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ABSTRACT: In this paper, forced convection flow and heat transfer of Cu-water nanofluid in U-Tube collector are studied.

The three-dimensional governing equations are numerically solved in the domain by the control volume approach based on
the SIMPLE algorithm. Reynolds numbers are considered in laminar-turbulent range of 2000<Re<8000. The most efficient
model was achieved by comparison of different parameters to reach the optimal case with the maximum exergy efficiency.
From this study, it is concluded that in the case of using U-tube, instead of shell and tubes, the time that the fluid is inside the
collector increases and leads to outlet temperature increase from the collector the exergy efficiency increases. Also, it is
realized that enhance the outlet fluid temperature, energy efficiency and exergy efficiency. Generally, while the trend of
exergy efficiency variation with effective parameters is increasing, applying the mixers precipitate the efficiency increment.
In addition, for the case that the trend of exergy efficiency variation with changing these parameters is decreasing, the
decreasing trend gets slow. The exergy efficiency of studied UTC at 14:00 has the maximum exergy efficiency among all
studied times and about 71.54%. The received energy always reduces by increasing of operating temperature. The value of
received energy at operating temperature of 23°C is about 0.347 kW/m 2. The nanofluid flow has higher thermal conductivity
than the base fluid and can absorb more solar irradiances. But the nanofluid has also more dynamic viscosity than base fluid
which increases the pressure drop penalty and friction factor in system. Finally, the highest exergy efficiency was obtained
for the nanoparticle volume fraction of ϕ=4%. Therefore, the UTC with tube diameter of 8nm filled with Cu-water nanofluid
with 4% volume fraction and 40nm nanoparticle diameter at Re=2000 is introduced as the best model in present study.
KEYWORDS: U-tube collector, Exergy efficiency, Radiation, Forced convection, Nanofluid

INTRODUCTION
copper, aluminum and brass as U-tube material, and
graphite, magnesium oxide and aluminum oxide as filler
material and the performance of the evacuated tube solar
collector is investigated in detail. Kaya and Arslan [3]
numerically investigated efficiency and economic analysis
of an evacuated U-tube solar collector with different
nanofluids.
Their findings reveal that the using of solar energy
comprehensively is more beneficial for health of earth.
Sadeghi et al. [4] investigated experimentally and
numerically performance of evacuated tube solar
collectors, applying synthesized Cu2O/distilled water
nanofluid. They found that usage of nanofluid has a
significant effect on thermal-hydraulic efficiency of
system. Wang et al. [5] examined the idea of using a
radiation shield in the upper part of the absorber tube. This
part aims to reduce the thermal losses of the PTC. Yang et
al. [6] proposed a double coating solar collector which
uses different coatings in the upper and in the down part
of the absorber. Based on their obtained results, usage of
coatings can enhance thermal efficiency of system.

As a clean and renewable energy source, solar energy
has good prospects for solving energy and environmental
problems in the future. The concentrated U-Tube collector
(UTC) systems are a popular way to generate semi-hightemperature heat source by absorbing and converting solar
energy into heat energy. This system possesses the most
commercialized markets and mature technology, and it is
widely applied in semi-high-temperature solar thermal
fields, such as solar cooling, solar desalination, and
concentrated solar power (CSP) generation [1-8]. A lot of
research work has been carried out to study the use of
UTCs in solar thermal field.
Kaya et al. [1] experimentally investigated thermal
performance of an evacuated U-Tube solar collector with
ZnO/Etylene glycol-pure water nanofluids. Naik and
Muthukumar [2] in a numerical study investigated
performance assessment of evacuated U-tube solar
collector. They found that employing water and air as
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Naphon and Kornkumjayrit [7] conducted a numerical
investigation inside one-sided corrugated plate in
turbulent flow regime. He found that used geometry has
significant effect on heat transfer process. In another
numerical study by Naphon [8], he conducted a study on
the effect of wavy plate geometry on fluid flow and heat
transfer of air in turbulent flow regime. Their results
shown an increased in heat transfer and pressure drop. A
numerical study on turbulent flow by Assato and de Lemos
[9] in periodically sinusoidal-wavy channels was done. A
numerical study on wavy wall micro-channels having
rectangular cross section was done by Sui et al. [10]. Their
results showed that usage of wavy wall channel can
enhance the heat transfer and increase the pumping power.
Duan and Muzychka [11] presented an analytical study for
laminar flow regime on the axial corrugated surface
roughness effect on flow field and heat transfer inside
micro-tubes. They observed an increase in required
pumping power (pressure drop). A numerical
investigation on corrugation profile for cross-corrugated
plates effect on flow field and heat transfer were
conducted by Zhang and Che [12]. Reported results
showed that trapezoidal channel has higher Nusselt
number and friction factor than the elliptic channel. In
another work Zhang and Che [13] carried out a threedimensional numerical investigation presenting an
analysis on Nusselt number and friction factor. As can be
seen from above research studies, all of the cited work on
conventional fluids in wavy channels had better heat
transfer (or Nusselt number) and greater pressure drop
(required pumping power) compared with results of
straight channel. The annual irradiation on the collector
plane is improved by introducing corrugated booster
reflectors instead of flat booster reflectors [14]. The
optimum inclination of the collector and flat plate booster
reflector is reported theoretically to augment the
performance of the solar collector [15]. Monowe et al. [16]
planned a portable single basin solar still with an external
reflecting booster and an outside condenser. They
determined that the loss of latent heat of condensation to
the environment had been minimized. The optimum
position of flat plate booster reflectors is examined by
Kostic and Pavlovic [17] on thermal performance of the
solar collector. They found that usage of turbulators and
employing of nanofluids has a significant effect on
thermal-hydraulic efficiency of system. Kostic and
Pavlovic [18] also studied the effect of four aluminum flat
plate reflectors which were placed in the bottom, top, right
and left side of the solar collector during day time over the
year. Hiroshi [19] numerically investigated the
improvement in absorbed solar radiation of a flat plate
solar thermal collector by a flat plate bottom reflector.
The literature review elucidates that although the effect of
U-Tube solar collectors on heat transfer has been assessed
(see Refs. [20-28]), but the effects of using nanofluid on
energy and exergy efficiency in U-Tube solar collectors

