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Abstract

In this paper, an evacuated U-tube tube solar collector (EUSC) was designed and simulated numerically. The thermal perfor-
mance of the EUSC was analyzed under different operating conditions. In order to enhance the heat transfer efficiency and also
collector efficiency, higher thermal conductivity working fluids were used. Ag, ZnO and MgO nanoparticles in 30%:70% (by
volume) ethylene glycol-pure water (EG-PW) mixture and different nanoparticle volumetric concentrations were used as work-
ing fluids. The highest collector efficiency is found at 68.7% for 4.0 vol% Ag/EG-PW nanofluid which is 26.7% higher than EG—
PW. Furthermore, using nanofluids in solar collectors helps to reduce the coal usage with CO, and SO, generation. The
maximum values of reduction of coal usage and CO, and SO, generation are 855.5 kg, 2241.4 kg and 7.2 kg per year,
respectively, when 30 solar collectors are installed with using 4.0 vol% Ag/EG-PW nanofluid. These findings reveal that the
using of solar energy comprehensively is more beneficial for health of earth.

1 Introduction

Solar energy is the one of the most important and abundant
renewable and clear resource for earth. Solar collectors are
very significant devices that convert the radiation energy
absorbed from the sun into usable energy. Today, heating wa-
ter and generating electricity applications can be performed by
using solar collectors and also in heating and cooling applica-
tions [1]. Fossil fuels have adverse effect for environment and
these types of fuels will be depleted ultimately. For this reason,
solar energy is becoming more important day by day.
Therefore, many researchers have attributed great importance
on developing thermal performance of solar energy systems.
Evacuated tube solar collectors (ETSC) show better perfor-
mance at higher temperatures (above 80 °C) and cold climates
compared to flat plate ones. Moreover, higher thermal perfor-
mance can be obtained by the reason of selective coating,
availability of vacuum insulation which prevent from convec-
tive heat losses and cylindrical shape of the absorber part [2, 3]
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Thus, the evacuated tube solar collectors are commonly used
for solar thermal utilization in order to provide either hot water
or space heating especially in residential applications includ-
ing heat pipe and U-tube solar collectors.

In recent years, the developments in nanotechnology have
enabled producing of nanofluids which are obtained with
suspending of nanoparticles having sizes smaller than
100 nm into the conventional heat transfer fluids such as wa-
ter, oil and ethylene glycol. In this way, improvement of
thermophysical properties of heat transfer fluid, improves
the heat transfer characteristics. It was seen from the past
studies that conduction heat transfer capabilities of nanofluids
were in high quantities [4—7]. Therefore, it has recently started
to be done research on usability of nanofluids on different
engineering applications. Because of the high heat transfer
performance, it has been suggested to be used of nanofluids
as a working fluid in solar collectors which are important in
engineering applications. Because, the most important way of
improving the efficiency of the evacuated tube solar collectors
is to increase the solar radiation absorption capacity of the
working fluid in the collectors [8—12].

Recently there are numerous studies about purposing
nanofluids as collector working fluids in flat plate solar col-
lectors. Yousefi et al. [8] made experiments in order to analyze
the thermal behavior of Al,Os/water nanofluid to obtain ther-
mal efficiency of a flat plate solar collector (FPSC) with with
0.2 and 0.4% weight fractions. They obtained a great enhance-
ment in thermal efficiency (28.3%) at 0.2% nanofluid weight
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fraction. In addition, another experimental study was conduct-
ed by Yousefi et al. [9] about using MWCNT/water nanofluid
in a FPSC. The highest efficiency was obtained 0.4 wt% with
respect to 0.2 wt%. Colangelo et al. [13] indicated that the heat
transfer performance of a flat plate collector have been en-
hanced by 25% due to reduce of sedimentation of Al,Oz/water
nanofluid. Moghadam et al. [14] carried out an experimental
study for determining the effects of CuO/water nanofluid on
efficiency of a flat plate collector. It was obtained 21.8% in-
crement in collector efficiency at 0.4% volume concentration
and 1 kg/min mass flow rate with 40 nm nanoparticle size.
Faizal et al. [15] made an analysis about size reduction of a flat
plate solar collector using MWCNT nanofluids. It was report-
ed that 37% size reduction took place in the original size of the
collector. Mahian et al. [16] performed an analytical analysis
for a mini-channel based flat plate solar collector for Cu/water,
Al,Os/water, TiO,/water, and SiO,/water nanofluids. The cal-
culations were carried out for up to 4.0% volume concentra-
tion and 25 nm nanoparticle size.

