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Abstract: The improvement in the quantitative and qualitative heat transfer performances of working
fluids is trending research in the present time for heat transfer applications. In the present work,
the first and second law analyses of a microplate heat exchanger with single-particle and hybrid
nanofluids are conducted. The microplate heat exchanger with single-particle and hybrid nanofluids
is analyzed using the computational fluid dynamics approach with symmetrical heat transfer and
fluid flow analyses. The single-particle Al2O3 nanofluid and the hybrid Al2O3/Cu nanofluid are
investigated for different nanoparticles shapes of sphere (Sp), oblate spheroid (OS), prolate spheroid
(PS), blade (BL), platelet (PL), cylinder (CY) and brick (BR). The first law characteristics of NTU,
effectiveness and performance index and the second characteristics of thermal, friction and total
entropy generation rates and Bejan number are compared for Al2O3 and Al2O3/Cu nanofluids with
considered different-shaped nanoparticles. The OS- and PL-shaped nanoparticles show superior
and worse first and second law characteristics, respectively, for Al2O3 and Al2O3/Cu nanofluids.
The hybrid nanofluid presents better first and second law characteristics compared to single-particle
nanofluid for all nanoparticle shapes. The Al2O3/Cu nanofluid with OS-shaped nanoparticles depicts
maximum values of performance index and Bejan number as 4.07 and 0.913, respectively. The first
and second law characteristics of the best combination of the Al2O3/Cu nanofluid with OS-shaped
nanoparticles are investigated for various volume fractions, different temperature and mass flow
rate conditions of hot and cold fluids. The first and second law characteristics are optimum at higher
hot fluid temperature, lower cold fluid temperature, lower hot and cold fluid mass flow rates. In
addition, the first and second law characteristics have improved with increase in volume fraction.

Keywords: Bejan number; hybrid nanofluid; microplate heat exchanger; particle shape; performance
index; thermodynamic analysis

1. Introduction

The nanofluids are novel working fluids which show significant improvement in ther-
mophysical properties due to dispersion of nanoparticles into the base fluid. The nanofluids
enable the superior thermal conductivity and convective heat transfer rate compared to
conventional working fluids. Therefore, the research trend on applicability of nanofluids
in thermal systems is a growing body of work since the last few years. The nanoparticle
shapes have considerable effect on the thermal and hydraulic performance characteristics
of thermal systems incorporated with nanofluids. Numerous research studies elaborate
the influence of nanoparticle shapes on hydrothermal performance of single-particle and
hybrid nanofluid flow in various thermal systems. The introduction is arranged as, the
first paragraph summarizes various research studies on thermophysical properties of
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nanofluid with different-shaped nanoparticles, the second paragraph discusses various
research studies on behavior of heat transfer characteristics of single-particle nanofluid with
different-shaped nanoparticles, the third paragraph summarizes various research studies
to present the effect of different-shaped nanoparticles on heat transfer characteristics of
hybrid nanofluid and at the end, the key research gaps and objectives of the present study
are highlighted in the last paragraph.

This paragraph presents the effect of nanoparticle shapes on the thermophysical
properties of nanofluids. Kim et al. have presented improvement in the thermal con-
ductivity by 16%, 23% and 28% for BL-, PL- and BR-shaped nanoparticles, respectively,
compared to Sp-shaped nanoparticles for alumina nanofluid [1]. Xie et al. have shown
enhancements of 22.9% and 18.5% in thermal conductivity of CY- and Sp-shaped silicon
carbide nanoparticles, respectively [2]. Similarly, Murshed et al. have also presented the
superiority in thermal conductivity of CY nanoparticles compared to Sp-shaped nanopar-
ticles [3]. Timofeeva et al. and Maheshwary et al. have proved that the Al2O3 and TiO2
nanofluids with CY-shaped nanoparticles present higher thermal conductivity and that
those with Sp-shaped nanoparticles present lower viscosity [4,5]. Singh et al. have reported
maximum enhancement in thermal conductivity for PL-shaped silicon carbide nanopar-
ticles [6]. Jeong et al. have concluded that the ZnO nanofluid with rectangular-shaped
nanoparticles present higher thermal conductivity and viscosity compared to that with
Sp-shaped nanoparticles [7]. Zhang et al. have reported the thermal conductivities of
0.2619 W/m-K and 0.2843 W/m-K for silver nanofluid with Sp and nanowire nanopar-
ticles, respectively [8]. Nithiyanantham et al. have presented enhancement in thermal
conductivity by 16% and 12%, and in viscosity by 25% and 37% for Sp- and CY-shaped
alumina nanoparticles [9].

This paragraph presents the summary of single-particle nanofluid with various
nanoparticle shapes in heat transfer applications. Vanaki et al. have analyzed the heat
transfer and flow characteristics of SiO2 nanofluid flow in a wavy channel for various
nanoparticle shapes and concentrations. The SiO2 nanofluid with a PL shape presents the
highest enhancement in heat transfer characteristics [10]. Mahian et al. have presented the
first law analysis in terms of heat transfer coefficient and Nusselt number, and the second
law analysis in terms of entropy generation for alumina nanofluid with nanoparticle shapes
of BL, PL, CY and BR [11]. Akbar et al. have concluded that the PL nanoparticle shape
presents maximum velocity, and the BR nanoparticle shape presents maximum enhance-
ment in thermal conductivity for nanofluid flow in non-uniform channel [12]. Bahiraei et al.
have proved that the Sp, BR, BL, CY and PL nanoparticle shapes present the descending
order of entropy generation for alumina nanofluid flow in microchannel heat sink [13].
Sheikholeslami et al. have presented that the PL nanoparticle shape has the highest Nusselt
number compared to Sp, CY and BR nanoparticle shapes for Fe3O4 nanofluid in a porous
curved enclosure, as well as in a porous cavity [14,15]. Nguyen et al. have concluded
that the PL-shaped nanoparticles show more than 55% enhancement in heat transfer rates
compared to Sp-shaped nanoparticles for CuO nanofluid flow in a wavy channel with
obstacles [16]. Hatami et al. have presented that the TiO2 nanofluid with a PL nanoparticle
shape results in superior engine cooling or heat recovery performance at the higher volume
fraction [17]. Kim et al. have concluded that the acetone-based Al2O3 nanofluid with
CY-, BR- and Sp-shaped nanoparticles present lower thermal resistance by 16%, 29% and
33%, respectively, compared with pure acetone [18]. Bahiraei et al. have investigated the
thermal and hydraulic characteristics of alumina nanofluid in micro plate heat exchangers,
considering nanoparticle shapes of CY, OS, BR, BL and PL [19]. Vo et al. have reported that
the PL-shaped nanoparticles present the highest heat transfer rate and the best performance
evaluation criteria, whereas BR-shaped nanoparticles show the lowest pressure drop [20].
Khan et al. have concluded that the nanoparticle shapes of CY, PL and BR have a significant
effect on temperature distribution compared to velocity distribution for copper nanofluid
flow in parallel channels [21]. Raza et al. have shown that the Sp-shaped nanoparticles
have a higher heat transfer rate compared with CY- and lamina-shaped nanoparticles [22].
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Gireesha et al. have concluded that the BL-shaped nanoparticles have a superior heat trans-
fer rate and Sp-shaped nanoparticles have the highest entropy generation rate compared to
BR-, PL- and CY-shaped nanoparticles [23]. Elias et al. have concluded that the CY-shaped
nanoparticles show better heat transfer and entropy generation characteristics for shell and
tube heat exchangers with and without baffles [24,25]. The PL-shaped nanoparticles show
the maximum heat transfer rate and Sp-shaped nanoparticles show the minimum pumping
power as concluded by Shahsavar et al. for laminar flow and that by Alsarraf et al. for
turbulent flow in a mini channel heat exchanger [26,27]. Al-Rashed et al. have reported
that the PL-shaped nanoparticles show the maximum entropy generation rate and Bejan
number, and Sp-shaped nanoparticles show the minimum entropy generation rate for
laminar flow, and reverse results are reported by Monfared et al. for turbulent flow in a
mini channel heat exchanger [28,29]. Sadripour and Chamkha have presented the heat
transfer and entropy generation comparison of various shapes of metallic and non-metallic
nanoparticles for different nanofluids flow in a solar collector [30]. The heat flow path,
heat transfer and entropy generation of CuO nanofluid with Sp-, CY-, BR- and PL-shaped
nanoparticles are simulated by Liu et al. [31].

