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alf of the collector remains unexposed to sunlight. To
employed as a viable solution. The primary objective of

this study is to assess the perf ppound parabolic concentrator (CPC) in conjunction with ETSC,
Keywords: takin_g intg account a specifi ! the areas of _the CPC and ETSC. To achieve the desired
Vacuum tube solar water heater configuration, the CPC was meticu signed, fabricated, installed, and subsequently tested. Moreover, the
Evacuated tube solar collector energy performance, was scrutinized both with and without the integration of a parabolic
Central parabolic concentrator trough collector. and data collection were conducted on two selected days for both the
Energy performance conventional ETSC de e system incorporating the CPC. Meteorological data and operational
Experimental investigation conditions pvere measured igitally stored for subsequent analysis. A noteworthy outcome of the study is

the revelationithat the energy efficiency of the system with a concentrator exhibited a notable improvement of
2.8% comparedite, the conventional system. Offline results further indicated that the performance of a single
absorber t % 6ncentrator increased by approximately 2.7 times when compared to the standard system.
This sugge e energy performance of the solar water heater, with a capacity of about 200 liters and
feal abserber tubes with a concentrator, is comparable to that of the conventional system equipped with
18 rberjtubes.

& https://doi.org/...

1. INTRODUCTION

The global demand for ener s seemsteady growth with the increasing population, technological advancements, and industrial
expansion (Ghadamian et al.§2024)J Addressing this challenge is crucial, and renewable energy resources, particularly solar energy,
are recognized as a ke ti oghadasi et al., 2023). Solar systems, especially Evacuated Tube Solar Collectors (ETSC), have

been widely impleme th industries and homes in recent years (Qiu, Ruth and Ghosh, 2015). ETSC systems exhibit efficient
performance at higiote tures, attributed to tube evacuation preventing convection and conduction losses. This feature makes
them highly preferable ffor specific applications like desalination or absorption cooling systems requiring high-temperature thermal

Morrison, 2009). Additionally, ETSC systems are acknowledged as a prominent method for utilizing solar
vada et al., 2022) and present an energy-saving opportunity for effective energy management (Moghadasi et al.,
y Sadeghi, Safarzadeh, and Ameri (2019), various methods were explored to enhance the thermal efficiency of an
luding the addition of a flat reflector, a parabolic concentrator, and the utilization of a nanofluid. The focus was on
nanofluidg?specifically Cu,O soluble in water, with a volume ratio ranging from 0.01 to 0.08%. Results showed that the energy and
exergy efficiencies improved significantly when nanofluid with a concentration of 0.08% and a parabolic concentrator were employed.
Teles, Ismail, and Arabkoohsar (2019) investigated the incorporation of a reflector in the inner layer of the outer tube in the ETSC
system. Their modeled system achieved efficiency levels ranging from approximately 73% to 42%. Xia and Chen (2020) examined
the thermal performance of systems combining multiple ETSCs and mini-CPCs. Using a unique design, a shortened CPC positioned
between vacuum tubes resulted in an increased water temperature of 13.6 °C compared to the device without the mini-CPC. Li et al.
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(2020) analyzed the efficiency of a double-row all-glass evacuated tube SWH, considering different pipes' declination angles. The
highest energy efficiency, observed at a 2-degree declination angle, reached 74.1%. Kumar and Mylsamy (2020) studied the effect of
Nano-Enhanced Phase Change Materials (NEPCMs), particularly nano-CeO,, on ETSC performance. Optimal performance was
achieved with a nanoparticle mixture in the water heater tank, resulting in energy and exergy efficiencies of 79.2% and 8.59%,
respectively. Fathabadi (2020) investigated the performance of a single evacuated tube using single- and dual-axis reflectors and
trackers. The system with a reflector and biaxial tracker achieved a thermal efficiency of 58.60%, presenting technical feasibility but
limited economic viability. Sasikumar et al. (2020) analyzed the effect of utilizing Al,Oz nanofluid on ETSC system performance. At
a concentration of 0.3% by volume, the system reached its peak performance of 69.5%, focusing solely on nanofluid as a means to
enhance efficiency. Deng and Chen (2020) conducted an analysis of the efficiency of a single-pipe EBIETC system under real
conditions. The results from the experimental tests revealed that the highest and average thermal efficiencies of the EBIETC were

