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Abstract

The limited resources of fossil fuels and the problems caused by greenhouse gas emissions have made it increasingly
necessary to pay more attention to renewable energy sources, especially solar energy. Increasing the efficiency of
equipment related to this group of energies will increase productivity, decrease fuel costs and electricity, and improve
air quality. This study aims to design a new geometry for turbulators which increase efficiency in solar collectors,
especially in higher Reynolds number (Re), with an increase in the Nusselt number (Nu) and a decrease in the pressure
drop (AP). In this regard, the performance evaluation criterion (PEC) has been defined based on AP and Nu, and its
changes have been investigated. Furthermore, the heat-transfer characteristics and performance of water-based CuO-
SWCNT hybrid nanofluids (HNF), with volume fractions (¢) of 2% to 6% of nanoparticles in the Re = 12000 to 18000,
have been investigated in the absorber tube of a solar collector. In order to couple velocity and pressure equations, a
simple algorithm is used. Results from the study of two samples of twisted tape (77) with two different scales (1 and
0.5) are examined for samples A and B respectively. Based on the results, the 77 with a scale has the highest efficiency
of 1.0 (Re =12000, ¢ = 2% is 3.54) where it is 3.52, while considering a 77 with a scale of 0.5 under the same
conditions. Therefore, using a 77 with a scale of 1 is more desirable from a thermal fluid dynamics point of view.
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1. Introduction
Throughout human history, sunlight has been used for
heating and lighting, but recently it has been used for
other purposes such as cooling, detoxification, and water
desalination. Easy and widespread access, cost-
effectiveness, cleanliness, and renewability of this energy
source, all, have resulted in an increase in the use of solar
energy and in the construction of various solar power
plants [1]. Among these linear parabolic power plants,
there is Solana power plant in the USA in Arizona with a
production of 280 MW and Solena power plant in Seville
with 150 MW. Solar Power Plants have parabolic mirrors
that reflect sunlight at their focal point. Tubes in the
center of the mirrors contain heat transfer fluid which
absorbs heat from the sun radiation. The main advantage
of these power plants is the possibility of storing solar
energy; this thermal energy allows the power plants to
generate electricity during the night [2].
Today, to promote the use of solar power plants,
researchers have tried to increase the efficiency of these
power plants so that the installation of these power plants
is economical due to their high initial cost [3]. There are
two main groups of applications for PTC: a) electricity
generation and b) thermal applications in industrial
processes. An increase in energy demand requires an
increase in energy efficiency and heat transfer system
equipment. Due to high energy demand, solar energy, in
the recent decades, has become widespread [4].
Concentrated solar power plants (CSPs) are among the
leading renewable energy technologies for power
generation using the Rankine cycle. The technology is
commonly used for commercial projects with capacities
between 10 and 90 °C and operating temperatures
between 300 and 400 °C [5]. Recently, CSP projects
have been improved due to the improved efficiency of
solar-related equipment, and reduced costs have become
widespread [5, 6]. It is noteworthy to mention that in the
recent years cogeneration through centralized solar
energy technology (CSP) along with organic Rankin
cycle (ORC) with potential applications in industrial
processes has been a new way of using solar energy [6].
The development of parabolic concentrators for
industrial processes has recently been one of the
objectives of solar thermal engineering. A number of
previous research projects have dealt with the
development of new devices, applications, control
methods, thermodynamics, and technical-economic
analysis. To increase the efficiency of solar collectors, it
is important to produce a high convection heat transfer
coefficient between the surface of the absorber and the
thermal fluid. There are three types of heat transfer
enhancement techniques: active, passive, and hybrid. In

active techniques, increased heat transfer occurs due to
external power. Passive techniques wuse geometric
changes without external power [7]. By creating a
circulating turbulence flow, modified twist tape is one of
the passive techniques for increasing the rate of heat
transfer and reducing pressure. Thermal performance can
be improved by altering fluid flow inside a pipe using
inserts in the tube [8, 9]. Passive methods, without any
need for input energy, on rough surfaces [10, 11],
corrugated tubes [12, 13], insert turbulator, and nanofluid
additives [14-16] are concentrated.

Previous articles have extensively studied the use of
TT in tubular heat exchangers as a passive method to
increase heat transfer. The use of 77 inserts has a more
negligible effect on pressure drop (AP) than the other
techniques [17-19]. TT enables a turbulent-like mixed-
flow which increases heat transfer [20-22]. Therefore,
this issue has led to widespread utilization of this insert
inside the pipes [23-25]. In 1964, 1976, and 1993,
Smithberg and Landis [26], Hong and Bergels [27], and
Manglick and Bergels [28] investigated the heat transfer
efficiency of a heat exchanger tube equipped with a
conventional T7. Also, Klepper [29] showed that the
utilization of 77 had increased the heat transfer rate by
about 2 or 3 times compared with an ordinary pipe; thus,
the use of 77 in heat exchanger applications is
advantageous. Many devices have been tested with
twisted strips to enhance heat transfer [30-33].

