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A B S T R A C T

The thermal conductivity enhancement of nanofluids can be attributed to several factors such as volume frac-
tion, temperature, material type, size and shape. In this study the effects of different morphology of supported
nanoparticles, including copper (Cu), silver (Ag), aluminum dioxide (Al2O3), boehmite alumina (γ-AlOOH),
molybdenum disulfide (MoS2) and silicon dioxide (SiO2), on heat transfer and entropy generation have been
investigated in compression with each other in case of a water-based heat-sink solar collector located in Isfahan
city, Iran. The control volume approach was used to solve the system of classical single phase three-dimensional
governing equations by using the finite volume method (FVM). The standard k–ε turbulence model with en-
hanced wall function was selected. Furthermore, the spectral radiative transfer equation (RTE) was used to
consider radiative heat transfer effects. Based on obtained results, the maximum value of averaged Nusselt
number is achieved for MoS2 nanoparticles with sphere shape in φ=4%, and it is followed by Ag with sphere
shape in φ=0.15%, Cu with sphere shape in φ=0.20%, γ-AlOOH with sphere shape in φ=4%, Al2O3 with
sphere shape in φ=4% and SiO2 with sphere shape in φ=4%. The maximum value of outlet temperature is
achieved for Ag nanoparticles with sphere shape in φ=0.15%, and it is followed by Cu with sphere shape in
φ=0.20%, MoS2 with sphere shape in φ=4%, Al2O3 with sphere shape in φ=4%, SiO2 with sphere shape in
φ=4% and γ-AlOOH with sphere shape in φ=4%. The minimum value of entropy generation is achieved for γ-
AlOOH nanoparticles with bricks shape in φ=2%, and it is followed by SiO2 with bricks shape in φ=1%, MoS2
with bricks shape in φ=1%, Ag with sphere shape in φ=0.05%, Cu with sphere shape in φ=0.05% and Al2O3

with bricks shape in φ=1%. In case of heat transfer for all studied nanoparticles (metal and nonmetal nano-
particles), sphere shape is the best morphology for each nanoparticle material. For metal nanoparticles the
minimum value of entropy generation is achieved by sphere shape. But for nonmetal nanoparticles the minimum
value of entropy generation is reached by bricks shape morphology. Due to fulfill a heat exchanger with more
energy efficiency (1st law view point), usage of sphere nanoparticles with optimum size and volume fraction is
suggested. In order to achieve a heat exchanger with less entropy generation (2nd law view point), usage of
bricks shape nonmetal nanoparticles with optimum size and volume fraction and sphere shape metal nanoparticles
with optimum size and volume fraction is suggested.

1. Introduction

By reason of engineering development and growth of industrial
processes as well as the environmental and energy concerns, heat ex-
changer systems must be improved to transfer heat more efficiently [1].
Different technologies are used to enhance the efficiency of heat ex-
changer systems. For the higher thermal conductivity of solid particles,
the use of solid particles in conventional fluids is applied to enhance the

heat transfer performance of these fluids.
It is about two decades that the term of Nanofluid has been in-

troduced to the scientific society. In fact in nanofluids high thermal
conductivities of solid nanoparticles effectively increase the suspen-
sions thermal conductivity [2].

The thermal conductivity enhancement of nanofluids can be at-
tributed to several factors such as volume fraction, temperature, ma-
terial type, size and shape. Numerous works have been carried out to
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assign the effect of above parameters on thermal conductivity en-
hancement of nanofluids. Abbasian Arani et al. [3] investigated nu-
merically effects of nanoparticle shapes (spherical, oblate spheroids,
prolate spheroids, blades, platelets, cylindrical and bricks) on forced
convection fluid flow and heat transfer of boehmite alumina (γ-AlOOH)
ethylene glycol and water mixture (50:50) nanofluid in sinusoidal-wavy
wall mini-channel. They reached to the optimal nanoparticle shape by
calculating performance evaluation criterion (PEC) and selecting the
model with maximum PEC. From their study it is realized that the
optimum model was obtained in case of using spherical shaped nano-
particles in volume fraction of φ=4% and diameter of dnp=20 nm at
Re= 15,000. Vanaki et al. [4] performed a numerical investigation to
study the effects of different nanofluids on the thermal and flow fields
through transversely wavy wall channels. The main aim of their study
was to analyze the effects of SiO2 nanoparticles, its concentration and
nanoparticle shapes (blades, platelets, cylindrical, bricks, and sphe-
rical), on the heat transfer and fluid flow characteristics. They found
that the SiO2-EG nanofluid with platelets nanoparticle shape gives the
highest heat transfer enhancement compared with other tested

nanofluids. Mahian et al. [5] investigated effects of nanoparticle shape
first and second laws analysis of a mini-channel based solar collector
using boehmite alumina nanofluids. Four different shapes of nano-
particles including platelets, blades, cylinders, and bricks were selected
for this study. Their results of entropy generation analysis for copper
tubes elucidate that the entropy generation rate is minimized by using
brick shaped particles, while for steel tubes the minimum entropy
generation is achieved by using blade shaped particles. Ooi and Popov
[6] studied influence of nanoparticle shape on the natural convection in
Cu-water nanofluid numerically. Therefore the effects of the spherical
and spheroidal nanoparticles (NPs) on the natural convection flow of
the nanofluids were examined. Their results showed that the oblate
spheroid with aspect ratio of 10 produced the largest enhancement of
the overall heat transfer characteristic. Elias et al. [7] investigated ef-
fect of γ-AlOOH nanoparticle shape on the heat transfer and thermo-
dynamic performance of a shell and tube heat exchanger. The goal of
this investigation was to study the effect of nanoparticle morphology
(including cylindrical, bricks, blades, platelets, and spherical) on the
thermal performance of heat exchanger operating with nanofluid. Their

Nomenclature

a Length of the semi-axes of the spheroid, m
A Area, m2

c Length of the semi-axes of the spheroid, m
cp Specific heat coefficient, J/kg·K
Di Hydraulic diameter, m
Ėd Destroyed exergy rates, W/K
Ėt Summation of leakage exergy rates, W/K
H Height, m
hw Heat transfer coefficient of wind, W/m2·K
I Irradiation, J/m2

k Thermal conductivity, W/m·K
L Length, m
M Molecular weight, kg/kmol
N Monthly mean daily max possible sunshine, h
N Avogadro number
n Monthly mean daily sunshine hours, h
n Number of glass covers
P Pressure, Pa
Q Heat transfer, J
q Heat flux, J/m2

Rb Beam ratio
Rh Related humidity, %
Re Reynolds number
S Area, m2

S Entropy generation rate, W/K
T Temperature, °C
u Velocity, m/s
Ub Back heat loss coefficient, W/m2·K
Ue Edge heat loss coefficient, W/m2·K
UL Overall heat loss coefficient, W/m2·K
Ut Top heat loss coefficient, W/m2·K
v Velocity, m/s
V Volume, m3