center inner tube, comparing circular and rectangular absorbers using Al,O3 nanofluid. Simulating the vacuum t
demonstrated that the circular absorber exhibited an 8% efficiency, outperforming the rectangular absorber. Sl
with a volume ratio ranging from 0.01 to 0.1, the maximum efficiency of 8.8% was achieved using a circular,

utilization, it involves modifying the structure of the ETSC and introduces significant technical, co
Chen and Liu (2022) undertook a redesign of the M-CPC to enhance the optical performance of a
different designs for the multi-part parabolic concentrator, utilizing two algorithms: Particlg S

However, it should be noted that the study exclusively reports the optical efficiency. A
(2022), modifications were made to the placement angle of the collectors, and a flat

overheating in the summer, which are commonly observed challenges in the

investigations
egrees. The ETSC-
terms of reflective

tube. They proposed five
ptimization and Monte Carlo
optical efficiency of 61.68%.
y in the work by Chen, Yang, and Li
s incorporated to enhance the thermal
f reduced efficiency during winter and
ZAccording to the measurement results, the

device's performance increased by 66% in December but decreased by 66% ip@ungDetails of the relevant studies are presented in
Table 1.
Table 1. Detailed descripti rel works
Author(s) / year Method of SWH performa Main findings
The effects of usi a flat Wor, a parabolic By emploving a parabolic concentrator and
Sadeghi,  Safarzadeh, and | concentrator, as well use of nangfluid, on the thermal y ploying a p

Ameri (2019)

efficiency of the ETS
investigated.

heater were experimentally

nanofluid, the maximum thermal efficiency of
78% was obtained.

Teles, Ismail, and Arabkoohsar
(2019)

The maximum theoretical thermal efficiency of
73% was achieved by installing a reflector inside
the tube.

Xia and Chen (2020)

Li etal. (2020)

employing shortened CPC were
ally investigated on the thermal efficiency of an

Utilizing a refl inthe inner layer of an evacuated tube
to impro e iency.
effec

The thermal efficiency increased from 29.2% to
24.3%.

of changing the middle angle in the horizontal
ETSC water heater on thermal efficiency was
investigated through experimentation.

The maximum thermal efficiency of 74.1% was
obtained.

The effect of phase change materials on the thermal
performance of an ETSC water heater was analyzed.

The maximum efficiency was achieved at 79.2%
using phase-change materials.

Fathab

Kumar and Mylimy (2’20)

The effects of using a reflector and one and two-axis
trackers on the thermal efficiency of an ETSC were
experimentally evaluated.

The maximum thermal efficiency reached
58.60% in the economical optimum mode
applying a reflector and two-axis tracker.

Sasikum!;t al. (2020)

The effects of using nanofluid on the thermal performance
of an ETSC water heater were experimentally investigated.

The maximum thermal
nanofluid was 69.5%.

efficiency using

Deng and Chen (2020)

The effects of using a redesigned CPC on the thermal
efficiency of an ETSC installed in the building wall were
experimentally assessed.

Through this shortened CPC, the maximum
thermal efficiency was achieved at 55.5%.

Ismail, Teles, and Lino (2021)

The effects of using nanofluid and changing the cross-
sectional shape of the vacuum tube with an internal
absorber tube in the thermal performance of an ETSC were
numerically examined.

The maximum thermal efficiency improvement
using nanofluid was obtained by the circular
cross-section of the internal absorber tube of
8.8%.




The idea of using a reflector in the inner layer of a vacuum | The experimental thermal efficiency value was

Chai et al. (2021) tube to improve thermal efficiency was experimentally | improved by 10% employing a reflector inside
investigated. the tube.
The effects of using the optimal CPC designed with the

The maximum optical efficiency was 61.68%

Chen and Liu (2022) PSO and MCRT algorithms on the optical efficiency of an using this shortened CPC.