A number of changes have been made to twisted
strips such as toothed torsion strips (7PP) [34], multiple
TT [35], and self-twisting 77T [36, 37]. Twisted strips can
also play an essential role in improving the performance
of solar water heating systems [38]; the inserts can be
inserted into flow pipes in solar water heating systems to
increase heat transfer. In spite of this, they may result in
significant increases in pumping power and operating
costs. Another approach is to use nanofluids as the
working fluid. However, in most previous studies, water,
as the working fluid in the absorber tube, was used.
Nevertheless, the utilization of water-soluble fluids is
finite in cold regions such as Norway, Canada, Russia,
and Iceland where water freezes at its freezing point. Due
to this, additives that reduce the freezing point and
increase the boiling point of the operating fluid are
commonly used in shallow operating temperatures [39,
40]. Other essential benefits of utilization of nanofluids in
the PTC collector include increased exergy efficiency and
energy and increased Nusselt. However, they have
disadvantages such as increased AP and investment costs
[41]. At high temperatures, nanofluids are more important
in PTC [42]. Both Nu and 4P increase simultaneously
when these two methods are used at the same time. This
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can be accomplished by wusing helically 77 with
Al,O3y/Water nanofluid as the operating fluid [43] or 7T
with rectangular sections and four types of nanofluid as
operating fluids [44]. The type, size, shape, and volume
of a nanoparticle are also essential parameters for
increasing heat transfer [45]. Akyork et al. [46] used a
coiled turbulator to study the turbulent heat transfer of
nanofluids inside a concentric heat exchanger. AP
changes were not significantly affected by nanofluids at
lower nanoparticle volume fractions.

Hybrid nanofluids are expected to increase thermal
conductivity evaluated to nanofluids due to their positive
effects [47, 49]. There have been valuable studies in
mathematical modeling and nanofluids [49-52].
Therefore, it is essential to select an appropriate ¢ to
ensure that a better 7 is gained [53]. Based on the review
of the above articles, it becomes clear that many
numerical methods have been investigated to increment
the performance of solar collectors through the adoption
of corrections in the selection of the appropriate operating
fluid and changes in the geometry of the twisted strip
inside the absorber tube. However, no study has been
performed on heat transfer characteristics and efficiency
coefficients in a pipe equipped with twisted strip grades
utilization hybrid nanofluid, SWCNT-CuO-Water, as the
fluid as well as the use of tertiary composite nanoparticles
(THNPS). Most previous experimental and numerical
studies concentrated on single and binary nanofluids [54].

The present study has been done to modify the
geometry of the 77 to increase the efficiency of solar
collectors. A study has been conducted on the geometric
shape effects of 77 degrees on efficiency, Nusselt number
(Nu), and PEC thermal performance coefficient.
Simulations have been accomplished in a turbulent flow
for Re in the range 12000 to 18000, under constant heat
flux (1200 W/m’°). Therefore, the simulation and
investigation of the effect of Nu, PEC, and 7 terms on
the twisted strip model with different step ratios
concerning hybrid nanofluid, as the working fluid, are the
innovations of this study. In other words, the innovations
of this study are:

e The numerical simulation of the Parabolic
Trough Solar Collector, equipped with this
model of the geometric shape of the
turbulator, has not attained the attention of
researchers.

e Until now, the environmental and economic
analysis of SWCNT-CuO-water hybrid
nanofluid in Parabolic Trough Solar
Collector has not been investigated by any
researcher.

e The simultaneous investigation of hydraulic-
thermal analysis, exergy efficiency, and
energy efficiency in the Parabolic Trough
Solar Collector equipped with this model of
the geometric shape of the turbulator has not
been investigated by any researcher.

e  The effect of using this turbulator geometric
model on environmental and economic
analyses in Parabolic Trough Solar
Collectors has not been investigated by any
researcher.