The open literature on nanofluid in heat transfer application presents that research is
trending towards the hybrid nanofluids due to their improved thermophysical properties
compared to single-particle nanofluids. Therefore, there are few studies which attempted
to demonstrate the improvement in heat transfer performance of hybrid nanofluids under
the consideration of different nanoparticle shapes. This paragraph presents the summary
of various research studies on hybrid nanofluids with various nanoparticle shapes in heat
transfer applications. Ghadikolaei et al. have compared the TiO2/Cu nanofluid with CY-,
BR- and PL-shaped nanoparticles and reported that the PL-shaped nanoparticles show
the highest heat transfer rate [32]. Ghadikolaei et al. have also proved that the PL-shaped
nanoparticles of Fe3O4/Ag nanofluid show the maximum heat transfer rate due to an
increase in the shape factor [33]. Dinarvand et al. have investigated the heat transfer
and fluid flow characteristics of TiO2/CuO nanofluid with Sp-, CY-, PL- and BR-shaped
nanoparticles and the shown maximum Nusselt number for PL-shaped nanoparticles [34].
Bhattad and Sarkar have proved that the BR- and PL-shaped nanoparticles present the
best and worst hydrothermal performances, respectively, for the hybrid nanofluid with
combinations of alumina, titania and copper oxide or copper with silica nanoparticles [35].
Benkhedda et al. have reported the highest heat transfer rate for BL-shaped nanoparticles
and the highest friction factor for PL-shaped nanoparticles when the TiO2/Ag nanofluid
flows through a tube [36]. Ghobadi et al. have compared the magnetohydrodynamic heat
transfer of hexahedron- and lamina-shaped nanoparticles for the Al2O3/TiO2 nanofluid
and reported that the Nusselt number is affected mostly by lamina-shaped nanoparti-
cles [37]. Aziz et al. have proposed an inverse relation between the shape factor of the
nanoparticle and heat transfer for Cu and Fe3O4/Cu nanofluids [38]. Ghadikolaei et al.
have reported the highest heat transfer rate and Nusselt number for TiO2/CuO and
MoS2/Ag nanofluids with BL-shaped nanoparticles because of an increase in the shape
factor at a higher temperature [39,40]. Similar results are deducted for the GO/MoS2
nanofluid by Ghadikolaei and Gholinia [41]. Maraj et al. have investigated the shape effect
of nanoparticles on magnetohydrodynamic heat transfer and flow characteristics [42]. Sahu
et al. have presented the energy and exergy analyses of various hybrid nanofluids with
Sp-, CY- and PL-shaped nanoparticles [43].

The comprehensive literature review reveals that there is no concrete comparative
study on the first and second law analyses of single-particle and hybrid nanofluids with
different particle shapes in heat transfer applications. The objective of this study is to
investigate the first and second law characteristics of the microplate heat exchanger in-
corporated with single-particle and hybrid nanofluids with different nanoparticle shapes
under various volume fractions, temperatures and mass flow rates. The computational
fluid dynamics approach with symmetrical heat transfer and fluid flow concept is adopted
to evaluate the first and second law characteristics of the microplate heat exchanger. The



Symmetry 2021, 13, 1466 4 of 31

NTU, effectiveness, performance index, thermal entropy generation rate, friction entropy
generation rate, total entropy generation rate and Bejan number are compared for Al2O3
and Al2O3/Cu nanofluids with Sp-, OS-, PS1-, PS2-, PS3-, PS4-, BL-, PL-, CY- and BR-
shaped nanoparticles. In addition, the best combination of nanofluid with nanoparticle
shape to archive an optimum heat transfer performance in the microplate heat exchanger
is suggested based on the first and second law characteristics.

2. Numerical Method
2.1. Computational Geometry and Boundary Conditions

The numerical investigation based on the computational fluid dynamics (CFD) ap-
proach is conducted to evaluate the first and second law characteristics of the microplate
heat exchanger with single-particle and hybrid nanofluids. The three-dimensional model
of the microplate heat exchanger is depicted in Figure 1. The microplate heat exchanger
comprises of two flow lines in the counter flow direction, the nanofluid as hot fluid and
water as cold fluid. There are three flow passages for the nanofluid and three flow passages
for water. Each flow passage is divided into 17 microchannels with a cross section of
0.25 mm × 0.32 mm for the nanofluid and that of 0.25 mm × 0.42 mm for water. Hence,
there are total 51 microchannels with a length of 12.5 mm and wall thickness of 0.52 mm
for the nanofluid and water. The microplate heat exchanger is made up of copper material.
The microplate heat exchanger is symmetrical, which results in symmetrical heat transfer
and fluid flow through the microchannel, hence one pair of microplates for hot and cold
fluids is considered as the computational geometry to reduce the computational time.
The single-particle nanofluid of Al2O3 and hybrid nanofluid of Al2O3/Cu with volume
fractions of 0.5%, 1.0% and 2.0% are considered as hot fluid. The nanofluids are flowing
with inlet temperatures of 90 ◦C, 80 ◦C and 70 ◦C and inlet mass flow rates of 10 kg/h,
20 kg/h and 30 kg/h. The cold fluid water is flowing with inlet temperatures of 10 ◦C,
20 ◦C and 30 ◦C and inlet mass flow rates of 10 kg/h, 20 kg/h and 30 kg/h. The pressure
outlet boundary condition is applied at the outlet of the heat exchanger. The nanofluids
and water enter with uniform velocity and uniform temperature. The external surfaces of
the heat exchanger are assumed to be insulated and a no-slip condition is assumed at all
walls of the heat exchanger. The conjugate heat transfer is considered in the present study
in that the solid domain is subjected to a conduction mechanism and fluid domains are
subjected to conduction and convection mechanisms. The computational geometry of the
microplate heat exchanger presents a similar pattern and symmetry boundary and forms
the mirror pattern and thermal and flow characteristics. Therefore, the symmetry boundary
conditions are applied on the computational geometry of the microplate heat exchanger.
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2.2. Governing Equation and Meshing

The continuity, momentum and energy equations are solved using the computational
fluid dynamics approach to analyze the thermodynamic attributes of the microplate heat
exchanger with single-particle and hybrid nanofluids [44–46]. The continuity Equation (1)
is expressed per unit of surface area (m2). The governing equations are considered for the
single pair microplates in the heat exchanger based on symmetrical heat transfer. While
solving the equations, it is assumed that the flow is three-dimensional, steady, turbulent
and incompressible. Additionally, the working fluids are assumed to be Newtonian [47].

Continuity equation
∇·(ρU) = 0 (1)

Momentum equation

∇·(ρUU) = −∇p +∇·(µ∇U) (2)

Energy equation for fluid domains

∇·(ρUh) = ∇·(λ∇T) (3)

Energy equation for solid domains

∇2T = 0 (4)

The working fluids in the microplate heat exchanger are exposed to heat exchange
which results in entropy generation. The volumetric total entropy generation rate is the
sum of the volumetric thermal entropy generation rate and the volumetric friction entropy
generation rate as presented by Equation (5) [48].

.
ST =

.
STh +

.
SFr (5)

The volumetric thermal entropy generation rate is calculated using Equation (6) as
the summation of volumetric thermal entropy generations due to average and fluctuating
temperature gradients [48].

.
STh =

λ

T2 [(
∂T
∂x

)2 + (
∂T
∂y

)2 + (
∂T
∂z

)2] +
λ

T2 [(
∂T′

∂x
)2 + (

∂T′

∂y
)2 + (

∂T′

∂z
)2] (6)

The first term at the right side of Equation (6) presents the volumetric thermal entropy
generation rate due to time–mean temperature gradients. Whereas, the second term at
right side of Equation (6) presents the volumetric thermal entropy generation rate due to
fluctuating temperature gradients, which could also be expressed as Equation (7) [48].

.
STh′ =

λt

T2 [(
∂T
∂x

)2 + (
∂T
∂y

)2 + (
∂T
∂z

)2] (7)

Therefore, the volumetric thermal entropy generation rate could be reduced to Equation (8)
after manipulating λe f f = λ + λt.

.
STh =

λe f f

T2 [(
∂T
∂x

)2 + (
∂T
∂y

)2 + (
∂T
∂z

)2] (8)

The volumetric friction entropy generation rate is evaluated using Equation (9) as
the summation of direct dissipation due to the average velocity gradient and indirect
dissipation due to the fluctuating velocity gradient [48].
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.
SFr =

µ

T
{2[( ∂v

∂x )
2 + ( ∂v

∂y )
2 + ( ∂v

∂z )
2] + ( ∂vx

∂y +
∂vy
∂x )2 + ( ∂vx

∂z + ∂vz
∂x )

2 + (
∂vy
∂z + ∂vz

∂y )
2}

+ µ

T
2[( ∂v′x

∂x )2 + (
∂v′y
∂y )2 + ( ∂v′z

∂z )2] + ( ∂v′x
∂y +

∂v′y
∂x )2

+( ∂v′x
∂z + ∂v′z

∂x )2 + (
∂v′y
∂z + ∂v′z

∂y )2

(9)

The first term on right side of Equation (9) indicates the direct entropy generation
due to dissipation in the mean flow field, which is commonly denoted as direct dissi-
pation. Whereas, the second term on the right side of Equation (9) indicates turbulent
or indirect dissipation due to fluctuating velocity gradients, which is also expressed as
Equation (10) [48].

.
SFr′ =

ρβ∗k
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entropy generation rate in the volumetric total entropy generation rate. The Bejan num-
ber (Be) is defined as the ratio of the volumetric thermal entropy generation rate to the
volumetric total entropy generation rate, as presented by Equation (12) [48].