Several studies have been conducted about thermal perfor-
mance of different types evacuated tube solar collectors. All
glass, heat pipe and U-tube ETSC were numerically and ex-
perimentally investigated by many researchers [17-24]. Yin et
al. [25] carried out an experimental study which can be
regarded as one of the milestones for the testing of evacuated
U-tube solar collectors. In this analysis, where pure water is
used as the working fluid, the efficiency of the collector was
determined under different operating conditions (ambient
temperature, inlet temperature, mass flow rate, solar radiation
intensity etc.). The thermal conductivity of the working fluid a
solar collector plays vital role on the thermal efficiency.
Exploiting from remarkable thermal conductivity of
nanofluids is very advantageous to enhance the solar collector
efficiency. Hence the nanoscience is very important for energy
conversion technology and systems.

Liu et al. [26] experimentally analyzed an ETSC with
an open thermosiphon using CuO/water nanofluid with
50 nm nanoparticle size and 1.2 wt%. They reported that
the enhancement in maximum and mean efficiency are 6.6
and 12.4%, respectively. An experimental study was car-
ried out by Kim et al. [27] about thermal efficiency of a
EUSC by using Al,Os/water nanofluid as a working fluid
with different nanoparticle sizes and volumetric concen-
trations. The highest efficiency was obtained at 1.0% vol-
umetric concentration and 20 nm nanoparticle size by
comparing with water. They have reported 72.4% as a
highest collector efficiency for equal nanofluid concentra-
tions. Tong et al. [28] made an theoretical study in order
to comparing of EUSC and evacuated heat pipe solar col-
lector. It was indicated that the heat pipe collector shows
better performance than EUSC with 8% in efficiency in
sunny day. However, EUSC overtaken heat pipe collector
in stability and thermal performance in cloudy days.
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Numerous studies have been carried out about analysis of
enhancement of solar collector performance by using vari-
ous nanofluids as working fluids as indicated above. Most
of these studies are about only FPSC. Researches about
performance of EUSC using nanofluids are very limited.
Studies on the effects of nanofluid and base fluid concen-
trations in EUSC under various operating conditions on the
thermal performance are also rare. Primary purpose of this
paper is to investigate numerically the efficiency of a EUSC
used Ag/EG-PW, ZnO/EG-PW and MgO/EG-PW
nanofluids at different volumetric concentrations (1.0%,
2.0%, 3.0 and 4.0%) under same operating conditions. In
addition, the effect of mass flow rate and heat losses on
thermal efficiency are determined. The results of evalua-
tions for thermal efficiency were compared with different
types of nanofluids and the base fluid (EG-PW).

2 Modelling of solar collector

Evacuated tubes are composed of nested two glass tube
manufactured high quality borosilicate. The U-type evac-
uated tube solar collectors work based on direct circula-
tion method. These types of collectors include copper pipe
networks in the evacuated tubes. Copper pipe collects the
heat flux coming from the sun by entering in the evacu-
ated tube and leaving from the tube. Therefore, there are
cold inlet and hot outlet in each tube. The heat collector
used in these types of tubes has supported with aluminum
fin. This situation provides that more heat collection by
copper with reducing the amount of air in the collector
tube and increase conductive surface.

It is known that total solar radiation intensity from the sun
is not absorbed completely from the solar collector because of
the transmissivity and reflectivity. Therefore, optical efficien-
cy must be taken into account for thermal efficiency calcula-
tions. Optical efficiency can be defined as the ratio of received
solar radiation through its surface to appropriate solar re-
source. It is a function of the absorptivity (cv) of the absorber,
the transmissivity (7) of the glass cover and the reflectivity (p)
of the reflector.

Numerical investigation of thermal performance of a
EUSC was made in this study by using necessary boundary
conditions. As shown in Fig. 3, evacuated tubes are consisted
of nested two glass tube manufactured high quality borosili-
cate and a U-tube is placed in the vacuum tubes in these types
of solar collectors. Heat transfer takes place effectively be-
cause of the vacuum existence and this provides reduction of
heat loss due to conduction, convection and radiation. It is
possible to transfer the solar radiation to the working fluid
with about 80% of solar radiation by passing the outer glass
tube and tube coated by selective coating [3]. This is related
with optical efficiency of an EUSC. In order to simplify the
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calculations there are some assumptions: It is assumed that the
overall heat transfer coefficient from the header tube is con-
stant in the simulation and the influence of convection due to
the air in the evacuated tube is negligible. Also all the process-
es in the solar collector are taken into account steady-state
condition [29]. Net useful energy gain strongly influenced
by energy losses from the absorber due to both convective
heat losses to ambient and radiative heat losses to the environ-
ment. Hence overall heat loss coefficient should be deter-
mined for efficiency calculation accurately. A schematically
representation of thermal resistances is used for calculating
overall loss coefficient and describing the physical meaning
as seen in Fig. 1. The resistances R4 and R are very small thus
they are negligible.

