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HIGHLIGHTS

e Here mixed convective entropy optimized flow of viscous material is addressed.

¢ Flow is saturated via Darcy-Forchheimer porous medium.
e Total entropy rate is calculated through second law of thermodynamics.
o Two different types of hybrid nanofluid are considered.
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ABSTRACT

In this research, communication, mathematical modeling and numerical simulation are
presented for the steady, incompressible two-dimensional Darcy-Forchheimer nanofluid
flow of viscous material towards a stretched surface. The flow is generated due to
stretching surface and saturated through Darcy-Forchheimer relation. The radiative heat
flux and viscous dissipation effects are utilized in the modeling of energy expression.
Second order slip and convective condition are imposed at the stretchable boundary for
velocity and temperature respectively. A total entropy rate, which depends three different
types of irreversibilities i.e., heat transfer, fluid friction and Darcy-Forchheimer relation or
porosity are calculated via the second law of thermodynamics. Here Silicon dioxide and
Molybdenum disulfide are considered as nanomaterials and water as base fluid. The
boundary layer approximation concept is used to model the governing equations of mo-
mentum and temperature. Appropriate similarity transformations are used to alter the
governing equations into ordinary ones and numerical results are obtained via Built-in-
Shooting method. The obtained results are compared with existing work and noticed to
be in excellent agreement. Behavior of pertinent flow parameters is discussed graphically
on the velocity, temperature, Bejan number and entropy generation for both nanoparticles
(Silicon dioxide, Molybdenum). Furthermore, the skin friction coefficient (surface drag
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force) and heat transfer rate (Nusselt number) are discussed in the presence of slip pa-
rameters and stratification parameter. It is noted from the obtained results that entropy
generation rate enhances for higher Brinkman number and temperature decreases against

higher values of stratification parameter.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Entropy generation minimization (EGM) have wide range of
applications in heat transfer and fluid mechanics. EGM is done
to improve and optimize the flow regime along with operating
conditions to get the better results and to enhance the per-
formance of operating system. In case of microsystems the
condition is very complicated because the entropy is gener-
ated due to heat transfer and the flow of viscous fluid which
causes heat dissipation. In some systems, recent studies
shows that EGM treat the operating system as a black box.
EGM leads the system towards irreversibility which in turn
optimize the system. Numerous researchers and analysts are
focused on boundary layer and stretched flow with entropy
generation in the past couple of years [1-7].

The recent research is being done on the generation of
entropy due to convective heat transfer. Many scientists and
researchers did research on it to study the amount of entropy
generated in the process of convection. Initially the concept of
minimization of entropy was presented by the scientists
which then used in heat transfer apparatuses as an optimi-
zation instrument. He studied that in convective heat transfer
systems the irreversibility of thermodynamic system depends
on fluid flow regime, geometry of the system and its physical
characteristics. The EGM technique was the used in other
conditions and systems as well. Refs. [8—14] are recently
focused on the study of entropy optimization in the presence
of convective heat transfer i.e., free or mixed convection.

Heat transfer is used in various industries. Heat transfer is
either done from the system to the system and it is important
task in any industrial facility. These systems provide heat
recovery in the industrial system which makes it economical
and enhance the life of the equipment. Many methods are
proposed to enhance the capability of heat transfer. One of
them is to enhance the thermal conductivity of the fluid.
Water, engine oil and ethylene glycol are common heat
transfer fluids but their thermal conductivity is very low as
compared to the solids but we can increase the thermal con-
ductivity of the fluid by using solid particles which have high
thermal conductivity of the fluid. These solids particles are
previously investigated by several researchers with size 2
millimeters or micrometers but it has some flaws such as (i)
particles are so heavy that they immediately starts settling on
the surface and starts decreasing the capacity of heat transfer.
(ii) When circulation of the fluid enhances sedimentation will
be decay but erosion factor drastically increases in pipelines,
heat transfer devices etc. (iii) Also when size of the particles is

large clogging starts in the flow channels especially when
cooling channels are small. (iv) Pressure drop increases very
drastically. Thus due to all these reasons suspension of solid
particles in liquid is a well-known phenomenon but it is
useless for heat transfer applications. After the modern
technology now we are capable to make a nanometer-sized
particles which are very much different and useful. Nano-
fluid is a modern heat transfer mechanism having nano-
particles (1-100 nm) which are suspended in a base fluid.
Material of these nanoparticles is commonly metal oxide or
metal which use to increase the thermal conductivity, con-
vection and conduction consequently heat transfer enhances
[15-25].