Be =

.
STh

.
ST

(12)

The governing equations are solved using the finite volume method and second
order approach. The tetrahedron mesh elements are considered for the computational
geometry of the heat exchanger and fluid domains. The inflation layers are provided
on the fluid domains to consider the effect of boundary layers at the walls of the heat
exchanger. The mesh independency test is carried out by generating five different mesh
element numbers on the computational geometry. The results of performance index are
evaluated for different mesh element numbers by considering the flow of water as hot and
cold fluids. The inlet temperature and mass flow rate on the hot side are 90 ◦C and 20 kg/h,
and those on the cold side are 20 ◦C and 20 kg/h. The mesh independency results for
five different mesh elements are presented in Table 1. The temperature and pressure drop
results for hot and cold fluids are significantly varying when the mesh element numbers are
ranging from 157,649 to 732,993. However, beyond the mesh element number of 732,993,
the simulated results of outlet temperatures and pressure drops of hot and cold fluids vary
within ±1% [49]. Therefore, the computational geometry with a mesh element number of
732,993 is considered for the further numerical investigations. The mesh configuration of
computational geometry with selected final mesh elements is depicted in Figure 2. The
SIMPLE scheme with velocity-pressure coupling and the convergence criteria of 10−8 are
considered for solving the governing equations.

Table 1. Mesh independency test results.

Mesh Elements Hot Fluid-Temperature
(◦C)

Cold Fluid-Temperature
(◦C)

Hot Fluid-Pressure
Drop(bar)

Cold Fluid-Pressure
Drop (bar)

157,649 88.669 29.841 2.413 1.321
489,478 86.295 26.877 2.637 1.444
732,993 85.180 24.888 2.738 1.502

1,142,485 85.182 24.086 2.742 1.505
1,588,899 85.181 23.865 2.751 1.507
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3. Thermophysical Properties of Nanofluids with Nanoparticle Shapes

The thermophysical properties of single-particle and hybrid nanofluids with different
nanoparticle shapes are evaluated using the models presented in Sections 3.1 and 3.2,
respectively. The different nanoparticle shapes considered are Sp, OS, PS1, PS2, PS3, PS4,
BL, PL, CY and BR, as depicted in Figure 3.
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3.1. Single-Particle Nanofluid Properties

The volume fraction of nanoparticles in nanofluid is calculated using Equation (13) [50].

∅ =
Vnp

Vb f + Vnp
(13)

The density and specific heat of single-particle nanofluids are not affected by nanopar-
ticle shapes and are calculated using Equations (14) and (15), respectively [51,52].

ρn f = (1−∅)ρb f + ∅ρnp (14)

Cp,n f =
(1−∅)ρb f Cp,b f + ∅ρnpCp,np

ρn f
(15)

The nanoparticle shape affects the thermal conductivity and viscosity of single-particle
nanofluids. The thermal conductivity of single-particle nanofluids with Sp-, OS-, PS1-, PS2-,
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PS3- and PS4-shaped nanoparticles are calculated using the model proposed by Hamilton–
Crosser, as presented by Equation (16). The model proposed by Timofeeva et al. [4], as
presented by Equation (17), is used to calculate the thermal conductivity of single-particle
nanofluids with BL-, PL-, CY-, and BR-shaped nanoparticles [53].

kn f

kb f
=

knp + (n− 1)kb f − (n− 1)
(

kb f − knp

)
∅

knp + (n− 1)kb f + ∅
(

kb f − knp

) (16)

kn f

kb f
= 1 +

(
Cshape

k + Csur f ace
k

)
∅ = 1 + Ck∅ (17)

Here, n is shape factor = 3
Ψ . The values n for OS, PS1, PS2, PS3 and PS4 are calculated

using the sphericity parameter Ψ, whose values for given nanoparticle shapes are reflected
in Table 2. Cshape

k is the nanoparticle shape contribution to thermal conductivity, Csur f ace
k is

surface resistance that affects the thermal conductivity of nanofluid and influences by the
solid/liquid interface.

Table 2. Parameters for calculating thermal conductivity and viscosity of spherical, oblate spheroid
and prolate spheroid nanoparticle shape-based nanofluids.

Particle Shape δ Ψ Øm

Sphere 1 1 0.599
Oblate spheroid 0.13 0.4904 0.575

Prolate spheroid 1 2 0.9287 0.546
Prolate spheroid 2 5 0.7321 0.432
Prolate spheroid 3 7.5 0.6453 0.368
Prolate spheroid 4 10 0.5883 0.321

The viscosity of single-particle nanofluids with Sp-, OS-, PS1-, PS2-, PS3- and PS4-
shaped nanoparticles is evaluated using Equation (18). This equation is proposed by
Muller et al., based on the mathematical model presented by Maron and Pierce. For
calculating the viscosity of single-particle nanofluids with BL-, PL-, CY-, and BR-shaped
nanoparticles, Timofeeva et al.’s [4] model, as presented by Equation (19), is used [53].

µn f

µb f
= (1− ∅

∅m
)
−2

(18)

µn f = µb f

(
1 + A1∅ + A2∅2

)
(19)

Here, ∅ is the volume fraction of nanoparticles in nanofluid and ∅m is the packing
fraction, which is calculated using Equation (20) [53]. A1, A2 are coefficients proposed by
Timofeeva et al., and values of these coefficients are extracted from references [4,53].

∅m =
2

(0.321δ + 3.02)
(20)

The aspect ratio of spheroids is expressed as Equation (21). The parameters a and c
are denoted as lengths of spheroid semi-axes, which could be seen in Figure 3. For OS-
and PS-shaped nanoparticles, these parameters are presented by Equations (22) and (23),
respectively [53].

δ =
c
a

(21)

OS = 1− (
c
a
)2, c < a (22)

PS = 1− (
a
c
)2, c > a (23)
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3.2. Hybrid Nanofluid Properties

The open literature lacks presentation of the concrete models for evaluating the ther-
mophysical properties of hybrid nanofluids with different nanoparticle shapes. In the
present study, the updated equations for calculating the thermophysical properties of
hybrid nanofluids with different nanoparticle shapes are proposed based on equations pre-
sented in Section 3.1 and references [54,55]. The density, specific heat, thermal conductivity
and viscosity of hybrid nanofluids with different nanoparticle shapes are evaluated using
Equations (24)–(30).

Volume fraction of hybrid nanofluid

∅hn f = ∅np1 + ∅np2 (24)

Density of hybrid nanofluid

ρhn f = ∅np1ρnp1 + ∅np2ρnp2 +
(

1−∅hn f

)
ρb f (25)

Specific heat of hybrid nanofluid

Cp,hn f =
∅np1ρnp1Cp,np1 + ∅np2ρnp2Cp,np2 +

(
1−∅hn f

)
ρb f Cp,b f

ρhn f
(26)

Thermal conductivity of hybrid nanofluid
For Sp-, OS-, PS1-, PS2-, PS3- and PS4-shaped nanoparticles

khn f

kb f
=

∅np1knp1+∅np2knp2
∅hn f

+ (n− 1)kb f + (n− 1)
(
∅np1knp1 + ∅np2knp2

)
− (n− 1)∅hn f kb f

∅np1knp1+∅np2knp2
∅hn f

+ (n− 1)kb f − (n− 1)
(
∅np1knp1 + ∅np2knp2

)
+ ∅hn f kb f

(27)

For BL-, PL-, CY-, and BR-shaped nanoparticles

khn f

kb f
= 1 +

(
Cshape

k + Csur f ace
k

)
∅hn f = 1 + Ck∅hn f (28)

Viscosity of hybrid nanofluid
For Sp-, OS-, PS1-, PS2-, PS3- and PS4-shaped nanoparticles

µn f

µb f
= (1−

∅hn f

∅m
)
−2

(29)

For BL-, PL-, CY-, and BR-shaped nanoparticles

µn f = µb f

(
1 + A1∅hn f + A2∅hn f

2
)

(30)

The parameters for calculating thermal conductivity and viscosity of nanofluids
with Sp-, OS- and PS-shaped nanoparticles are shown in Table 2 [53]. The parameters
for calculating thermal conductivity and viscosity of nanofluids with BL-, PL-, CY- and
BR-shaped nanoparticles are shown in Tables 3 and 4, respectively [53].

Table 5 depicts the properties of the considered nanoparticles of Boehmite alumina
(Al2O3) and copper (Cu) and the base fluid of water [19,50]. These properties are computed
in equations of Sections 3.1 and 3.2 to evaluate the density, specific heat, thermal conductiv-
ity and viscosity for Al2O3 and Al2O3/Cu nanofluids with different nanoparticle shapes.
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Table 3. Parameters for calculating thermal conductivity of blade, platelet, cylinder and brick
nanoparticle shape-based nanofluids.

Particle Shape Aspect Ratio Ck Cshape
k Csurface

k

Blade 1:6:1/12 2.74 8.26 −5.52
Platelet 1:1/8 2.61 5.72 −3.11

Cylinder 1:8 3.95 4.82 −0.87
Brick 1:1:1 3.37 3.72 −0.35

Table 4. Parameters for calculating viscosity of blade, platelet, cylinder and brick nanoparticle
shape-based nanofluids.