2. Description of the Physical Model

Fig.1 illustrates a general schematic of the proposed
system. The combination of a tube with a 77, shown in
samples A and B, has been investigated. CuO-SWCNT-
Water hybrid Nano-fluid enters the absorbent tube with
different ¢ values of 2%, 4%, and 6% at different
velocities at 300 K. At the same time, a constant heat flux
equal to 1200 W/m’ does so. The parameters of the

simulated model are fully shown in Table 1.
3. Boundary Conditions and

Dimensionless Parameters
As seen in the image above, a three-dimensional channel
model with 7T is considered a computational field. At the
fluid outlet, a zero relative pressure is used, and the inlet
temperature is 300 K without any slip boundary
conditions. The channel wall is exposed to 1200W/m’
heat flux. The purpose of this study was to evaluate the
results of the thermal and hydraulic performance
numerically through using the definition of parameters
such as Nu, Performance Evaluation Criteria (PEC),
coefficient of friction (f), and the Reynolds number (Re).
The local convective heat transfer coefficient is as
follows [55]:

q" (1)
Tw - Tb
where "T,," and "7," show the temperature of the inner

surface and the temperature of the operating fluid.
The local Nu [55, 56]:
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The Re is as follows [55, 56]:
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The coefficient of friction (f) is defined as [55, 56]:
f = 2APD,/pu®L Q)
Prandtl number (Pr) [55, 56]:
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A performance evaluation criteria (PEC) is defined as
[55, 56]:

(VAP)S = (VAP)TT (7)
(fReg)s = (fRe3)TT ®
Reg = ReTT(fTT/fs)l/3 )
PEC = %Ipp = (19)

-Gl
4. Governing Equations

The governing equations of the problem have been
modeled using ANSYS 19.2 software, which is based on
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the finite volume method (FVM) [57]. CuO nanoparticles
and SWCNT have been simulated using a single-phase
method. The inlet and outlet areas (L/3) are considered
respectively to ensure the development of the inlet flow
and the impossibility of its return. In addition to
simplicity, this method has good accuracy for simulation,
so it has been used in most articles. The equations of
conservation of mass (assuming constant nanofluid flow,
incompressible and constant thermophysical properties,
and negligible viscosity loss), conservation of
momentum, and conservation of energy are defined as
follows: [58]:

" Case B

Fig. 1: Modeled geometry

Table 1. Specifications of the simulated model of the tube

Tube's specifications

L =600 mm D=18 mm -

Twisted tape turbulator specifications

P=20 mm S=5mm R=10 mm
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The symbols & and K represent the perturbed
dissipation and turbulent kinetic energies, respectively.
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The k-¢ Realizable turbulence model is another K-

Epsilon turbulence model subset.

0y ¢ 0T (18)
Gy = —pujuj — o, ﬁglp 6 ,Pr, =09
u; au 05 (19)
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Also, the k-¢ Realizable turbulence model works
better than other models in the k-¢ family when the flow
has an inverse gradient or separation. Also, compared to
the turbulence model, the RNG uses the k-& model
realizable and can lead to better stability [58]. The height
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of the first cell of the boundary layer depends on factors
such as viscosity, the length of the viscous region, fluid
velocity, density, and, most importantly the Y+ value.
Enhancing wall treatment was used in this study.
Therefore, in this case, Y+<5 should be considered [58].

5. Solar Collector Equation

Fig.2 shows the general schematic of the PTC used in the
present study, in which, given the specificity of the inlet
and outlet temperatures of the solar collector, Eq. (19) has
been used to calculate the efficiency. Solar radiation
passes through the glass cover to reach the receiver
(absorber tube). A portion of the heat absorbed is
transferred to the operating fluid (useful energy), and the

remainder is wasted.
\_ Receiver

mr

Fig. 2: Views of the solar collector

The energy efficiency of the PTC is calculated by [59,
60]:

Qr
A solar collector's thermal efficiency can be

calculated using the following equation [59, 60]:

u 21
Ntn = g_ @l
Qu = me (To - Tin) (22)

6. Hybrid Nanofluids Relations

The term hybrid nanofluid refers to those nanofluids that
are composed of two or more nanoparticles [61]. A
number of critical challenges have been identified for
hybrid nanofluids including stability, pumping power,
production costs, and the selection of appropriate volume
fractions [62]. Heat capacity, density, dynamic viscosity,
and thermal conductivity of SWCNT-CuO-Water hybrid
nanofluid are defined as follows:

Prng = (1 — @1 — $2)ppr + D1Pnp1 (23)
+ ¢2Pnp2
(pcp)hnf = (1 - ¢1 - ¢2)(pcp)bf + ¢1(pcp)np1 (24)
u + ¢2(pcp)np1
bf 25
Hans =@ =y — bo)2* >
eins = Koy (26)

((knpl + knpz) + 2Kpr — 2Py (kh/ - knpl) - 2¢np2(kbf - kmaz))
(knpl + knpz) + 2Ky + Prp1 (kh/ - knpl) + ¢np2(kb/ - knpz)

