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Corrugating channel walls is a way to enhance heat transfer in heat exchangers. In the current investigation, the
entropy generation minimization approach has been employed to optimize heat transfer and fluid flowwithin a
wavy channel. A numerical method has been built to compute entropy generation rate in a sinusoidal wavy-wall
channel with copper-water (Cu-water) nanofluid flow. The governing equations have been discretized using
finite volume method for a two-dimensional steady flow. The effects of geometrical and flow parameters,
including nanoparticles volume fraction (0.01 b ϕ b 0.05), Richardson number (0.1 b Ri b 10), wave amplitude
ratio (0.1 b α b 0.3) andwave length ratio (1 b λ b 3), have been investigated. Results reveal that increasing nano-
particle volume fraction within investigated Richardson number will increase Nusselt number. In addition, the
maximum entropy generation rate declines as Richarson number increases. The optimal wave amplitude ratio
(corresponding to lowest entropy generation), for wave length ratios of λ = 1 and λ = 2, found to be α = 0.2.
Also, for wave length ratio of λ = 3, the minimum entropy generation approximately occurs at α = 0.1.
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1. Introduction

Employing wavy-wall channels is one way to enhance heat transfer
[1,2] which are used in various systems such as heat exchangers [3–5],
heat sinks [6] and solar collectors [7,8]. Accordingly, investigating heat
transfer and fluid flow characteristics in wavy channels are one of the
most interesting topics. Enhancing heat transfer is still an important
issue in both of these categories. In addition of corrugation channel
walls to increases heat transfer, the use of nanofluids in wavy channels
also improves the existing conditions [9–11]. The nanofluids are com-
posed of a base fluid component (such aswater, oils and etc.) and nano-
particles (such as various metal oxides), in which the nanoparticles are
dispersed in the base fluid [12–14].

The researches in the field of heat transfer and fluid flow character-
istics in wavy channels can be classified into the two main categories
based on the fluid flow: forced convection [15–19] and natural convec-
tion [20–24] heat transfer. In one of the recent studies on the use of
nanofluids in corrugated channels, Nazari and Toghraie [25] investi-
gated convective heat transfer in a porous sinusoidal channel filled
with CuO-water nanofluid. They numerically solved the governing
zaneh-Gord),
equations for a two-dimensional laminar flow. In another work,
Akbarzadeh et al. [26] studied the effect of dispersing Cu nanoparticles
towater for a corrugated channel. They employedfinite volumemethod
(FVM) for solving the governing equations and computed thermal and
pumpingpower. Ahmedet al. [27] investigated the effect of the corruga-
tion shape on the heat transfer enhancement for SiO2-water nanofluid
turbulent flow inside wavy channels numerically and experimentally.
The same authors [28] also investigated the thermal–hydraulic perfor-
mance of the laminar CuO-water nanofluid flow for various wavy chan-
nels. An experimental investigation was presented by Khoshvaght-
Aliabadi and Sahamiyan [29] to examine the effects of the nanofluid
mass flow rate, nanoparticle concentration and geometrical parameters
on the heat transfer and pumpingpower for Al2O3-water flow inside the
wavy minichannels. Khoshvaght-Aliabadi [30] also investigated the in-
fluence of the geometrical parameters of a sinusoidal wavy-wall chan-
nel on the heat transfer and friction factor for Al2O3-water nanofluid
flow. He applied a numerical approach for simulating two-dimensional
turbulent flow at different Reynolds numberswithin the range of 6000–
22,000. Nasrin et al. [31] investigated the accuracy of two different vis-
cosity models on mixed convection heat transfer in a vertical lid driven
cavity (with triangular corrugated walls) which was filled with CuO-
water nanofluid. They used Galerkin's finite-element method to solve
the governing equations. Sheremet et al. [32] proposed a numerical
model for investigating free convection heat transfer for Cu-water
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Fig. 1. Schematic diagram of the model under investigation.
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nanofluid flow inside a cavity with wavy porous walls exposed to a
magnetic field. Shenoy et al. [33] presented details of convective heat
transfer inside wavy-wall channels for nanofluid flow.

To get more information about the quality of the available energy
and also the optimal thermodynamic conditions of any systems, it is
beneficial to calculate entropy generation [34–39]. Entropy generation
minimization (EGM) approach can be also used for optimizing thermo-
dynamic systems [40–50]. Similar to heat transfer studies, entropy gen-
eration investigation ofwavy-wall channels could be also carried out for
natural and forced convection. Sheremet et al. [51] employed CFD
method to compute entropy generation in natural convection heat
transfer of Cu-water nanofluid within a cavity with sinusoidal-corru-
gated vertical wall. In anotherwork, Cho et al. [52] appliedfinite volume
method for numerical modeling of free convective heat transfer and en-
tropy generation for different metal oxide nanofluids (Cu-water, Al2O3-
water, and TiO2-water) in a horizontal enclosure with wavy walls.