Particle Shape
Coefficients

A1 A2

Blade 14.6 123.3
Platelet 37.1 612.6

Cylinder 13.5 904.4
Brick 1.90 471.4

Table 5. Properties of base fluid and nanoparticles.

Property Water Alumina Copper

Density (kg/m3) 997.1 3050 8933
Specific heat (J/kg·K) 4179 618.3 385

Thermal conductivity (W/m·K) 0.613 30 400
Viscosity (Pa·s) 0.001003 - -

4. Data Reduction

The amount of heat released from the hot fluid (Nanofluid) and amount of heat gained
by the cold fluid (Water) are calculated using Equations (31) and (32), respectively [56,57].

The heat absorbed by the working fluid is calculated using Equation (18) [36].

.
Qh f =

.
mh f cp,h f

(
Th f ,i − Th f ,o

)
(31)

.
Qc f =

.
mc f cp,c f

(
Tc f ,o − Tc f ,i

)
(32)

The average heat exchange between hot and cold fluids is calculated using Equation (33) [58].

.
Q =

.
Qh f +

.
Qc f

2
(33)

The overall heat transfer coefficient for the microplate heat exchanger is evaluated
using Equation (34) [58].

U =

.
Q

A∆TLMTD
(34)

The hot and cold fluid flows are considered as a counter flow, hence the log mean
temperature difference is calculated using Equation (35).

∆TLMTD =
∆T2 − ∆T1

ln
(

∆T2
∆T1

) (35)

∆T1 = Th f ,i − Tc f ,o (36)

∆T2 = Th f ,o − Tc f ,i (37)
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The effectiveness of the microplate heat exchanger is evaluated using Equation (38) as
the ratio of actual (average) heat transfer to maximum heat transfer between hot and cold
fluids [59].

ε =

.
Q

Qmax
(38)

.
Qmax = Cmin

(
Th f ,i − Tc f ,i

)
(39)

Cmin = min
(

Ch f , Cc f

)
(40)

Ch f =
.

mh f cp,h f (41)

Cc f =
.

mc f cp,c f (42)

The number of transfer units (NTU) of the microplate heat exchanger is calculated
using Equation (43) [59,60].

NTU =
UA
Cmin

(43)

The performance index of the microplate heat exchanger is evaluated using Equation (44)
as the ratio of average heat transferred between hot and cold fluids to total pumping
power [61].

η =

.
Q

Ppump
(44)

The total pumping power is calculated by adding the pumping powers of hot and
cold fluids, as expressed in Equation (45). The pump efficiency is assumed at 80%.

Ppump =

.
mh f

0.80
∆Ph f

ρh f
+

.
mc f

0.80
∆Pc f

ρc f
(45)

The total entropy generation rate (W/K) for the microplate heat exchanger is defined
as the sum of the entropy generation rate due to heat transfer (W/K) and the entropy
generation rate due to pressure drop (W/K). The total entropy generation rate, entropy
generation rate due to heat transfer and entropy generation rate due to pressure drop are
calculated using Equations (46)–(48), respectively [62,63].

.
Sgen,total =

.
Sgen,heat trans f er +

.
Sgen,pressure drop (46)

Entropy generation rate due to heat transfer

.
Sgen,heat trans f er =

.
mh f Cp,h f ln

(
Th f ,o

Th f ,i

)
+

.
mc f Cp,c f ln

(
Tc f ,o

Tc f ,i

)
(47)

Entropy generation rate due to pressure drop

.
Sgen, f =

.
mh f ∆Ph f

ρh f Tavg,h f
+

.
mc f ∆Pc f

ρc f Tavg,c f
(48)

5. Results and Discussion
5.1. Validation

The experimental conditions applied by Alm et al. [64] for the same geometry and
structure of the microplate heat exchanger are reflected in the present work to validate the
accuracy of the numerical model. The experimental and numerical results are compared
for the hot fluid inlet temperature and mass flow rate of 90 ◦C and 21 kg/h, respectively.
The cold fluid mass flow rate ranges from 20 kg/h to 120 kg/h and the cold fluid inlet
temperature is fixed at 12.5 ◦C for the comparison. The warm water as the hot fluid and
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cold water as the cold fluid are considered for the comparison. The outlet temperatures
and pressure drops of hot and cold fluids are compared for the experimental and numerical
methods, as presented in Figure 4. The trends for the experimental and numerical results
are same for outlet temperatures and pressure drops of hot and cold fluids. The cold fluid
outlet temperature decreases with increase in the cold fluid inlet mass flow rate, which
results in an increase in the hot fluid outlet temperature. Whereas, the pressure drops for
hot and cold fluids have increased with an increase in the cold fluid inlet mass flow rate.
Over the variation range of the cold fluid inlet mass flow rate, the maximum deviation
between the experimental and numerical results of the hot fluid outlet temperature is 4.64%,
that of cold fluid outlet temperature is 4.93%, that of hot fluid pressure drop is 5.64% and
that of the cold fluid pressure drop is 6.49%. The numerical results are in closer agreement
with the corresponding experimental results, with a maximum deviation within ±10%
for both thermal and flow characteristics of the microplate heat exchanger. Therefore, the
numerical model is valid and reliable for the detailed thermodynamic investigations on
the microplate heat exchanger.
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5.2. Evaluation of Nanofluid Thermophysical Properties for Different Nanoparticle Shapes

The density and specific heat are not affected by changes in nanoparticle shape, unlike
thermal conductivity and viscosity. Timofeeva et al. [4] have proved that the whole area of
a solid-liquid interface greatly affects the thermal conductivity and viscosity of nanofluids.
Therefore, the behavior of thermal conductivity and viscosity of single-particle and hybrid
nanofluids with different nanoparticle shapes are depicted in Figure 5a,b, respectively. The
behavior comparison is presented for 1.0% volume fraction of the nanoparticle in both
single-particle and hybrid nanofluids. The nanoparticles of Al2O3 and Cu are mixed in
the proposition of 50–50% in the hybrid nanofluid. The stability and agglomeration of
different-shaped nanoparticles significantly affect the thermal conductivity of nanofluids.
The thermal conductivity of both single-particle and hybrid nanofluids with all nanoparticle
shapes are superior compared to water because of dispersion of high thermal conductivity
nanoparticles into the base fluid. For nanoparticle shapes of Sp, OS, PS1, PS2, PS3 and
PS3, the thermal conductivity of the hybrid nanofluid are better than the single-particle
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nanofluid. Whereas, in cases of nanoparticle shapes of BL, PL, CY and BR, the thermal
conductivity values are the same for single-particle and hybrid nanofluids. Among all
nanoparticle shapes, OS presents highest, and PL presents lowest thermal conductivity
values in the respective cases of single-particle and hybrid nanofluids. The order of thermal
conductivity is obtained based on the enhancement in the aspect ratio due to the fact that
a rise in the contact area causes significant heat transfer when nanoparticles collide with
each other [65]. Kim et al. have stated that BR-shaped nanoparticles present better thermal
conductivity compared to BL-shaped nanoparticles due to rapid agglomeration [1]. The
thermal conductivity values of Al2O3 and Al2O3/Cu nanofluids with OS-shaped nanopar-
ticles are higher by 5.48% and 10.61%, respectively, compared to water. The thermal
conductivity of Al2O3 and Al2O3/Cu nanofluids with PL-shaped nanoparticles is higher
by 2.61% compared to water. The viscosity of single-particle and hybrid nanofluids with
different nanoparticle shapes are higher than water because of the dispersion of nanopar-
ticles into the base fluid. However, the viscosity values are same for single-particle and
hybrid nanofluids with the same nanoparticle shape. The Al2O3 and Al2O3/Cu nanofluids
with PL-shaped nanoparticles present the highest viscosity among all nanoparticle shapes,
which is 43.23% superior to the viscosity of water. The Al2O3 and Al2O3/Cu nanofluids
with Sp- and OS-shaped nanoparticles show the lowest and the second lowest values of
viscosity, which are higher by 3.42% and 3.57%, respectively, compared to water. The PL-,
CY- and BL-shaped nanoparticles present larger viscosity values compared to other-shaped
nanoparticles due to limitation of rotational and Brownian motions. In addition, the PL-
and CY-shaped nanoparticles stay in contact with one another for longer periods and
interact between themselves significantly compared to other-shaped nanoparticles, which
results in a higher viscosity in PL- and CY-shaped nanoparticles. Mahian et al. have
presented the highest viscosity for PL-shaped nanoparticles, which increases with volume
fraction [11]. The density and specific heat of the Al2O3 nanofluid are 1017.63 kg/m3 and
4072.28 J/kg·K, respectively, and those of the Al2O3/Cu nanofluid are 1047.04 kg/m3 and
3965.29 J/kg·K, respectively, for all nanoparticle shapes. From this comparison, it could be
concluded that the single-particle and hybrid nanofluids with OS-shaped nanoparticles
have excellent thermophysical properties compared to other nanoparticle shapes.
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5.3. Evaluation of First Law Characteristics for Different Nanoparticle Shapes