Table 2 shows the properties of water-CuO-SWCNT
hybrid nanofluid.
Table 2: Properties of water-CuO-SWCNT hybrid nanofluid

plkg/m*) C,(J/kg.K) ufkg(m.s) k(w/m.K)
CuO 6400 531.02 - 33
Swent 1600 730 - 3180
$=2% 1027.03 403751  0.000873  0.622234
$=4% 1057.06  3905.002  0.00089  0.63156
$=6% 1117.12 3661359  0.00094 0.6505
Water 997 4178 0.00085 0.613

7. Numerical Method

ANSYS FLUENT 2019 software has been used using the
FVM and k-& Realizable model to discretize equations
according to Manter et al. [63]. The coupling algorithm is
utilized for pressure-velocity coupling. In the coupling
method, the equations of momentum and continuity are
solved simultaneously and together, which will increase
the speed of convergence. Convergence criteria are 107,

7.1. Grid of Mesh

In order to check the grid independence test, the
geometry of the parabolic solar collector along with the
turbulator (Case A) has been obtained for different modes
from the Number of Elements. In addition, the obtained
values of the Nu,,, for the mode's Number of Elements
are reported. Fig. 3 shows the results obtained from the
Nu,,, in the Number of Elements. As seen, while the
Number of Elements increases, the values obtained from
the Nu,,, increase. This is while from 1529998 onwards,
with an increase in the Number of Elements, the values of
the Nu,,, do not show significant changes. Therefore, the
number of elements of 1529798 is suitable as an optimal
network. Fig.4 describes the meshed geometry of the
turbulator. As seen, the meshing is considered to be

reasonably dense.
20

i 1.22% difference
2008 -

180 - /

selected

o f

60 21716 725134 1021340 1529798
Number of Elements

Fig. 3: Grid independence study for Case A
turbulator for Re = 18000 and ¢ =2%

2512651
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7.2. Validation

The validation of the present work has been done by
comparing the Nusselt numerical results (Nu) and the
coefficient of friction (f) of the Dittus-Boelter and Blasius
correlations respectively [84]; (Egs.(26) and (27)) have
been performed for simple tubes with simulated
experimental results. Figs5 and 6 show the validation in
the present study. The maximum deviations for Nu and

coefficient of friction are about 6% and 5%. According to
the numerical results, the Nu and friction coefficient are
correlated with the standard experimental correlations.
Therefore, the numerical model is considered reliable in
the present study [64]:

Nu = 0.023Re8pPr04
£=0.079Re 075

Dittus-Boelter 27)
Blasius (28)

Fig. 4: Mesh of Simulated model

0.08

Blasius correlation
L ] Plain tube({$=6%)

006~

(.04 1

0.02-

. M 1 . 1 1
1%000 12000 14000 16000 18000 20000
Re

Fig. 5: Validation of friction coefficient values in terms of
Reynolds in the present study with experimental results

100
Dittus-Boelter correlation
L] Plain tube{dp=6%)
80
L ]
o &
60 - //
g o
< [ e
//
-
40 = -~
e~
20
1 L L 1
10000 12000 14000 16000 18000 20000
Re

Fig. 6: Validation of Nusselt values in terms of
Reynolds in the present study with experimental results

In addition, validation with experimental results has
been done to ensure the solution method. Akyurek et al.
[46] experimentally investigated the effect of using wire

coils in a heat exchanger. Their study was done in the
turbulent flow regime and the Re = 4000 to 20000. In
addition, A/,03-water NF ina ¢ of 0.4 to 1.6% was used
as the working fluid in the study. In order to ensure the
solution method, the values obtained from the Nu,,. in
Akytirek et al. [46]. In the present study, these results
were compared with those obtained from numerical
simulations. In the present study, numerical simulation is
based on the geometry and boundary conditions from
Akyiirek et al. [46]. In addition, numerical simulation has
been performed for Re = 4000 to 20000 and ¢ = 1.6%.
Fig. 7 shows the results obtained from the Nu,, in the
simulation of the present study with the results of
Akytirek et al. [46]. As seen, the experimental and
numerical results confirm each other with acceptable
accuracy. Also, the maximum difference between
experimental and numerical data is 2.96%.