Vw Wind velocity, m/s
W Wide, m
Wlost Lost work, W/K
x Direction, m
y Direction, m

Greeks

α Solar absorption coefficient

β Slope, deg
δ Declination angle, deg
δ Thickness of plate, mm
ε Emissivity
η0 Optical efficiency, %
μ Dynamic viscosity, kg/m·s
ρ Density, kg/m3

σ Stefan-Boltzmann constant,
τ Solar transmission coefficient
φ Latitude of collector location, deg
φ Nanoparticle volume fraction, %
φm Packing fraction
ψ Sphericity factor, %
ω Hour angle, deg

Subscripts

a Ambient
B Brownian
b Beam
bf Base fluid
c Collector
d Diffuse
e Exit, Outlet
F Due to friction factor
f Base fluid
fr Freezing
g Glass cover
gr Ground
H Due to Heat transfer
hs Heat sink
i Insulator
in Inlet
i,j Components
m Mean
nf Nanofluid
np Nanoparticle
out Outlet
p Absorber plate
T Tilted surface
ΔTf Flow of nanofluid
ΔTs Temperature difference with sun
ΔP Pressure drop in the collector
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results showed that among the all different shapes, cylindrical shaped
displayed better heat transfer rate. In another study, Elias et al. [8]
investigated effect of γ-AlOOH different nanoparticle shapes on shell
and tube heat exchanger using different baffle angles and operated with
nanofluid. The aim of their paper was to study the effect of different
alumina particle shapes on the overall heat transfer coefficient, heat
transfer rate and entropy generation. According to their results, an
enhancement of overall heat transfer coefficient for cylindrical shape
particles with 20° baffle angle is found 28.23% higher than 50° baffle
angles. The effects of different morphology of Molybdenum Disulfide
(MoS2) nanoparticles dispersed in water on magneto-hydrodynamic slip
flow inside porous medium were studied by Ilyas Khan [9]. His results
demonstrated that blade and platelet shapes increase heat transfer rate
compared to cylinder and brick shapes. Hajabdollahi and Hajabdollahi
[10] investigated numerically the effect of different shapes of Alu-
minum Dioxide (Al2O3) nanoparticles (platelets, blades, cylindrical and
bricks shapes) on the thermoeconomic improvement of shell and tube
heat exchangers. Their results showed that the higher improvement in
thermoeconomic parameters is achieved in the case of using bricks
nanoparticle shape.

Also by reviewing the literature it is seen that many studies have
been done to investigate using different water based nanofluids in solar
systems aided by thermodynamics laws analysis (see Refs. [11–19]).
Parvin et al. [14] studied the effect of nanoparticle concentration and
Reynolds number on heat transfer and entropy generation of forced
convention through a direct absorption solar collector. In their work the
Cu nanoparticle dispersed in the water. They concluded that by in-
creasing Reynolds number and concentration of Cu nanoparticles,
Nusselt number and entropy generation increases. Improvement of the
performance of solar systems heat exchanger was carried by Ebra-
himnia et al. [15]. They studied experimentally and numerically, con-
vective heat transfer of TiO2/water nanofluid flow in straight tube as
the main part of some solar collectors. Their results demonstrated that
the nano particle leads to an increase in heat transfer coefficient com-
pared to base fluid. Furthermore, increment of Reynolds number and
concentration of nanoparticle causes an increase in heat transfer coef-
ficient but nanoparticle diameter had a reverse effect. Heat transfer and
pressure loss characteristic in minichannel heat sink was studied ex-
perimentally by Arshad and Ali [16]. In their work, TiO2/water nano-
fluid and distilled water in three different heating powers was used.
Their results indicated that in the case of distilled water is used, with
changing the heating power, Nusselt number is not changed. In the case
of a TiO2/water nanofluid is used, maximum Nusselt number is
achieved in lower heating power. Abbasian et al. [17] studied laminar
flow and heat transfer of SWCNT/water nanofluid in a double-layered
microchannel heat sink numerically. By increasing Reynolds number
and nanoparticles concentration, thermal resistance decreases and
pressure drop increments. An increase in concentration of nanoparticle
causes an in increase in PEC factor. Minea and Lorenzini [18] in-
vestigated numerically the heat transfer and flow characteristic of
water-based ZnO nanofluid flowing through a closed rectangular en-
closure. The concentration of nanoparticle was varied from 1% to 4%.
The obtained results demonstrated that entropy generation increases
with increasing nanoparticle concentration. Influence of nanoparticle
shapes on heat transfer in curved duct was studied numerically by Liu
et al. [19]. In their work, Al2O3/water nanofluid was used as a working
fluid. The results showed that the maximum increments in convective
heat transfer coefficient and pressure loss occurs in the case of, the
platelet nanoparticle shape is used, which is followed by cylindrical,
blade, spherical, and brick nanoparticle shapes.

Duangthongsuk et al. [20] studied experimentally the heat transfer
and pressure drop of Al2O3-water nanofluid flow within a microchannel
heat sink. Based on their results the heat transfer coefficient of nano-
fluid increases about 7 to 15% compared to pure water. The effect of
different thermal conductivity models on heat transfer and pressure
drop of water based TiO2 nanofluid was studied by Hemmat et al. [21].

They conducted an experiment for a nanoparticle volume concentration
of 0.2–2% and Reynolds number of 8000 to 51,000. Their results in-
dicated that all investigated models show the same Nusselt number at
low Reynolds numbers for all volume fractions of nanoparticles. The
thermal power characteristics of water based silver nanofluid flow in a
minichannel heat exchanger were studied numerically, by Jefferson
et al. [22]. Their results indicated that the 0.5% volume concentration
of the silver leads to an increase in heat transfer coefficient by 45.6%.
Also they illustrated that heat transfer coefficient increases 12%, 25%
and 35% in laminar regime, transition regime and turbulent regime,
respectively compared to the base fluid. Hemmat et al. [23] studied
numerically the effect of Richardson number, inclination angle, solid
volume concentration and aspect ratio on streamline and Nusselt
number in an enclosure with DWCNT-water nanofluid. In their study
the Richardson number varied from 0.01 to 100, inclination angles
changed between 0° and 60° and volume fractions varied from 0 to
0.4%. Their results illustrated that the solid volume fraction of 0.4%
leads to a maximum enhancement in average Nusselt number. Abdel
Samad et al. [24] studied experimentally TiO2-water nanofluids
thermal conductivity synthesized by sol–gel technique. In their study
the nanofluids thermal conductivity was measured by using a modified
transient hot-wire method at nanoparticle volume fraction of 0.03 to
0.47% and temperature ranges between 10° and 90 °C. Their results
represented that thermal conductivity of nanofluids increases with in-
creasing the nanoparticle concentration and nanofluid temperature.
Yiamsawasd et al. [25] conducted experiments on specific heat mea-
surement of nanofluids by using a calorimeter according to various
thermal analysis methods. The water and a mixture of ethylene glycol/
water containing TiO2 and Al2O3 nano-particles were used as a nano-
fluid. Their measurements indicated that the specific heat of nanofluids
decreases with increasing nanoparticle concentration.