The comparison of NTU for single-particle and hybrid nanofluids with different
nanoparticle shapes is shown in Figure 6. The NTU of single-particle and hybrid nanofluids
are improved for nanoparticle shapes of Sp, OS, PS1, PS2, PS3, PS4, BL and BR compared
to water because of improvement in the thermophysical properties of single-particle and
hybrid nanofluids. In the case of PL-shaped nanoparticles, the NTU values are lower for
both single-particle and hybrid nanofluids compared to water, due to a higher velocity
of PL-shaped nanoparticles. The OS- and PL-shaped nanoparticles present the lowest
and highest velocities, respectively, which results correspondingly into the lower and
higher values of heat transfer coefficients. The lower velocity of OS-shaped nanoparticles
results in a lower heat capacity, which dominates the lower heat transfer coefficients.
Hence, as per Equation (43), it results in the highest NTU value. The higher velocity of PL-
shaped nanoparticles results in a higher heat capacity and higher heat transfer coefficient;
therefore, based on Equation (43), the combined effect of a higher heat transfer coefficient
and a higher heat capacity presents a lower NTU for PL-shaped nanoparticles. The higher
heat capacity dominates the higher heat transfer coefficient for PL-shaped nanoparticles. In
the case of CY-shaped nanoparticles, the hybrid nanofluid shows superior NTU values and
single-particle nanofluid shows poorer NTU values than water. In addition, for the same
nanoparticle shape, the NTU of the Al2O3/Cu nanofluid is superior to the NTU of the
Al2O3 nanofluid due to the addition of high thermal conductivity Cu nanoparticles to the
Al2O3 nanofluid, which results in the thermal conductivity improvement of the Al2O3/Cu
nanofluid. Bahiraei et al. have shown similar results of OS- and PL-shaped nanoparticles
with the highest and lowest NTU, respectively, for single-particle nanofluids [19]. The NTU
values of the Al2O3 and Al2O3/Cu nanofluids with OS-shaped nanoparticles are higher by
2.86% and 6.38%, respectively, compared to the NTU of water. The Al2O3 and Al2O3/Cu
nanofluids with PL-shaped nanoparticles present the NTU values as lower by 3.99% and
1.82%, respectively, compared to the NTU of water.
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The effectiveness of single-particle and hybrid nanofluids with different nanoparticle
shapes are compared in Figure 7. For the same nanoparticle shapes, the effectiveness of
the Al2O3/Cu nanofluid are better than the Al2O3 nanofluid because of an increase in the
thermal conductivity of the hybrid nanofluid by the dispersion of high thermal conductivity
nanoparticles. The behavior of effectiveness is same as of the NTU for single-particle and
hybrid nanofluids with all nanoparticle shapes. For the single-particle nanofluids, OS-
shaped nanoparticles present the highest effectiveness, followed by Sp, PS1 = PS2, PS3,
PS4, BR, BL, CY and PL in decreasing order of effectiveness, in which the effectiveness of
CY- and PL-shaped nanoparticles are lower than water. In the case of the hybrid nanofluid,
the decreasing order of effectiveness is OS, PS4, PS3, PS2, PS1, Sp, BR, BL, CY and PL,
respectively, in which the effectiveness value of PL-shaped nanoparticles is lower than
water. Shahsavar et al. have also presented a lower effectiveness for alumina nanofluids
with PL-shaped nanoparticles [26]. The velocity of different-shaped nanoparticles is in
the inverse relation with the temperature gradient. Therefore, the lower velocity of OS-
shaped nanoparticles raises the temperature variation of nanofluids, which results in higher
effectiveness. The effectiveness values of Al2O3 and Al2O3/Cu nanofluids with OS-shaped
nanoparticles are higher by 2.75% and 6.10%, respectively, and those with PL-shaped
nanoparticles are lower by 3.65% and 1.54%, respectively, compared to the effectiveness
of water.

The performance index presents the combined effect of heat transfer and pressure
drop characteristics. The comparison of the performance index of single-particle and
hybrid nanofluids with different particle shapes is presented in Figure 8. The particle
shape with the superior combination of thermal conductivity and viscosity shows the
higher value of the performance index. Therefore, single-particle and hybrid nanofluids
with OS-shaped nanoparticles show the highest values of the performance index among
all nanoparticle shapes and water. The performance index values of single-particle and
hybrid nanofluids with PL-shaped nanoparticles are lowest among all nanoparticle shapes,
as well as water, due to poor thermal conductivity and viscosity. Despite the lower heat
transfer rate in OS-shaped nanoparticles, the lowest pressure drop results in the highest
performance index. Whereas, the higher pressure drop for PL-shaped nanoparticles results
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in the lowest performance index. Vo et al. have also illustrated that the pressure drop
of PL-shaped nanoparticles is superior to other nanoparticle shapes, which increases
as the volume fraction increases [20]. The OS- and PL-shaped nanoparticles show the
maximum and minimum performance indexes for the alumina nanofluid, as proven by
Bahiraei et al. and Arani et al. [19,53]. The single-particle and hybrid nanofluids with
CY-shaped nanoparticles and the single-particle nanofluids with BL-shaped nanoparticles
show a lower performance index than water despite better thermal conductivity because
of higher viscosity and density. Apart from these combinations, other nanoparticle shapes
present better performance index than water, in which hybrid nanofluids show a superior
performance index than the single-particle nanofluid. The Al2O3 and Al2O3/Cu nanofluids
with OS-shaped nanoparticles present the performance index as higher by 2.24% and
6.58%, respectively, and those with PL-shaped nanoparticles present the performance index
as lower by 8.78% and 5.80%, respectively, than water. The single-particle and hybrid
nanofluids with other nanoparticle shapes show the performance index values in a range
between the highest and lowest values.
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5.4. Evaluation of Second Law Characteristics for Different Nanoparticle Shapes

The thermal entropy generation rate for single-particle and hybrid nanofluids with
different nanoparticle shapes is depicted in Figure 9. The thermal entropy generation is
due to heat transfer, which depends on the temperature gradient. The thermal entropy
generation rates of the hybrid nanofluid are better than that of single-particle nanofluids
for OS-, PS2-, PS3- and PS4-shaped nanoparticles due to superior heat transfer properties
and temperature gradients. However, in the case of Sp-, PS1-, BL-, PL-, CY- and BR-shaped
nanoparticles, the thermal entropy generation rates of hybrid nanofluids are lower than
single-particle nanofluids. The thermal entropy generation rates of all nanoparticle shapes
except OS-shaped nanoparticles are lower than the water for both single-particle and
hybrid nanofluids. The thermal entropy generation rates of single-particle and hybrid
nanofluids with PL-shaped nanoparticles are lowest among all nanoparticle shapes. The
PL-shaped nanoparticles have a higher velocity, which creates significant mixing and
disturbance in the boundary layer. Hence, the temperature gradient decreases, which