600 -
550 ——<4—— Experimental data (AKyiirek et al.)
B ——D—— CFD simulation (present study)
500
B Wire Coil : 25 mm
B Working Fluid : AL,O,/water
| Volume Concentration : 1.6 %|
450 -
Z anf
3s0F
300
250
B >
2007\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
0 4000 8000 12000 16000 20000 24000

Re
Fig. 7: Validation with experimental data [39]
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8. Results and Discussion
8.1. Contours Related to Parabolic Trough

Solar Collector with Turbulator

Fig.8 shows the velocity contour of samples A and B at
Re =12000 and ¢ = 0.02. By comparing the cut profiles
of both samples at a distance of Z = 200mm, it becomes
possible to observe a better and more uniform mixing of
the flow velocity in sample A than in the other one. Also,
according to the results inferred from Fig.9, the amount
of radial velocity in the tube case with the presence of
sample A, as a flow turbulator, is higher than sample B.
A stronger centrifugal force, a more efficient interruption
of the thermal boundary layer, rotational motion, and
axial flow can all contribute to this. Higher Reynolds
numbers lead to better flow mixing between the central
and near areas of the wall at higher speeds which results
in more efficient heat dissipation and more uniform
temperature distribution. The turbulator also increases the
velocity of the rotational flow, especially in areas where
it is located. According to Fig.10, pipes equipped with
turbulators (samples A and B) dissipate energy well from
the wall of the tube to the center of the tube. This is also
due to the greater mixing of fluids due to a turbulator, so
better energy dissipation can lead to an increased heat
transfer rate. The contour of the Turbulence Kinetic
Energy change with increasing Reynolds number in a
tube with sample-A is shown in Fig.11. The energy
dissipation by the turbulator of sample A is better than

=2
»

.."J.

Case A

Case B

that of sample B. An increase in flow velocity (Reynolds
increase) improves fluid mixing resulting in better energy
dispersion and uniformity from the pipe wall to the center
as shown in Figure 8. Also, sample A has a more uniform
Eddy viscosity than sample B due to stronger rotational
flow, which is shown for Re = 18000 and ¢ = 2% in
Fig.12. Also, the flow velocity increases with increasing
Reynolds (Fig.13), and the Eddy viscosity becomes more
uniform; this uniformity is higher for sample A than for
sample B.

Fig.14 shows the temperature contours of the
turbulators of samples A and B. the temperature of the
tubular body of sample A is more uniform than that of
sample B. It is relative to the inlet temperature of the
fluid (300 K), in the way that the maximum temperature
of the turbulator (at a distance of 1 mm from the inlet of
the pipe) is 300.014 K and 300.016 K for samples A and
B respectively. Figs. 15 and 16 show the pressure
contours of both samples.

According to the results obtained from these contours,
the AP of sample A decreases with an increase in

intensity of rotational flow due to decreasing fluid contact
surface and tube wall compared to sample B, which has
better uniformity. This ensures that there is a pressure
difference between the center of the tube and the
turbulator (Z = 200-400 mm); for sample A, it is
approximately 1.5 kPa, and for sample B it is equal to 1.6
kPa.

Fig. 8: Velocity contours of samples, A, B

Velocity
Vector T

. 1.664

248
1.24 Case A
| 0.832

0416

0. 000
[m s™-1]

Case B

Fig. 9: Contour velocity vectors of samples A and B at distance Z
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8.2. Changing Nu and PEC with Altering ¢
and Re

This study evaluates the thermal performance of twisted
tape turbulators incorporated into a solar collector by
numerical simulation. The significance of the twisted-
tape scale size, the Reynolds number range (Re), and the
volume fraction of hybrid fluid nanoparticles ( ¢) in two
samples (A, B) have been evaluated separately.

The diagram of the change of Nu with Reynolds
number for twisted strip with different scales samples (A
and B) is shown in Figs. 17 and 18; Fig.17 presents a
better comparison of the results having been obtained
from both samples. As evidenced by previous studies, the
presence of a twisted-tape turbulator in a simple tube
increased the amount of heat transfer and, consequently,
the Nu, shown in Figs. 17 and 18. Also, with increasing
Reynolds (increasing the flow velocity) and decreasing
the particle volume fraction, the Nu increased, and, thus,
the heat transfer rate increased. According to the results
of Fig.19, the heat transfer rate in the presence of sample
A was higher than sample B so that the maximum Nu
could be achieved in Re = 18000 and ¢ = 2% for
samples A and B, which were 195 and 192 respectively.

Adding nanoparticles to the base fluid increased the
heat transfer rate, but it increased frictional resistance and
AP as well. Turbulators cause more turbulence and, thus,
more heat transfer and Nu values. In addition, it increased
friction coefficient, and AP. Nu numbers tended to be
associated with more 4p.