The researches in the field of calculating the entropy generation
amount for nanofluid flow inside horizontal wavy channels are very
limited. In one of these limited studies, Akbarzadeh et al. [53] investi-
gated heat transfer, pressure drop and entropy generation for cu-
water nanofluid flow within a sinusoidal wavy-wall heat exchanger
with a porous insert (the porous was inserted along the centerline of
the heat exchanger). Akbarzadeh et al. [54] also studied a corrugated-
Fig. 2. Grid generation inside the computa
wall solar heater numerically. By considering the Cu-water nanofluid
turbulent flow, they investigated the effects of nanoparticles volume
fraction and wall shapes (triangular, sinusoidal and straight ducts).
In another work, Esfahani et al. [55] performed a two-dimensional
numerical simulation (using Ansys-Fluent software) to calculate en-
tropy generation of the Cu-water nanofluid flow in a wavy heat
exchanger.

Based on the mentioned literature, most researches on the applica-
tion of nanofluids in wavy channels have focused on the improvement
of free convective heat transfer. In addition, a few researches have
been carried out to utilize the entropy generation approach to optimize
the design condition. Consequently, the aim of the present study is to
improve (optimize) the mixed convective heat transfer for nanofluid
flow inside a wavy channel using the entropy generation minimization
approach. Cu–water nanofluid is chosen as working fluid due to its low
cost and good heat transfer characteristic. The copper is a commonma-
terial which could be prepared easily. From a variety of conventional
wall corrugation shapes (such as triangular, trapezoidal, sinusoidal,
etc.), the sinusoidal shape has been selected. As the first study on
mixed convection nanofluid flow inside sinusoidal wavy channels, the
effect of the nanoparticle volume fraction and geometry parameters
(wave amplitude and wavelength) are investigated on heat transfer
characteristics and entropy generation.
tional domain and around the walls.



Table 1
Properties of investigated nanofluid in present study.

Water Cu

ρ (kg/m3) 977.1 8954
Cp (J/kg.K) 4179 383
k (W/m.K) 0613 400
μ (N.s/m2) 0.001 –
β (1/K) × 10−5 21 1.67
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2. The numerical model and formulation

2.1. Geometry and grid generation

In this section, attention has been paid to introduce the case under
investigation. Based on the previous researches [56,57], the sinusoidal
corrugation walls causes better heat transfer and lower entropy gener-
ation in comparison to the other types of the wall corrugations (such as
triangular and square). Consequently, the selected geometry is a sinu-
soidal wavy-wall channel with the total length of L and the height of
2H. A schematic of the geometry is drawn in Fig. 1. As it can be seen,
the channel is made of three sections: (1) the initial section (0bx b X1)
with smooth walls and adiabatic condition (Q=0), (2) the middle sec-
tion (X1 b x b X2) with sinusoidalwalls and constant temperature condi-
tion (T = Tw), (3) the end section (X2 b x b L) with smooth walls and
adiabatic condition (Q = 0). The length of the initial and end sections
are X1 = 3H and X1 = 15H from the origin. The sinusoidal curve is de-
signed according to Eqs. (1) and (2). The wavy section has a wave am-
plitude of 2a and wave length of 2b and to express different
geometries, the dimensionless parameters of the wave amplitude ratio
0.1 b α= a/H b 0.3 and thewave length ratio 1 b λ= b/H b 3 are defined
as dimensionless parameters.

S xð Þ ¼ H þ a sin
π x−X1ð Þ

H

� �
: top wavy‐wall X1bxbX2 ð1Þ

S xð Þ ¼ −H−a sin
π x−X1ð Þ

H

� �
: bottom wavy‐wall X1bxbX2 ð2Þ

A sample grid generation of the computational domain and also a
close-up view around walls is drawn in Fig. 2. The structured square
meshes have been used for generating a high-quality grid. Due to the
strong changes, higher mesh density is selected near the walls. This
high-quality grid generation guarantees the accuracy of the calculations.

2.2. Governing equations

In present work, a two-dimensional, steady state, laminar, incom-
pressible and viscous flow of Cu-water nanofluid inside a wavy channel
is investigated. The governing equations for numerical simulation are
containing continuity, momentum (in x and y directions) and energy
equations; based on the abovementioned assumptions, these equations
are defined as Eqs. (3) to (6), respectively [58–63].