Symmetry 2021, 13, 1466 17 of 31

results in a lower heat transfer and thermal entropy generation. The opposite discussion
could be applied for OS-shaped nanoparticles with lower velocity. Bahiraei et al. have also
presented that the thermal entropy generation rates are highest and lowest for OS- and
PL-shaped nanoparticles, respectively [13,48]. The Al2O3 and Al2O3/Cu nanofluids with
OS-shaped nanoparticles show thermal entropy generation rates as higher by 0.14% and
0.70%, respectively, compared to water; however, the percentage increase is not significantly
higher. The thermal entropy generation rates of Al2O3 and Al2O3/Cu nanofluids with
PL-shaped nanoparticles are lower by 6.08% and 6.53%, respectively, compared to water.
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The comparison of the friction entropy generation rate for single-particle and hybrid
nanofluids with different nanoparticle shapes is shown in Figure 10. The friction entropy
generation is due to a pressure drop, which depends on the density and viscosity of
nanofluids with various nanoparticle shapes. The friction entropy generation rates are
lower for hybrid nanofluids compared to single-particle nanofluids for all nanoparticle
shapes. Except for single-particle nanofluids with PL- and CY-shaped nanoparticles, the
friction entropy generation rates of other combinations are lower than water. The single-
particle and hybrid nanofluids with Sp- and OS-shaped nanoparticles present the lowest
and second lowest values of friction entropy generation rates because of the same order of
viscosity behavior for both nanoparticle shapes. The single-particle and hybrid nanofluids
with PL-shaped nanoparticles show the highest values of friction entropy generation rates
due to superior values of viscosity among all nanoparticles. The higher and lower values
of friction entropy generation rates correspond to higher and lower velocity gradients of
different nanoparticle shapes. Mahian et al. have also shown a trend in similar results, in
that the friction entropy generation rate for PL-shaped nanoparticles is superior, followed
by CY-, BL- and BR-shaped nanoparticles in the decreasing order [11]. The friction entropy
generation rates of Al2O3 and Al2O3/Cu nanofluids with Sp-shaped nanoparticles are
lower by 1.93% and 5.13%, respectively, and those with OS-shaped nanoparticles are lower
by 1.91% and 5.11%, respectively, than water. The friction entropy generation rate of the
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Al2O3 nanofluid with PL-shaped nanoparticles is higher by 2.73% and that of the Al2O3/Cu
nanofluid with PL-shaped nanoparticles are lower by 0.74% compared to water.
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The behavior of the Bejan number for single-particle and hybrid nanofluids with
different nanoparticle shapes is depicted in Figure 11. The Bejan number presents the
contribution of thermal entropy generation in total entropy generation. The Bejan numbers
of hybrid nanofluids are superior to single-particle nanofluids for all nanoparticle shapes.
In addition, except the single-particle and hybrid nanofluids with PL- and CY-shaped
nanoparticles and single-particle nanofluids with BL-shaped nanoparticles, all other com-
binations present higher values of Bejan numbers compared to water. The OS-shaped
nanoparticles show the highest values of Bejan numbers, followed by Sp, PS1, PS2, PS3,
PS4, BR, BL, CY and PL, respectively, in the decreasing order of the Bejan number for
single-particle nanofluids. In the case of hybrid nanofluids, the decreasing order of Bejan
numbers are OS-, PS2 = PS3-, Sp-, PS4-, PS1-, BR-, BL-, CY- and PL-shaped nanoparticles, re-
spectively. The OS-shaped nanoparticles show a higher contribution of the thermal entropy
generation rate and a lower contribution of the friction entropy generation rate, which
results in the highest value of the Bejan number. The opposite discussion could be applied
for PL-shaped nanoparticles for the lowest value of the Bejan number. Al-Rashed et al.
and Monfared et al. have also shown the lower Bejan number for PL-shaped nanoparti-
cles [28,29]. The Bejan number is maximum for OS-shaped nanoparticles and minimum
for PL-shaped nanoparticles, as presented by Bahiraei et al. [48]. Compared to water, the
Al2O3 and Al2O3/Cu nanofluids with OS-shaped nanoparticles depict the Bejan number
as higher by 0.19% and 0.54%, respectively, and those with PL-shaped nanoparticles depict
the Bejan number as lower by 0.86% and 0.57%, respectively.
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The combination of hybrid nanofluid with OS shaped nanoparticles show the excellent
first law and second law characteristics compared to other combinations as well as water.
Therefore, the first law characteristic namely, performance index and the second law
characteristic namely, Bejan number of hybrid nanofluid (Al2O3/Cu) with OS shaped
nanoparticles are further investigated for different temperatures and mass flow rates of
hot and cold fluids. In addition, the influence of volume fraction is also integrated while
investigating the effect of temperature and mass flow rate on different characteristics. The
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performance index presents the combined effect of heat transfer and pressure drop whereas,
the Bejan number presents the combined effect of thermal and friction entropy generations
hence, these two parameters are considered as the first and second law characteristics
under the influence of various boundary parameters.

5.5. Effect of Hot Fluid Temperature on First and Second Law Characteristics

The behavior of first and second law characteristics of the Al2O3/Cu nanofluid with
OS-shaped nanoparticles for various volume fractions and hot fluid temperatures is pre-
sented in Figure 12. The hot fluid temperature varies at 90 ◦C, 80 ◦C, and 70 ◦C and the
volume fraction varies at 0.5%, 1.0% and 2.0%. The performance index increases with
an increase in the volume fraction as well as hot fluid temperature. The heat transfer
and pressure drop both increase with an increase in volume fraction, but the increase in
the heat transfer dominates compared to the increase in the pressure drop, hence, as a
result, the performance index increases as the volume fraction increases for all hot fluid
temperatures. The hot fluid at the higher temperature could transfer more heat compared
to hot fluid at a lower temperature. The pressure drop remains almost the same for various
hot fluid temperatures, whereas the heat transfer increases with a rise in the temperature,
which shows an enhancement in the performance index with an increase in the hot fluid
temperature for all volume fractions. The performance index of Al2O3/Cu with OS-shaped
nanoparticles increases by 20% and 40% as the hot fluid temperature increases from 70 ◦C
to 80 ◦C and 70 ◦C to 90 ◦C, respectively, for each volume fraction. With the increase in
volume fraction from 0.5% to 2.0%, the performance index of Al2O3/Cu with OS-shaped
nanoparticles enhances by 9.42% for each hot fluid temperature. As elaborated, the heat
transfer enhances with an increase in the volume fraction and hot fluid temperature due
to an increase in the temperature gradient. Hence, the thermal entropy generation rate
increases with an increase in the volume fraction and hot fluid temperature. The increase
in the thermal entropy generation rate with the volume fraction is not significantly high,
but could not be neglected. The friction entropy generation depends on the pressure drop,
but as per the formula, the friction entropy generation rate is evaluated based on the ratio
of pressure drop and average temperature. The pressure drop and average temperature
both increase as the volume fraction increases, but as explained before, the dominance of
the heat transfer is more than pressure drop with an increase in the volume fraction, which
leads to a higher increase rate of average temperature than the pressure drop. Therefore,
the friction entropy generation rate decreases as the volume fraction increases for all hot
fluid temperatures. The pressure drop shows negligible change and heat transfer shows
significant enhancement with a rise in the hot fluid temperature. Therefore, the dominance
of average temperature rise is higher than the pressure drop as the hot fluid temperature
increases, which results in a decrease in the friction entropy generation rate with an increase
in the hot fluid temperature for all volume fractions. The Bejan number increases with an
increase in the volume fraction and an increase in the hot fluid temperature, because the
thermal entropy generation rate increases and the friction entropy generation rate decreases
as the volume fraction and hot fluid temperature have increased. The Bejan number is
at maximum at the higher hot fluid temperature and higher volume fraction. The Bejan
number of Al2O3/Cu with OS-shaped nanoparticles increases by 2.12%, 2.06% and 1.95%
as the hot fluid temperature increases from 70 ◦C to 80 ◦C, and that increases by 3.69%,
3.58% and 3.40% when the hot fluid temperature increases from 70 ◦C to 90 ◦C for volume
fractions of 0.5%, 1.0% and 2.0%, respectively. As the volume fraction increases from 0.5%
to 2.0%, the Bejan number of Al2O3/Cu with OS-shaped nanoparticles increases by 1.01%,
0.85% and 0.73% for hot fluid temperatures of 70 ◦C, 80 ◦C, and 90 ◦C, respectively. Singh
and Sarkar have presented the improvement in Nusselt number and reduction in friction
factor with an increase in hot fluid temperature [62]. The contributions of thermal and
friction entropy generation rates for Al2O3/Cu with OS-shaped nanoparticles at various
hot fluid temperatures are depicted in Figure 13.
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5.6. Effect of Hot Fluid Mass Flow Rate on First and Second Law Characteristics

The effect of the hot fluid mass flow rate and volume fraction on first and second law
characteristics of hybrid nanofluids with OS-shaped nanoparticles is presented in Figure 14.
The hot fluid mass flow rate varies at 10 kg/h, 20 kg/h and 30 kg/h. The performance
index increases with the volume fraction for the same hot fluid mass flow rate because of
higher dominance of the heat transfer increase compared to the pumping power increase
as the volume fraction increases. Moreover, the steepness of the increasing trend of the
performance index with the volume fraction becomes sharp at the higher hot fluid mass
flow rate. For the same volume fraction, the performance index decreases with an increase
in the hot fluid mass flow rate because the dominance of the increase in the pumping
power is superior compared to the increase in heat transfer with an increase in the hot
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fluid mass flow rate. The performance index of Al2O3/Cu with OS-shaped nanoparticles
increases by 3.99%, 9.43% and 12.27% for hot fluid mass flow rates of 10 kg/h, 20 kg/h and
30 kg/h, respectively, as the volume fraction increases from 0.5% to 2.0%. The performance
index of Al2O3/Cu with OS-shaped nanoparticles decreases by 39.37%, 38.29% and 36.20%
as the hot fluid mass flow rate increases from 10 kg/h to 20 kg/h, and that decreases
by 70.31%, 69.51% and 67.94% as the hot fluid mass flow rate increases from 10 kg/h to
30 kg/h for volume fractions of 0.5%, 1.0% and 2.0%, respectively. The thermal entropy
generation rate increases with an increase in the hot fluid mass flow rate for all volume
fractions, due to increase in the temperature gradient and heat transfer. Similarly, the heat
transfer enhances with the volume fraction, which results in an increase in the thermal
entropy generation rate with an increase in the volume fraction for all hot fluid mass flow
rates. However, the increasing trends of thermal entropy generation rates with volume
fractions are not steep for higher hot fluid mass flow rates. The pressure drop and average
temperature have both increased with an increase in volume fraction and hot fluid mass
flow rate. With an increase in volume fraction, the increase in average temperature is
more dominant than the increase in pressure drop, hence the friction entropy generation
rate decreases as the volume fraction increases for all hot fluid mass flow rates. This
decreasing trend becomes steeper with the volume fraction at the higher mass flow rates.
On the other side, with the increase in the hot fluid mass flow rate, the increase in the
pressure drop is dominating compared to the increase in average temperature; therefore,
the friction entropy generation rate is high at a higher mass flow rate and vice versa for
all volume fractions. Based on the trends for the thermal and friction entropy generation
rates with volume fractions and hot fluid mass flow rate, the Bejan number is evaluated.
The Bejan number increases with the increase in volume fraction and decrease in the hot
fluid mass flow rate. The thermal entropy generation increases, and the friction entropy
generation decreases with the increase in volume fraction, which results in an increase
in the Bejan number with an increase in the volume fraction. The thermal and friction
entropy generation rates have both increased with the increase in the hot fluid mass flow
rate but the increasing rate of the friction entropy generation rate is significantly higher
than the thermal entropy generation rate. Therefore, the Bejan number decreases with the
increase in the hot fluid mass flow rate for each volume fraction. The Bejan number of the
Al2O3/Cu nanofluid with OS-shaped nanoparticles increases by 0.21%, 0.73% and 1.74%
for hot fluid mass flow rates of 10 kg/h, 20 kg/h and 30 kg/h, respectively, as the volume
fraction increases from 0.5% to 2.0%. The Bejan number of Al2O3/Cu with OS-shaped
nanoparticles decreases by 3.06%, 2.89% and 2.57% as the hot fluid mass flow rate increases
from 10 kg/h to 20 kg/h, and that decreases by 10.72%, 10.24% and 9.37% as the hot fluid
mass flow rate increases from 10 kg/h to 30 kg/h for volume fractions of 0.5%, 1.0% and
2.0%, respectively. Soroush and Chamkha have also shown that the first and second law
characteristics of single-particle nanofluids enhances as the volume fraction increases for
all nanoparticle shapes [30]. The contributions of thermal and friction entropy generation
rates for Al2O3/Cu with OS-shaped nanoparticles at various hot fluid mass flow rates are
depicted in Figure 15.