200

190
180
170
160

z
150

140

130

120

1 1 1 1 1
1I%{][]{] 12000 14000 16000 18000 20000
Re

Fig. 17: Changes in the Nu in Re for sample A

In the present study, the PEC was introduced as a
measurable criterion for evaluating the exchange between
Nu and 4p. Through this criterion, the optimal point with
the maximum thermal-hydraulic performance could be
identified. For sample A, PEC coefficient decreased with

increasing Reynolds and volumetric concentration of

nanoparticles, as shown in Fig. 20.
200

190 -

170

Nu

150 1=
140 =

130

120

| 1 | |
! 1I[El[]'[]'[) 12000 14000 16000 18000 20000
Re

Fig. 18: Changes in the Nu in Re for sample B

200

1o —p— Case A(¢g=2%)
——g—— Case B(p=2%)
180 |-

170
160 |-
=
z
150 =
140

130

120

1 1 1 1 1
1I%OO[]' 12000 14000 16000 18000 20000
Re

Fig. 19: Comparison of Nu,,, changes with Reynolds
number for samples A and B

A comparison of the performance evaluation
coefficient of samples A and B shown in Fig.21 shows
that these two samples do not differ much in the values of
the performance evaluation coefficient. However, sample
A has higher values in the lower Reynolds numbers.

Therefore, using both samples is appropriate for the
performance evaluation coefficient. Heat transfer always
overcomes AP in both models in the range of Reynolds
numbers and nanoparticle volume fraction investigated in
this study. In fact, with an increase in Reynolds number
and volume fraction of nanoparticles, the values of N,
and AP increased. By increasing the inlet velocity, the
mixture and turbulence of the hybrid nanofluid will be
higher when it hits the turbulator. This is so, despite the
fact that the AP caused by the heat transfer caused by the
turbulator is acceptable.
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B §=2%
14F - —b - p=4%
L A Pp=6%

105
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Fig. 20: Changes in Reynolds performance evaluation
coefficient for sample A
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Fig. 21: Comparison of performance evaluation coefficient
changes with Reynolds number for samples A and B
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8.3. Solar Collector Efficiency Analysis
According to Figs. 22 and 23, samples A and B differ in

energy efficiency based on Reynolds number and volume
fraction of nanoparticles. Also, a comparison of the
performance of samples A and B for a volume fraction of
2% is presented in Fig.24. In both samples, the efficiency
of the solar collector decreases with incrementing Re and
decreasing the ¢. The changes in energy efficiency with
volume fraction in sample A are more severe than those
in the other sample. Thus, the energy efficiency at Re =
12000 decreases from 3.55 in ¢ =2% to 3.44 in ¢ = 6%
(about a 3.1 %decrease). Also, according to the results
obtained from numerical simulation (Fig.22), the highest
energy efficiency is related to sample A, with a maximum
value of 3.55 at Re = 120000 and ¢ =2%.
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Fig. 22: Solar collector efficiency changes in Reynolds for
sample A
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Fig. 23: Solar collector efficiency changes in Reynolds for
sample B
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Fig. 24: Comparison of solar collector efficiency changes in
Reynolds for samples A and B
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8.4. Solar
Analysis

High-temperature engineering equipment relies heavily
on radiation heat transfer. Solar energy converters create
a high limit for converting solar energy efficiency into
work. According to the literature review, most of the
accepted models based on solar radiation exergy are the
Spanner, Petela, and Jeter models [65]. Jeter's approach
deals with heat engine analysis, which describes heat
radiation's exergy with Carnot efficiencies. According to
Spanner, the exergy of direct solar radiation is related to
precision rather than useful work [65]. Using the Petela
model, based on thermal radiation at solar temperature,
this study examines the exergy of solar radiation. Petla
uses conservation equations to model the energy of
emission flux of blackbody radiation. To model the
energy of emission flux of blackbody radiation, Petla uses
conservation equations [65]:

Collector Exergy Efficiency

ac
EXpaap = 73 3T* + T = 4T,T%) 29

In addition, Petela proposed the following equation
for the gray surface with radiation [65]:

ac
EXpaag = €15 3T* + T3 = 4T,T%) (30)

Where a (a = 7.561x10™"° KJ m”k”) is the radiation
constant, ¢ (¢ = 2.998x10% ms™) is the speed of light in a
vacuum, and T is the absolute temperature. The ratio
between the energy emitted by a surface and the energy
emitted by a black body at the same temperature is called
emission. This value is always between zero and one.
This quantity shows how close the radiant properties of
an actual surface are to a black body (the emission factor
for a black body is one). As a result of the definition
provided for this value, the following equation can be
used to calculate this number [65]:

E(T) E() 3D
T) = = ,0=5.67x1078
M =g =% ° e
The energy dissipation for an emitted surface is equal
to:
ac 32
Eraa = SZT4 (32)

Energy conversion efficiency ( 7,) can be expressed
as the ratio of W to energy [65]:

w (33)

Petela exergy solar radiation equals maximum solar
radiation efficiency according to the theory. Based on the
maximum exergy of solar radiation to the maximum
energy of solar radiation [65]:

_ _ Exrad
€ = Nemax =

(34)