The literature review elucidates that the effect of some nano-
particles morphology (such as Cu, γ-AlOOH, Al2O3, MoS2 and SiO2) on
heat transfer, thermal–hydraulic performances and entropy generation
in various heat exchangers has been assessed separately (see Refs.
[3to10]). But the effects of different morphology of these supported
nanoparticles on heat transfer and entropy generation have not been
yet investigated in compression with each other. Furthermore, in this
paper, for the first time, the effects of silver (Ag) nanoparticles mor-
phology on heat transfer and entropy generation is introduced and in-
vestigated. Hence in present work, the effects of all above nanoparticles
morphology on heat transfer and entropy generation in a heat sink solar
collector located in Isfahan city, as one of the appropriate solar irra-
diation receiver cities in Iran [26] is evaluated.

2. Materials and method

2.1. Isfahan city

Isfahan, center of the Isfahan province, is located in semi-dessert
region in central part of Iran. Its weather condition is totally mild and
dry and amount of rainfall and snowfall is low. According to IMO long
term measured data, its annual average temperature is 16.2 °C, its an-
nual average relative humidity is 40% and its average annual pre-
cipitation is 123mm. Based on the Köppen classification its climate is
categorized as BWk, which relates to arid desert cold [26]. Fig. 1 shows
the location of Isfahan city in Isfahan province on the map of Iran.

2.2. Physical model

The three-dimensional schematic diagram of heat sink of a flat-plate
solar collector is shown in Fig. 2. Also Table 1 represents different
properties of this heat sink collector. For simulation, useful received
energy by collector is calculated based on inlet solar radiation and
overall heat loss using analytical relations. In the following, the three-
dimensional heat sink collector simulated numerically and useful
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received energy by fluid, outlet temperature of fluid, Nusselt number
and entropy generation were calculated. The flow inside the channel is
considered at steady state condition and turbulent flow regime. Velo-
city inlet boundary condition as inlet boundary condition and pressure
outlet as outlet boundary condition are assumed for the inlet section
and the outlet section of the heat sink collector, respectively. The ab-
sorber plate is produced from Aluminum with matted black color. Re-
ferred collector is under uniform heat flux that is calculated using op-
tical properties and overall heat loss of collector based on
measurements results of [26] for Isfahan city (see Fig. 3 and Table 2).

2.3. Governing equation

The system of governing equations for fluid flow and heat transfer in
the flat-plate solar collector can be written in the Cartesian tensor
system as [3]:

=
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where ρ is the fluid density and ui is the axial velocity, μ, ú and uj are the
fluid viscosity, fluctuated velocity and the axial velocity, respectively,
and the term u ūi j is the turbulent shear stress. With using the Rey-
nolds averaged approach for modeling the flow field and heat transfer
in turbulence flow regime, it is requires to model the Reynolds stresses,

u ūi j in Eq. (2). For closure of the equations, the k-ε turbulence model
was chosen. A common method employs the Boussinesq hypothesis to
relate the Reynolds stresses to the mean velocity gradient as [3]:

= +u u µ u
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The turbulent viscosity term μt is to be computed from an appro-
priate turbulence model. The expression for the turbulent viscosity is
given as [3]:

=µ C k
t µ

2

(5)

where k, named as turbulence kinetic energy (TKE), is obtained from
the following Eq. [3]:
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Similarly, in the dissipation rate of TKE, ε, is given by the following
Eq. [3]:
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where Gk is the rate of generation of the TKE while ρε is its destruction
rate. Gk is written as [3]:

=G u u
u
x

¯k i j
j

i (8)

Fig. 1. Location of Isfahan city in Isfahan province on the map of Iran.

Fig. 2. The industrial planes of studied collector in different views.

Table 1
Properties of simulated heat sink solar collectors in present study [11].

Properties Value

Dimensions of collector, Lc×Wc×Hc (mm) 2000×1000×100
Dimensions of inlet section, Win×Hin (mm) 500×30
Dimensions of exit section, We×He (mm) 500×30
Dimensions of heat sink, Lhs×Whs×Hhs (mm) 1800×960×30
Slop of collector, β (deg) 35
Quantities of glass covers, ng 1
Emissivity of glass covers, g 0.85
Thickness of plate, δp (mm) 0.1
Emissivity of plate, p 0.9
Thermal conductivity of plate, kp (W/m·K) 211
Optical efficiency, η0 (%) 0.68
Thermal conductivity of insulators, ki (W/m·K) 0.05
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Fig. 3. Global solar radiation in Isfahan city during different months of year
[26].
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The boundary values for the turbulent quantities near the wall are
specified with the enhanced wall treatment method. Cμ= 0.09,
C1ε =1.44, C2ε =1.92, σk=1.00, σε =1.30 and Prt=0.90 are chosen
as empirical constants in the turbulence transport Eq. [3]. For closing
the system of governing equations, a set of boundary condition is re-
quired. Velocity inlet for inlet, pressure outlet for outlet and non-slip
with zero heat transfer between the fluid and side for side and lower
surface, non-slip with constant heat transfer for upper surface of col-
lector were applied as follows.

= = =
=
= = =

= = =

u u v T T
p p
u v T n

u v q k T y

inlet: , 0,
outlet:

Side and lower surface: 0, / 0
Upper surface: 0, /

in in

in

0

(9)

The spectral radiative transfer equation (RTE) can be written as
[11,27]:

= + +

+ +

K K I r s K I v T

dI r s s s d S
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( , )· ( . )

dI r s
ds av sv v av b
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4 4
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where Iv is spectral radiation intensity which depends on position r and
direction s [11,27]:

=
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I r s r I v T

I r s n s d

( , ) ( ) ( , )

( , )·| . |
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r
n s v

( )
· 0

w w
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The control volume approach was used to solve the system of
classical single phase governing equations by using the finite volume
method (FVM). The standard k–ε turbulence model with enhanced wall
function was selected. The diffusion term in the momentum and energy
equations was approximated by second-order central difference. In
addition, a second-order upwind differencing scheme was adopted for
the convective terms. The convergence criterion was considered 10−6

for all variables.
Useful received energy by fluid in collector is calculated as follow

[28]:

=Q m c T T( )u f f p out in, (12)

where mf is working fluid mass flow rate of, cp is fluid constant specific
heat capacity and Tin and Tout are mean fluid inlet and outlet tem-
perature, respectively. Useful received energy by collector based on
inlet solar radiation and overall heat loss is as follow [28]:

=Q A S U T T( ( ))u c c L pm a, (13)

where Ac is the area of absorber plate, Ta is ambient temperature and
Tpm is mean temperature of absorber plate.

