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Highlights
* The developed model may be useful in thermal applications operating at moderate temperatures.
* The performance of small-scale CSP systems is highly affected by wind speed.
« The use of the insulating cavity proved effective in reducing heat loss.

Article Info Abstract

Large-scale systems have a lower levelized cost of electricity than small-scale concentrated solar
Received: 08 Jun 2023 power systems. Thus, the purpose of the present study is to evaluate the potential of using
Accepted: 10 Nov 2023 standalone small-scale concentrated solar power collectors in order to generate process heat at a

moderate temperature, which directly utilizes thermal energy without the need to generate
electricity. A parabolic trough collector (3.6m?) was designed and manufactured, including a

Keywords dual-axis solar tracking system with and without an insulating function. An insulating cavity was
Concentrated solar incorporated to minimize the heat losses collected by the absorbed tube. The experiments were
power, carried out during a time of high winds and unfavorable weather in Sabratha City. The findings
Small-scale power of the experiments demonstrated that the produced temperature and the collected heat energy
generation, progressively increase until they reach their maximum value, and then gradually decrease. The
Parabolic trough, maximum water temperature was 96°C at a flow rate of 0.5L/min, and the highest amount of heat
Solar tracking energy was 550W/m2. Wind speed showed an important impact on the produced temperature;

therefore, various comparative experiments were carried out in the same climate condition; the
experiment with the insulating function presented the least heat loss, and it takes a higher edge of
11% in terms of efficiency. In addition, the water temperature rose to 120°C where steam was
generated at a zero flow rate, while the oil reached 194°C. In addition, a mathematical model was
also implemented to theoretically study energy balance; with little expected discrepancy, its
predictions and the experimental results agreed. In conclusion, the results presented reasonable
markers of interest despite the poor environmental conditions during the experiments.