based on present experimental data have not been yet
investigated numerically. The coating is vacuum and the
fluid flow is in turbulent regime. Using the results of this
paper the researchers attain a new method to analyze the
energy efficiency of vacuumed U-Tube solar collectors
numerically. In present study using 3D simulation the
performance enhancement of evacuated U–Tube solar
collectors filled with nanofluid is investigated. The main
application is in solar energy field, where usage of solar
collectors with higher energy efficiency has nowadays
attracted a lot of attention. Also it is expected that usage
of U-Tube systems can also enhance the energy efficiency
of concentrated collectors.

NUMERICAL MODEL
Physical Model
The schematic diagram of studied U-Tube solar
collector is shown in Fig. 1. Table 1 represents different
properties of this collector. The reason of this selection is
the empirical data available for validation and
compression. 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 collector simulated numerically and useful
received energy by fluid, outlet temperature of fluid,
Nusselt number and energy- and exergy efficiency are
calculated. The flow inside the channel is considered at
steady state condition and turbulent flow regime. Velocity
inlet and pressure outlet conditions are assumed for the
inlet and the outlet section of the collector. Referred
collector is under the uniform heat flux that is calculated
using optical properties and overall heat loss of collector
for different months based on empirical measurements
results of Sabziparvar [29].

Numerical Method
The system of governing equations for fluid flow and
heat transfer in the flat‒plate sheet and tube solar collector
can be written in the Cartesian tensor system as [30]:
𝜕
(𝜌𝑢𝑖 ) = 0
𝜕𝑥𝑖

𝜕
𝜕𝑃
𝜕
𝜕𝑢𝑖 𝜕𝑢𝑗
(𝜌𝑢𝑖 𝑢𝑗 ) = −
+
[𝜇 (
+
)]
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖
𝜕
′ ′
̅̅̅̅̅̅
+
(−𝜌𝑢
𝑖 𝑢𝑗 )
𝜕𝑥𝑗

𝜕
𝜕
𝜕𝑇
(𝜌𝑢𝑖 𝑇) =
[(𝛤 + 𝛤𝑡 )
]
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜕𝑥𝑗

(1)

(2)

(3)

where ρ is the fluid density and ui is the axial velocity,
μ, ú and uj are the fluid viscosity, fluctuated velocity and
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the axial velocity, respectively, and the term -ρ̅̅̅̅̅
u'i u'j is the
turbulent shear stress.
With using the Reynolds averaged approach for
modeling the flow field and heat transfer in turbulence
flow regime, it is requires to model the Reynolds stresses
-ρ̅̅̅̅̅
u'i u'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 [30-37]:
′ ′
̅̅̅̅̅̅
(−𝜌𝑢
𝑖 𝑢𝑗 ) = 𝜇𝑡 (

𝜕𝑢𝑖 𝜕𝑢𝑗
+
)
𝜕𝑥𝑗 𝜕𝑥𝑖

Where k, is turbulence kinetic energy (TKE) and
calculated from the following equation [30]:
𝜕
𝜕
𝜇𝑡 𝜕𝑘
[𝜌𝑘𝑢𝑖 ] =
[(𝜇 + )
] + 𝐺𝑘
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗
− 𝜌𝜀

(6)

Similarly, in the TKE dissipation rate, ε is written by the
following equation [30]:
𝜕
𝜕
𝜇𝑡 𝜕𝜀
𝜀
[𝜌𝜀𝑢𝑖 ] =
[(𝜇 + )
] + 𝐶1𝜀 𝐺𝑘
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝜀 𝜕𝑥𝑗
𝑘
𝜀2
+ 𝐶2𝜀 𝜌
𝑘

(4)

The turbulent viscosity term μt is to be calculated using
an appropriate turbulence model. The turbulent viscosity
expression is given as [30]:

(7)

where Gk is the generation rate of the TKE and ρε is its
destruction rate. Gk is calculated as follow [25]:

Solar irradiation

′ ′
̅̅̅̅̅̅
𝐺𝑘 = −𝜌𝑢
𝑖 𝑢𝑗

𝜕𝑢𝑗
𝜕𝑥𝑖

(8)

Table 1
The specifications of the studied collector [20]
Specification

Air
U-Tube filled with HTF

Vacuum

Outer glass tube

Inner glass tube

Insulator

Occupied area
Absorption area
Weight
Frame
Glass (Float)
Emissivity of glass covers
Quantities of glass covers
Header pipe (Cu)
Connector riser to absorber (Cu)
Thermal emission of absorber
Thermal
conductivity
of
absorber
Thickness of plate
Slop of collector
Solar absorption
Coating method
Thermal
conductivity
of
insulators
Thickness of insulators
Optical efficiency

Solar irradiation

(a)

Absorber
Vacuum

Air

Inner glass tube
Outer glass tube
U-Tube filled with HTF
(b)
Fig.1. Schematic diagram of U-Tube solar collector: a) Front view
b) Side view

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2
𝜀

Value
/
Unit
Detail
200×94×9.
cm
5
1.51
m2
38.5
kg
Aluminum 6063
t=4
mm
0.85
‒
One
‒
Ø22, t = 0.9 mm
Ø10, t = 0.9 mm
7
%
W·m-1·K211
1
2
45
96.2
Vacuum
0.05
20
68

mm
degree
%
‒
W·m-1·K1

mm
%

The enhanced wall treatment method is chosen to
assume turbulent quantities through pipes. The empirical
constants including Cμ=0.09, C1ε=1.44, C2ε=1.92, σk=1.00,
σε=1.30 and Prt=0.90 are chosen in the turbulence
transport equations [30]. Bellow assumptions are
determined:
• The problem is steady state.

(5)
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•
•
•
•
•

was used to solve the system of classical single phase
governing equations by using the finite volume method.
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.

The flow regime is turbulent.
The fluid flow is incompressible.
The nanofluid has Newtonian behavior.
The nanofluid is single phase.
Diffuse solar irradiations are not absorbed.
The fluid is considered to be Newtonian, and the
physical properties of the fluid are temperature dependent.
Since the temperature variation is higher than 3°C [31],
the following polynomial expressions are used [32]:
𝜌(𝑇) = 5.37380 ∙ 10−10 𝑇 5 − 9.59976
∙ 10−7 𝑇 4 + 6.93809
∙ 10−4 𝑇 3 − 0.255822𝑇 2
+ 47.8074𝑇 − 2584.53
𝑐𝑝 (𝑇) = −4.51782 ∙ 10−8 𝑇 5 + 7.61613
∙ 10−5 𝑇 4 − 5.12699
∙ 10−2 𝑇 3 + 17.2363𝑇 3
− 2894.85𝑇 + 198532
𝑘(𝑇) = 5.15307 ∙ 10−11 𝑇 5 − 8.15212
∙ 10−8 𝑇 4 + 5.1380
∙ 10−5 𝑇 3 − 1.61344
∙ 10−2 𝑇 2 + 2.52691𝑇
− 157.532
𝜇(𝑇) = −4.37087 ∙ 10−13 𝑇 5 + 7.38482
∙ 10−10 𝑇 4 − 4.99292
∙ 10−7 𝑇 3 + 1.68946
∙ 10−4 𝑇 2 − 2.86313
∙ 10−2 𝑇 + 1.94641

Analytical Method

(9)

Useful received energy by fluid in collector is
calculated as follow [33]:
𝑄̇𝑢,𝑓 = 𝑚̇𝑓 𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )

(10)

(15)

where ṁf is working fluid mass flow rate of, cp is fluid
constant specific heat capacity and Tin and Tout are mean
fluid inlet and outlet temperature, respectively.
Useful received energy by collector based on inlet
solar radiation and overall heat loss is as follow [33]:

(11)

𝑄̇𝑢,𝑐 = 𝐴𝑐 (𝑆 − 𝑈𝐿 (𝑇𝑝𝑚 − 𝑇𝑎 ))

(12)

(16)

Where Ac is the area of absorber plate, Ta is ambient
temperature and Tpm is mean temperature of plate. In the
present study temperature gradients around the pipe can be
neglected and a mean temperature can be taken into
account for it as far as pipe has been spread through the
plate, and also the thermal conductivity of bond part,
thermal conductivity of plate and the convection heat
transfer coefficient of fluid are high. Also S is a part of
solar radiation per plate area unit that is absorbed by plate
and is as [33]:

For closing the system of governing equations, a set of
boundary condition is required. Velocity inlet for inlet,
pressure outlet for outlet and non-slip with constant heat
transfer between the fluid and side for side of pipes were
applied.
The spectral radiative transfer equation (RTE) can be
written as [30-32]:

𝑆 = 𝜂0 ∙ 𝐼𝑇
(17)