∂u
∂x

þ ∂v
∂y

¼ 0 ð3Þ
Table 2
Effect of the computational cell number on the average Nusselt number (for ϕ = 0, α = 0.2, G

Geometry no. Grid size Nuave, top Relati

1 20 × 256 4.1032 1.33
2 30 × 510 4.0486 0.23
3 50 × 1022 4.0393 0.04
4 60 × 2044 4.0377 –
ρnf u
∂u
∂x

þ v
∂u
∂y

� �
¼ −

∂p
∂x

þ μnf
∂2u
∂x2

þ ∂2u
∂y2

 !
ð4Þ

ρnf u
∂v
∂x

þ v
∂v
∂y

� �
¼ −

∂p
∂y

þ μnf
∂2v
∂x2

þ ∂2v
∂y2

 !
þ g ρβð Þnf T−Tcð Þ ð5Þ

ρnf Cnf u
∂T
∂x

þ v
∂T
∂y

� �
¼ knf

∂2T
∂x2

þ ∂2T
∂y2

 !
ð6Þ

In which, u, v, p, T and g are velocity component in x direction, veloc-
ity component in y direction, pressure, temperature and gravity acceler-
ation, respectively. Also, ρnf, μnf, βnf, Cnf and knf represents density,
viscosity, thermal expansion coefficient, heat capacity and conductively
factor of the nanofluid, respectively. Determining the thermo-physical
properties of the nanofluid is an important step in the modeling and
thementioned nanofluid thermo-physical properties are defined as fol-
lowing equations [64,65]:

ρnf ¼ 1−ϕð Þρ f þ ϕρs ð7Þ

ρCð Þnf ¼ 1−ϕð Þ ρCð Þ f þ ϕ ρCð Þs ð8Þ

ρβð Þnf ¼ 1−ϕð Þ ρβð Þ f þ ϕ ρβð Þs ð9Þ

μnf ¼
μ f

1−ϕð Þ2:5
ð10Þ

knf
k f

¼ ks þ 2kf þ 2ϕ kf−ks
� �

ks þ 2kf−ϕ kf−ks
� � ð11Þ

In above equations, the f and s indexes refer to the base fluid and
solid nanoparticles, respectively. In this research, water has been con-
sidered as the base fluid and copper nanoparticles have been selected
as the solid part of the nanofluid. The base fluid is Newtonian and there-
fore all of the thermo-physical of the base fluid, except density, have
been assumed to be constant and the density has been assumed to be
changed linearlywith temperature according to Boussinesq approxima-
tion. The Boussinesq formula is defined as Eq. (12) [66]. In this study,
Prandtl number of the base fluid is equal to 6.82. Details of thermo-
physical properties for liquid part (at reference temperature) and solid
part of the nanofluid being considered in this research (water copper),
are listed in Table 1.

ρ ¼ ρ0 1−β T−T0ð Þ½ � ð12Þ

In Eq. (12), ρ and ρ0 are density of the base fluid at a desired temper-
ature and the reference temperature, respectively. It should be noted
that ρ0 has a constant value at the reference temperature which is listed
in Table 1.

2.3. Dimensionless form of governing equations

For better presenting the results, dimensionless form of parameters
and equations were used. Hence, to obtain a dimensionless form of the
governing equations, following dimensionless parameters were used.
r = 104 and Ri = 1).

ve difference (%) Nuave, bottom Relative difference (%)

4.0197 2.32
3.9265 0.06
3.9241 0.02
3.9233 –



Fig. 4. Variation of the local Nusselt number along the wavy section for α=0.2, Gr = 104

and Ri = 0.1, (A) bottom wall, (B) top wall.
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Fig. 3. Comparison of a local Nusselt number between current work and the other for α=
0.2 and different Reynolds numbers.
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Some of the important dimensionless numbers used in this study are
Reynolds number (Re), Grashof number (Gr), Prandtl number (Pr),
and Richardson number (Ri), which are defined as:

X ¼ x
H
; Y ¼ y

H
; U ¼ u

U0
; V ¼ v

U0
ð13Þ

P ¼ p

ρ f U
2
0

; θ ¼ T−T0

Tw−T0
ð14Þ

Re ¼ U0ρ f H
μ f

ð15Þ

Gr ¼ gβ f H
3 Tw−T0ð Þ
υ2
f

ð16Þ

Pr ¼ υ f

α f
ð17Þ

Ri ¼ Gr
Re2

ð18Þ
Fig. 5. Variation of the local Nusselt number along thewavy section for α=0.2, Gr= 104
and Ri = 1, (A) bottom wall, (B) top wall.



Table 3
Variation of the average Nusselt number in terms of Richardson number and nanoparticle
volume fraction for α = 0.2 and Gr = 104.

Nuave

Ri ϕ Bottom wall Top wall

0.1 0 6.3076 6.4621
0.01 6.4465 6.5926
0.02 6.5837 6.7213
0.03 6.7183 6.8483
0.04 6.8516 6.9744
0.05 6.9836 7.0994

1 0 3.9241 4.0394
0.01 4.0027 4.1193
0.02 4.0826 4.1996
0.03 4.1636 4.2803
0.04 4.2460 4.3618
0.05 4.3289 4.4433

10 0 2.5643 2.8633
0.01 2.6173 2.9132
0.02 2.6707 2.9637
0.03 2.7245 3.0148
0.04 2.7788 3.0668
0.05 2.8333 3.1193
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where, U0, T0 and Tw respectively indicates the average mean inlet ve-
locity, inlet temperature and wall temperature. Considering mentioned
dimensionless parameters, the dimensionless form of Eqs. (3) to (6) are
re-written as Eqs. (19) to (22), respectively.