5.7. Effect of Cold Fluid Temperature on First and Second Law Characteristics

The variation in first and second law characteristics of hybrid nanofluid with OS-
shaped nanoparticles for various volume fractions and cold fluid temperatures is depicted
in Figure 16. The cold fluid temperature is varied as 10 ◦C, 20 ◦C and 30 ◦C. The cold
fluid at the lower temperature absorbs more heat and presents the higher temperature
gradient and heat transfer rate. The pressure drop is not significantly affected by change in
the cold fluid temperature. Therefore, the performance index increases as the cold fluid
temperature decreases. With the increase in volume fraction, the dominance of the increase
in heat transfer is superior to the increase in the pressure drop; therefore, the performance
index increases with the increase in the volume fraction. The performance index of the
Al2O3/Cu nanofluid with OS-shaped nanoparticles decreases by 12.5% and 24.99% when
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the cold fluid temperature increases from 10 ◦C to 20 ◦C and 10 ◦C to 30 ◦C, respectively,
for all volume fractions. With an increase in the volume fraction from 0.5% to 2.0%, the
performance index increases by 9.43% for all cold fluid temperatures. The thermal entropy
generation increases with the increase in volume fraction and decrease in the cold fluid
temperature because the heat transfer rate increases with the increase in volume fraction
and decrease in the cold fluid temperature. The friction entropy generation rate decreases
with the increase in volume fraction despite an increase in pressure drop, because the
increase in the average temperature with an increase in the volume fraction is dominant
compared to an increase in pressure drop. Similar to the hot fluid temperature, the lower
cold fluid temperature presents higher values of the friction entropy generation rate, and
vice versa. The higher Bejan number is obtained at the lower cold fluid temperature because
the dominance of the thermal entropy generation increase is higher than the friction entropy
generation increase with a decrease in the cold fluid temperature. The thermal entropy
generation increases and the friction entropy generation decreases with an increase in the
volume fraction, which results in an increase in the Bejan number. The Bejan number of
the Al2O3/Cu nanofluid with OS-shaped nanoparticles decreases by 1.16%, 1.12% and
1.07% as the cold fluid temperature increases from 10 ◦C to 20 ◦C, and that decreases
by 2.66%, 2.59% and 2.45% as the cold fluid temperature increases from 10 ◦C to 30 ◦C
for volume fractions of 0.5%, 1.0% and 2.0%, respectively. With the increase in volume
fraction from 0.5% to 2.0%, the Bejan number of Al2O3/Cu nanofluid with OS-shaped
nanoparticles increases by 0.63%, 0.73% and 0.85% for cold fluid temperatures of 10 ◦C,
20 ◦C and 30 ◦C, respectively. Garud et al. have proved that the performance of the heat
exchanger is optimum for the lower mass flow rate of cold fluid [66]. The contributions of
thermal and friction entropy generation rates for Al2O3/Cu with OS-shaped nanoparticles
at various cold fluid temperatures are depicted in Figure 17.
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5.8. Effect of Cold Fluid Mass Flow Rate on First and Second Law Characteristics

The behavior of first and second law characteristics of the hybrid nanofluid with
OS-shaped nanoparticles for various volume fractions and cold fluid mass flow rates
is presented in Figure 18. The cold fluid mass flow rate is varied at 10 kg/h, 20 kg/h
and 30 kg/h. The ratio of heat transfer to pumping power is dominating at a higher
volume fraction and lower cold fluid mass flow rate. Therefore, the performance index
increases with the increase in volume fraction and decrease in cold fluid mass flow rate.
The performance index of the Al2O3/Cu nanofluid with OS-shaped nanoparticles increases
by 13.41%, 9.43% and 5.79% for cold fluid mass flow rates of 10 kg/h, 20 kg/h and 30 kg/h,
respectively, as the volume fraction increases from 0.5% to 2.0%. The performance index
of the Al2O3/Cu nanofluid with OS-shaped nanoparticles decreases by 6.41%, 7.52% and
9.70% as the cold fluid mass flow rate increases from 10 kg/h to 20 kg/h, and that decreases
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by 38.71%, 40.13% and 42.82% as the cold fluid mass flow rate increases from 10 kg/h to
30 kg/h for volume fractions of 0.5%, 1.0% and 2.0%, respectively. The thermal entropy
generation rate increases with the volume fraction and cold fluid mass flow rate due to an
increase in the heat transfer at a higher volume fraction and higher cold fluid mass rate.
For the same cold fluid mass flow rate, the ratio of pressure drop to average temperature is
less dominant at a higher volume fraction; therefore, the friction entropy generation rate
decreases with an increase in volume fraction. The friction entropy generation increases
with an increase in the cold fluid mass flow rate for all volume fractions because the ratio
of pressure drop to average temperature is highly dominant at higher cold fluid mass
flow rates. The ratio of thermal entropy generation rate to total entropy generation rate
presents an increasing trend of Bejan numbers with an increase in volume fraction and
a decrease in the cold fluid mass flow rate. With the increase in volume fraction from
0.5% to 2.0%, the Bejan number of the Al2O3/Cu nanofluid with OS-shaped nanoparticles
increases by 0.94%, 0.73% and 0.69% for cold fluid mass flow rates of 10 kg/h, 20 kg/h
and 30 kg/h, respectively. The Bejan number of the Al2O3/Cu nanofluid with OS-shaped
nanoparticles decreases by 1.06%, 1.13% and 1.26% as the cold fluid mass flow rate increases
from 10 kg/h to 20 kg/h, and that decreases by 6.21%, 6.30% and 6.45% as the cold fluid
mass flow rate increases from 10 kg/h to 30 kg/h for volume fractions of 0.5%, 1.0% and
2.0%, respectively. Tiwari et al. have proved that the lower cold fluid mass flow rate shows
the better first law characteristics compared to the higher cold fluid mass flow rate [59,61].
The contributions of thermal and friction entropy generation rates for Al2O3/Cu with
OS-shaped nanoparticles at various cold fluid mass flow rates are depicted in Figure 19.
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The above-mentioned results in Sections 5.3–5.8 are summarized as the comparison
of single-particle and hybrid nanofluids with different nanoparticle shapes, based on
numerous first and second law characteristics of the microplate heat exchanger. The
Al2O3/Cu nanofluid with OS-shaped nanoparticles presents the excellent first and second
law characteristics among all combinations of single-particle and hybrid nanofluids with
nanoparticle shapes. The first and second law characteristics in terms of performance
index and Bejan number are investigated under various conditions of volume fraction,
temperature and mass flow rate for the best combination of Al2O3/Cu nanofluid with
OS-shaped nanoparticles. The performance index and Bejan number of the Al2O3/Cu
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nanofluid with OS-shaped nanoparticles are maximum at a higher hot fluid temperature,
lower cold fluid temperature and lower mass flow rates of hot and cold fluids.
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6. Conclusions

The first and second law analyses have been conducted on the microplate heat
exchanger, comprising of single-particle and hybrid nanofluids with different-shaped
nanoparticles. Firstly, the first and second law characteristics are compared for different-
shaped nanoparticles, and then the effect of various volume fractions, temperatures and
mass flow rates are investigated on the first and second law characteristics of the optimum-
shaped nanoparticles. The following key findings are highlighted from the present study.
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(a) The decreasing order of first law characteristics is evaluated as hybrid nanofluid,
single-particle nanofluid and water, respectively, for all nanoparticle shapes. The
Al2O3/Cu nanofluid with OS-shaped nanoparticles shows maximum values of NTU,
effectiveness and performance index, which are higher by 6.38%, 6.10% and 6.58%,
respectively, compared to water. The Al2O3 nanofluid with PL-shaped nanoparticles
shows minimum values of NTU, effectiveness and performance index, which are
lower by 3.99%, 3.65% and 8.78%, respectively, compared to water. The Al2O3/Cu
nanofluid with OS-shaped nanoparticles shows the optimum values of first
law characteristics.