𝑑𝐼𝑣 (𝑟, 𝑠)
= −(𝐾𝑎𝑣 + 𝐾𝑠𝑣 )𝐼𝑣 (𝑟, 𝑠)
𝑑𝑠
+ 𝐾𝑎𝑣 𝐼𝑏 (𝑣, 𝑇)
𝐾𝑠𝑣
+
∫ 𝑑𝐼 (𝑟, 𝑠 ′ )
4𝜋 4𝜋 𝑣
∙ 𝜙(𝑠, 𝑠 ′ )𝑑Ω′ + 𝑆

where IT is daily average hourly radiation entered to
collector and η0 is optical efficiency of collector and is
calculated as follow [33]:

(13)

𝜂0 = (𝜏𝛼) = 1.01𝜏𝛼
(18)

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

where Iv is spectral radiation intensity which depends on
position r and direction s [30-32]:
𝐼𝑣 (𝑟, 𝑠) = 𝜀𝑣 (𝑟𝑤 )𝐼𝑏 (𝑣, 𝑇)
𝜌𝑤 (𝑟𝑤 )
+
∫
𝐼𝑣 (𝑟, 𝑠 ′ )
𝜋
𝑛∙𝑠′<0
∙ |𝑛 ∙ 𝑠′|𝑑Ω′

1 + cos 𝛽
𝐼𝑇 = 𝐼𝑏 𝑅𝑏 + 𝐼𝑑 (
)+𝐼
2
1 − cos 𝛽
∙ 𝜌𝑔𝑟 (
)
2

(14)

(19)

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

The commercial ANSYS-FLUENT was used to solve
the governing equations. The control volume approach
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Also, Rb is ratio of beam radiation on tilted surface to
that on horizontal surface and is calculated as follow [33]:
𝑅𝑏
cos(𝜑 − 𝛽) cos 𝛿 cos 𝜔 + sin(𝜑 − 𝛽) sin 𝛿
=
cos 𝜑 cos 𝛿 cos 𝜔 + sin 𝜑 sin 𝛿

where um referred to the fluid mean velocity over the cross
section. The Nusselt number is defined as [30]:
ℎ𝑓 ∙ 𝐷𝑖
(29)
𝑘𝑓
where hf and kf represent the heat transfer coefficient and
the fluid thermal conductivity, respectively.
The pressure drop between inlet and outlet is defined
as [30]:
Nu =

(20)

where φ is latitude of collector location, δ is declination
angle and ω is hour angle. Furthermore, UL in Equation (5)
is collector overall heat loss coefficient and is calculated
as follow [33]:

∆𝑃 = 𝑃𝑎𝑣,𝑖𝑛𝑙𝑒𝑡 − 𝑃𝑎𝑣,𝑜𝑢𝑡𝑙𝑒𝑡
(30)

𝑈𝐿 = 𝑈𝑡 + 𝑈𝑏 + 𝑈𝑒

The friction factor for fully developed flow is
expressed as follows [30]:

(21)

where Ut is top loss coefficient, Ub is back loss coefficient
and Ue is edge loss coefficient. The top loss coefficient is
calculated as follow [33]:
𝑈𝑡

−1

𝑁

=

𝑒

(

𝐶 𝑇𝑝𝑚 − 𝑇𝑎
[
]
𝑇𝑝𝑚 𝑁 + 𝑓

+

2
∆𝑃
(31)
𝐿 𝜌𝑛𝑓 ∙ 𝑢𝑚 2
( )
𝐷𝑖
Total entropy generation, Ṡgen (W/K), in the collector
can be obtained via the amount of lost work, Ẇlost, that is
the summation of leakage (Ėl) and destroyed (Ėd) exergy
rates. The total entropy generation rate can be expressed
as [20]:
𝑓=

(22)

1
ℎ𝑤

)
𝜎(𝑇𝑝𝑚 + 𝑇𝑎 )(𝑇𝑝𝑚 2 − 𝑇𝑎 2 )
+
2𝑁 + 𝑓 − 1 + 0.133𝜀𝑃
1
+
−𝑁
𝜀𝑝 + 0.0059𝑁 ∙ ℎ𝑤
𝜀𝑔

̇
𝑆𝑔𝑒𝑛
=

𝑊̇𝑙𝑜𝑠𝑡 𝐸̇𝑑 + 𝐸̇𝑙
+
𝑇𝑎
𝑇𝑎

(32)

The destroyed exergy rate can be obtained by the
following relation [20]:
𝑓 = (1 + 0.089ℎ𝑤 − 0.1166ℎ𝑤 𝜀𝑝 )(1
+ 0.07866𝑁)

(23)

𝐶 = 520(1 − 0.000051𝛽 2 )

(24)

𝑒 = 0.430 (1 −

100
𝑇𝑝𝑚

ℎ𝑤 = 2.8 + 3𝑉𝑤

)

𝐸̇𝑑 = 𝐸̇𝑑,∆𝑇𝑠 + 𝐸̇𝑑,∆𝑃 + 𝐸̇𝑑,∆𝑇𝑓

where Ėd,∆Ts is the destroyed exergy rate due to the
temperature difference between sun and absorber plate
and written as follow:

(25)
(26)

𝐸̇𝑑,∆𝑇𝑠 = 𝜂0 𝐺𝑡 𝐴𝐶 𝑇𝑎 (

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 follow [33]:
𝑘
𝑈𝑏 =
𝐿

𝜌𝑓 ∙ 𝑢𝑚 ∙ 𝐷𝑖
𝜇𝑓

1
1
− )
𝑇𝑝 𝑇𝑆

(34)

Ėd,∆P is the destroyed exergy rate due to pressure drop
in the collector and calculated as:

𝐸̇𝑑,∆𝑃

(27)

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 [30-37]:
Re =

(33)

𝑇𝑜𝑢𝑡
𝑚̇∆𝑃 𝑇𝑎 ln ( 𝑇𝑎 )
=
∙
𝜌
𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

(35)

Also Ėd,∆Tf is the destroyed exergy rate due to the flow
of nanofluid in the collector and the temperature
difference between nanofluid and absorber plate and
obtained as follow:
𝑇𝑜𝑢𝑡
𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛
𝐸̇𝑑,∆𝑇𝑓 = 𝑚̇𝑐𝑝 𝑇𝑎 (ln (
)−
)
𝑇𝑎
𝑇𝑃

(28)
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The leakage exergy rate is:
𝐸̇𝑙 = 𝑈𝑙 𝐴𝑐 (𝑇𝑃 − 𝑇𝑎 ) (1 −

Water
Cu

𝑇𝑎
)
𝑇𝑃

̇
𝑆𝑔𝑒𝑛
1
1
𝑇𝑜𝑢𝑡
𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛
𝑇𝑃
𝑇𝑎
= 𝜂0 𝐺𝑡 𝐴𝐶 ( − ) + 𝑚̇𝑐𝑝 (ln (
)−
) + 𝑈𝑙 𝐴𝑐 ( − 1) (1 − )
𝑇𝑝 𝑇𝑆
𝑇𝑖𝑛
𝑇𝑃
𝑇𝑎
𝑇𝑃
⏟
𝑆̇𝑔𝑒𝑛,𝐻

(38)

𝑆̇𝑔𝑒𝑛,𝐹

where ṁ is the total mass flow rate of nanofluid (kg/s), ∆P
is pressure drop (Pa), and TS is apparent sun temperature.
As shown in Eq. (34), the entropy in the solar collector is
generated by two effects, first the temperature gradients
and consequently heat transfer, Ṡgen,H, and the second is
velocity gradients that lead to fluid friction and pressure
drop, Ṡgen,F. To calculate the nanofluid thermophysical
properties, following equations are proposed [30]:

(39)

10

𝜙 0.66

Tout (°C)

1
2
3
4
5
6

462,727
856,009
1,293,58
1,555,552
1,744,623
1,924,313

84.4579
71.3579
66.8734
60.6703
58.2745
58.2567

Error
(%)
15.51
6.27
9.27
3.96
0.03
‒

7

2𝜌𝑓 𝑘𝑏 𝑇
𝜋𝜇𝑓 2 𝑑𝑝

𝑊
𝑘 (
)
𝑚. 𝐾

𝐽
𝑐𝑝 (
)
𝐾𝑔. 𝐾

Base fluid @ 10:00

6

5

Base fluid @ 14:00

(42)
Nanofluid @ 14:00
error = +0.4 K

4

error = -0.4 K

error = 0

3

3

4

5

6

Numerical temperature difference (K)
Fig. 2. Code validation for outlet temperature based on
experimental data [38] for water as working fluid

Table 2
Thermophysical properties of water and Cu are reported
𝐾𝑔
𝜌 ( 3)
𝑚

Nodes

(41)

In this model, 𝑅𝑒𝑝 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, 𝑘𝑝 is the nanoparticle thermal conductivity, and 𝜙
is the volume fraction of the suspended nanoparticles.
Also, 𝜌𝑓 and 𝜇𝑓 are the mass density and the dynamic
viscosity of the base fluid, respectively, and 𝑑𝑝 and 𝑢𝐵 are
the nanoparticle diameter and mean Brownian velocity,
respectively. Assuming absence of agglomeration, the
nanoparticle Brownian velocity 𝑢𝐵 is calculated as the
ratio between 𝑑𝑛𝑝 and the time 𝜏𝐷 required to cover such
distance. Also, thermophysical properties of water and Cu
are reported in Table 2.

Material

No.