∂U
∂X

þ ∂V
∂Y

¼ 0 ð19Þ

U
∂U
∂X

þ V
∂U
∂Y

¼ ρ f

ρnf
−

∂P
∂X

þ 1
Re

μnf

μ f

∂2U
∂X2 þ ∂2U

∂Y2

 !" #
ð20Þ

U
∂V
∂X

þ V
∂V
∂Y

¼ ρ f

ρnf
−

∂P
∂Y

þ 1
Re

μnf

μ f

∂2V
∂X2 þ

∂2V
∂Y2

 !
þ ρβð Þnf

ρβð Þ f
Riθ

" #
ð21Þ

U
∂θ
∂X

þ V
∂θ
∂Y

¼ 1
Re � Pr

knf
k f

ρCð Þ f
ρCð Þnf

∂2θ
∂X2 þ

∂2θ
∂Y2

 !
ð22Þ
Fig. 6. Variation of the local Nusselt number along thewavy section for α=0.2, Gr= 104
and Ri = 10, (A) bottom wall, (B) top wall.
2.4. Boundary conditions

To solve the governing equations of the problem, following bound-
ary conditions were assumed:

-Inlet:
In inlet boundary, for velocity field, the velocity profile was assumed

as fully-developed and the inlet temperature was assumed to be con-
stant (T=T0=300 K). These conditions are presented in Eq. (23).

u ¼ 3
2
U0 1−

y
H

� �2� 	
; v ¼ 0; T ¼ T0 ¼ 300 K ð23Þ

-Channel Walls:
The no-slip condition was assumed for channel walls; also for

smooth and wavy walls, adiabatic and constant temperature conditions
were assumed, respectively.

u ¼ 0; v ¼ 0; T ¼ Tw ¼ 310 K wavy walls ð24Þ

u ¼ 0; v ¼ 0;
∂T
∂y

¼ 0 smooth walls ð25Þ
Fig. 7. Temperature contour plot for α = 0.2 and Gr = 104, (A) Ri = 0.1, (B) Ri = 1,
(C) Ri = 10.



Fig. 8. Temperature distribution for α = 0.2, Gr = 104 and Ri = 0.1 at various volume
concentrations.
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-Outlet:
On this boundary, the zero-gradient condition was assumed as:

∂u
∂x

¼ 0;
∂v
∂x

¼ 0;
∂T
∂x

¼ 0 ð26Þ

It should be noted, the effect of Richardson number and volume frac-
tion of the nanoparticles on quantities of heat transfer and entropy pro-
ductionwas considered in the ranges of 0.1 b Ri b 10 and 0.01 b ϕ b 0.05.

2.5. Numerical simulation process

The governing equationswithmentioned boundary conditionswere
discretized and solved in Ansys-Fluent software using pressure-based
finite volumemethod. A SIMPLE algorithmwas used to establish the re-
lation between velocity and pressure fields. The effects of the viscous
dissipation and radiation heat transfer on the flow field and tempera-
ture field are ignored. Absolute convergence error of the residuals in
Fig. 9. Thermal entropy generation distribution for α = 0.2
order to stop the computations was assumed from 10−6 to 10−9

which guarantees the high accuracy of the results.

2.6. Heat transfer and entropy generation analysis

To investigate the extent of heat transfer, the dimensionless variable
of theNusselt numberwas used. Local and average Nusselt numbers are
calculated using Eqs. (27) and (28), respectively.

Nux ¼ −
knf
k f

∂θ
∂n






wall

ð27Þ

Nuavg ¼ 1
X2−X1ð Þ

ZX2

X1

Nuxdx ð28Þ

In Eq. (27), n indicates the vector perpendicular to the corrugated
surface.

Existence of irreversible resources, such as the effect of viscous and
thermal dissipations, in the flow field results in entropy generation.
The local volumetric entropy generation rate for two-dimensional
flow is defined as Eq. (29). It should be noted that, the first term in Eq.
(29) (SH) shows the entropy generation due to heat transfer (thermal
dissipations) and the second term (SV) indicates entropy generation
due to fluid flow (viscous dissipations) [23,67].

_S
‴
gen ¼ _S

‴
gen;H þ _S

‴
gen;V ¼ knf

T2

∂T
∂x

� �2

þ ∂T
∂y

� �2
" #

þ μnf

T
2

∂u
∂x

� �2

þ 2
∂v
∂y

� �2

þ ∂u
∂y

þ ∂v
∂x

� �2
" #

ð29Þ

By applying the mentioned dimensionless parameters into Eq. (29),
the local entropy generation number (a dimensionless form of the
and Gr = 104, (A) Ri = 0.1, (B) Ri = 1, (C) Ri = 10.