1. INTRODUCTION

Concentrated solar power systems (CSP) is a technology that transforms beam radiant into thermal energy,
and centralize power generating involves a variety of energy conversions. CSP systems covers a number of
various types; the common technologies are parabolic troughs, power towers, linear Fresnel, and parabolic
dishes [1]. The use of small scales CSP still faces a high value of the Levelized Cost of Electricity compared
to large-scale systems, therefore, the goal of this study is to evaluate the viability of small-scale CSP by
utilizing the thermal energy collected directly for thermal uses rather than generating electricity. Odeh et
al. [2] carried out a design, testing, and evaluation of a single-axis solar tracking parabolic collector with a
storage unit at cold wet (latitude 45°) and hot arid (latitude 25°) sites. The average efficiency of the system
is about 60%, which is an acceptable comparison with advanced collector efficiency (60-67%) [3]. Said’s
[4] study addressed an experimental and numerical analyses regarding the solar water heaters in Algeria
during the winter using a 1.5-meter Linear Fresnel collector. Findings presented a discernible convergence
between the experiment and the numerical results, where optical efficiency is about 43 %, and the
equivalent of 545.68 kWh of electrical capacity. Economically, the system cost is 378.87 $, which is
recoverable in about 16 years, the system provided the equivalent of 127.47 m® of Liquefied natural gas.
Gottsche et al.’s [5] study presented a portion of the heliostat's expense is attributable to the steel structure's
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high stiffness requirement, typically yielding 20 kg/m? of steel per mirror area with price of 150 € /m? that
is due to an increase in the price of raw materials. Small mirrors with a size of 10x10 cm were placed in a
square frame with a dimension of 0.5 x 0.5 m. Therefore, to reduce the heliostat costs, drives and mechanical
layouts were kept less robust by shielding all moving parts from wind loads. The possibility of a low cost
is offset by around 40%, but less optical performance. Ehtiwesh’s [6] study developed a small-scale
concentrated solar power model using central receivers technology, which uses thermal energy directly,
with particular emphasis on the use of solar cooking. The sun’s rays are reflected using 56 small mirrors
and focused on the bottom of the cooking pot. The study involves the design and manufacture, a solar
tracking system, and experimental analysis. The area of the proposed model is 1 m?, while the heliostat area
is 0.56 m2. The findings were excellent and suggested a possible interest. A half-liter of water took 20
minutes to heat up to the point of starting to boil, and 193°C was the oil’s highest measured temperature.
Saldivar-Aguilera et al.’s [7] study implemented a single-axis solar tracking system's technique considering
10 m? parabolic trough collector. It integrated the signals of photodiodes solar with a shadow-based visual
detection unit in order to minimize the tracking error. The errors for both photodiodes and the proposed
dual control were £0.82° and +0.11°, respectively. This divergence in error implies an 80% reduction in
the error and provides a 15% increase in the thermal efficiency. Loni et al.’s [8] study utilized a parabolic
trough collector with a linear cubical cavity receiver using thermal oil as a heat transfer fluid. The measured
thermal and developed model efficiencies showed an interesting agreement. Several cavity geometrical
parameters including the cavity's position, aperture, height, and cavity tube diameter were tested.
Reductions in tracking and optical errors are correlated with improved optical performance, and when the
ideal cavity depth is equal to the cavity aperture width. In addition, the cavity must be placed in the
parabola's focus line; the thermal efficiency is approximately 77% where a cavity tube diameter was 5 mm.
The study [9] developed a numerical model for a parabolic collector within a linear V-shape cavity
considering several dimensional and operational parameters. The results showed that the highest optical
performance could be obtained when the cavity was positioned at the focal line. The optimal performance
was found at a low inlet temperature, high beam radiation level, and smaller cavity tube diameter. The study
[10] investigated an experimental study using a particular cavity receiver for a 2-meter parabolic trough
collector. A center tube and two inclined fins use to absorb the reflected solar energy. The prototype
efficiency ranges between 34% and 48%, and there is a great deal of room for performance improvement
with the cavity receiver. In the study [11], the design and fabrication of a 0.65 m? parabolic collector were
conducted at the same location under study (Sabratha, Libya). The frame was made of wood, and a sheet
of silver was used as a reflector. The maximum gained efficiency and heat energy were about 53% and
248W/m?2, respectively. The same prototype was optimized in the study [12] using a stainless steel reflector,
and copper absorbed-tube, the efficiency was increased by 2.26%. Despite the region offering good
outstanding conditions for CSPs implementation [13], the study [12] indicates that the impact of the wind
speed on the collector performance is high, which is due to the absence of the enveloping vacuum tube that
can minimize the heat loss. This present work aims to address the potential of utilizing a standalone small-
scale concentrated solar power collector in order to generate process heat at a reasonable temperature,
utilizing a parabolic trough technology, which incorporates the most proven and widely used technology
[14]. The study incorporates the important concerns outlined in studies [11, 12], in order to create the
following prospective improvements: 1) the receiver area is double of the previous model, 2) a dual-axis
solar tracking system that can be used along the year were developed, while the previous model used one
axis orientation and it can only be used around October, 3) create a thermal insulator (cavity) with the
intention of reducing heat losses in order to improve the performance of the collector. In addition, a
theoretical mathematical model was used in addition to the practical trials to assess heat losses and
performance patterns.

2. DESIGN SCOPE

The present study considers the processes of design, fabrication, dual-axis solar tracking, testing, and
evaluation of a standalone small-scale parabolic trough collector. The developed collector consists of
several components as illustrated in Figure 1, namely, 1) the fixed steel base that couples with 2) the rotating
steel frame, using two bearings type 205-UC, this frame carries 3) the reflector that consists of 6 parts to
carry two steel flat sheets (1-meter width each); the sheets are formed to parabolic shape and covered within
a thin silver sheet, 4) the receiver is mounted on at the focal line within adjustable supports, it consists of
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an absorbed copper tube, which is sprayed with a black coating and inserted inside a rectangular casing (the
cavity) that insulated at the top inside with thermal resistance silicon and at the bottom with a single glazed
opening and 5) a closed loop tracking unit.

