS,0) -

|

1°

0,
17

- 2S5cA¢,,_,
ySco,,_

m<1,

m> 1.
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33)

(34)
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@37
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2.4 Convergence analysis

Initially, Liao [44] gives the concept of residual errors

k m
eh=——Y Nf(Zf(()] , (42)
k+12 pard iy

) 2

Em = ! Y Na(Zf((), ZO(C)) ,  (43)
k+17 pard fard it
) 2

ed = kl 12 Nd{Zf((), 2.8, Zfﬁ(()) , (44)

*t1io j=0 j=0 j=0 _—

2

The total squared residual error is given by [45]

eh=el +el+e?,

(45)

here, ¢/, signifies a total squared residual error.

Figure 2 is drafted to analyze the total squared resi-
dual error. Computational results for an individual aver-
aged squared residual error are demonstrated in Table 2.

error

0.01

Total residual error

Figure 2: Total residual error.

Table 2: Numerical outcomes for individual averaged squared
residual errors

m. g & 34

2 0.0000928964 0.000319415 0.000174965

4 4.09845 x 1078 8.06756 x 1077 8.02567 x 1077
8 1.01823 x 107%° 4.68889 x 107° 1.07665 x 107°
10 1.40314 x 1071 1.21154 x 1071° 1.00124 x 10~°
14 1.66145 x 10723 5.69654 x 1071 2.72124 x 107
18 2.07356 x 107 9.94564 x 1072 3.87564 x 1071
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Here, the obtained results indicate an excellent
agreement.

3 Discussion

The physical impact of influential variables on the
velocity field, entropy rate, thermal field, concentra-
tion, and Bejan number is scrutinized. The influence
of flow variables on physical quantities is graphically
studied.

3.1 Velocity

The The influence of velocity on the variation of the
porosity variable is shown in Figure 3. A manifestation
in the porosity variable augments the viscous force,
which enhances resistance in the flow region. Thus, the
velocity diminishes. The physical feature of the velocity
against the Forchheimer number is examined in Figure 4.
Here, the velocity decreases with a higher Forchheimer
number. An increase in the magnetic variable rises the
Lorentz force, which improves disturbance to liquid flow,
and consequently, declines the velocity (Figure 5). Figure 6
presents the influence of the unsteadiness variable on velo-
city. One can find that velocity is the decaying function
of (4).

I . . —
1.0t
0.8+ 1=0.2, 0.4, 0.6, 0.8
R 0.6}
T 04}
02
0.0 M
0 1 2 J ! : ‘
n

Figure 3: f'(n) via A.
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1.0} 1.0
0.8} 0.
0.6l Fr=0.1,0.5, 0.9, 1.3 A=0.1,0.4,0.7,1.0
= 0.6
T 04f S
0.4r
0.2t
0.2
0.0t o
0 1 2 3 4 ) 0.0k L
1 0 1 2 3 4 S
Figure 4: f'(n) via Fr. N

M=1.0, 2.0, 3.0, 4.0

20 |
N+

0 1 2 : 4

Figure 5: f'(n) via M.

3.2 Temperature

Prominent effects of influential variables like Rd, Du, M, and
Ec on the thermal field are demonstrated in Figures 7-10.
The impact of thermal field on radiation is portrayed in
Figure 7. In fact, radiation is the combined effect of heat
and thermal radiation transfer rates. Thus, an increase in
radiation augments temperature. The prominent effect of
M on the thermal field is drafted in Figure 8. Physically, an
amplification in magnetic variable produces more resis-
tance, which rises collision between liquid particles. Thus,
an improvement in temperature is seen. A physical descrip-
tion of temperature versus Dufour number is disclosed in

Figure 6: f'(n) via A.

0.8}

Rd=0.3,0.6, 0.9, 1.2
0.6¢

o)

0.4f

0.2}

0.0t

Figure 7: 6(n) via Rd.

Figure 9. Clearly, temperature boosts up for a higher Dufour
number. The thermal field performance against the Eckert
number is shown in Figure 10. An increase in Eckert's number
increases the kinetic energy, which enhances temperature.

3.3 Concentration

Variation of flow variables like Sc, y, and Sr on concen-
tration are displayed in Figures 11-13. The influence of
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M=1.0, 2.0, 3.0, 4.0

Figure 8: 6(n) via M.

T T T 1 T I.
T x
08}
Du=0.1, 05,09, 1.3
0.6}
04l
02
0.0}
0 1 2 3 4 5
N

Figure 9: 6(n) via Du.

the Schmidt number on ¢(n) is shown in Figure 11. A
reduction occurs in mass diffusivity with the Schmidt
number, which declines the concentration. Higher approx-
imation of reaction variables diminishes the concentration
(Figure 12). The prominent variation in the concentration
against the Soret number is disclosed in Figure 13. An
increase in the Soret number corresponds to a decline in
the concentration.