ETSC were experimentally studied.
The effects of changing the angle and reflector on the | The experimental thermal efficiency value in
Chen, Yang and Li (2022) thermal efficiency of an ETSC water heater were | December improved by 66% by changing the
experimentally studied. angle and installing the reflector.

In the field of concentrators, previous research has made efforts to enhance efficiency. However, the clarity of geomet
physical data is not consistently maintained. The primary goal of this study is to elucidate the effects contribute
irrespective of the nanofluid application. Achieving this objective necessitates the development of a new pa Hape to
overcome existing obstacles. To fill the mentioned gaps, the following tasks will be undertaken in detail: \

e Inadetailed experimental study, the ratio of the concentrator area to the ETSC area will be investigated

e  The effect of using a parabolic concentrator on thermal performance will be examined.

e The change in solar energy absorption rate for the entire solar water heater and ETSC will be analyZzed.

This paper investigates the thermal performance and the change in solar energy absorption rate of an Evacuated Tube Solar Collector
(ETSC) after the installation of a simple parabolic concentrator. This will be achieved by addin 0 the concentrator area, in
comparison to the nominal area of the absorber. To provide a novel comparison tool, the pe ce of the Solar Water Heater
(SWH) has been evaluated using a new coefficient, denoted as "a.", representing the absorptigfyrate lar energy required to increase
the temperature of 1 kg of working fluid by 1°C. Furthermore, in this research, the co is employed as another innovative
measure to explore the possibility of reducing the number of ETSCs while maintaining t overall absorbed heat energy value.
This reduction is made possible by replacing the vacuum tubes with a parabglicQeoncentrator, resulting in improved energy
performance.

2. MATERIALS AND METHODS
2.1. SWH System Description

The proposed SWH system comprises 18 ETSCs utilizing a passiv ulation cycle, complemented by a parabolic concentrator for
the central absorber tube, as illustrated in Figure 1. \

A - J—
Y .
\ :
B \ \
\ A:Storage tank QNN / C
B: Structure LY A\ \%f;\\:\
C:ETSC RN

D: Installed solar reflector

Figure 1. Overview of the proposed scheme

The SWH operates as a non-pressure type. Municipal water, serving as the working fluid, is in direct contact with the absorber vacuum
tubes, allowing it to receive the absorbed radiation energy directly. The chamber between two absorber glasses is vacuumed and
coated to increase energy efficiency and energy absorption rate (Chen, Xia and Bie, 2019). The vacuum tubes absorb sunlight during
the day and transfer energy to the working fluid, thereby increasing its temperature (Milani and Abbas, 2016). In this cycle, the hot
water moves up through the thermosiphon phenomenon. Due to temperature differences, the water inside the storage tank replaces
the water in the vacuum tubes. The parabolic concentrator aids in increasing the energy received by the central absorber tube by
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converging the radiation rays that pass around it (Wang et al., 2021).
2.2. System Design

Since there is a gap between the central absorber tubes, a symmetrical CPC in a partial circle shape is required to redirect the
transmitted radiation from the empty gap to the surface of the absorber tube. To focus the reflected radiation, as shown in Figure 2,
the vacuum absorber tube is positioned at the focal point of the CPC. The design of this concentrator is based on the space behind the
absorber tube (d) and assuming a certain angle ¢. The radius of the imaginary circle r is expressed as (Chen, Xia and Bie, 2019):

da

r= Zsin% (1)
After determining r, the arc length of the concentrator R as well as the focal distance F of the concentrator can be calculate lows:
R =2nr% 2)
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Figure 2. (a) The details of the concentrator design. (b) the botto thg coneentrator placement on the central absorber and the arrangement
of the'apso bes.
2.3. Experimental Set-up
The tested SWH has overall dimensions of 1740x1 mm (Figure 3) and consists of 18 symmetrical ETSCs with a length of
1800 mm for solar radiation absorption. It feat| rical water storage tank with a capacity of 142 liters, positioned on top of

vacuum absorber tube has a water storal 3 liters, resulting in a total capacity of 54 liters for the 18 absorber tubes, and
the system has a total capacity of 196 lite assistant tank is situated above the storage tank and is connected to the inlet water
through a float valve (ballcock) to sate for water evaporation in the main tank (Chai et al. 2021). The specifications of the
proposed system are provided in