Experimental temperature difference (K)

𝑅𝑒𝑛𝑝 =

(40)

0.03

𝑘𝑛𝑓
𝑘𝑝
𝑇
= 1 + 4.4 𝑅𝑒𝑝 0.4 𝑃𝑟𝑓0.66 ( ) ( )
𝑘𝑓
𝑇𝑓𝑟
𝑘𝑓

0.001003
-

Table 3
Grid independence test for studied collector

𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑛𝑝

(𝐶𝑃 )𝑛𝑓

4182
400

As shown in Table 3 a grid independence test was
performed for the collector to analyze the effects of grid
sizes on the results. As it is seen six sets of mesh are
generated and tested. By comparing the results, it is
concluded that mesh configurations contains grid number
of 1,924,313 nodes has been adopted to get an acceptable
compromise between the computational time and the
result accuracy with an error of 0.03 percent. Also the
computer code validation was done by comparison of
numerical results obtained from present study and results
of Gupta and Saha [38] at same geometrical dimension and
boundary condition. Fig. 2 shows these results
compression. As can be seen from Fig. 2 remarkable
agreement exists between the data [38] and numerical
results obtained from present study with maximum error
of ±0.4 K.

Therefore the developed form of Eq. (30) can be
written as following equation:

(1 − 𝜙)(𝜌𝐶𝑃 )𝑓 + 𝜙(𝜌𝐶𝑃 )𝑛𝑝
=
𝜌𝑛𝑓

0.6
385.0

Validation

(37)

𝑇𝑜𝑢𝑡
𝑚̇∆𝑃 𝑇𝑎 ln ( 𝑇𝑎 )
+
∙
𝜌
𝑇
−
𝑇𝑖𝑛
⏟
𝑜𝑢𝑡

998.2
8993.0

RESULT AND DISCUSSION

𝑁𝑠
𝜇 ( 2)
𝑚
40
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In this section, firstly the energy and exergy efficiencies
of UTC filled with base fluid and nanofluid are compared.
Table 4 shows energy and exergy efficiencies of the
studied UTC filled with water during different hours of
day and also Table 5 illustrates energy and exergy
efficiencies for UTC filled with nanofluid during different
hours of day. As it is seen:
• The values of absorber temperature in case of
using nanofluid are amore than case of using base
fluid.
• The values of energy loss in case of using
nanofluid are amore than base fluid. This behavior
is because of more temperature of absorber plate
in nanofluid case.
• The values of outlet flow temperature in case of
using nanofluid are less than base fluid. This
behavior is because of more heat loss in nanofluid
case.
• Energy and exergy efficiencies of nanofluid cases
are more than base fluid ones during all studied
hours.
Fig. 3 shows effects of using nanofluid on different
parameters of studied UTC. Fig. 3a shows effects of
different solar intensity on received energy of studied
UTC filled with nanofluid. The nanofluid flow has higher
thermal conductivity than the base fluid and can absorb
more solar irradiances. But the nanofluid has also more
dynamic viscosity than base fluid which increases the
pressure drop penalty and friction factor in system. As it
is seen in this figure, the received energy always increases
by increasing of solar intensity.

received energy always increases by increasing of flow
rate. The heat transfer rate always increases by mass flow
rate. Higher flow velocities lead to more turbulent flow
and more vortex generation in system which increases
flow mixing rate in channel. This leads to more heat
transfer coefficient and increases the heat transfer rate in
system. The value of received energy at flow rate value of
24 mL/s is about 0.472 kW/m2. Fig. 3c shows effects of
different inlet flow temperature on received energy of
studied UTC filled with nanofluid. As it is seen in this
figure, the received energy always increases by increasing
of inlet flow temperature. The value of received energy at
inlet flow temperature of 31°C is about 0.169 kW/m2. Fig.
3d shows effects of different flow rates on pressure drop
of studied UTC filled with nanofluid. As it is seen in this
figure, the pressure drop always increases by increasing of
flow rate. The value of pressure drop at flow rate of 24
mL/s is about 78 mbar. Fig. 3e shows effects of different
solar index ((Tm-Tamb)/I) on energy efficiency of studied
UTC filled with nanofluid. As it is seen in this figure, the
energy efficiency always reduces by increasing of solar
index. The value of energy efficiency at solar index of 1
mK/kW is about 72.12%. Fig. 3f shows effects of different
time hours on exergy efficiency of studied UTC filled with
nanofluid. As it is seen in this figure, the exergy efficiency
of studied UTC at 14:00 has the maximum exergy
efficiency among all studied times and about 71.54%. Fig.
3g shows effects of different operating temperature on
received energy of studied UTC filled with nanofluid. As
it is seen in this figure, the received energy always reduces
by increasing of operating temperature. The value of
received energy at operating temperature of 23°C is about
0.347 kW/m2.