It should be noticed that the absorber plate temperature is not a
constant value and considering a mean temperature for it is a virtual
concept. In the present study temperature gradients around the heat
sink can be neglected and a mean temperature can be taken into ac-
count for it as far as heat sink has been spread through the absorber
plate, and also the thermal conductivity of welding between plate and
sink, thermal conductivity of plate and the convection heat transfer
coefficient of fluid are high. Also in Eq. (13), S is a part of solar ra-
diation per plate area unit that is absorbed by plate and is as follow

[28]:

=S I· T0 (14)

where IT is daily average hourly radiation entered to collector and η0 is
optical efficiency of collector and is calculated as follow [28]:

= =( ) 1.01 ·0 (15)

where τ and α refer to solar transmission and solar absorption coeffi-
cient. Also, IT is calculated as follow [28]:

= + + +I I R I I1 cos
2

· 1 cos
2T b b d gr (16)

where I, Ib and Id are solar radiation on horizontal surface, beam ra-
diation and diffuse radiation, respectively.

Also, Rb is ratio of beam radiation on tilted surface to that on hor-
izontal surface and is calculated as follow [28]:

= +
+

R cos( ) cos cos( ) sin( ) sin
cos cos cos sin sinb (17)

where φ is latitude of collector location, δ is declination angle and ω is
hour angle.

Furthermore, UL in Eq. (13) is collector overall heat loss coefficient
and is calculated as follow [28]:

= + +U U U UL t b e (18)

where Ut is top loss coefficient, Ub is back loss coefficient and Ue is edge
loss coefficient. The top loss coefficient is calculated with Eqs.
(19)–(23) [28]:

= + +
+ +
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= + +f h h N(1 0.089 0.1166 )(1 0.07866 )w w p (20)

=C 520(1 0.000051 )2 (21)

=e
T

0.430 1 100
pm (22)

= +h V2.8 3w w (23)

where N is number of glass covers, hw is wind heat transfer coefficient,
Vw is wind velocity and σ is Stefan-Boltzmann constant. Also the back
loss coefficient is defined as [28]:

=U k
Lb (24)

In order to analyze and compare the fluid flow characteristics and
heat transfer of different suspended nanoparticles volume fractions and
different nanoparticle shapes in collector, some definitions are given as
follows. Fluid Reynolds number is defined as [4]:

=
u D
µ

Re
· ·f m i

f (25)

Table 2
Different meteorological parameters for Isfahan city in Iran [26].

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

n (h) 6.99 8.52 8.46 8.19 10.91 11.96 11.29 11.67 10.85 9.84 7.72 6.29 9.39
N (h) 10.13 10.88 11.80 12.80 13.66 14.09 13.90 13.16 12.19 11.18 10.33 9.91 12.00
Rh (%) 57.86 36.74 33.02 33.97 25.12 18.52 18.28 19.09 21.32 25.59 48.16 59.58 33.10
Tavg (°C) 4.18 6.60 11.75 16.55 21.17 27.15 29.85 28.48 24.18 18.60 9.77 5.25 16.96
Tmax (°C) 9.95 13.67 18.95 23.25 29.00 35.15 37.75 37.08 32.98 27.20 16.87 11.23 24.42
Tmin (°C) −1.63 −0.47 4.60 9.90 13.37 19.18 21.95 19.85 15.35 10.00 2.70 −0.73 9.51
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where um referred to the fluid mean velocity over the cross section. The
Nusselt number is defined as [4]:

=
h D

k
Nu

·f i

f (26)

where hf and kf represent the heat transfer coefficient and the fluid
thermal conductivity, respectively.

S Wgen lost

= = +S W
T

E E
Tgen

lost

a

d l

a (27)

The destroyed exergy rate can be obtained by the following relation
[5]:

= + +E E E Ed d T d P d T, , ,s f (28)

where Ėd,Δ Ts is the destroyed exergy rate due to the temperature dif-
ference between sun and absorber plate [5]:

=E G A T
T T
1 1

d T t c a
p S

, 0s
(29)

Ėd, Δ P is the destroyed exergy rate due to pressure drop in the
collector [5]:

=E m P T T T
T T
ln( / )

( )d P
a out a

out in
, (30)

and Ėd, Δ Tf is the destroyed exergy rate due to the flow of nanofluid
in the collector and the temperature difference between nanofluid and
absorber plate [5]:

=E mc T T T T T
T

ln( / )d T p a out in
out in

p
, f

(31)

The leakage exergy rate is [5]:

=E U A T T T
T
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a

p (32)

Therefore the developed form of Eq. (27) can be written as follow
equations:
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(35)

where m is the total mass flow rate of nanofluid (kg/s), ΔP is pressure
drop (Pa), and TS is apparent sun temperature. As shown in Eq. (35), the
entropy in the solar collector is generated by two effects, first the
temperature gradients and consequently heat transfer Sgen H, and the
second is velocity gradients that lead to fluid friction and pressure drop
Sgen F, .

In fact the second law of thermodynamics requires that, in general,
the total entropy of any system can't decrease other than by increasing
the entropy of some other system.

3. Nanofluid

Thermophysical properties (density, specific heat capacity, thermal
conductivity and dynamic viscosity) of supported nanoparticles with
various shapes are defined in this section. It should be noted that all of
investigated cases in present study are water based nanofluids.

3.1. Spherical nanoparticles

To calculate the thermophysical properties of different nanofluids
(except of Ag) with spherical nanoparticles, the Corcione [29] equa-
tions are proposed. The effective density ρnf and specific heat (cp)nf of
the nanofluid at the reference temperature Tin are determined by the
bellow equations [29]:

= +(1 )nf bf np (36)

=
+

c
c c

( )
(1 )( ) ( )

p nf
p bf p np

nf (37)

By using Brownian motion of nanoparticles in a wavy channel, the
effective thermal conductivity can be obtained by using Corcione's [29]
correlation:

= +k k T
T

k
k

k4.4Re Prnf bf np f
fr

np

bf
bf

0.4 0.66
10 0.03

0.66

(38)

where Renp is the nanoparticle Reynolds number, Pr is the Prandtl
number of the base liquid, T is the nanofluid temperature, Tfr is the
freezing point of the base liquid, knp is the nanoparticle thermal con-
ductivity, and φ is the volume fraction of the suspended nanoparticles.
In more detail, the nanoparticle Reynolds number is defined as [29]:

=
u d
µ

Renp
bf B np

bf (39)

where ρbf and μbf are the mass density and the dynamic viscosity of the
base fluid, respectively, and αnp and uB are the nanoparticle diameter
and mean Brownian velocity, respectively.Assuming absence of ag-
glomeration, the nanoparticle Brownian velocity uB is calculated as the
ratio between dnp and the time τD required to cover such distance that
according to Keblinski et al. [30], is:

= =
d

D
µ d
k T6 2D

np bf np

b

2 3

(40)

where D is the Einstein diffusion coefficient and kb is the Boltzmann’s
constant. Hence [30]:

=u k T
µ d
2

B
b

bf np
2

(41)

Note that in the preceding equations all the physical properties are
calculated at the nanofluid temperature T. By substituting Eq. (41) in
Eq. (39), we obtain [30]:

=
k T

µ d
Re

2
np

bf b

bf np
2

(42)

Dynamic viscosity [29]:

=µ µ
d
d

1 34.87nf bf
np

bf

0.3
1.03

(43)

where df is the equivalent diameter of a base fluid molecule, given by
[29]:

=d M0.1 6
Nbf

f 0

1/3

(44)

in which M is the molecular weight of the base fluid, N is the
Avogadro number, and ρf0 is the mass density of the base fluid calcu-
lated at temperature T0= 300 K. The thermophysical properties of
different nanoparticles and base fluid are listed in Table 3.