<
QO

the SWH and insulated by a 50 mm thick f laygr. The vacuum absorber tubes are connected to the tank using O-rings. Each
xap i



< 1740 mm

Figure 3. Sizing diagram of the experimental SEM
Table 2. System specifications (Chai et al. 2021)

No. Specification

1 Evacuated tube outer layer material

2 Evacuated tube length

3 Evacuated tube outer diameter

4 Evacuated tube inner diameter \ 47 mm

5 Evacuated tube inner coating material . Al-Nickel

6 Evacuated tube emissivity /o 0.88

7 Evacuated tube transmissivity @ 0.94

8 Evacuated tube volume 3 (Liters)

9 Number of evacuated tu 18

10 Total Evacuated tu 54 (Liters)

11 Storage tank/materi Grade 304 stainless steel
12 Stora@ 142 (Liters)

13 Storag nsulation material 50 mm polyurethane foam
14 re material Galvanized steel frame
15 otal SWH volume 196 (Liters)

2.4. Measurements Instruments

In this research, a local meteorological station and a data logger were developed and constructed to accurately measure and record
relevant variables. The meteorological station was designed to assess ambient temperature, wind velocity, and solar radiation intensity.
Simultaneously, the data logger, equipped with temperature sensors, stored the functional characteristics of the system. These sensors
played a crucial role in monitoring the temperature of the water flow during the thermosiphon inside the pipe. For temperature
measurement, one sensor was strategically placed in the path of the hot return flow from the absorber tube, while another sensor was
positioned in the path of the cold flow from the tank. Additionally, a sensor at the center of the storage tank was employed to measure
the water temperature within the tank. An anemometer of the Robinson 4 Cups type was positioned under the absorber tubes to
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accurately measure wind velocity as air passed through them. To gauge solar irradiance, a pyranometer was installed between the
absorber and parallel tubes. The data logger efficiently recorded the values of all sensors simultaneously at 30-second intervals, as
detailed by Pourbafrani et al. (2023). Table 3 provides specifications for the sensors used in the study. For a visual representation,
refer to Figure 4, which illustrates the specific locations of the sensors.

Table 3. The detailed specifications of the instruments

No. | Instrument/Model Application Range Accuracy
1 E':'gl iée(l)l RTD thermometer / :\élriel\)s:rgtrhgres air and  water 0-120°C +0.1°C
2 | Anemometer Measurement o 0-30mss 203m
3 ';"Tf%rg lux meter / Measuring solar irradiance 0 — 1200 W/m? P %

2.5. Experimental Procedure \«

The experiment was conducted in Karaj city, Iran, situated at a latitude of 35.74 and a longitude of 58795, d the month of July
(summer case). The device was fixed in position, oriented towards the geographical south at an anglé,of 45/degrees, without the use
of a tracker. Prior to each test and sunrise, the system tank was filled with municipal water at the rature as the surrounding
environment. six parameters were measured, stored, and subsequently used for further ana llowing each data collection
session, the hot water in the tank was utilized, and the tank was refilled with cold water be " Importantly, no modifications
were made to the system or the water in the storage tank throughout the data collecti@n pe urthermore, the Durbin-Watson
statistics method was applied for uncertainty analysis (refer to Section 2.9).
Table 4. Description of the attributes

No. | Variable iation Unit Interval
Temperature of hot water exit from thermosiphon cycle °C
Temperature of cold water enters in thermosiphon cycle °C

Temperature of tank \ °C
Temperature of air : ‘ Ta °C

Wind speed

s 0g Aang ‘0€:9T — 0S:TT

o | O | B |W|IDN|PFP

Solar irradiance

X

Figure 4. A) Data logger and components, B) SD card slot, C) Sensors connectors, D) Cross section of a storage tank, E) Central ETSC with
temperature sensors, F) Sensor’s stand, G) Installed CPC under central ETSC, S1) Ambient light sensor for measuring Gs, S2) anemometer,