In the present communication, mixed convective Darcy-
Forchheimer second order velocity slip flow of viscous mate-
rial with entropy generation is simulated numerically. The
flow is generated due to stretching surface and saturated
through Darcy-Forchheimer relation. The energy equation is
modeled subject to radiative heat flux and dissipation. Mo-
lybdenum disulfide and silicon dioxide are taken for nano-
particles and water for base fluid. Total entropy rate which
depends on three different types of irreversibilities i.e., heat
transfer, fluid friction and porosity are calculated through
second law of thermodynamics. Numerical results are ob-
tained via Built-in-Shooting method and compared with Shiaq
et al. [26], Wang [27] and Golra and Sidawi [28] and found good
agreement with them.

Statement

Here mathematical modeling is presented for the steady,
incompressible 2D convective flow of nanofluid towards a
stretched surface is addressed. The flow is caused due to
stretching surface and saturated through Darcy-Forchheimer
porous medium. Two different types of nanoparticles i.e.,
Silicon dioxide and molybdenum disulfide are considered and
water as a continuous phase fluid. Furthermore, viscous
dissipation, heat source/sink and radiative heat flux effects
are considered for the modeling of energy expression. Let us

ay?

assumed that u=U, =cx+ X4 <%‘y‘> + 2 ("’“) highlights the

stretching velocity in the x-direction with second order ve-
locity slip. Also, Ty, T denotes the wall temperature and
ambient temperature respectively. The desired governing
equations are
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Table 1 — Thermophysical properties of nanomaterials.
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Note that x, y represent the Cartesian coordinates, u,s the
dynamic viscosity, u, v the velocity components, p,¢ the den-

sity, k, permeability, T the temperature, F(}(Eb) the non-
14

uniform inertia coefficient, k, the thermal conductivity, C,
the drag force, ¢, the specific heat, ¢ the Stefan -Boltzman
constant, Q, the coefficient of heat source/sink, k* the mean
absorption coefficient, T,, the ambient temperature, U, the
stretching velocity, c the dimensional constant, ;> 0 and 2, <
0 are first and second order slip coefficients and T,, the wall
temperature.

Tables 1 and 2 denotes the thermophysical and transport
properties of nanomaterials and continuous phase fluid. In
these Tables, nf, s and ¢ stand for nanofluids, nano-solid
particles and nanoparticles volume fraction.

Considering

Table 2 — Thermophysical characteristics of specific heat,
thermal conductivity and density of base fluid water

(H20), Silicon dioxide (SiO,) and Molybdenum disulfide
(MOSz).

Transport Silicon Water  Molybdenum

characteristics dioxide (Ho0)  disulfide (MoS;)
(5i0,)

p(kg /m?) 2650 997.1 5060

R(W /mK) 1.5 0.613 34.5

¢p(J /RgK) 730 4179 397.746

u=cxf(n), v=—afm), on) = % n= %y' 2
We arrive
F=af -~ Ay (f2 - fF) - ATFof =0, ©
Br)

, , Br "
A0 +RAO" + ASPIfO + 24 f2+6Pro=0, (7)
3 2 (1- ¢)2.5J (1— ¢)2.51

f(0)=0, f(0) =1+Lif (0) +Lof (0), 6(0)=1, f'(c0)
=0, 6(c0)=0. &)

Note that A, Fo, Rd, Pr, 8, L1, Lo, Ec and Br highlight the
porosity parameter, inertia coefficient, radiation parameter,
Prandtl number, heat generation/absorption parameter, first,
second order slip parameters, Eckert number and Brinkman

number.
Mathematically these variables are

RSB 2)
L, (_A1ﬁ> L, <:/\2 (%) ) Ec <:%(f+im)> , Br(=EcPr).

Also, A}, A} and A} are addressed as
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Modeling of entropy generation

Mathematically, entropy generation in presence of Darcy-
Forchheimer porous medium is addressed as

ke (ke 16 6" T2\ (OT\> s (OU\° i
s (05 %) (5) 2G) e o

in dimensionless form, it is defined as

BrRe i, BrReA
-9 (10"
The Bejan number which is the ratio of heat and mass
transport to total entropy is addressed as

N =aRe(A; +Rd) 02 + Brf”. (12)

Be— Heat transfer 1rrever51b111ty7 (13)
Total entropy

_ uf(cx)z _ Sgx?Ty, _ (Tw-Tx)
where BT( = gt )» No| = g1 ) ¢ = and

Re( = %) signify the Brinkman number, entropy generation

rate, temperature difference parameter and Reynold number.
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Table 3 — Comparative analysis of heat transport with

Shiaq et al. [26], Golra and Sidawi [27] and Wang [28]
when.p = 1 =Br =3 =Rd = 0.