3.2. Non-spherical nanoparticles

Different nanoparticles have various shapes and for studied
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nanoparticles in this work thermophysical properties equations of na-
nofluid using different nanoparticles shapes are introduced in this
section.

3.2.1. Copper
A copper nanoparticle is a copper (Cu) based particle 1 to 100 nm in

size. Like many other forms of nanoparticles, a copper nanoparticle can
be formed by natural processes or through chemical synthesis [32]. In
this study three different Cu nanoparticles shapes were examined, i.e.
spherical, oblate spheroid and prolate spheroid. For each of the nano-
particles shape investigated, three different volume fractions were ex-
amined, i.e. 0.05%, 0.1% and 0.2% [6].

A spheroid is an ellipsoid with two equal semi-diameters. The
geometry of a spheroid can be constructed by a 180° rotation of an
ellipse around either one of its axis. The oblate spheroid, which re-
sembles a flatten sphere, is obtained by rotating an ellipse around its
minor axis. The prolate spheroid, which resembles a rugby ball, is ob-
tained by rotating an ellipse around its major axis [6]. These are illu-
strated in Fig. 3. The surface area of a spheroid S can be calculated by
using [6]:

=
+

+

( )
( )

S
a e

a e

2 1 tanh ,for oblate spheroid

2 1 sin ,for prolate spheroid

e
e

c
ae

2 1 1

2 1

2
2

(45)

where a and c are the lengths of the semi-axes of the spheroid, such as
illustrated in Fig. 3 and e is given by [6]:

=
( )
( )

S
1 ,for oblate spheroid

1 ,for prolate spheroid

c
a

a
c

2

2

(46)

The volumes of the oblate and prolate spheroids V are calculated
using [6]:

=V a c4
3

2
(47)

The effective density ρnf and specific heat (cp)nf of the nanofluids
with oblate and prolate spheroid nanoparticle shapes can be obtained
using Eqs. (36) and (37), respectively.

The thermal conductivity of the nanofluid with oblate and prolate

spheroid nanoparticle shapes is estimated using the Hamilton-Crosser
model [33], which is given by:

=
+ +

+
k k

k n k n k k
k n k k k

( 1) ( 1)( )
( 1) ( )nf bf

np bf np bf

np bf np bf (48)

where n is the empirical shape factor defined by n=3/ψ. The para-
meter ψ determines the sphericity of the nanoparticles and is defined by
the ratio of the surface area of a sphere with the volume equal to that of
the particle, to the surface area of the particle.

For the spheroidal nanoparticles considered in this study, the
mathematical model proposed by Mueller et al. [34], which is an ex-
tension of the Maron and Pierce [35] model, is used. The model is ex-
pressed as:

= =
+

µ µ 1 and 2
0.321 3.02nf bf

m
m

2

(49)

where φm is the packing fraction, which describes the volume fraction
at which there is no longer sufficient ‘free space’ in the suspension for
the nanoparticles to be able to move past one another [34] and δ= c/a
is the aspect ratio of the spheroids. Note that the expression for φm is
valid only for prolate spheroids. The value of φm for oblate spheroid
considered in this study is obtained based on the experimental mea-
surements reported by Mueller et al. [34].

Table 4 summarizes the surface area, the volume, the particle aspect
ratio, the sphericity and the abbreviations used to classify the different
nanoparticles shapes considered in this study. For the prolate spheroids,
the values of S, V and φm were calculated using Eqs. (45), (47) and (49),
respectively, while the value of ψ was estimated from the definition of
sphericity.

3.2.2. Silver
Silver nanoparticles are nanoparticles of silver (Ag) of between 1 nm

and 100 nm in size. Numerous shapes of silver nanoparticles can be
constructed depending on the application at hand. Commonly used are
spherical silver nanoparticles but nanowire particles are also popular
[36]. Fig. 5 shows TEM image of truncated near-spherical silver na-
noparticles (dnp < 100 nm) [37] and SEM image of the silver nanowire
particles [38].

The following correlations (Eqs. (50)–(53)) for predicting different
thermophysical properties (density, specific heat capacity, thermal
conductivity coefficient and viscosity) of the Ag/water nanofluids with
spherical nanoparticles has been proposed with respect to volume
fraction range of 0.05% ≤ φ≤0.15% and temperature range of
30 °C≤ T≤70 °C based on Selvam et al. [36] experimental data.

Density [36]:

= + + +T T(1 4.1·10 1.2·10 4.276·10 )nf bf
2 3 5 (50)

Specific heat capacity [36]:

=
+

c c
T T

( ) ( )
1.0202 4.77·10 9.5·10

7·10 2.2·10p nf p bf
2 3 3

4 3 (51)

Table 3
The thermophysical properties of different nanoparticles and base fluid at
T=300 K [2–10,31].

Material ρ (kg/m3) cp (J/kg·K) k (W/m·K) μ (N·s/m2)

H2O 998.2 4,182 0.6 0.001003
Cu 8933 400 385 –
Ag 10,490 232 429 –
Al2O3 3900 785 36.96 –
γ-AlOOH 3050 618.3 30 –
MoS2 612.6 123.3 904.4 –
SiO2 2200 703 1.2 –

Table 4
Spherical, oblate and prolate spheroidal Copper nanoparticles considered in this study [6].