35
50

Receiver

Figure 1. Geometry of the developed parabolic trough collector (Dimensions in mm)

The beam radiation is received by the parabolic surface and reflected on a focal line of the copper-absorbed
tube; the reflector has dual-axis rotation, automated from East to West by around 240°, and manually from
North to South. In the nominal design parameters, the collector length is assumed 2 meters, and the aperture
width is 1.8-meters; therefore, the total area of the reflector is 3.6 square meters. The geometrical aspects
of the parabola are shown in Figure 2; the aperture area is calculated by the product of the aperture's width
and the collector length. The incident angle 6y, is the angle at which the solar beams hit the collector. The
focal length (f=0.6 meters) is the vertical distance from the vertex to the focus of the parabola. The focal
length is designed based on the insulating cavity dimensions, where the width of the solar flux pattern in
the focal line is used to determine the cavity's width [2]. The cavity is a rectangular tube (10 x 5 cm) with
a single glassed opening at the bottom side, and the absorbed copper tube with a diameter of 2.1 cm and
0.1 cm thickness.
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Figure 2. Cross-section of a parabolic trough collector [15]

The incident radiation creates an angle ¢ on the reflector at the collector's rim where the reflector radius ry
has the maximum value, with the collector's center line (rim angle). The parabola's equation using the
coordinate system is given as follows:

y = x?/4f. 1)
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The diameter of the absorbed tube must be precisely selected to intercept every solar image
D = 2n, sin(6,,) 2)
where O, is a half acceptance angle and the radius can be calculated as follows:

r=2f/1+ cos(e) (3)

where ¢ is the angle between a reflected beam at the focus and the collector axis, and calculated ¢ is 74°.
Table 1 reported the design and real prototype dimension of the parabola.

Table 1. Design and real dimensions of the parabola

X (m) 0| 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Ypisgn (M) | 0 | 0.004 | 0.017 | 0.038 | 0.067 | 0.105 | 0.151 | 0.205 | 0.268 | 0.339
Yright (M) | 0 | 0.002 | 0.011 | 0.030 | 0.061 | 0.100 | 0.149 | 0.201 | 0.266 | 0.335
Yiet (M) | 0] 0.001 | 0.025 | 0.035 | 0.072 | 0.108 | 0.160 | 0.220 | 0.279 | 0.370

The production and assembly of the prototype are the goals of the subsequent step, where the parabolic
parts that will support the parabolic collector sheet are depicted in Figure 3, where Figure 4 presents the
fixed steel base that couples by bearing with the rotating steel frame.
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Figure 3. Manufacturing and assembly of the developed prototype’ frame
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3. TRACKING SYSTEM

One of the most crucial elements for increasing the efficiency of concentrated solar power systems is the
sun tracking system. The selection of tracking axis configuration is based on site latitude and solar
irradiation. The developed prototype has a dual tracking axis, namely, 1) a manual North-South tracking
axis that typically uses seasonally and 2) an automated East-West tracking axis that integrates the signals
from a photodiode solar sensor. A closed-loop control system is employed to follow the sun around the
East-West axis. The tracking unit used in this study encompasses a set of devices and accessories as
depicted in Figure 5, namely, a) Displacement actuator (36V), b) Power supply, c) Light-dependent resistors
(LDRs — 1MQ) and d) ESP32 board (260Mhz, 520kB).

© [C)

Figure 5. Tracking system elements

Two LRDs are located on either side of the reflector, when the solar beam plane is perpendicular to the
collector aperture, both LRDs should have approximately the same resistance. Any change in the sun’s
position (the incident angle will be changed) will cause different beam intensities, thus, leading to different
resistance. The different resistance is used as part of a Wheatstone bridge circuit to provide zero voltage
when the different resistance value is around zero, i.e. the sun is in the center of the parabola. The sensors
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provide a voltage proportional to that change when the sun's position changes. The controller amplifies the
voltage and sends a signal to the actuator motor to rotate the reflector by keeping the Wheatstone bridge
voltage equal to zero. LRD does not distinguish between direct radiation and diffuse radiation; therefore, a
third modulation LRD is used that can be positioned for direct radiation to reduce the solar tracking error.