S3&S4) PT100 temperature sensor installed in a special stand (E) Place for insert sensor into the central ETSC, S5) Storage tank temperature
sensor (Tt)

2.6. Energy Performance of SWH

In the case of this particular Solar Water Heater (SWH) type, it is assumed that the density, specific heat, and volume of water remain
constant during the test period. This assumption is based on the non-change of the water phase in the storage tank. As a result, the
energy absorbed by the SWH can be determined using Equation 4 (Chen, Xia and Bie, 2019):

2XTTXA g XLX(Ti0=Tii)
Quse = gl =1 X Dy X L X hy, X (T — T,,) )

n (DLO)
i

where Quse = useful energy, A4, = thermal conductivity of glass, L = tube length, Ti, = outer temperature of the inner tube,

temperature of the inner tube, Di, = outer diameter of the inner tube, Dii = internal diameter of the inner tube, and Tw =

temperature. The water temperature (Ty) is the average of integrated values based on a period of data:

Tw = (Tw,st + Tw,e‘)/2 @
hw — Nu;vxDii 2
where Tw,st, Twst, and 4, denote the working fluid temperature at the beginning of the period, working flui perature at the end of

the period, and thermal conductivity of water, respectively. The modified Nusselt number would be ¢ te ed on the following
equations:
(4.3)

4 3.4
Nug, = 0.82 X C, X [Pry, x LZXPicxtw (i) 102

A XA X vy Dj;
C, = 4.3324sin*p + 6.9312sin3p — 4.6872sin?p + 1.1827sinf + 1.0007 (4.4)
where C, = correction factor of Nusselt number, A;i = internal area of the inner tube, andg8 = ¢ tor inclination angle. The physical

properties of water including thermal conductivity (1w), specific weight (yw), kinematic
obtained by the interpolation method using Tw. In addition, the total solar radi
efficiency of SWH are calculated using the following formulas (Moghadasi et a¥.

Qin = G5 * Agps | ()
(6)

Quse
Nen =
exergy changes in the initial and the final state of the SWH

(vw), and Prandtl number (Pr.,) are
celved on SWH absorbers and the energy

Qin
where Aqps = absorber cross-sectional area and Gs = solar irradiation.

2.7. Exergy Efficiency of SWH

Neglecting the volume changes of water in the t the syste

measurement period are as follows (Khanmohammadi ., 2020):
Exge = My X Cpyy X [Tose = To x (14 In (724 (7)
Ex, = my, X Cpy, X [Te — T : (8)
where Exs = exergy at the beginning iod, m,, = ware mass, Cpw = specific heat capacity of water, T = storage tank
temperature at the beginning of the period, storage tank temperature at the end of the period, and Ex. = exergy at the end of the
perlod Also, the exergy of received ion in SWH is defined as follows (Khanmohammadi et al., 2020):

o= Gy X Agps x [1 -2 (1) 2788 )

where Ts and T, represent t ! un'g surfaee temperature and ambient temperature. Finally, the exergy efficiency of the system is
obtained by dividing th rg e firlal state by the sum of the exergy of the received solar radiation and the exergy of the initial
state (Khanmohammaci etal. )2020)

Exe

Nex = (10)

Exst+Exg

Ab on Rate of SWH and ETSC

The energy effielency of the system is expressed as (FathiAlmas et al., 2023):
My XCpwX(Tre—Tt,st)
Nen = CoxAgns 11)

By ellmlnatlng the specific heat capacity of water (Cp,,), absorber cross-sectional area (4,5s), and reversing the expression, a new
index called “a” is obtained as follows:
GS w
( ) (12)

My X(Tee—Tgs) m2.kg.oC
a represents the solar radiation required by SWH to raise the temperature of 1 kg of water by 1°C. aswn represents the radiation
received by the solar water heater’s ETSCs. Considering that all absorber tubes are identical, the value of aswn for an absorber tube

can be obtained by dividing aswn by the total number of vacuum absorber tubes:

— a
Aersc = nZ:VSIZ (13)

agrsc indicates the average radiation absorbed by each ETSC for 1°C of temperature increase from one kilogram of tank water.