Fig. 11. Bejan number contour plot for α=0.2 and Gr= 104, (A) Ri = 0.1, (B) Ri= 1, (C)
Ri = 10.

Fig. 10. Frictional entropy generation distribution for α = 0.2 and Gr = 104, (A) Ri = 0.1, (B) Ri = 1, (C) Ri = 10.
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entropy generation) can be written as Eq. (30).

Ng ¼ knf
k f

∂θ
∂X

� �2

þ ∂θ
∂Y

� �2
" #

þ ψ
μnf

μ f
2

∂U
∂X

� �2

þ 2
∂V
∂Y

� �2

þ ∂U
∂Y

þ ∂V
∂X

� �2
" #

ð30Þ

In which, the parameter ψ is called irreversibility ratio factor and de-
fined as Eq. (31). It is considered to be 10−4 in the current study.

ψ ¼ μ f Tb

k f

U0

Tw−Tb

� �2

; Tb ¼ Tw þ T0

2
ð31Þ

In which, Tb is bulk temperature and ΔT = Tw − Tb indicates the
wall-bulk fluid temperature difference [67]. By integrating Eq. (30)
over the whole of the solution domain, the amount of the average en-
tropy generation number is calculated as Eq. (32).

Ns ¼ Ns;H þ Ns;V ¼
Z

Ngd∀ ð32Þ

Also in order to consider the share of each of the irreversibility in en-
tropy generation, Bejan number was used which its local and average
value are defined as Eqs. (33) and (34), respectively [68].

Bel ¼
Ng;H

Ng
¼ Ṡ

000

gen;H

Ṡ
000

gen

ð33Þ

Beavg ¼ Ns;H

Ns
ð34Þ

3. Grid-independent study

To investigate grid independency, a number of computational cells
were investigated as the solution domain. Four similar geometries with
different cell numbers were used and the value of the average Nusselt
number in these geometries were calculated and compared to each
other. Variation of the average Nusselt number on the upper and lower
corrugated walls are provided in Table 2, for ϕ = 0, α = 0.2, Gr = 104

and Ri = 1.
According to Table 2, the percentage of the relative difference be-

tween results of geometries 3 and 4 is b0.04 and for this reasons, geom-
etry 3 is used as a computational domain for the analysis. This table is
presented as a sample from various cases which were investigated for
grid independence test. The results of investigating independence
from a number of computational cells for other geometries indicate
that approximately the same grid size can be extended for all other
geometries.



Fig. 13. Temperature contour plot for ϕ = 0.02, Gr = 104, Ri = 1, λ = 2, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.

Table 4
Variation of the average Nusselt number in terms of wavelength ration and wave
amplitude ratio for ϕ = 0.02, Gr = 104 and Ri = 1.

Wavelength ratio Wave amplitude ratio Nuave

λ α Bottom wall Top wall

1 0.1 4.0599 4.1196
0.2 3.5102 3.6373
0.3 3.0932 3.2289

2 0.1 4.3443 4.3994
0.2 4.0826 4.1996
0.3 3.9925 4.4271

3 0.1 4.4195 4.4841
0.2 4.2781 4.3166
0.3 4.2041 4.5035
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4. Model validation

To investigate the validity of the current numerical solution, the ob-
tained results were compared with the results of Wang and Chen [69].
Wang and Chen [69] investigated forced convection in a wavy-wall
channel numerically. The boundary conditions for model validation
are assumed to be the same as the mentioned research. With the as-
sumption of the small thermal expansion coefficient in amixed convec-
tion study, forced convection would be made.

Variation of the local Nusselt number along the length of the wavy
section of the channel for two Reynolds numbers is plotted in Fig. 3. Ac-
cording to Fig. 3, an acceptable conformity between this study and the
results of the previous investigation is established. The figure indicates
that the maximum amount of Nusselt number at the wavy section oc-
curs at the beginning of the section (on the first wave). Also, by increas-
ing the length of the wavy channel to a certain location along the x
direction, the Nusselt number is decreasing; and from that location, by
moving forward along the length of the channel, it can be seen that var-
iation of the Nusselt number is negligible. For example, as it can be seen
in Fig. 3, by increasing channel length prior to the thirdwave theNusselt
number declines and after that, variation of the Nusselt number with
the length of the channel can be ignored.

5. Results and discussion

5.1. The effect of Richardson number

Figs. 4 to 6 show the local Nusselt number on top and bottom walls
for varoiuse volume fractions at different Richardson numbers. Accord-
ing to these figures, by increasing nanoparticles volume fraction in the
base fluid (water), the Nusselt number within wavy-wall section in-
creases and consequently, the rate of the heat transfer through the
two walls increases too. The mentioned changes observed for both the
Fig. 12. Temperature contour plot for ϕ = 0.02, Gr = 104, Ri = 1, λ = 1, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.
top and bottom walls. Since nanoparticles have a higher conduction
heat transfer coefficient compared to the base fluid, increasing the vol-
ume fraction percentage of the nanoparticles causes an increase in con-
duction heat transfer and this leads to an increase in the heat transfer
coefficient.