The collected useful heat energy from the solar collector
can be obtained from the difference of heat energy gained
from the collector and the heat loss to the ambient. Also,

(a)

Outer Glass Tube

U-tube

vacuum

Tg

Selective
~— coating

Absorber Tube
air gap

Aluminum fin

(b)

Fig. 1 Thermal network and physical model of an evacuated tube

according to the thermal network, the thermal loss can be
expressed as follows:

Qu = S_QL (1)
0, =U(T,~T,) (2)
0, =Ac|Ir(ra),~UL(T,~T,)] (3)

S is the amount of solar energy collected by absorber tube.
0, 1s the net useful energy absorbed and transferred the work-
ing fluid by the absorber tube after the heat losses to the sur-
rounding and /7 is the total solar radiation from the sun. A, is
the outer surface area of the absorber tubes. (7a) is
transmittance-absorptance product that is also called optical
efficiency of the solar collector. The overall heat loss coeffi-
cient of the solar collector is as follows:

U,=U,+U, (4)

where U, is the loss coefficient of the header tube edge. It is
a variable term that depending on the thickness of insula-
tion, thermal conductivity and surface areas of the header
tube. The value of edge loss is 0.1687 W/(m?* K) from ex-
perimental results [30]. U, is the heat loss coefficient from
the selective coating (absorber) to the surrounding and it can
be expressed as:

1
T (5)
hg-a hpg

U[:

where /., is the heat transfer coefficient due to the convec-
tion from the outer glass tube to the ambient. This value was
found as 12.7 W/(m? K) [30] and also the amount of heat
transfer due to radiation from outer glass tube to the ambient
was neglected in this case because of very small magnitude.

hp*g = hp*gvr + hp*g-,c (6)

hy,. is the summation of coefficient of radiation and con-
duction heat transfer between the absorber tube and the
glass tube. #,_4 . is given as 0.2796 W/(m? K) [30]. Also
h is the function of 7, (absorber tube temperature) and

p-g.r
T, (outer glass tube temperature):

o€ iy 2
hrsr =—— " (24 72) (7, +T,) (7)

1+ 1—¢
Eng ( 1’)
where ¢, is selective coating emissivity, , is the glass tube
emissivity. D is the outer diameter of the absorber tube, D, is
the outer glass diameter and o is the Stefan-Boltzman con-
stant (o= 5.67 x 10~®). The balance equation of heat loss of

the evacuated tube can be expressed from the Fig. 3.

Ut(Tp_Ta) = hp*g,r(Tp_Tg) + hp*g«C(Tp_Tg) (8)
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The parameters of the absorber temperature (7,) and the
ambient temperature (7,) are given the unknown parameters in
eqs. (4-8). In this case, the bond temperature (7},) and the
working fluid outlet temperature (7)) were obtained from the
results of the calculations. The bond temperature is equal to
the wall temperature of the U-tube. Unknown parameters are
obtained by using different ambient temperatures with CFD
results. Consequently, the overall loss coefficient can be cal-
culated. Also, technical data of EUSC for calculations are
given in Table 1.

In order to simplify the energy analysis of fin, it was as-
sumed that the absorber tube was parallel to the aluminum fin,
therefore it can be taken as a flat plate. The temperature of the
absorber tube is assumed to be constant and radial temperature
gradient for fin is neglected [31]. The collected energy is
absorbed by selective coating and it is transferred to working
fluid via aluminum fin and the U-tube respectively. Thus,
variable temperature distribution is occurred over the alumi-
num fin for peripheral direction. The absorber tube tempera-
ture is assumed to be constant as flat plate collector. Figure 2 is
given to show the energy balance for the flow domain on the
aluminum fin by using elemental analysis. The U-tube diam-
eter is d, the thickness of the aluminum fin is ¢, and the cir-
cumferential distance between U-tubes is W.

Energy balance equation for an elemental area of width Ax
and unit length in the flow domain can be expressed as [32]:

dT
—(_kl—
X dx X
where k is the conductivity of aluminum fin, O, is the

useful heat transferred to the working fluid of solar collec-
tor and ¢ is the thickness of the aluminum fin. Q,, is also can

T
— kt—
dx

) +0,Ax =0 9)
+Ax

Table 1 Technical data of EUSC

Parameter Value

Outer tube diameter 47 mm
Inner tube diameter (absorber) 38 mm
Thickness of the glass 1 mm
Outer diameter of U-tube 10 mm
Thickness of U-tube 0.50 mm
Solar collector length 1800 mm
Transmittance (T) 091
Absorptivity of the absorber tube () 0.93
Absorber tube emissivity 0.06
Aluminum fin thickness 0.25 mm
Thermal conductivity of aluminum fin 202 W/m K
Thickness of air gap 1.5 mm
Thermal conductivity of air gap 0.0267 W/mK
Bond Conductance 30 W/mK
Synthetic Conductance 29 W/mK
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be defined energy balance between the absorber tube and
aluminum fin as:
T,-T
0, = tpl’it = C,(T,~T) (10)
k_a N kair

t. and t,,, are thickness of the absorber tube and the air gap,
respectively. k, and k,;, are corresponding thermal conduc-
tivities. C; is a synthetical conductance. The absorber tube
temperature can be written as:

S+ ULT,+CT

T, = 11
p UL+CS ( )

If Egs. (10) and (11) are written into Eq. (9), the energy

equation of the elemental area of the fin can be yielded:

d’T S+ UL(T,T)

a* Up
ke 14 2L
( M cs>

(12)

where T, is ambient temperature. In order to solve the equa-
tion, two boundary conditions are necessary [32]:

dT
dx

=0 and T|x:@:Tb (13)
x=0

Then, the solution of the differential equation can be deter-
mined as follows:

cosmx S S

T | T)yTy— | + Ty +— 14
<m(Wd)> ( b UL) ety (14)

cos| ————=

2
where m:

m= |—YL__ (15)

k(1422

Cy

Equation (14) denotes distribution of temperature in the x-
direction of the aluminum fin. The net heat gain is equal to
sum of energy collected from U-tube via aluminum fin and
absorber tube. This value is also equal to the amount of energy
transferred to the fluid. Heat transfer equations of fin base can
be written as:

(W=d)[S=U(Tp=T,)]F
2(1 + ZL)

Equation (16) indicates that the energy collection of one
side of the U-tube and it can be rewritten for both sides:

(16)

Qfin =

g = 4 [s—UL[(]?,—T{,)]F o
1+ C
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Fig. 2 Energy balance on
aluminum fin dT

dT Aluminum fin t

Also, the energy collection of copper U-tube can be
expressed as;

d [S—UL (Tb—Ta}
qtube = UL ( 1 8)
1
te

Then, the net heat gain equation can be written as:

[(W=d)F +d| [S—UL (T;,—Ta}
G = Qfin + Gube = (19)

Uy
l —
e

The term F is the standard fin efficiency for straight fins
with rectangular profile.

an M
2

Transferred net useful energy to the fluid:

T,—T
9u =7 ﬂl (21)

hnd T Cy

where /s the heat transfer coefficient between fluid and the
tube wall. C;, represents the bond conductance and the value is
less than 30 W/(m K) [32]. T, is working fluid mean temper-
ature. Solving Eq. (21) for 7}, and substituting the result into
the Eq. (19) the net heat gain is obtained as:

g, = WF (SUL(TyTa)) (22)

The collector efficiency factor (F ) and the hyterm can be
expressed as:

1

/ UL

U

C, 1 1
U(W—=d)F +d) i hymd G

(23)
1+

W-d
2
1
hy = ﬁ (24)
hl’lf kl‘

The net heat transferred to the working fluid in the copper
U-tube can be calculated using the following expression:

Oy = mcy(To=T)) (25)

The thermal efficiency of a solar collector is defined as:

_ riney(ToT))

27
i (27)

where A, is the aperture area of the evacuated tube solar col-
lector. The thermal efficiency can also be expressed as follows:

(Ti_Ta)

T

n= FR(TCV)—FRUL (28)
where Fy, is the heat removal factor of the solar collector and
(T-T,)/I7 is the heat loss parameter and also called as reduced
temperature.

3 Properties of nanofluid

Nanofluids consist of mixture of solid metallic or nonme-
tallic nanoparticles and base fluid such as water, oil, eth-
ylene glycol etc. They have improved thermal properties
compared with their base fluids. Significant improvement
can be obtained in convective heat transfer for energy
applications using nanofluids as working fluids. There
has been various types and numbers of studies about
nanofluids and its applications after Choi et al. [33] pro-
posed using nanofluids.

Nanofluids are assumed to be homogeneous and stable in
this study. Different types of nanofluids (ZnO/EG-PW, Ag/
EG-PW and MgO/EG-PW) were used at different concentra-
tions (1.0%, 2.0%, 3.0 and 4.0%) in a EUSC. The
thermophysical properties of each nanoparticle and base fluid
are given in Table 2.

@ Springer
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Table2  Thermophysical properties of nanoparticle and base fluid [34]

Material ~ Density (kg/m®) ~ Thermal conductivity — Specific heat
(W/m K) (/kg K)

ZnO 5630 21 494

Ag 10,500 426.7 236

MgO 3580 42 877

EG-PW 1032.1 0.506 3650.5

In order to calculate the heat transfer coefficient for
nanofluid, choosing thermophysical models for nanofluid
has vital importance. These mentioned necessary
thermophysical properties are density, viscosity, specific heat
and thermal conductivity. The subscripts for referring to ele-
ments of nanoparticles, the base fluid and the nanofluid in the
following equations are “np”,” f” and” nf”, respectively.