4. EXPERIMENTS

A set of experiments was carried out to evaluate the developed model at Sabratha site (Latitude 32.8° N,
Longitude 12.4° E). The location has a suitable DNI for concentrated solar energy applications, where the
daily average is around 1000 W/m? during the summer and 350 W/m? during the winter, and the average
daily temperatures range between 5 and 45 °C [16]. The experiments were carried out between 12:00 and
14:00, the solar radiation, ambient temperature and wind speed were measured at every test, the inlet and
outlet temperatures were recorded automatically every five minutes, and water was used as a heat transfer
fluid. The experiments were carried out during the time period from 08-Nov-2022 to 18-Nov-2022; due to
the climate was unsuitable for conducting the experiments, consequently, this period is probably going to
witness the lowest performance of the year. The preliminary experiment was carried out with no water flow
(static state) on 08-Nov-2022; in a short time (12 minutes) the water passed the boiling point (100°C), and
a few minutes later water temperature reached 120°C and steam was generated as depicted in Figure 6. The
ideal north-south tilt angle was established and maintained throughout this experiment, wherein during the
remaining experiments, the automated tracking procedure is carried out from east to west. The purpose of
the subsequent experiment was to find the most practical flow rate by varying the flow rate with a bypass
return line from 0.3 to 1 L/min in order to attain the highest possible temperature. The water outlet
temperature was nearly equal to the inflow temperature at flow rates greater than 0.7 L/min, therefore, the
following tests were implemented using 0.5 L/min.

Figure 6. Steam generated at zero flowrate test
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Devices and accessories used in the experiments are presented in Figure 7: a) A Pyrometer (Type CMP6)
that uses to identify the direct normal irradiation, b) Anemometer to measure the wind speed, ¢) Flowmeter
to control the heat transfer fluid (HTF) flow, d) Thermocouples to measure the HTF' temperature inside the
absorbed tube and €) pump and 20L reservoir

—

(c) (d)
Figure 7. Devices and accessories used in the experiments

To verify the consistency of the experimentally observed data, uncertainty analysis was used. In order to
evaluate the uncertainty, numerous sets of data collected throughout the experiment are used, which makes
it possible to determine whether the experimental results can be duplicated. The measuring device and
measurement repetition uncertainties lead to the total uncertainty. Equations (4) — (6) allow for the
calculation of the parameter's overall degree of uncertainty [17] as given as follows:

2 2
Utotar = \/(Urep) + (Ueqp) (4)
where U is the total uncertainty, Uy, is the repetition uncertainty and U is the equipment uncertainty.

Urep = Sd/\/ﬁ (5)
Ueqp = a/\/§ (6)
where, Sq is the standard deviation, P is the number of repeated measurements, and a is half of the
equipment accuracy. Information on the pieces of equipment used for the experimental measures is listed

in Table 2, including their range, resolution, accuracy, and total level of uncertainty. It clearly shows that
the experiments' total level of uncertainty is low.

Table 2. The measured parameters’ uncertainty

Parameter Equipment Measuring range | Resolution | Accuracy Usotal
Temperature Thermocouple 0-300 °C 0.1°C +0.1rdg0.5°C | £ 0.34
Solar radiation | Pyranometer 0-2000 W/m? 1 W/m? +1% +4
Wind speed Anemometer 0-70 m/s 0.1m/s + 1% +0.09

The experimental thermal efficiency of the collector (7ex) can be determined using the ratio of the
conversion of thermal energy from the collector to useful radiation [18], i.e. the collected beams falling on
the reflector surface.

Nexp = me(Tout - Tin)/DNI Ap (7)
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where DNI is the direct normal irradiation (W/m?), Ay is the collector aperture area. The first experiment
was carried out on 13-Nov-2022 without the use of the insulating cavity; Figure 8 demonstrates the collector
efficiency and water outlet temperature. The speed of wind during this experiment various between 0.6 and
2.2 m/s, while the solar radiation ranges between 600 and 691 W/m?2. On November 16, the second
experiment was carried out employing the insulating model; Figure 9 shown the collector efficiency and
water outlet temperature. The wind speed during this experiment various between 1.5 and 3.2 m/s, while
the solar radiation ranged between 524 and 673 W/m?,

100 - - - - 1.00
9 | 0.90
80 0.80
70 | 0.70
60 | 060
G 50 050 peyp
< 40 0.40
2 30 0.30
20 cout 020
10 - - | 0.10
=——nex
0 - - - 1P 1 000
1228 1257 1326 1355 1424  14:52