Y ) - |
10[ “
08l \
Ec=0.1,0.3,0.5, 0.7
06|
04l
02
0.0[
0 1 2 x 4 5
]

Figure 10: 6(n) via Ec.

Se=0.1, 0.3, 0.5, 0.7

Figure 11: ¢(n) via Sc.

3.4 Entropy optimization and Bejan number

The influence of radiation on Be and N; is shown in
Figures 14 and 15. An intensification in both Bejan number
and entropy rate is noticed with radiation. In fact, an incre-
ment in radiation increases the emission of radiation, which
enhances disordering in the thermal system. Therefore,
the entropy rate enhances. Figures 16 and 17 sketch the
influence of the porosity variable on (Be) and (Ng). A
reverse trend holds for the Bejan number and entropy rate
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0.6 y=0.1,0.4,0.7, 1.1

L5 Rd=0.5, 1.0, 1.5, 2.0

Figure 12: ¢(n) via y.

Figure 14: N via Rd.

Figure 13: ¢(n) via Sr.

through the porosity variable. Figures 18 and 19 interpret
the Brinkman number effect on Be and N;. An opposite
effect is noted for (Be) and (Ng) versus the Brinkman
number. An increase in the Brinkman number increases
viscous force, which improves collision between liquid par-
ticles. Thus, the entropy rate enhaces.

3.5 Physical quantities

The influence of sundry variables on drag force, gradient
of temperature, and Sherwood number is studied.

T = |
1.0t .
0.8
Sr=0.1,0.5, 0.9, 1.3
06
S04}
03— Rd=0.5, 1.0, 1.5,2.0
0.2 N
0.3_//‘
0.0, , . ‘ ———
" g 0.].”‘ . L L =
0 1 2 ‘ 4 g 0.0 05 1.0 15 20
]] 0

Figure 15: Be via Rd.

3.5.1 Skin friction

The influence of porosity and magnetic variables on drag
force is demonstrated in Figure 20. An increment in drag
force is seen with variations in magnetic and porosity
variables.

3.5.2 Nusselt number

Figures 21 and 22 elucidate the performance of the
Nusselt number via involved variables. An increase in
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1.5F ‘ ' ‘ 3.0 . ; ; :
2.5
1.0 1=0.2,0.6,1.0, 1.4 70 Br=0.0, 0.3, 0.6, 0.9
15 u
2 A\
1.0
o o
0.5 by
\
0.0 . 1 ) ;
I 0.0 05 1.0 15 20
. . U
Figure 16: N via A.

0.56¢

0.54

0.52
v 0.50¢
M

0.48

0.46} —*
0.44}

0.42L , . ‘ e
0.0 0.5 1.0 1.5 2.0

Figure 17: Be via A.

heat transfer rate is observed under magnetic and
radiation effects. A reverse trend holds for the tempera-
ture gradient with the Prandtl number and Brinkman
numbers.

3.5.3 Sherwood number
Figure 23 shows the effect of Soret and Schmidt numbers

on the Sherwood number. An improvement in the mass
transfer rate is seen with Sr and Sc.

Figure 18: N via Br.

e e e e e e e e e e 1

Br=0.0, 0.3, 0.6, 0.9

0.8

206

Figure 19: Be via Br.

4 Conclusions

The main points of the present study are listed below:

¢ A reduction occurs in the velocity profile via unsteadi-
ness and porosity variables.

e The velocity profile decreases with the Forchheimer
number.

¢ An opposite effect on thermal field and velocity is noted
through the magnetic variable.
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0 1 2 3 4 5 6
M
Figure 20: Cy via M and A.
4t
A
pAR | o
- W oo~ *
> O
2 Rd=0.5, 1.0, 1.5, 2.0
4
0 1 2 3 4 5 6
M
Figure 21: Nu, via Rd and M.
4t
> O
Sl Pr=0.1,0.5,0.9,1.3
-4}
0 1 2 3 s 5 6
M

Figure 22: Nu, via Br and Pr.

diffusion effects =—— 885
4l |
“_‘/'/
o) ’ — ¢ -
2 . e . _:__._—0——‘*"'—
- o—-o——

= 0

Sc=0.3, 0.6, 0.9, 1.2

4}

0 1 2 3 4 5 6
Sr

Figure 23: Sh, via (Sr) and (Sc).

¢ An increase in the thermal field is seen through radia-
tion.

¢ A higher Dufour number boosts up the thermal field.

¢ An increment in the Eckert number improves the thermal
field.

e Concentration reduces with the Schmidt number.

¢ A reduction in the concentration occurs for reaction
variables.

¢ Anincrease in the Soret number decreases the concentra-
tion.

¢ Higher radiation improves Bejan number.

e An augmentation in entropy rate is noticed through
porosity variable.

¢ An opposite effect on the Bejan number and entropy
rate is noted through the Brinkman number.

¢ An increase in drag force is noticed through magnetic
variable.

¢ Higher radiation increases the heat transfer rate.

e Mass transfer rate increases with a higher Soret number.
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