The density and the specific heat of the nanofluids were
obtained using the equations below [35]:

o o
Py = (1_00> Pt (1—@)01- (29)
o o
o500y, + (1155 ) wo),
Co = 100 > 100 (30)

where ¢ is volumetric concentration of the nanoparticle.
The correlations below were used to obtain the thermal
conductivity and viscosity [36].

knp + 2kbf + 2¢ (knpfkbf)

ko = kpr 36
T ko + 2k (k) (6)
Hpr
g =55 (37)
if (1_¢)2.5

It is assumed that the tube is under constant heat flux and
also the flow is laminar as mentioned before. Shah [37] equa-
tions can be used for calculating the Nusselt number which is
valid for these conditions. The Reynolds number, average
Nusselt number and the average convective heat transfer co-
efficient of the nanofluids can be expressed as:

Iy
Re=—" (32)
ﬂ—dﬂ’nf
1/3
1.953 (RePri) (RePri> >33.33
Nu = X X
4.634 + 0.0722 (RePr%) : (RePrg) < 33.33
Nuk,yr
oy =—7— (34)

Enhancement of nanoparticle concentration provides
higher thermal conductivity until the optimum level.
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Because at higher concentrations viscosity reach up to unde-
sirable values so this causes higher pumping power.
Aggregation and sedimentation occur higher than optimum
values of concentration. These circumstances can cause insta-
bility of nanofluids. In previous studies it has been reported
that the thermal performance of nanofluids was significantly
improved at under certain volumetric concentrations which
was 5.0% [38-40].

According to previous studies the nanoparticle volume
concentrations were set at 1.0% — 4.0% and calculations was
made between these values. Thermal performance of a EUSC
was evaluated by using ZnO, Ag and MgO nanoparticles in
antifreeze base fluid (30:70; EG:PW) as collector working
fluids under various operating conditions.

4 Solution procedure

In this study, in order to perform the numerical analysis, a
general finite — volume based commercial CFD software
ANSYS FLUENT 17.0 was used. Computations were
conducted under laminar flow condition (Re <2300).
The continuity, Navier — Stokes and energy equations
were solved numerically until the residuals lower than
107° through the iterative process. In numerical analysis,
the copper U-tube was modelled with the same dimen-
sions as a real solar collector. The length and the diameter
of the U-tube are L=4 m and d =0.009 m. Illustration of
structure of an EUSC given in Fig. 3.

The thermophysical properties of nanofluids were obtained
at the mean temperature in the copper U-tube. The continuity,
momentum and energy equations were solved iteratively and
given in below in cylindrical coordinates [41].

Continuity equation:

Fig. 3 TIllustration of structure of an EUSC
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Momentum equation:

*

VV |V =-EuV' P +ReV*“V (36)
Energy equation:
1 s Ee o«
VT 4+ 25T =
RePr +Re 0 (37)

where the dimensionless parameters in the Eqns. (35)—(37):

=Y s %) PP e
<7 =1 =1 pVOy * Y ™ 5 g
V=—1\, V =VD,, Re=22t pro- "2 o8&

Uy’ " 1 PP, ¢ T g
« T-Ty, - U? Py—P.,
Tt = =t pe— mo =
Tw—Tw k cy(To=T) pV

Uniform velocity (mass flow rate) and temperature pro-
file of each nanofluid was performed at the inlet of the U-
tube. The no slip boundary condition and uniform surface
heat flux were applied on the U-tube walls. The pressure
outlet boundary condition was performed at the outlet of
the U-tube. Also, the symmetry boundary condition was
used on the symmetry plane.

Tetrahedron cells were generated with a fine mesh near the
tube walls. To obtain the fine mesh distribution, boundary
layer mesh type was used at the adjacent to the surfaces of
the pipe. As depicted a part of U-tube in Fig. 4, the non —
uniform grid distribution was performed to the plane perpen-
dicular to the main flow direction. In order to enhance the
resolution and accuracy, the amount of mesh was enhanced
close to each wall.

In order to discretization of convection terms, second order
upwind scheme was used. The standard scheme was
employed for discretization of the pressure and SIMPLE al-
gorithm was used to resolve the coupling between the velocity
and pressure [42]. No convergence problems were observed
during the calculations.