Case Aspect ratio, δ Surface, S× πa2 Volume, V× πa3/3 Sphericity, ψ Packing fraction, φm Abbreviation

Sphere 1 4 4 1 0.599 –
Oblate spheroid* 0.13 2.09 0.52 0.4904 0.575 OS.C

Prolate spheroid
Case 1 2 6.84 8 0.9287 0.546 PS.C1
Case 2 5 15.98 20 0.7321 0.432 PS.C2
Case 3 7.5 23.75 30 0.6453 0.368 PS.C3
Case 4 10 31.56 40 0.5883 0.321 PS.C4

*Values of δ and φm obtained from Ref. [34].
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Thermal conductivity coefficient [36]:

= +k k T
T

1.11 1.8217 3.8797 8.6·10
8.4·10

nf bf
2 3

3 (52)

Dynamic viscosity [36]:

= +µ µ T T(1.0511 0.9641 0.4390 4·10 )nf bf
4 (53)

The thermophysical properties of the nanowires silver nanofluid
change with respect to the volumetric concentration of the nanofluid

and the nanoparticle size. The effective density and the specific heat of
silver nanofluids are calculated from Eqs. (36) and (37). Considering
the non-spherical shapes of silver nanowires, the thermal conductivity
of the nanowire suspension is calculated with the Eq. (48) [38]. The
viscosity of the silver nanowires nanofluid as a function of volume
fraction is defined by Einstein [39] for very low concentration of na-
noparticles as:

= +µ µ (1 2.5 )nf bf (54)

3.2.3. Aluminum dioxide
Five different particle shapes such as spherical, platelets, blades,

cylindrical and bricks are compared for aluminum dioxide nano-
particles (Al2O3). Fig. 6 shows a schematic of various shapes of nano-
particles and their sizes [2,8,9]. The effective density ρnf and specific
heat (cp)nf of the Al2O3 nanofluids with different nanoparticle shapes
can be calculated using Eqs. (36) and (37), respectively. In order to
consider the effects of platelets, blades, cylindrical and bricks particle
shapes on thermophysical properties of nanofluids, the following
equations were obtained by Timofeeva et al. [2].

= + + = +k k C C C(1 ( ) ) 1nf bf k
shape

k
surface

k (55)

= + +µ µ A A(1 )nf bf 1 2
2 (56)

The effective thermal conductivity of different particle shapes can
be obtained by using the available data from Table 5. Also A1 and A2 are
coefficients which are available in Table 6 and are useful to calculate
dynamic viscosity of nanofluid.

3.2.4. Boehmite alumina
Seven different particle shapes such as spherical, oblate spheroid

and prolate spheroid, platelets, blades, cylindrical and bricks are
compared for boehmite alumina nanoparticles (γ-AlOOH) [2,3] (see
Figs. 4 and 6). The effective density ρnf and specific heat (cp)nf of the γ-
AlOOH nanofluids with different nanoparticle shapes can be calculated
using Eqs. (36) and (37), respectively. Due to calculate the effects of
oblate and prolate particle shapes on thermophysical properties of γ-
AlOOH nanofluids, Eqs. (45)–(49) are presented [3]. Also in order to
consider the effects of platelets, blades, cylindrical and bricks particle
shapes on thermophysical properties of γ-AlOOH nanofluids, Eqs. (55)
and (56) are useful [2–5].

3.2.5. Molybdenum disulfide
Five different particle shapes such as spherical, platelets, blades,

cylindrical and bricks are compared for molybdenum disulfide

Table 5
Contribution of particle shape effect and surface resistance to thermal con-
ductivity of nanoparticle suspensions [2–5,7,8].

Type Aspect ratio ψ Ck Ck
shape Ck

surface

Platelets 1:1/8 0.52 2.61 5.72 −3.11
Blades 1:6:1/12 0.36 2.74 8.26 −5.52
Cylindrical 1:8 0.62 3.95 4.82 −0.87
Bricks 1:1:1 0.81 3.37 3.72 −0.35

Table 6
Viscosity coefficients for different nanoparticle shapes at 25 °C [2–5,7,8].

Platelets Blades Cylindrical Bricks

A1 37.1 14.6 13.5 1.9
A2 612.6 123.3 904.4 471.4

Oblate spheroid (c < a) Prolate spheroid (c > a)

rotation axis

rotation axis

Fig. 4. The oblate and prolate spheroids [6].

(a) (b) 

Fig. 5. (a) TEM image of truncated near-spherical silver nanoparticles (dnp < 100 nm) [37]. (b) SEM image of the silver nanowire particles [38].
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nanoparticles (MoS2) [2,9] (see Fig. 6). The effective density ρnf and
specific heat (cp)nf of the MoS2 nanofluids with different nanoparticle
shapes can be calculated using Eqs. (36) and (37), respectively. In order
to consider the effects of platelets, blades, cylindrical and bricks particle
shapes on thermophysical properties of MoS2 nanofluids, Eqs. (55) and
(56) are useful [9].

3.2.6. Silicon dioxide
Five different particle shapes such as spherical, platelets, blades,

cylindrical and bricks are compared for silicon dioxide nanoparticles
(SiO2) [2,4] (see Fig. 6). The effective density ρnf and specific heat (cp)nf
of the MoS2 nanofluids with different nanoparticle shapes can be cal-
culated using Eqs. (36) and (37), respectively. In order to consider the
effects of platelets, blades, cylindrical and bricks particle shapes on
thermophysical properties of MoS2 nanofluids, Eqs. (55) and (56) are
useful [4].

4. Validation

4.1. Grid independence test

For the studied heat sink solar collector using water, the grid in-
dependency test was performed with seven grid sizes (see Table 7). By
comparing all mesh configurations, the grid size with 1,838,659 nodes
has been adopted to get an acceptable compromise between the com-
putational time and the result accuracy with an error of 0.02%.

4.2. Code validation

The computational fluid dynamics (CFD) code validation was done
by comparison of numerical results obtained from present study and
empirical data of Yousefi et al. [40] at same geometrical dimension and
boundary condition for two different cases including collector using
water as operating fluid and Al2O3/water as working nanofluid. These
results compressions are shown in Fig. 7. It can be seen from this figures
that a remarkable agreement exists between the empirical data [40]
and numerical results obtained from present study with maximum error
of 12.28%.

5. Results and discussions

In this section, in the first step, the effect of different suspended
nanoparticles volume fractions and morphologies on Nusselt number on
absorber plate, outlet temperature of collector and entropy generation
through channel are investigated and the optimum volume fraction and
morphology of every nanoparticle are obtained (This is a common
method which is seen in different researches such as [41–51]). In the
second step, optimum models (optimal nanoparticle with certain vo-
lume fraction) of each nanoparticle are compared with each other. In
the last step, the collector with optimum condition (optimal nano-
particle with certain volume fraction) is introduced based on 1st and
2nd laws view point.

5.1. Copper

Fig. 8a depicts the average Nusselt number distribution with volume
fraction (0≤φ≤0.20%) for various shapes of Cu nanoparticles. It is
seen that the nanofluid with spherical nanoparticles has the highest
average Nusselt number at all volume fractions which is followed by
OS.C, PS.C4, PS.C3, PS.C2 and PS.C1 models, respectively. Its value at
φ=0.20% is about Nu=306. The outlet temperature for various
particle shapes of Cu nanoparticles over the considered range of volume

10 nm

9 nm

40 nm

60 nm

10 nm
80

 n
m

Blades Cylinders Platelets Bricks

Fig. 6. Different shapes of Al2O3, γ-AlOOH, MoS2 and SiO2 nanoparticles
[2–5,7,8].