Pr  Shiaqetal. Golraand Sidawi Wang  Obtained
[26] [27] [28] results
0.07 0.0656 0.0656 0.0656 0.0663
0.20 0.1691 0.1691 0.1691 0.1688
0.70 0.4539 0.4539 0.4539 0.4579
2.00 0.9114 0.9114 0.9114 0.9119
7.00 1.8954 1.8954 1.8954 1.8994
20.00 3.3539 3.3539 3.3539 3.3533
70.00 6.4622 6.4622 6.4622 6.4629

Engineering curiosity

Mathematically, the coefficient of skin friction (Cg)and Nus-
selt number (Nuy)are defined as

Tw|y:0
27
pf(Uw)

XQuw |y:0
ke (Ts — T)

Cx =

Nuy =

where (7,) and (qy) are addressed as

ou
Tw = ﬂnf@v

_ 3, 0T 16 ¢T3 9T
Qv = "fay 3 k" oy

Finally, we arrive to the following form

CeRel? = — 1 __£(0),
€ (17¢)2.5f( ), 16)

Nu, = — (A} +Rd) 6(0),

in which Regf’( = inf") highlights the local Reynold number.

\
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Fig. 1 — Fo versus f'(n).

Velocity

Impact of Darcy Forchheimer number (Fy), volume fraction
coefficient (¢) and first and second order slip parameter on
velocity of Si0,— water and MoS, — water is seen in Figs. (1-4).
Fig. 1 analyzes that velocity of the fluid starts increasing with
higher estimations of (Fo=0, 0.5, 1.0, 1.5) due to increase in

n

Fig. 2 — ¢ versus f'(n).

Comparative analysis

The obtained outcomes are compared with published ones
i.e., Shiaq et al. [26], Golra and Sidawi [27] and Wang [28] and
noticed to be an excellent agreement. For this purpose Table 3
is sketched to validate the present results with Shiaq et al. [26],
Wang [27] and Golra and Sidawi [28]. It is noticed from Table 3,
the results are very good with previous ones.

Physical description

In this section built in shooting method of Newton is
employed to find the numerical solution for nonlinear differ-
ential system. Here we will discuss for both nanofluids
(Si0, —water and MoS, —water) the impact of valuable pa-
rameters on Bejan number, entropy generation, velocity,
temperature, skin friction and Nusselt number.

S10,
Y ceeeeeeeeea. MoS,y

2 : ‘U

Fig. 3 — Ly versus f'(7).
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Fig. 4 — L, versus f'(n).

Fig. 7 — L, versus 0(n).

disturbance through inertia coefficient. One can see that ve-
locity of MoS, is more as compared to SiO,. Fig. 2 is plotted to
show the behavior of (f'(n)) against larger (¢). One can easily
see that velocity decays with increasing (¢). It is happening
because for higher (¢) there exist more nanoparticles in the
fluid due to which resistance increases hence velocity decays
for both nanofluids. Figs. 3 and 4 discuss the effect of first (L;)
and second order slip parameters (Ly) on (f'(n)). When we
increase slip parameters velocity of the surface and particles

8(n)
1.0 —  SiO,
o8k\ e MoS,
0.6

0.4
0.2

Fig. 6 — Ly versus 6(n).

attached to the surface is different due to which stretching
effects are partially transfer to the fluid that is why velocity
decays.

Temperature
Influence of thermal stratification parameter (S;), first order

slip parameter (L;) and second order slip parameter (L, <0)
against temperature field is seen in Figs. (5-7). Fig. 5 reveals the

Fig. 9 — Br versus Be.
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Fig. 11 — L, versus Be.

influence of stratification parameter (S;) on (6(n)). Here for
higher values of (S;)temperature difference starts increasing
due to which temperature of the fluid reduces. Figs. 6 and 7
develop to show the behavior of (4(n))against (L,)and
(Ly)with SiO, — water and MoS; — water nanofluids. Since we
know that there is decrease in velocity of fluid by enhancing
these two parameters. So there is less disturbance in the fluid
system due to increase in (L;) and (L;). In this case less
resistance hence less heat produces in the system due to
which temperature decays.

Fig. 12 — S; versus Ng(7).

Be
1.00
e
0.95
0.90
0.85E :
510,
0.80p..../ 7 . MoS,

0.75F

n

[N

3 4

Fig. 13 — S; versus Be.