33295 4

332.90

332.85 4
—o0

332.80

T, (K)

33275 4

33270 T T T T
1.0e+6 1.5e+6 2.0e+6 2.5e+6

Mesh Number

Fig. 4 Mesh distribution of computational domain

5 Results and discussion

The mesh independence study was carried out until the vari-
ation in U-tube wall temperature which is also equal to bond
temperature (T,,) was less than 1.0%. To provide the certainty
of results, a grid independence study was performed for pure
water flow using eight different grid sizes changing from
7.67 % 10° to 2.48 x 10° for constant mass flow rate. This pro-
cess gave the effects of grid size on the solution. It is illustrated
in Fig. 5 that there was no remarkable variation on U-tube wall
temperature between 1.6 x 10° and 2.4 x 10° grid sizes.
According the mesh independence process, the grid size
1.6 x 10° was chosen for optimum grid size for this study.
This study investigates the accuracy of the theoretical
results for thermal performance of a EUSC by using dif-
ferent types of nanofluids. In order to test the accuracy of
the numerical approach, the efficiency profiles of the
EUSC compared with the experimental results of Yin et
al. [25] in Fig. 6 for pure water as working fluid. Thermal
efficiency curve of EUSC is created as a function of re-
duced temperature (7; -T,)/I. The heat loss parameter is
the significant parameter for determining the instant effi-
ciency of the solar collector. It is observed that the current
results of thermal efficiency are harmonious with the ex-
perimental results. The average deviation between results
of this study and experimental ones is about 3.1%.
Figure 7 represents the variation of overall heat loss coef-
ficient and the radiation heat loss coefficient from the absorber
tube to the ambient as a function of (7,-T,) for EG-PW as a
working fluid. The thermal performance of a solar collector is
affected by overall loss coefficient very significantly. This
value increases with increasing the temperature of ambient
and also with (7,,-T;). The overall heat loss coefficient from
the absorber tube to the ambient is maximum at the maximum
temperature difference of (7,,-T,,) as the value of 1.21 W/m? K
at the 313 K ambient temperature. The behavior of

0.60

—O— current study
experimental [41]

0.55 4 A

0.50

045

Efficiency

0.40

0.35 4 A

0.30 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

(T T,

Fig. 5 Variation of bond temperature (T,) with mesh number
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enhancement overall loss coefficient is gradually increasing as
indicated in Kim et al. [43]. The radiation heat loss coefficient
value (%,4,) depend on the temperatures of ambient and ab-
sorber tube as indicated in Eq. (7). It is clearly obtained from
the Fig. 7b, the radiation heat loss coefficient from absorber
tube to the ambient increases with increasing of (7,,-T;) at the
same ambient temperature. The radiation heat transfer coeffi-
cient is greater than the conduction heat transfer coefficient
(hpee) prominently that the (/,,,) value reaches to 0.86 W/
m?” K at the 313 K ambient temperature and 100 K tempera-
ture difference (7,-T,).

The variation of temperature difference (7,-7;) according
to the value of (T,-T,) at different ambient temperatures for
EG-PW as working fluid is given in Fig. 8. The temperature
difference (7,-T,) increases nonlinearly with increasing of (7,
T,). The magnitude of (7,-T;) reaches the highest value at the
higher ambient temperature and (7},-T,) value. This means the
thermal loss increases when the ambient temperature in-
creases. The temperature distribution on the fin according to
its length is given in Fig. 9 with 283 K inlet temperature. The
maximum value of the fin temperature takes place at the in-
tersection of the fin and the U-tube and it is also equal to the
bond temperature (7}).

The changing of collector efficiency factor and absorber
temperature according to the (7-7;) for Iy = 900 W/m?,
T, =283 K, C; =29 W/m K given in Fig. 10. The collector
efficiency factor decreases slightly with increasing the (75-7,).
Furthermore, the absorber temperature increases from 325 K
to 455 K linearly with increasing the (7T,).

The variation of temperature difference between the inlet
and outlet of the solar collector for different types of
nanofluids and the mass flow rates according to the inlet tem-
perature is given in Fig. 11. As the inlet temperature of work-
ing fluid increases, the heat loss from the solar collector in-
creases. Also, the decrease in temperature difference between
the inlet and outlet causes decreasing in net heat gain of the
working fluid. It is clearly seen from the Fig. 11 that the
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Fig. 9 Temperature distribution of the fin for EG-PW working fluid and
T;=283K

temperature difference decreases with the increasing the inlet
temperature. The outlet temperature of the EUSC decreases
about 0.5 K when the inlet temperature increases from 303 to
353 K at the value of the mass flow rate is 0.001 kg/s, while
the decrease is 0.14 K at 0.003 kg/s under the same condition.
The 4.0 vol.% Ag/EG-PW nanofluid has the greatest outlet
temperature of the collector at each mass flow rate. These
values are greater than Ma’s results that the values of them
are 0.65 K for 0.003 kg/s and 1.96 K for 0.001 kg/s since the
working fluid of them was water. Nanofluids collects more
energy than pure water and thus the temperature difference
is higher than pure water and the reduction of temperature
difference is smaller than water.