AswH =
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2.9. Measurement Error Evaluation

It is imperative to conduct error analysis before delving into the examination of experimental test data. A frequently employed method
for such analysis is the Autocorrelation test, carried out using the Durbin-Watson statistics method (Durbin and Watson, 1950). This
test becomes particularly relevant when data has been gathered over a period of time. Autocorrelation manifests when a correlation
exists between the residuals (errors) in one data interval and those in another interval (Durbin and Watson, 1971). The recommended
interpretation for the value of this statistical parameter is as follows (Seidabadi et al., 2022):

i(ei _ei—l)z
DW = i=2 (14)

-
2.8
=

In the above equation, e; represents the residual value in the i"" observation and n denotes the number of obs& DW
lu
S ev

parameter can range between 0 and 4. Values between 0 and 2 indicate the possibility of a positive correlatiof®, w een
2 and 4 suggest the possibility of a negative correlation. In this study, the DW test was conducted using average e lables
at 5-minute intervals.

3. RESULTS AND DISCUSSION Q

3.1. System Design

Based on the design procedure (refer to Section 2.2), the distance between the two tubes wa as d =194 mm. Using Equation
1 and assuming ¢ =51.42°, the approximate value of r was found to be 223 mm. By d and applying Equation 3, the focal
distance of the convex concentrator was calculated as F = 111.5 mm. Also, Equati sed to estimate the length of the arc,
resulting in ~ 200 mm. Accordingly, the concentrator was fabricated utilizing sta
supporting structure, made of MDF, was designed and built to position the ET he focal point of the concentrator. It should be
noted that the area of the CPC is 0.3 m?, while the surface area of an ETSC .24 m?, Thus, the area of a CPC is 1.25 times
larger than the surface area of the ETSC absorber.

1 3
i

(b)

Figure 5. (a) ETSC after installing the parabolic concentrator; (b) experiment setup without the concentrator

3.2. Experimental Measurements Results

Since meteorological data and weather conditions are the primary influencing factors in the systems, it is crucial to ensure that
environmental conditions are similar to increase the accuracy of comparing performance before and after the changes. To achieve
this, data collection was conducted on two consecutive days: Day 1 (July 10) for the SWH without a concentrator and Day 2 (July 11)
for the SWH with the installed concentrator. The aim was to have normal (stable, natural) and similar meteorological data and weather
conditions for both days. The monitoring of the system started at 11:30 AM and continued until 4:30 PM. During this period,
parameters such as solar irradiance, air temperature, and wind speed were measured at the test site. The measurement results for the

two days indicated that the average radiation was 784 %and 768 % the average air temperatures were 36.80 °C and 37.41 °C, and



the average wind speeds were 1.05 m/s and 0.83 m/s, respectively. These data provide an understanding of the prevailing conditions
during the experimental period.
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0
11:17 11:42 12:07 12:32 12:58 13:25 13:50 14:15 14:40 15:05 15:30 15:55 16:20
Time (h)
#-Day 1, Solar irradiation*(.1 ~Day 2, Solar irradiation®0.1
-oDay 1, Air Temperature #Day 2, Air Temperature

Figure 6. Comparison of changes in radiation and air temperature during two diffe

tm‘a collection periods

tions were performed step by step at 30-
energy, useful shares, and losses. The
is’monitored and used as input data at time
t = 0. Based on the physical characteristics of the SWH and the model the tank temperature is determined. This

Figure 6 demonstrates that weather conditions were similar on the two test days. The ¢
second intervals, allowing for a detailed analysis of the overall energy balance, inc

theoretical models. To solve the models, an open-source progra
objective function. The average difference percentage between theo sriments is found to be 0.8% on Day 1 (July 10) and
0.7% on Day 2 (July 11), indicating a good agreement betw
presented the experimental results along with the heat tra ical models. These results are depicted in Figure 7 as dotted
lines, which are compared with the experimental data obtained

60.00

55.00

50.00

45.00

40.00

Temperature (°C)

35.00

30.00

11:17  11:42 12:07 12:32 12:58 13:25 13:50 14:15 14:40 15:05 15:30 15:55
Time (h)
-e-Day 1, Experimental temperature for the tank “-Day 2, Experimental temperature for the tank