Entropy generation rate and Bejan number

Salient aspects of Brinkman number (Br), slip parameter (L1)
and stratification parameter (S;) on entropy generation and
Bejan number of MoS,-water and SiO, — water nanofluids.
Figs. 8 and 9 are describe the influence of Brinkman number
(Br) on entropy generation and Bejan number for MoS,-water
and SiO, — water nanofluids. With increasing values of (Br)
viscous dissipation irreversibility enhances due to which
more resistance produces between the fluid particles hence
entropy of the system boosts up. Fig. 9 shows that Bejan
number is maximum at Br = 0 which is equal to 1 and with
increase in Br it starts decaying. Due to increase in Brinkman
number (Br) viscous dissipation irreversibility become prom-
inent over heat transfer irreversibility. Figs. 10 and 11 are
plotted to show the impact of slip parameter (L) on entropy
generation and Bejan number (Be). Here entropy generation
(Ng) enhances near the surface of the sheet while shows
decreasing behavior away from the sheet. Bejan number of
MoS,-water and SiO, — water nanofluids enhances throughout
the system for higher estimations of (L;). We can easily notice
from there that entropy and Bejan number is more in case of
MoS,-water as compared to SiO, — water nanofluid. Figs. 12
and 13 portray the impact of thermal stratification (S;) on
entropy generation and Bejan number. Here entropy genera-
tion decays for higher values of thermal stratification
parameter. With increasing values of (S;) temperature

Skin friction
-0.2
04
~06l///
—0.8}//
~1.0|

Fig. 14 —
Combined analysis of L, and L, on skin friction coefficient.
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Nusselt number

6 —— SiO;
b oeeoo--MoS, S1=0.0.2.0.4.0.6

Fig. 15 — Combined analysis of S; and R on Nusselt number.

difference starts decreasing due to which entropy decays.
Fig. 13 shows that Bejan number decreases for higher values of
(S1). Here from all figures we noticed that MoS,-water is more
as compared to SiO, — water nanofluids.

Physical quantities of interest

Impact of various interesting parameters (L), (L), (R) and (S;)
on skin friction and Nusselt number of MoS,-water and SiO, —
water nanofluids is depicted in Figs. 14 and 15.

Skin friction coefficient

The numerical results of gradient of velocity (Cx) against first
and second order slip parameters is shown in Fig. 14. Here we
have noticed that by varying the values of (L;) and (Ly)
magnitude of skin friction coefficient decays for both
MoS,-water and SiO, — water nanofluids.

Heat transfer rate

Fig. 15 elucidates the impact of radiation parameter and
stratification parameter on Nusselt number for MoS,-water
and SiO;— water nanofluids. Here Nusselt number
(Nuy)decreases via stratification parameter while opposite
impact is seen for radiation parameter.

Conclusions

A mathematical and cost-effective numerical simulation for a
two-dimensional incompressible, steady forced/mixed
convective Darcy-Forchheimer nanomaterial flow towards a
flat and stretched surface of sheet is addressed. The flow is
electrically magnetized and saturated in the presence of mag-
netohydrodynamic (applied magnetic field) and Darcy For-
chheimer porous medium. Entropy generation and heat
transport examination of the considered problem is achieved
subject to fluid friction, heat transfer and porosity or Darcy-
Forchheimer porous irreversibilities through second law of
thermodynamics (SLT). The obtained outcomes are verified
with some fruitful and available theoretical datai.e., Shiaqg et al.

[26], Golra and Sidawi [27] and Wang [28], where the compara-
tive outcomes demonstrated the good agreement of the present
computational analysis. In order to discussed the behavior of
proposed problem over a stretched surface, the impacts of the
Darcy-Forchheimer porous number, nanoparticle volume
fraction, second order slip parameter, thermal stratification
parameter in the presence of both Silicon dioxide and Molyb-
denum nanoparticles are graphically discussed. Some fruitful
and meaningful final remarks are listed as follows:

e Among all pertinent flow parameter (Darcy-Forchheimer
number, nanoparticle volume fraction, first order velocity
slip, second order velocity slip, thermal stratification,
Brinkman number and radiative heat flux), the behaviors of
first and second order velocity slip parameters on the fluid
particles velocity through permeability were more impor-
tant than other parameter. The behaviors of first and sec-
ond orders velocity slip parameters on the fluid field were
significant and more fruitful when the particles of working
materials had the capability to saturate the porous me-
dium. On the other hand, at small liquid penetration into
the permeable surface, the hydrodynamic losses were
considerably affected by boundary layer approximation in
both porous surface and fluid.

e Enhancing the values of nanoparticle volume fraction, the

velocity of fluid particles declines.

Increasing the thermal stratification parameter, first order

velocity slip parameter and second order velocity slip

parameter the thermal field and associated layer thickness
declines for both Silicon dioxide and Molybdenum
nanoparticles.

e The engineering quantities i.e., skin friction coefficient
(surface drag force) and heat transfer rate (Nusselt number)
decreases versus higher values of thermal stratification
parameter and first and second order velocity slip param-
eters while increases via larger values of radiative heat flux
for both Silicon dioxide and Molybdenum nanoparticles.

e The impact of Molybdenum nanoparticle is more promi-
nent than the Silicon dioxide in the whole study, because
the thermal conductivity of Molybdenum nanoparticle is
much higher than the Silicon dioxide nanoparticle.
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