Also, according to Figs. 4 to 6, changes in the averageNusselt number
by increasing nanofluid volume fraction is significant at Ri = 0.1 com-
pared to Ri = 10. Therefore, by increasing Richardson number from
0.1 to 10, the effect of nanoparticles addition into the base fluid would
become less. Variation of the average Nusselt number in terms of Rich-
ardson number and nanoparticle volume fraction is presented in
Table 3. According to this table, increasing nanoparticle volume fraction
makes an increase in the average Nusselt number. Aswell as variation of
the local Nusselt number, the results of this table (average Nusselt num-
ber) indicate an improvement in heat transfer by adding the nanoparti-
cles. According to the definition of Richardson number, the mechanism
of natural convection heat transfer would be promoted by increasing
this number and consequently, its effects on general heat transfer is no-
ticeable. For this reason, by increasing Richardson number, the differ-
ence in Nusselt numbers of the two walls will be increased.

Fig. 7 shows the effect of Richardson number on the temperature
distribution for a certain geometry. According to this figure, at small
Richardson numbers (Ri = 0.1), the isothermal lines are more
contracted near the walls due to the predomination of the forced con-
vective heat transfer mechanism (higher Reynolds Number). By in-
creasing Richardson number, the natural convection in the general
heat transfer is also incorporated and it causes an increase in the heat
diffusion toward the central part of the channel. Also, according to this
figure, it can be concluded that at higher Richardson numbers,
Fig. 14. Temperature contour plot for ϕ = 0.02, Gr = 104, Ri = 1, λ = 3, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.



Fig. 17. Bejan number contour plot for ϕ= 0.02, Gr = 104, Ri = 1, λ= 2, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.

Fig. 15. Total entropy generation number in terms of volume fraction for Gr= 104, Ri= 1,
α = 0.2 and different wave length ratios.
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asymmetry of the contours with respect to the central axis of the chan-
nel can be clearly observed. In the otherwords, considering symmetrical
models (in all of the previous studies) causes errors at higher Richard-
son numbers.

Fig. 8 illustrates the temperature distribution inside the channel for
different nanoparticle volume fractions. According to this figure, a vari-
ation of the volume fraction causes a trivial but effective difference in
temperature distribution for mixed convective heat transfer inside the
channel with corrugated walls.

The remaining part of the current section analyses the entropy gen-
eration of the problem under investigation. Fig. 9 depicts the distribu-
tion of entropy generation due to the heat transfer (thermal entropy
generation). According to thisfigure, by increasing theRichardson num-
ber, the maximum entropy generation value decreases. It means that
the natural convection heat transfer is improved by increasing the Rich-
ardson number. The maximum entropy generation relates to those re-
gions with less area. In such regions, the thermal boundary layer is
more compressed and heat transfer is increased. Fig. 10 illustrates the
distribution of entropy generation due to the fluid flow (frictional en-
tropy generation). At the smaller Richardson numbers, there will be
higher velocities due to the dominance of forced convection. Accord-
ingly, the velocity gradients near the walls are higher and frictional en-
tropy generation is at its maximum level. From these figures, it can be
concluded that the contribution of the thermal entropy generation in
the total entropy generation is much greater than frictional entropy
generation (Sgen, H N N Sgen, V).

Analyzing results reveals that by increasing volume fraction of nano-
particles at a certain Richardson number, both the thermal and frictional
Fig. 16. Bejan number contour plot for ϕ= 0.02, Gr = 104, Ri = 1, λ= 1, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.
entropy generations are increased. As reported in Table 3, for a certain
Richardson number, by increasing nanofluid volume fraction, the
Nusselt number increases which means an increase in heat transfer.
By increasing heat transfer, irreversibility due to heat transfer is in-
creased which resulted to an increase in the thermal entropy genera-
tion. By increasing the nanofluid volume fraction, the effective
viscosity of the fluid is increased and considering Eq. (30), frictional en-
tropy generation is also increased.

In Fig. 11, the Bejan number contour plot is presented. According to
this figure, by increasing Richardson number, the contribution of ther-
mal entropy generation increases (Be N 0.5) inside the channel. As a re-
sult, the irreversibility due to heat transfer would become dominant. On
the other hand, in the center of the channel, Bejan number is b0.5 (Be b
0.5) whichmeans that the irreversibility due to fluid flow is more dom-
inant in such regions.