-:Day 1, Theorical temperature for the tank Day 2, Theorical temperature for the tank
Figure 7. Comparison of tank temperature changes with theory and experiments in Day 1 and Day 2

According to Figure 7, at the start of the system monitoring, the temperature of the tank was 33.4 °C in both cases. By the end of the
test period, the water temperature in the regular system reached 58.89 °C, while in the system with the concentrator, it reached 61.29
°C. Therefore, there was an increase of 2.35 °C compared to the normal system without the concentrator. Table 5 provides the measured

value range for both the regular device and the system with the CPC to describe the measurement results.
Table 5. The range of measured data

System without the CPC (on Day 1) System with the CPC (on Day 2)

No. Variable (Unit)
Min. Max. Mean Min. Max. Mean
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1 Gy (W/m?) 510.77 893.35 784,57 489.65 819.92 770.22
2 T, (C) 31.96 39.97 36.80 33.36 40.34 37.40
3 T, (C) 33.41 58.93 46.99 33.45 61.11 48.28
4 v (mls) 0.00 5.50 1.05 0.00 4.95 0.83

5 T, (C) 22.62 49.61 36.32 27.75 53.54 40

6 T, (C) 23.56 4735 37.19 25.40 47.23 &

3.3. Measurement Error Analysis S\,

[ ]
Using the Durbin-Watson table (King, 1992), the following values were considered to specify d. and d¢¥@) s cance level = 0.05;
si

(b) k = 4; (c) n = 60. Accordingly, the values were found as d =1.444 and dy=1.727. The test result§ for tributes are shown in

Figure 8. :

1.00
0.90
0.80

2070

g

2 0.60

2 0.50
0.40
0.30
0.20
0.10
0.00

\

Q
w

-
-~
-
=
-
S

a \4

# System with CPC Normal device without CPC

'\' Figure 8. DW test results

Based on the calculation results an@ €8, the DW test values of the variables were less than dy, and, thus, the autocorrelation issue
were reliable and could be used for further analysis.

was not detected. Hence, the tedidata
3.4. SWH Energy an ciencies Analysis

This section haE@ the effect of increasing the received radiation using CPC on the thermal performance of the system.

During the test period, energy and exergy efficiencies have been compared at one-hour intervals, as displayed in Figure 9.
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According to Figure 9, the average thermal efficiency of the conventional device and the system{withgibe concentrator was 68.3% and
71.1%, respectively. This represents a 2.8% increase in energy efficiency when the comcentrator)is used. The average exergy

efficiencies for the conventional device and the system with CPC were 2.28% and 2.42%, re ly. In addition, the performance
curve equations are presented in Figure 10 and Table 6, which results from fitting the on/the experimental data collected from
continuous data collection on two different days.
Table 6. The proposed performance curve equations in the present work.

Experimental setup r curve equation

Ty —T.
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Collector thermal efficiency

0.45
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

(Ty-Ta)/Gg (m2. ‘C/W)
#-Present work with CPC 4 Present work without CPC
Figure 10. Comparison of the equations of the efficiency change curve of the proposed system
The slop€ of the curve in Figure 10 represents the heat loss coefficient parameter. As shown in Figure 10, after installing the CPC,
the slope of the curve is lower than the case without CPC. This indicates that the proposed system has a lower heat loss coefficient
than the conventional device.

3.5. Net Energy Absorption Rate Analysis

In addition to energy and exergy efficiencies, the performance analysis of the proposed system was also conducted using the
coefficient of « in different time intervals, as depicted in Figure 11.
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Figure 11. Comparison of « in different time intervals
Accordlng to Figure 11 and the calculated results, the SWH with 18 vacuum absorber tubes without ¢ @ requrred an average
0

of 94.08 ﬁ of solar energy flux to increase the temperature of 1 kg of tank water by 1°C, resultin rmal = 94.08 ———— kg C’

and Xgrsc normar = 5.22 . By incorporating one CPC in the system, the value of « de by 9.25, and « reached 84.83

w
m2.kg.°C

i.e., Asywy cpc = 84.83 In addition, the energy flux enhancement by CPC | ed from the difference between