Figure 12 represents the variation of the collector efficiency
factor for different overall loss coefficients as a function of the
synthetical conductance, C,. The collector efficiency factor,
F', increases rapidly until the synthetical conductance is about
40 W/m.K, and then it reaches at the constant value as report-
ed before by Ma et al. [44]. The results of them are slightly
greater than this study since the working fluid is water in their
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Fig. 10 Variation of the ', U, and T, » according to difference of working
fluid mean temperature and ambient temperature
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Fig. 11 Variation of the temperature difference between the outlet and
inlet temperature

study. This shows that the effect of thermal resistance of air
layer on collector efficiency is very significant. This enhance-
ment of C, causes the reduction of collector efficiency.
Figure 13 shows the variation of the collector efficiency
according to the solar radiation for different types of nanofluids.
The efficiency of collector has upward tendency with solar
irradiance when the temperature difference between inlet and
ambient is constant. This enhancement trend continues gradu-
ally until the rate is constant. It is obtained that using nanofluid
in a solar collector provides higher collector efficiency than
using the base fluid at the same condition. When using the
Ag/EG-PW nanofluid at the volume concentration of 4.0% as
the working fluid according to base fluid of EG-PW, the im-
provements in the collector efficiency is 22.7 and 25.8% for the
solar radiation is at 200 W/m? and 1000 W/m?, respectively.
The collector efficiency increases with increasing the solar ra-
diation. The lowest value of the collector efficiency is obtained
for ZnO/EG-PW nanofluid at the nanoparticle concentration of
4.0 vol% with the efficiency increment is 12.6 and 13.4% for
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Fig. 12 Collector efficiency factor vs. synthetical conductance
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Fig. 13 Variation of the solar collector efficiency with solar radiation for
different types of nanofluids

the solar radiation is at 200 W/m? and 1000 W/m?, respectively,
at the same operating condition. The solar collector efficiency
is growing rapidly until the solar radiation is about 300 W/m?
as reported by Kim et al. [43]. The enhancement of the collector
efficiency reaches nearly at the constant value after the solar
radiation is 800 W/m? due to the limitation of heat transfer
capability of solar collector.

Variation of the solar collector efficiency with the heat loss
parameter ((7;-1,)/I7) for different types of nanofluids is given
in Fig. 14. It can be seen that the collector efficiency is gener-
ally directly proportional to the types of nanofluids. The highest
collector efficiency is obtained when the working fluid inlet
temperature is equal to the ambient temperature as shown in
Fig. 14 for all types of nanofluids. In other words, the collector
efficiency is inversely proportional to the ((7;-7,)/I7). The col-
lector efficiency values are at 68.7 and 46.1% for Ag/EG-PW
nanofluid when (7-T,)/I7 values are equal to 0 and 0.14, re-
spectively. Also, these values are higher than the base fluid
about at 26.4 and 24.8% at the same condition. In addition,
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Fig. 14 Variation of the collector efficiency with (7-7,)/I for different

types of nanofluids
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using ZnO/EG-PW nanofluid in the volume concentration of
4.0% provides the 13.5 and 13.3% improvements in collector
efficiency according to using base fluid, when ((7;-1,)/I7)
values are equal to 0 and 0.14, respectively. The efficiency
improvement for using MgO/EG-PW nanofluid as working
fluid is 5.26%. According to the experimental results of
Verma et al. [45], the efficiency enhancement of using MgO/
PW nanofluid in a flat plate solar collector is about 4.8%.
Figure 15 represents the variation of collector efficiency
according to nanoparticle volume concentration for different
types of nanofluids. It is seen from the figure that the collector
efficiency increases with increasing the nanoparticle volume
concentration of the nanofluid. In addition, the Ag/EG-PW
nanofluid with the 4.0% nanoparticle volume concentration
can be determined as the most effective choice to use as a
working fluid in an EUSC. The heat transfer capability of
Ag nanoparticle is better than the other nanoparticles since it
has the lowest specific heat and highest thermal conductivity
and density. The collector efficiency for using ZnO/EG-PW
nanofluid as working fluid is greater than the collector
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Fig. 15 Variation of the collector efficiency for different volume
concentrations of nanofluids
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Table 3 Variation of monthly average solar radiation and ambient B0 180

temperature in Karabiik, Turkey 00 L 160
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10 396.3 14.2 Fig. 16 Variation of the daily and monthly energy saving with months

11 3134 8.2

12 279 .4 42 for coal reduction, 240.7 — 462.7 kg for reduction of CO,

efficiency for using MgO/EG-PW nanofluid at the same con-
dition. Although, ZnO nanoparticle has lower thermal con-
ductivity than MgO nanoparticle, the heat transfer perfor-
mance of ZnO nanoparticle is greater than MgO nanoparticle
using in an EUSC, as also reported by Li et al. [46].