(b) The thermal entropy generation rates of OS-shaped nanoparticles are at a maximum,
which are 0.14% and 0.70% higher for Al2O3 and Al2O3/Cu nanofluids, respectively,
compared to water. The friction entropy generation rates are maximum for PL-shaped
nanoparticles which are 2.73% higher and 0.74% lower for Al2O3 and Al2O3/Cu
nanofluids, respectively, compared to water. The increasing order of Bejan num-
bers are water, single-particle nanofluid and hybrid nanofluid, respectively, for all
nanoparticle shapes. The Bejan number of the Al2O3/Cu nanofluid with OS-shaped
nanoparticles is the maximum, and that of the Al2O3 nanofluid with PL-shaped
nanoparticles is the minimum, which are 0.54% higher and 0.86% lower compared to
water. The Al2O3/Cu nanofluid with OS-shaped nanoparticles shows the optimum
values of second law characteristics.

(c) The first law characteristic performance index of the Al2O3/Cu nanofluid with OS-
shaped nanoparticles has increased with an increase in volume fraction for various
temperature and mass flow rate conditions of hot and cold fluids. The performance
index increases with the increase in the hot fluid temperature and decrease in the
cold fluid temperature for all volume fractions. The performance index has decreased
with the increase in the hot and cold fluid mass flow rates.

(d) The second law characteristic Bejan number of the Al2O3/Cu nanofluid with OS-
shaped nanoparticles has increased with the increase in the volume fraction for all
temperature and mass flow rate conditions of hot and cold fluids. The Bejan number
has increased with the increase in hot fluid temperature, whereas with the increase in
the cold fluid temperature, the Bejan number has decreased for all volume fractions.
The Bejan number has decreased with the increase in hot and cold fluid mass flow
rates for all volume fractions.
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Nomenclature

A total heat transfer area (m2)
Cc f cold fluid heat capacity (W/K)
Ch f hot fluid heat capacity (W/K)
Cmin minimum heat capacity (W/K)
Cp,b f specific heat of base fluid (J/kg·K)
Cp,c f cold fluid specific heat (J/kg·K)
Cp,h f hot fluid specific heat (J/kg·K)
Cp,hn f specific heat of hybrid nanofluid (J/kg·K)
Cp,n f specific heat of nanofluid (J/kg·K)
Cp,np specific heat of nanoparticles (J/kg·K)
Cp,np1 specific heat of nanoparticle1 (J/kg·K)
Cp,np2 specific heat of nanoparticle2 (J/kg·K)
h enthalpy (J/kg)
k turbulent kinetic energy (J/kg)
kb f thermal conductivity of base fluid (W/m·K)
khn f thermal conductivity of hybrid nanofluid (W/m·K)
kn f thermal conductivity of nanofluid (W/m·K)
knp thermal conductivity of nanoparticle (W/m·K)
knp1 thermal conductivity of nanoparticle1 (W/m·K)
knp2 thermal conductivity of nanoparticle2 (W/m·K)
.

mc f cold fluid mass flow rate (kg/s)
.

mh f hot fluid mass flow rate (kg/s)
mnp mass of nanoparticles (kg)
p static pressure (Pa)
Qmax maximum possible heat transfer rate (W)
.
SFr Volumetric friction entropy generation rate (W/m3 K)
.
STh Volumetric thermal entropy generation rate (W/m3 K)
.
ST Volumetric total entropy generation rate (W/m3 K)
Tc f ,i cold fluid inlet temperature (K)
Tc f ,o cold fluid outlet temperature (K)
Th f ,i hot fluid inlet temperature (K)
Th f ,o hot fluid output temperature (K)
T average temperature (K)
T′ temperature fluctuation (K)
U average velocity (m/s)
Vb f volume of base fluid (L)
Vnp volume of nanoparticles = mnp

ρnp
(L)

v average velocity (m/s)
v′ fluctuating velocity (m/s)
ρ density (kg/m3)
ρb f density of base fluid (kg/m3)
ρhn f density of hybrid nanofluid (kg/m3)
ρn f density of nanofluid (kg/m3)
ρnp density of nanoparticles (kg/m3)
ρnp1 density of nanoparticle1 (kg/m3)
ρnp2 density of nanoparticle2 (kg/m3)
µ dynamic viscosity (Pa·s)
µb f viscosity of base fluid (Pa·s)
µn f viscosity of nanofluid (Pa·s)
∅hn f volume fraction of hybrid nanofluid (%)
∅np1 volume fraction of nanoparticle1 (%)
∅np2 volume fraction of nanoparticle2 (%)
λ thermal conductivity (W/m·K)
λe f f effective thermal conductivity (W/m·K)
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λt turbulent thermal conductivity (W/m·K)
∇ gradient operator
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due to fluctuating temperature gradients, which could also be expressed as Equation (7) 
[48]. 

𝑆 = 𝜆𝑇 [(𝜕𝑇𝜕𝑥) + (𝜕𝑇𝜕𝑦) + (𝜕𝑇𝜕𝑧) ] (7)

Therefore, the volumetric thermal entropy generation rate could be reduced to 
Equation (8) after manipulating 𝜆 = 𝜆 + 𝜆 . 𝑆 = [( ) + ( ) + ( ) ]  (8)

The volumetric friction entropy generation rate is evaluated using Equation (9) as the 
summation of direct dissipation due to the average velocity gradient and indirect 
dissipation due to the fluctuating velocity gradient [48]. 𝑆 = 𝜇𝑇 {2[(𝜕𝑣𝜕𝑥) + (𝜕𝑣𝜕𝑦) + (𝜕𝑣𝜕𝑧) ] + (𝜕𝑣𝜕𝑦 + 𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑦 ) }+ 𝜇𝑇 {2[(𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑦 ) + (𝜕𝑣𝜕𝑧 ) ] + (𝜕𝑣𝜕𝑦 + 𝜕𝑣𝜕𝑥 )+ (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑦 )  

(9)

The first term on right side of Equation (9) indicates the direct entropy generation 
due to dissipation in the mean flow field, which is commonly denoted as direct 
dissipation. Whereas, the second term on the right side of Equation (9) indicates turbulent 
or indirect dissipation due to fluctuating velocity gradients, which is also expressed as 
Equation (10) [48]. 𝑆 = 𝜌𝛽∗𝑘ɷ𝑇  (10)

Therefore, the volumetric friction entropy generation rate could be reduced to 
Equation (11) [48]. 𝑆 = 𝜇𝑇 {2[(𝜕𝑣𝜕𝑥) + (𝜕𝑣𝜕𝑦) + (𝜕𝑣𝜕𝑧) ] + (𝜕𝑣𝜕𝑦 + 𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑥 ) + (𝜕𝑣𝜕𝑧 + 𝜕𝑣𝜕𝑦 ) }+ 𝜌𝛽∗𝑘ɷ𝑇  

(11)

Here, 𝛽∗ is the model constant with value of 0.09. 
The Bejan number is evaluated to quantify the contribution of the volumetric thermal 

entropy generation rate in the volumetric total entropy generation rate. The Bejan number 
(Be) is defined as the ratio of the volumetric thermal entropy generation rate to the 
volumetric total entropy generation rate, as presented by Equation (12) [48]. 𝐵𝑒 = 𝑆𝑆  (12)

The governing equations are solved using the finite volume method and second 
order approach. The tetrahedron mesh elements are considered for the computational 
geometry of the heat exchanger and fluid domains. The inflation layers are provided on 
the fluid domains to consider the effect of boundary layers at the walls of the heat 
exchanger. The mesh independency test is carried out by generating five different mesh 
element numbers on the computational geometry. The results of performance index are 
evaluated for different mesh element numbers by considering the flow of water as hot and 
cold fluids. The inlet temperature and mass flow rate on the hot side are 90 °C and 20 kg/h, 
and those on the cold side are 20 °C and 20 kg/h. The mesh independency results for five 
different mesh elements are presented in Table 1. The temperature and pressure drop 
results for hot and cold fluids are significantly varying when the mesh element numbers 
are ranging from 157,649 to 732,993. However, beyond the mesh element number of 

specific dissipation rate (s−1)
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