E rad

Therefore, Petela efficiency can be defined as follows
[65]:

1/TN\* 4T,
=1+-(=) —=(=2

€ +3(TS> 3(Ts)
The same formula is derived from Candau [66].
According to this researcher, the efficiency formula is

(35)

always positive. If T = T the efficiency is 0; if 7 < Ty,
the efficiency can be greater than 1. Spanner also
proposed a different equation for maximum conversion
efficiency. He introduced maximum economic efficiency
(175) and assumed the radiation source to be a black
body, so the specific exergy flux was shown below [66]:

-1-5(7)
&= 273\

Jeter theory is the work of the heat engine cycle, heat
(¢) is given to the engine at temperature (7), and this heat

(36)

is converted to W work at Carno efficiency ( 77), which is
equal to the efficiency of Jeter ( 77;) conversion [66]:

(37

Sj =Ncs = TS TS = q—}

Figs. 25 and 26 illustrate the changes in exergy
efficiency for samples A and B in terms of Reynolds
number and nanoparticle volume fraction.
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Fig. 25: Changes in exergy efficiency in terms of Re for
sample A
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Fig. 27: Comparison of exergy efficiency changes for
samples A and B

A comparison of the performance of samples A and B
for a volume fraction of 2% is also presented in Fig.27. In
both samples, with increasing Reynolds and volume
fraction, the efficiency of the solar collector decreases so
much so that the highest exhaust efficiency is obtained at

¢ = 2% and Re = 12000 for both samples. Also,
according to the results obtained from the numerical
simulation of Fig. 27, the highest exergy efficiency is
related to sample A, with a maximum value of 0.0064
obtained in ¢ = 2% and Re = 12000. With increasing
velocity, the exergy efficiency of the fluid containing
nanoparticles decreases approximately for sample A.

8.5. Economic Analysis

A suitable method for the economic evaluation of solar
systems is the Levelized cost of energy (LCOE) [67, 68].
In the present study, only the cost of the collector (CO)
with the studied working fluid is considered; this costis
200 (Euro/m®) for PTC with smooth-surfaced absorbent

tube and 200(Euro/m’) for PTC with hybrid turbulator
absorbent tube which is about 3% more [69]. The PTC in
question has an aperture of 85 m’, so the cost of the
collector with smooth-absorbent tubes and a combined
turbulator is about 17,000 and 17,500 euros respectively.
To calculate the LCOE, the following equation [70] was
used:

co co co (38)
LCOE = = = —
QuN 7"thQsN me (To - Tin) * N

Where N is the total operating hours of the system,
this parameter is calculated for the entire lifetime of the
operational PTC. Considering the average lifespan of
mechanical equipment, the current study's N parameter is
about 24000 hours (total life of 20 years, with 1200 hours
per year). Figs. 28 and 29 show the change in LCOE with
Reynolds number and nanoparticle volume fraction for
samples A and B respectively. On the other hand, as the
flow velocity and volume fraction of nanoparticles
increase, the LCOE value decreases. The leading cause of
LCOE changes is related to the thermal efficiency of the
collector, which is the denominator of the equation.

8.6. Environmental Analysis

The investigation of the level of environmental pollutants
in heat transfer systems is crucial. In the present study, to
evaluate the number of pollutants including CO,, NO,
and SO, reducing the size of the collector diaphragm area
and latent energy has been used [71-73]. Latent energy is
the sum of the entire energy required to produce any
product or service as if it were energy in the product
included or “hidden”. The latent energy can be calculated
through the following equation [73]:

Embodied energy= Volume of material*Density ~ (39)
of material

Environmental pollutants in the collector life cycle are
created by various fuels such as oil, coal, and natural
gases. The life cycle of PTCs involves many stages,
including manufacturing, distribution, maintenance, and
disposal [74]. In this analysis, the amount of pollutants is
calculated only in the collector construction stage.
Several environmental pollutants are provided for
different fuel sources [75]. Since the PTC is made of
glass and steel, the latent energy for these components is
based on their mass calculation. Accordingly, the density
of steel is 8030 kg/m’, and the density of glass is 2250
kg/m’ [76].