Table 7
Grid independence test in term of outlet temperature of heat sink solar collector
using water.

Number Nodes Tout (°C) Error (%)

1 421,761 15.8481 71.15
2 701,751 27.1101 35.26
3 1,143,983 36.6782 10.46
4 1,599,007 40.5134 2.57
5 1,717,623 41.1211 1.50
6 1,838,659 42.1791 0.02
7 1,954,131 42.1834 –
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Fig. 7. Code validation based on experimental data [40] for (a) outlet tem-
perature of water as working fluid, and (b) collector efficiency by using Al2O3/
H2O as working nanofluid.
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fractions is plotted in Fig. 8b. It is observed that for spherical model, the
highest outlet temperature among all models is achieved, which is
followed by OS.C, PS.C4, PS.C3, PS.C2 and PS.C1 models, respectively.
Its value at φ=0.20% is about Tout=47.6 °C. Fig. 8c shows the var-
iation of entropy generation along the channel over the investigated

volume fractions. The value of entropy generation for spherical model
is the lowest compared to other models and its value at φ=0.20% is
aboutSgen =110.3W/K. Also Fig. 8 shows that the optimum volume
fraction is φ=0.20% and φ=0.05% based on 1st and 2nd laws
viewpoints, respectively.

5.2. Silver

Fig. 9a illustrates the average Nusselt number distribution with volume
fraction (0≤φ≤0.15%) for various shapes of Ag nanoparticles. It is seen
that the nanofluid with spherical nanoparticles has the highest average
Nusselt number at all volume fractions which is followed by nanowire
model and its value at φ=0.15% is about Nu=306.9. The outlet tem-
perature for various particle shapes of Ag nanoparticles over the considered
range of volume fractions is schemed in Fig. 9b. It is observed that for
spherical model, the highest outlet temperature is achieved, which is fol-
lowed by nanowire model and its value at φ=0.15% is about
Tout=48.1 °C. Fig. 9c shows the variation of entropy generation along the
channel over the investigated volume fractions. The value of entropy gen-
eration for spherical model is the lowest compared to nanowire model and
its value at φ=0.15% is aboutSgen =109W/K. Also Fig. 9 shows that the
optimum volume fraction is φ=0.15% and φ=0.05% based on 1st and
2nd laws viewpoints, respectively.

5.3. Aluminum dioxide

Fig. 10a represents the average Nusselt number distribution with
volume fraction (0≤φ≤4%) for various shapes of Al2O3 nano-
particles. It is seen that the nanofluid with spherical nanoparticles has
the highest average Nusselt number at all volume fractions which is
followed by bricks, blades, cylindrical, and platelets models, respec-
tively. Its value at φ=4% is about Nu=304. The outlet temperature
for various particle shapes of Al2O3 nanoparticles over the considered
range of volume fractions is plotted in Fig. 10b. It is seen that for
spherical model, the highest Tout among all models is achieved, which is
followed by bricks, blades, cylindrical, and platelets models, respec-
tively. Its value at φ=4% is about Tout=46.8 °C. Fig. 10c shows the
variation of entropy generation along the solar collector heat sink
channel over the investigated volume fractions for different nano-
particle shapes of Al2O3.

The value of entropy generation for bricks model is the lowest
compared to other models over the volume fraction range of
0≤φ≤3.5% which is followed by spherical, cylindrical, blades, and
platelets models, respectively. But its value at φ=1% for spherical
model is minimum and is aboutSgen =101.8W/K. Also Fig. 10 shows
that the optimum volume fraction is φ=4% and φ=1% based on 1st
and 2nd laws viewpoints, respectively.

5.4. Boehmite alumina

Fig. 11a shows the average Nusselt number distribution with vo-
lume fraction (0≤φ≤4%) for various shapes of γ-AlOOH nano-
particles. It is seen that the nanofluid with spherical nanoparticles has
the highest average Nusselt number at all volume fractions which is
followed by bricks, blades, cylindrical, and platelets models, respec-
tively.

The value of Nusselt number at φ=4% is about Nu=306. The
outlet temperature for various particle shapes of γ-AlOOH nanoparticles
over the considered range of volume fractions is plotted in Fig. 11b. It is
observed that for spherical model, the highest outlet temperature
among all models is achieved, which is followed by bricks, blades, cy-
lindrical, and platelets models, respectively. Its value at φ=4% is
about Tout=45.9 °C. Fig. 11c shows the variation of entropy generation
along the solar collector heat sink channel over the investigated volume
fractions. The value of entropy generation for bricks model is the lowest
compared to other models over the volume fraction range of
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Fig. 8. The effect of different Cu nanoparticle shapes at different volume
fractions for (a) Average Nusselt number, (b) Outlet temperature, and (c)
Entropy generation.
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0≤ φ≤4% which is followed by blades, spherical, cylindrical, and
platelets models, respectively. Its value at φ=2% for bricks model is
minimum and is aboutSgen =99.1W/K. Also Fig. 11 shows that the
optimum volume fraction is φ=4% and φ=2% based on 1st and 2nd
laws viewpoints, respectively.

5.5. Molybdenum disulfide

Fig. 12a shows the average Nusselt number distribution with vo-
lume fraction (0≤φ≤4%) for various shapes of MoS2 nanoparticles.
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It is seen that the nanofluid with spherical nanoparticles has the highest
average Nusselt number at all volume fractions which is followed by
bricks, blades, cylindrical, and platelets models, respectively. Its value
at φ=4% is about Nu=316. The outlet temperature for various

particle shapes of MoS2 nanoparticles over the considered range of
volume fractions is plotted in Fig. 12b. It is observed that for spherical
model, the highest outlet temperature among all models is achieved,
which is followed by bricks, blades, cylindrical, and platelets models,
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Fig. 11. The effect of different γ-AlOOH nanoparticle shapes at different vo-
lume fractions for (a) Average Nusselt number, (b) Outlet temperature, and (c)
Entropy generation.
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Fig. 12. The effect of different MoS2 nanoparticle shapes at different volume
fractions for (a) Average Nusselt number, (b) Outlet temperature, and (c)
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respectively. Its value at φ=4% is about Tout=47 °C. Fig. 12c shows
the variation of entropy generation along the solar collector heat sink
channel over the investigated volume fractions. The value of entropy
generation for bricks model is the lowest compared to other models
over the volume fraction range of 0≤φ≤3% which is followed by
blades, spherical, cylindrical, and platelets models, respectively. But the
value of entropy generation for blades model is the lowest compared to
other models over the volume fraction range of 3≤φ≤4% which is
followed by spherical, bricks, cylindrical, and platelets models, re-
spectively. The value of entropy generation at φ=1% for bricks model
is minimum and is aboutSgen =99.5W/K. Also Fig. 12 shows that the
optimum volume fraction is φ=4% and φ=1% based on 1st and 2nd
laws viewpoints, respectively.