5.2. The effect of wavelength and wave amplitude

To investigate the effect of the wave amplitude and wavelength on
heat transfer, the average Nusselt numbers on top and bottom walls
are provided in Table 4. According to this table, for all of thewavelength
ratios, the amount of the average Nusselt number on bottomwall is de-
creased by increasing the wave amplitude ratio. On the other side, on
the topwall, there is no uniform changes in the averageNusselt number
in terms of wave amplitude ratio for higher wavelength ratios (λ = 2,
3); however, for lower wavelength ratios (λ = 1) the same decreasing
trend in terms ofwave amplitude ratio is also observed for Nusselt num-
ber on top wall. Also, based on Table 4, for all of the investigated wave-
length ratios, the maximum heat transfer from the top wall is observed
in the smallestwave amplitude ratio (α=0.1) and this has been proved
Fig. 18. Bejan number contour plot for ϕ= 0.02, Gr = 104, Ri = 1, λ= 3, (A) α = 0.1,
(B) α = 0.2, (C) α = 0.3.
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in Figs. 12 to 14. These figures illustrate temperature distribution inside
the channel for different wave amplitude ratios andwavelengths ratios.
According to these figures, for a specific wave length ratio, the heat
transfer surface increases for α = 0.1 and it results in an increase of
the Nusselt number.
Fig. 19. Variation of, (A) thermal, (B) frictional, (C) total, entropy generation number in
terms of wave amplitude ratio at different nanoparticle volume fractions for Gr = 104,
Ri = 1 and λ = 1.
Analyzing the results showed that a reverse flow is created around
the crest parts of each wave. This recirculation flow creates vortices at
these regions. These vortices improve mixing of the nanofluid and
thus increase the heat transfer within the channel. As the corners of
the corrugated channel walls become sharper, the mentioned
recirculating flow and vortices become stronger and therefore it causes
an increase in heat transfer.

Fig. 15 shows average entropy generation number changes with
nanoparticle volume fraction and wave amplitude ratio. According to
this figure, in different wave amplitudes, total entropy generation in-
creases by increasing nanoparticles concentration. Also, analyzing the
results show that, for a certain wavelength and amplitude ratios, the
total entropy generation varies as a linear function with nanoparticle
volume fraction.

Figs. 16 to 18 depict the Bejan number contour plot for different
wavelengths and wave amplitudes. According to these figures, in each
wavelength ratio, by increasing amplitude ratio, the heat transfer con-
tribution in entropy generation inside wavy channel decreased. Analyz-
ing Figs. 16 to 18 and taking into account Eq. (33), it reveals that in a
major part of the solution domain (especially near the walls), thermal
entropy generation is the dominant portion of the total entropy gener-
ation. Also, from the channel walls toward the center of the channel, the
proportion of the thermal entropy generation is reduced (near the
channel centerline, the frictional entropy generation is the dominant
term).

Variation of the thermal, frictional and total average entropy gener-
ation number in terms of wave amplitude for base fluid and different
nanofluid volume fractions is presented in Fig. 19A–C, respectively. Re-
sults show that there is a point in which the entropy generation is min-
imum. As it is known, the less entropy generation corresponded to the
more thermodynamically optimized system. According to Fig. 19,
there is an optimal wave amplitude ratio for each wavelength ratio
which occurs between 0.15 and 0.2. It is recommended to select a geom-
etrywith λ=1andα=0.2 to have the optimal conditions based on the
lower entropy generation and higher heat transfer performance to-
gether. Also, based on Fig. 19, the optimal geometry selection does not
dependonnanoparticle concentration but it has an effect on the amount
of the entropy generation.

As it mentioned in previous sections, the order-of-magnitude of the
thermal entropy generation is much greater than that frictional one (Ns,

H N N Ns, V). It means that the total entropy generation is approximately
equal to the thermal entropy generation (Ns ≈ Ns, H).

Considering Eq. (11), it can be deduced that the adding nanoparti-
cles into the base fluid (increasing ϕ) increase the thermal conductivity
of the nanofluid. Assuming the other parameters are kept constant and

considering the relation hnf ¼ knf
Nunf

Dh
, it can be concluded that adding

nanoparticles increases the heat transfer and it leads to an increase in
thermal entropy generation based on Eq. (29). On the other side, in-
creasing nanoparticle volume fraction causes an increase in the fluid
flow friction and it raises frictional entropy generation. Fig. 19A and B
supports all these discussions.

6. Conclusion

In the present work, the effect of the geometrical parameters and
nanoparticles dispersing into base fluid on the heat transfer characteris-
tics and entropy generation inside a sinusoidal wavy-wall channel was
investigated numerically. A two-dimensional CFD simulation was de-
veloped for modeling steady, incompressible and laminar flow of Cu-
water nanofluid flow within the channel. Employing non-dimensional
parameters, wave amplitude ratio, wavelength ratio, Richardson num-
ber and nanoparticles volume fraction, the following conclusions were
observed:

• The heat transfer enhances by increasing the nanoparticles concentra-
tion in the investigated range of the Richardson number (0.1 b Ri b 10)
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for both bottom and top walls. Also, a variation of the average Nusselt
number by increasing nanofluid volume fraction is significant at lower
Richardson number.