Table 3 shows the monthly average solar radiation and
ambient temperatures in Karabiik, Turkey having terrestrial
coordinates of 41 °N and 32 °E [47]. It can be seen from the
Table 3 that the measured data for solar radiation in August is
the maximum value for all over the year while having lowest
value in January. Also, the reduction of coal usage and harm-
ful gases (CO, and SO,) generation are given in Table 4 for
installed 30 units of EUSC with using different types of
nanofluids as working fluid. It is obtained that using EUSC
instead of using coal for heating process helps the reduction of
generation of the harmful gases and coal usage. The amount of
generation of total energy is 29,306 kJ when 1 kg coal is fully
combusted [48]. The largest coal usage reduction is 855.5 kg/
year for 4.0 vol.% Ag/EG-PW nanofluid since the highest
collector efficiency is achieved for Ag/EG-PW nanofluid.
The corresponding CO, and SO, reduction for 4.0 vol.%
Ag/EG-PW nanofluid is 2241.4 kg and 7.2 kg per year, re-
spectively. Using the EUSC with nanofluids as working fluid
instead of base fluid provides as the range of 91.9 — 176.7 kg

Table 4 Reduction of coal usage and harmful gases generation for
different types of nanofluids using in EUSC

Type of Nanofluid Coal weight CO, weight SO, weight (kg)
(kg) (kg)

4.0 vol.% Ag/EG-PW  855.5 22414 7.2

4.0 vol.% ZnO/EG-PW  801.5 2100.1 6.8

4.0 vol.% MgO/EG-PW  770.7 20194 6.5

EG-PW 678.8 1778.7 5.7

generation and 0.8 — 1.5 kg for reduction of SO, generation.

The daily and monthly energy saving for using 4.0 vol%
Ag/EG-PW nanofluid as a working fluid in EUSC is shown in
Fig. 16. It can be seen from the figure that the highest monthly
energy saving occurs in August as the rate of 97.9 MJ, while
the lowest value is 36.4 MJ in January.

Figure 17 represents the variation of reduction of consump-
tion and cost of electricity of different countries according to
number of solar collector for using 4.0 vol.% Ag/EG-PW
nanofluid in the EUSC under operating conditions in
Table 4. The energy saving of using single collector with
4.0 vol.% Ag/EG-PW nanofluid is 172.5 MJ higher than using
the base fluid per year. Thus, the yearly saving for 30 solar
collectors is found as 5176 MJ higher than using the base
fluid. The yearly total energy saving when installing 30 col-
lectors is 25,071 MJ for 4.0 vol.% Ag/EG-PW nanofluid as a
working fluid and the amount of corresponding electricity
reduction is 6964.1 kWh for this condition. One of the highest
electricity unit price around the world is in Denmark ($0.35/
kWh). Thus, installing the 30 collectors array saves $2486.1
per year in Denmark. Furthermore, the amount of cost savings
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Fig. 17 Variation of cost of electricity and the amount of energy saving as
a function of number of solar collectors for different countries
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under the same conditions in Italy, UK, Turkey and South
Korea are $1880.3, $1392.8, $905.3 and $557.1, respectively
[49, 50]. This study reveals that using nanofluids in EUSC as
working fluids has notable effect in energy saving and reduc-
tion of CO, and SO,.

6 Conclusion

Numerical analysis for performance of an evacuated U-tube
solar collector using nanofluids was conducted in this study.
An antifreeze solution EG-PW was used as base fluid. It is
found that the thermal conductivity is proportional with the
temperature and volume concentration. The maximum collec-
tor efficiency is achieved for Ag/EG-PW nanofluid as a work-
ing fluid in EUSC at the 4.0% volume concentration. The
average efficiency enhancement for nanoparticle addition into
the base fluid is about 8.0% for the changing of volume con-
centration from 1.0 to 4.0%.

The reductions of coal usage and harmful gases (CO, and
SO,) generation increases with using nanofluid in EUSC as a
working fluid, when 30 collectors are installed in Karabiik
having the coordinates at 41 °N and 32 °E. It is also obtained
that, using 4.0 vol.% Ag/EG-PW nanofluid in EUSC causes the
maximum reduction of coal usage and CO, and SO, genera-
tion. Furthermore, a remarkable efficiency improvement using
4.0 vol.% Ag/EG-PW nanofluid provides 6964.1 kWh electric-
ity saving per year which is 1437.7 kWh higher than that of
using base fluid. The maximum cost saving can be achieved as
$2486.1 when the collectors are installed in Denmark.
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