Table 4
Energy and exergy efficiencies for UTC filled with base
fluid
Time

IT
(W/m2)

UL
(W/m2·K)

09:00
09:30
10:00
10:30
11:00
11:30
12:00
12:30
13:00
13:30
14:00
14:30
15:00
15:30
16:00

560
630
750
830
925
992
1006
1020
978
914
834
780
734
626
607

7.33
7.37
7.32
7.49
7.56
7.52
7.56
7.77
7.76
7.40
7.73
7.55
7.77
7.94
7.97

Tpm
(°C)
48.11
49.06
51.32
52.41
54.25
57.07
58.42
59.31
60.46
60.57
63.22
63.47
63.89
64.09
65.11

Tout
(°C)
58.59
59.61
61.04
62.61
65.82
67.07
69.23
70.26
72.04
72.61
75.13
75.77
76.41
76.91
77.82

η
(%)
54.29
57.48
57.78
64.40
63.00
63.68
61.91
61.54
61.48
60.16
58.64
57.57
56.91
56.28
55.62

Table 5
Energy and exergy efficiencies for UTC filled with
nanofluid

ψ
(%)
3.34
3.53
3.95
4.21
4.35
4.58
4.60
4.55
4.54
4.68
4.67
4.56
4.41
4.21
4.15

Time
09:00
09:30
10:00
10:30
11:00
11:30
12:00
12:30
13:00
13:30
14:00
14:30
15:00
15:30
16:00

The value of received energy at solar intensity of 0.88
W/m2 is about 0.331 kW/m2. Fig. 3b shows effects of
different flow rates on received energy of studied UTC
filled with nanofluid. As it is seen in this figure, the

IT
(W/m2)
560
630
750
830
925
992
1006
1020
978
914
834
780
734
626
607

UL
(W/m2·K)
7.51
7.57
7.43
7.61
7.69
7.72
7.71
7.89
7.94
7.67
7.98
7.75
7.97
8.05
8.07

Tpm
(°C)
49.43
50.42
52.78
53.90
55.87
58.80
60.19
61.05
62.29
62.50
65.24
65.54
65.77
66.16
67.33

Tout
(°C)
55.89
56.95
58.29
60.36
62.59
65.40
66.90
67.62
69.16
69.31
72.26
72.44
72.57
72.71
72.81

η
(%)
67.24
71.22
71.59
79.78
78.06
80.26
77.99
77.50
77.47
76.42
72.60
72.53
69.91
69.13
68.91

ψ
(%)
6.66
7.22
8.16
8.76
9.15
9.67
10.48
9.19
9.05
9.38
9.31
9.25
8.94
8.41
8.27

Fig. 4 illustrates effects of different nanoparticles
diameters on thermal-hydraulic performances of studied
UTC. Fig. 4a illustrates effects of different nanoparticles
diameters on averaged Nusselt number ratio versus
41
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different volume fractions in studied UTC filled with
nanofluid. As it is seen in this figure, nanofluid with
nanoparticle diameter of 40nm has maximum values of
Nusselt number ratios during all studied volume fractions
and is followed by 35nm, 30nm and 25nm cases,
respectively. Fig. 4b illustrates effects of different
nanoparticles diameters on pressure drop ratio versus
different volume fractions in studied UTC filled with
nanofluid. As it is seen in this figure, nanofluid with
nanoparticle diameter of 40nm has maximum values of
pressure drop ratios during all studied volume fractions
and is followed by 35nm, 30nm and 25nm cases,
respectively. Fig. 4c illustrates effects of different
nanoparticles diameters on friction factor ratio versus
different volume fractions in studied UTC filled with
nanofluid. As it is seen in this figure, nanofluid with
nanoparticle diameter of 40nm has maximum values of
friction factor ratios during all studied volume fractions
and is followed by 35nm, 30nm and 25nm cases,
respectively. Fig. 4d illustrates effects of different
nanoparticles diameters on PEC ratio versus different
volume fractions in studied UTC filled with nanofluid.
Higher nanoparticles volume fraction leads to higher
thermal conductivity and higher dynamic viscosity. This
leads to higher heat transfer rate and pressure drop.
Therefore there is a compromise point, where the highest
PEC value is achieved. Also higher nanoparticles
diameters lead to higher thermal conductivity and higher
dynamic viscosity. This leads to higher heat transfer rate
and pressure drop. Therefore, there is a compromise point,
where the highest PEC value is achieved. As it is seen in
this figure, nanofluid with nanoparticle diameter of 40nm
has maximum values of PEC ratios during all studied
volume fractions and is followed by 35nm, 25nm and
30nm cases, respectively. Also it is seen that for all
thermal-hydraulic parameters the ratios always increases
by increasing of volume fraction.
Therefore, nanofluid with volume fraction of 4% and
nanoparticle diameter of 40 introduced as the best
nanofluid in present study. In this figure, for a model with
a diameter of 25nm, the value of PEC index, unlike other
models, first decreases and then increases. The reason for
this lies in its previous diagrams. As can be seen, for a
model with a diameter of 25nm, the amount of pressure
drop in the volume fraction 2% is very high and the
amount of Nusselt number is low.