• At a specific wavelength ratio, increasing wave amplitude ratio for 0.1
b α b 0.3 causes a decrease in the bottomwall Nusselt number. On the
other side, for the top wall, there is no uniform change of the average
Nusselt number in terms ofwave amplitude ratio and this implies that
considering axisymmetric models causes errors from the real situa-
tion.

• The total entropy generation increases with reducing Richardson
number and increasing nanoparticles concentration. For example,
for a geometry with λ = 1 and α = 0.2, increasing nanoparticle vol-
ume fraction from ϕ=0.01 to ϕ=0.05, a 6.5% increment is occurred
in total entropy generation. Also, at a certain conditions, the order of
magnitude of the thermal entropy generation is much higher than
that frictional one (Sgen, H N N Sgen, V).

• The share of the heat transfer in entropy generation reduces by
increasing the wave amplitude ratio at a specific wavelength ratio.
In the other word, by increasing wave amplitude ratio, the thermal
entropy generation and frictional entropy generation are increased
and reduced, respectively.

• As a final result, designing a sinusoidal wavy channel with λ= 1 and
α=0.2 can be applicable as an optimalwavy-wall heat exchanger (by
considering both of the heat transfer and entropy generation
together).
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Ri: Richardson number (−)
_S
000
gen: volumetric entropy generation rate (W/m3K)
T: temperature (K)
u: horizontal component of the velocity (m/s)
v: vertical component of the velocity (m/s)
∀: Volume (m3)
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y: vertical direction (m)

Subscripts

0: inlet conditions
avg: average
b: bulk
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H: thermal
nf: nanofluid
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V: viscous
w: wall

Greek letters
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β: thermal expansion coefficient (1/K)
ϕ: nanoparticles volume fraction (−)
λ: wave length ratio (−)
μ: viscosity (kg/ms)
ρ: density (kg/m3)

https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.001
https://doi.org/10.1063/1.3082113
https://doi.org/10.3390/e20060415
https://doi.org/10.3390/e20060415
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0220
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0220
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0220
https://doi.org/10.1016/j.ijthermalsci.2016.08.017
https://doi.org/10.1016/j.ijthermalsci.2016.08.017
https://doi.org/10.1515/jnet-2016-0009
https://doi.org/10.1016/j.ijheatmasstransfer.2015.08.045
https://doi.org/10.1016/j.energy.2015.02.040
https://doi.org/10.1179/1743967112Z.00000000025
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0250
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0250
https://doi.org/10.1108/HFF-02-2016-0063
https://doi.org/10.1108/HFF-02-2016-0063
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.044
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.044
https://doi.org/10.1007/s10973-018-7044-y
https://doi.org/10.1007/s10973-018-7044-y
https://doi.org/10.1016/j.apt.2018.06.009
https://doi.org/10.1016/j.apt.2018.06.009
https://doi.org/10.1016/j.ijheatmasstransfer.2017.03.006
https://doi.org/10.1016/j.ijheatmasstransfer.2017.03.006
https://doi.org/10.1016/j.applthermaleng.2017.01.076
https://doi.org/10.1016/j.applthermaleng.2017.01.076
https://doi.org/10.1016/j.csite.2014.09.005
https://doi.org/10.1016/j.csite.2014.09.005
https://doi.org/10.1016/j.jngse.2016.06.062
https://doi.org/10.1016/j.jngse.2016.06.062
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0295
https://doi.org/10.1007/s10973-018-7283-y
https://doi.org/10.1007/s10973-018-7283-y
https://doi.org/10.1016/j.jclepro.2018.07.127
https://doi.org/10.1016/j.jclepro.2018.07.127
https://doi.org/10.1016/j.envpol.2018.07.027
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0315
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0315
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0315
https://doi.org/10.1007/s10973-018-7276-x
https://doi.org/10.1016/j.ijheatmasstransfer.2017.11.117
https://doi.org/10.1016/j.ijheatmasstransfer.2017.11.117
https://doi.org/10.1007/978-94-009-9992-3
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0335
http://refhub.elsevier.com/S0167-7322(18)33121-0/rf0335
https://doi.org/10.1016/j.renene.2018.06.023
https://doi.org/10.1016/S0017-9310(01)00335-0

	Heat transfer and entropy generation of the nanofluid flow inside sinusoidal wavy channels
	1. Introduction
	2. The numerical model and formulation
	2.1. Geometry and grid generation
	2.2. Governing equations
	2.3. Dimensionless form of governing equations
	2.4. Boundary conditions
	2.5. Numerical simulation process
	2.6. Heat transfer and entropy generation analysis

	3. Grid-independent study
	4. Model validation
	5. Results and discussion
	5.1. The effect of Richardson number
	5.2. The effect of wavelength and wave amplitude

	6. Conclusion
	References