5.6. Silicon dioxide

Fig. 13a shows the average Nusselt number distribution with vo-
lume fraction (0≤ φ≤4%) for various shapes of SiO2 nanoparticles. It
is seen that the nanofluid with spherical nanoparticles has the highest
average Nusselt number at all volume fractions which is followed by
bricks, cylindrical, blades, and platelets models, respectively. Its value
at φ=4% is about Nu=296. The outlet temperature for various par-
ticle shapes of SiO2 nanoparticles over the considered range of volume
fractions is plotted in Fig. 12b. It is observed that for spherical model,
the highest outlet temperature among all models is achieved, which is
followed by bricks, blades, cylindrical, and platelets models, respec-
tively. Its value at φ=4% is about Tout=46.2 °C. Fig. 12c shows the
variation of entropy generation along the solar collector heat sink
channel over the investigated volume fractions for various particle
shapes of SiO2 nanoparticles. The value of entropy generation for bricks
model is the lowest compared to other models over the volume fraction
range of 0≤ φ≤4% which is followed by blades, cylindrical, sphe-
rical, and platelets models, respectively. Its value at φ=1% for sphe-
rical model is minimum and is aboutSgen =99.8W/K. Also, according
to Fig. 13 it is observed that the optimum volume fraction is φ=4%
and φ=1% based on 1st and 2nd laws viewpoints, respectively.

5.7. Comparison

All above results were obtained by averaged data of year (see
Table 2). For ease of calculations, the effects of nanoparticle size are
ignored in this paper. Fig. 14 shows variation of Nusselt number, outlet
temperature and entropy generation in different volume fraction for
optimum models of each material.

Based on Fig. 14a, the maximum value of averaged Nusselt number
is achieved for MoS2 nanoparticles with sphere shape in φ=4%, and it
is followed by Ag with sphere shape in φ=0.15%, Cu with sphere
shape in φ=0.20%, γ-AlOOH with sphere shape in φ=4%, Al2O3

with sphere shape in φ=4% and SiO2 with sphere shape in φ=4%.
Also Fig. 14b, shows that the maximum value of outlet temperature is
achieved for Ag nanoparticles with sphere shape in φ=0.15%, and it is
followed by Cu with sphere shape in φ=0.20%, MoS2 with sphere
shape in φ=4%, Al2O3 with sphere shape in φ=4%, SiO2 with sphere
shape in φ=4% and γ-AlOOH with sphere shape in φ=4%. The most
important result is that in case of heat transfer for all studied nano-
particles (metal and nonmetal nanoparticles), sphere shape is the best
morphology for each material. Therefore, due to fulfill a heat exchanger
with more energy efficiency (1st law view point), usage of sphere na-
noparticles with optimum size and volume fraction is suggested.

On other sides Fig. 14c, shows that the minimum value of entropy
generation is achieved for γ-AlOOH nanoparticles with bricks shape in
φ=2%, and it is followed by SiO2 with bricks shape in φ=1%, MoS2
with bricks shape in φ=1%, Ag with sphere shape in φ=0.05%, Cu
with sphere shape in φ=0.05% and Al2O3 with bricks shape in
φ=1%. Therefore, it is seen that for metal nanoparticles the minimum
value of entropy generation is achieved by sphere shape. But for

nonmetal nanoparticles the minimum value of entropy generation is
achieved by bricks shape. Hence, in order to achieve a heat exchanger
with less entropy generation (2nd law view point), usage of bricks shape
nonmetal nanoparticles with optimum size and volume fraction and
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Fig. 13. The effect of different SiO2 nanoparticle shapes at different volume
fractions for (a) Average Nusselt number, (b) Outlet temperature, and (c)
Entropy generation.
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sphere shape metal nanoparticles with optimum size and volume frac-
tion is suggested.

6. Conclusion

In this study the effects of different morphology of supported na-
noparticles, including copper, silver, aluminum dioxide, boehmite
alumina, molybdenum disulfide and silicon dioxide, on heat transfer
and entropy generation have been investigated in compression with
each other in case of a water-based heat sink solar collector located in
Isfahan city, Iran. The control volume approach was used to solve the
system of classical single phase three-dimensional governing equations
by using the finite volume method (FVM). The standard k–ε turbulence
model with enhanced wall function was selected. Furthermore, the
spectral radiative transfer equation (RTE) was used to consider radia-
tive heat transfer effects. The convergence criterion was considered
10−6 for all variables. Based on obtained results:

• Nanoparticles morphology has a significant influence on heat
transfer and entropy generation of heat exchangers.

• The trend of average Nusselt number variation for all studied
models is alike and the average Nusselt number increases by in-
creasing nanoparticles volume fraction.

• The trend of nanofluid outlet temperature transformation for all

investigated models is analogous and the outlet temperature
growths by increasing nanoparticles volume fraction.

• The trend of entropy generation transformation for almost all con-
sidered models is similar and the entropy generation rises by in-
creasing nanoparticles volume fraction.

• The maximum value of averaged Nusselt number is achieved for
MoS2 nanoparticles with sphere shape in φ=4%, and it is followed
by Ag with sphere shape in φ=0.15%, Cu with sphere shape in
φ=0.20%, γ-AlOOH with sphere shape in φ=4%, Al2O3 with
sphere shape in φ=4% and SiO2 with sphere shape in φ=4%.

• The maximum value of outlet temperature is achieved for Ag na-
noparticles with sphere shape in φ=0.15%, and it is followed by Cu
with sphere shape in φ=0.20%, MoS2 with sphere shape in
φ=4%, Al2O3 with sphere shape in φ=4%, SiO2 with sphere
shape in φ=4% and γ-AlOOH with sphere shape in φ=4%.

• The minimum value of entropy generation is achieved for γ-AlOOH
nanoparticles with bricks shape in φ=2%, and it is followed by
SiO2 with bricks shape in φ=1%, MoS2 with bricks shape in
φ=1%, Ag with sphere shape in φ=0.05%, Cu with sphere shape
in φ=0.05% and Al2O3 with bricks shape in φ=1%.

• In case of heat transfer for all studied nanoparticles (metal and
nonmetal nanoparticles), sphere shape is the best morphology for
each material. Therefore, due to fulfill a heat exchanger with more
energy efficiency (1st law view point), usage of sphere nanoparticles
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with optimum size and volume fraction is suggested.
• For metal nanoparticles the minimum value of entropy generation is

achieved by sphere shape. But for nonmetal nanoparticles the
minimum value of entropy generation is achieved by bricks shape.
In order to achieve a heat exchanger with less entropy generation
(2nd law view point), usage of bricks shape nonmetal nanoparticles
with optimum size and volume fraction and sphere shape metal na-
noparticles with optimum size and volume fraction is suggested.
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