Therefore, the increase in pressure drop overcomes the
improvement of heat transfer and the amount of PEC index
decreases at volume fraction 2%. But the most important
reason can be considered the low rate of improvement of
heat transfer in the conditions of using nanoparticles with
a diameter of 25nm.
Fig. 5 presents effects of different tube diameters on
thermal-hydraulic performances of studied UTC. Fig. 5a
illustrates effects of different tubes diameters on averaged
Nusselt number versus different Reynolds numbers in
studied UTC filled with nanofluid. As it is seen in this
figure, nanofluid with tube diameter of 12nm has
maximum values of Nusselt number during all studied
Reynolds numbers and is followed by 8nm and 4nm cases,
respectively. Also it is realized that averaged Nusselt
number values always increase by increasing of Reynolds
numbers. Fig. 5b illustrates effects of different tubes
diameters on pressure drop versus different Reynolds
numbers in studied UTC filled with nanofluid. As it is seen
in this figure, nanofluid with tube diameter of 12nm has
maximum values of pressure drop during all studied
Reynolds numbers and is followed by 8nm and 4nm cases,
respectively. Also it is realized that pressure drop values
always increase by increasing of Reynolds numbers. Fig.
5c illustrates effects of different tubes diameters on
friction factor versus different Reynolds numbers in
studied UTC filled with nanofluid.
As it is seen in this figure, nanofluid with tube diameter
of 12nm has maximum values of friction factor during all
studied Reynolds numbers and is followed by 8nm and
4nm cases, respectively. Also it is realized that friction
factor values always reduce by increasing of Reynolds
numbers.
Fig. 5d illustrates effects of different tubes diameters
on PEC versus different Reynolds numbers in studied
UTC filled with nanofluid. As it is seen in this figure,
nanofluid with tube diameter of 8nm has maximum values
of PEC during all studied Reynolds numbers and is
followed by 4nm and 12nm cases, respectively. Also it is
realized that PEC values always reduce by increasing of
Reynolds numbers.
Therefore, the UTC with tube diameter of 8nm filled
with Cu-water nanofluid with 4% volume fraction and
40nm nanoparticle diameter at Re=2000 is introduced as
the best model in present study.
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Fig. 3. Effects of using nanofluid on different parameters of studied UTC
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CONCLUSION
3.6

In this paper, forced convection flow and heat transfer of
Cu-water nanofluid in U-Tube collector are studied. The
three-dimensional governing equations are numerically
solved in the domain by the control volume approach
based on the SIMPLE algorithm. Reynolds numbers are
considered in laminar-turbulent range of 2000<Re<8000.
The most efficient model was achieved by comparison of
different parameters to reach the optimal case with the
maximum exergy efficiency. According to obtained
results, the received energy always increases by increasing
of solar intensity. The value of received energy at solar
intensity of 0.88 W/m2 is about 0.331 kW/m2. The
received energy always increases by increasing of flow
rate. The value of received energy at flow rate value of 24
mL/s is about 0.472 kW/m2. Also, the received energy
always increases by increasing of inlet flow temperature.
The value of received energy at inlet flow temperature of
31°C is about 0.169 kW/m2. The pressure drop always
increases by increasing of flow rate. The value of pressure
drop at flow rate of 24 mL/s is about 78 mbar. On the other
side, the energy efficiency always reduces by increasing
of solar index. The value of energy efficiency at solar
index of 1 mK/kW is about 72.12%. Besides, the exergy
efficiency of studied UTC at 14:00 has the maximum
exergy efficiency among all studied times and about
71.54%. The nanofluid flow has higher thermal
conductivity than the base fluid and can absorb more solar
irradiances. But the nanofluid has also more dynamic
viscosity than base fluid which increases the pressure drop
penalty and friction factor in system. Higher nanoparticles
volume fraction leads to higher thermal conductivity and
higher dynamic viscosity. This leads to higher heat
transfer rate and pressure drop. Therefore there is a
compromise point, where the highest PEC value is
achieved.
Furthermore, the received energy always
reduces by increasing of operating temperature. The value
of received energy at operating temperature of 23°C is
about 0.347 kW/m2. Nanofluid with nanoparticle diameter
of 40nm has maximum values of PEC ratios during all
studied volume fractions and is followed by 35nm, 25nm
and 30nm cases, respectively.
Nanofluid with tube diameter of 8nm has maximum values
of PEC during all studied Reynolds numbers and is
followed by 4nm and 12nm cases, respectively. The UTC
with tube diameter of 8nm filled with Cu-water nanofluid
with 4% volume fraction and 40nm nanoparticle diameter
at Re=2000 is introduced as the best model in present
study. Higher nanoparticles diameters lead to higher
thermal conductivity and higher dynamic viscosity. This
leads to higher heat transfer rate and pressure drop.
Therefore there is a compromise point, where the highest
PEC value is achieved.

d=25 nm
d=30 nm
d=35 nm
d=40 nm

Nu/Nuo

3.2

2.8

2.4

1

2

()

3

4

3

4

(a)
20

d=25 nm
d=30 nm
d=35 nm
d=40 nm

18

P/Po

16

14

12

10

1

2

()

(b)
20

d=25 nm
d=30 nm
d=35 nm
d=40 nm

18

f/fo

16

14

12

10

1

2

()

3

4

3

4

(c)
1.4

d=25 nm
d=30 nm
d=35 nm
d=40 nm

PEC

1.3

1.2

1.1

1

1

2

()

(d)
Fig. 4 Effects of different nanoparticles diameters on thermalhydraulic performances of studied UTC
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