_w w
m2.kg.°C 2 kg
the total energy flux in the conventronal device and the system with one concentrator.as Y cpc = AswHnormal — XswH.cpc =

94.08 — 84.83 = 9. 25 Also for the CPC system, the average energyaflux n absorber tube with a concentrator is:

Agrsccpc = 522+ 9. 25 = 14 47 o” An important outcome is that thesimteg of CPC and ETSC resulted in a system that

is 2.77 times more efficient than a conventronal system. In other with 18 ETSC absorber tubes and SWH with 7
ETSC equipped with CPC demonstrated similar performance.

4. CONCLUSIONS

In conclusion, the application of Solar Water Heate
commonplace. However, in this type of SWH, the full ¢
to direct sunlight. To overcome this limitation, vario
of a Compound Parabolic Concentrator (CPC) and

vacuated Tube Solar Collectors (ETSC) absorbers has become
SCis not fully utilized, as half of the ETSC is not always exposed

e absorption rate of solar energy required to increase the temperature of 1 kg of

ter installing the concentrator, o was reduced to 9.25 T This can be a suitable

is smaller, the overall energy

characteristic to compare SWHs ,0f
performance of SWH would jgh
The results obtained from thi d

Nt capacities, geometries, and conditions. Wherever

ollows:

() Under the same we congitions, the water temperature in the tank increased by 2.3 °C at the end of the data collection period
after installing the congentrat@r compared to the normal state.
(b) According to e fficiency changes graph, ETSC with a concentrator experiences less loss than ETSC in normal mode.

Also, under conditions Wwhere the average radiation is about 750 5, the average efficiency of the system with the concentrator was

iciency of the conventional device, reachlng 74.7% in the highest state, whereas the highest efficiency of the
was 72.9%.

(c) It was@bserved that the average a was reduced by 9. 25 — after installing the concentrator.
(d) From comparison of « in the two states, it can be concluded that an ETSC equipped with a CPC became 2.77 times more
efficient than the conventional system. In other words, a SWH with 18 ETSC and a SWH with 7 ETSC equipped with the CPC had

the same performance.

Future work on the present study involves investigating this system with a sun tracker on the concentrator, as well as a time-dependent
dynamic modeling of the system with CPC, and using machine learning to estimate the energy storage changes in the storage tank.
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Abbreviations

SWH Solar water heater

ETSC Evacuated tube solar collector

CPC Central parabolic concentrator

IEA International energy agency

NEPCMs Nano-enhanced phase change materials

EBIETC Embedded building integrated solar evacuated tube collector

ETSC-IC Evacuated tube solar collector with inner concentrating

M-CPC Multi-section compound parabolic concentrator

Symbols

Gs Solar irradiation (W/m?)

T Temperature (°C) ®
d Free space under ETSC (m) \(
r Radius of cycle (m)

R Length of arc (m) C
F Focal length (m)

Y Wind speed (m/s)

Q Heat flux (W)

Nu Nusselt number

Co Correction factor of Nu

Pr Prandtl number

g gravitational constant (m/s?)

Cy Specific heat capacity (kJ/(kg.°C))

m Mass (kg)

A Area (m?)

Greek letters

Energy absorption rate

Angle of arc

Thermal conductivity W/(m.°C)
Collector inclination angle (°)

Efficiency
Declination angle
v Kinematic viscosity (m?/s) &

B I ™ > 8 R

y Specific weight (N/m°)
Subscripts

a Ambient

t Storage tank

h Hot water gxits f osiphon cycle
c Cold water enterslin thermosiphon cycle
w W, g

s

gl Gl

Tio r temperature of the inner tube

Tii nternal temperature of the inner tube
Dio Outer diameter of the inner tube

Dii Internal diameter of the inner tube
Acronyms

normal Normal system without any change
CPC System with installed CPC

use Useful

st At the beginning of the period

e At the end of the period

abs Absorber
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in Total input

en Energy

Ex Exergy

DW Durbin Watson test
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