The latent coefficients for glass and steel are 15.9
MJ/kg and 32.9 MJ/kg respectively; the thickness of the
reflector is 1mm [77].
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Table 4 shows the SO,, NO, and CO, emission values
for different base fluids and nanofluids studied in a
parabolic collector with a smooth tube. The amount of
environmental pollutants, created for the -collector's
operation with nanofluid, is less than the base fluid. As
shown in Table 4, the lowest pollutant content is related
to the Water-SWCNT-CuO hybrid nanofluid.
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The number of environmental pollutants in the
collector life cycle increases when a hybrid turbulator is
used instead of a smooth tube in the absorbent tube; also,
the number of environmental pollutants in the collector
life cycle increases as shown in Table5. An increase in
environmental pollutants occurs by using an absorbent
tube with hybrid turbulator in comparison with a smooth
adsorbent for fluid of various factors including Water,
Water-CuO, Water-SWCNT, Water-SWCNT-CuO, 9.05%,
9.08%, 9.08%, and 9.09% respectively. On the other

hand, as shown in Tables 4 and 5, the lowest
environmental pollutants occur when the operating fluid
is a Water-SWCNT-CuO. Table 5 shows the values of
PTC environmental pollutants for absorbent tubes with a

hybrid turbulator for different operating fluids.

Table 4: Values of PTC environmental pollutants with a
smooth adsorbent tube for different operating fluids

Water Water- Water- Water-
CuO SWCNT SWCNT-
CuO
Latent 13670.12 13665.87 13667.24 13665.21
energy
Co, 8340.13 8337.34 8338.10 8337.02
SO, 4.3523 4.3508 43511 4.3506
NO, 7.3147 7.3126 7.3131 7.3123

Table 5: Values of PTC environmental pollutants for
absorbent tubes with a hybrid turbulator for different
operating fluids

Water Water- Water- Water-
CuO SWCNT SWCNT-
CuO
Latent 14770.2 14768.3 14769 14768.2
energy
Cco, 9094.9 9094.4 9095.2 9094.4
SO, 4.75 4.75 4.75 4.75
NO, 7.98 7.98 7.98 7.98

Environmental calculations based on the latent energy
method, presented above, are only related to the collector
construction stage. Other life cycle stages are ignored.
Given that an amount of carbon dioxide obtained during
the PTC fabrication phase due to latent energy, if the
amount of carbon dioxide emissions during the collector
life cycle is calculated, the amount of CO, emissions at
other stages will estimated. To calculate the CO,
emission in the collector life cycle, the following method
can be used [78]:

Xco, = yCOZEstworking (40)

Where x¢¢; is carbon dioxide emission (kg/day), ycon
is estimated CO, emission for solar collectors (kg/W.h),
and working is the number of working hours of the
collector per day. The following assumptions are made to
estimate the amount of carbon dioxide emissions during
the collector's life cycle. For a 25-year life span of PTC
[79], with the number of sunny days at 300 [80, 81], the
number of working hours per day of the collector at 7
hours, and the average amount of incident radiation 650
(W/m’) are assumed. Also, the estimated CO, emission
for solar collectors is 0.000013 (kg/W.h) [82]. Thus, it is
observed that about 70 to 80% of the emissions are
related to the PTC manufacturing phase, and about 20 to
30% of the emissions are related to other stages of the life
cycle including distribution, maintenance, and disposal.
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Due to the low production of environmental pollutants in
the distribution, maintenance, and disposal of the life
cycle of solar collectors, most environmental calculations
are performed only based on the manufacturing phase
regardless of other steps [82, 83]. The amount of useful
heat obtained using PTC can be calculated with
maximum thermal efficiency. If this amount of heat were
obtained using fossil fuels, it would create a lot of
environmental pollutants. For this purpose, three fossil
fuels, natural gases, coal, and diesel are used to calculate
the amount of carbon dioxide. CO, emissions for
different fossil fuels are determined based on standard
emission factors.

9. Conclusion

The numerical study of three-dimensional circular tubes

integrated with two types of twisted-tape turbulators and

two different scales was conducted. The range of volume
fractions of nanoparticles between 2-6% with a range of

Reynolds numbers from 12000-18000 was

comprehensively investigated. Computational results

showed that scale 1 (Sample A) increased heat transfer

and collector efficiency, especially at high Reynolds

numbers.
e Nanoparticle concentration and Reynolds
number increase Nu,,, coefficient of friction,
and PEC. For example, the PEC value in the
Reynolds number, 12000, increases by about
1.67% as the nanofluid concentration increases
from 2 to 6%.

e  The efficiency of the solar collector was reduced
when the scale of the twisted-tape turbulator was
reduced to (sample B). The highest value of #
for sample A was obtained in Reynolds number
12000 and ¢ = 2% with the value of 0.55.

e  The highest PEC value (1.21) was obtained at Re
= 12000 and ¢ = 2%, and the lowest PEC value
(0.93) was obtained at Re = 18000 and ¢ =2%
for the tube with sample A turbulator (scale 1).

e The Nu,,, in a tube with a combined turbulator
(sample B) was about 15% higher than a tube
with a TT (sample A)

e The use of a turbulator in the form of a twisted
strip and a combination with a coil increased the
HT rate.
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