Time
Figure 8. The collector efficiency and outlet temperature on 13 Nov without insulating function

It can be noted that there is a linear relationship between thermal efficiency and the outlet temperature,
which is expressed in Equation (7), due to the reservoir is in an opening environment without insulation,
the inflow temperature increases slightly; therefore, the efficiency increases with an increase in AT as
shown in Figure 10, and this is why the efficiency is high. The observed fluctuation in Figure 8 is mainly a
result of the instability in wind speed demonstrated in Figure 11; meanwhile, in Figure 9, the use of
insulation has led to smooth behavior. It should be mentioned that during each experiment, the solar
radiation slightly changes, i.e. almost constant. The collector efficiency with the use of the insulating
presented in Figure 9 is higher than that presented in Figure 8 (no insulating) by approximately 13%.

100 1.00
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80 0.80
70 | 070
_. 60 060
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5 40 | . 040
o
30 tout | 030
20 0.20
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Figure 9. The collector efficiency and outlet temperature employing insulating model on 16 Nov
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Figure 10. Differences in temperature between inlet and outlet (AT)
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Figure 11. Speed of wind variation during the experiment conducted on 13 Nov.
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In order to illustrate how the insulating model reduces heat loss and improves thermal efficiency, two
additional experiments were conducted on the same day, November 17; the wind speed was high and the
sky was mostly cloudy. The experiments were conducted with and without the insulating model; the results
were shown in Figures 12 and 13, respectively. During these tests, the wind speed ranged from 2.4 to 3.9
m/s, while the solar radiation ranged between 612 and 642 W/m?2.
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Figure 12. The collector efficiency and outlet temperature with insulating model on 17 Nov.
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Figure 13. The collector efficiency and outlet temperature without insulating model on 17 Nov.

Despite the unfavorable climatic conditions, the wind speed was about 3 m/s, the thermal efficiency using
the insulator reached 74% as shown in Figure 12, and the highest temperature is 95°C. The maximum
efficiency was 63% when insulation was not used as Figure 13 illustrates; the highest outlet temperature
was 73 °C at a wind speed of about 3.1 m/s. The latest experiment was carried out on 18-Nov-2022 using
corn oil instead of water without insulation and flow rate is zero. The wind speed ranged between 3.5 and
3.9 m/s, in 18 minutes the oil temperature reached 194°C, and then it remained there, most likely because
of the wind speed and nearby scattered clouds.

Table 3 compares small-scale parabolic trough solar collector literature regarding the maximum produced
temperature and collector area.

Table 3. Comparison with small-scale parabolic collectoes studies

Study Function Ma>‘<)(t:emp Anr:za Working fluid
. 195 Corn oil

Present study | Education 100 3.6 Water

[19] heating 80 15 water

[20] heating 110 1 water

[21] cooking 265 13 Thermal oil
[22] cooking 118.4 0.445 | Air

[9] Education 185 14 Thermal oil

5. ENERGY BALANCE MATHEMATICAL MODEL

The heat transfer fluid is heated by concentrating solar energy before flowing into a heat exchanger through
a "hot" header tube, where forced convection is used to transfer the heat. A cold header pipe directs the heat
transfer fluid that exits the collector to the reservoir. The absorber tube surface is intended to absorb the
solar energy that the reflector reflected on the receiver tube. Part of this energy transfers to the heat transfer
fluid by forced convection, whereas the remaining energy is either lost through the brackets or transmitted
back to the cavity envelope case by radiation and natural convection [16]. The heat loss in the absorber
takes the form of radiation and natural convection, and the absorbed radiation is considered as a heat flux
term [23]. The produced power depends on the heat transfer, mass flow and temperature. Heat losses from
the absorbed pipe to the cavity casing, and from the cavity casing to the surrounding air, are influenced by
difference in temperature between the heat transfer fluid and ambient temperatures. The optical losses are
caused by tracking mistakes, shadowing, and flaws in the collector surface. The heat lost by the brackets
ranges approximately between 1 and 4 % out of total losses, depending on the surrounding conditions and
heat transfer fluid’ temperature [13]. A straightforward model based on the energy balance using the
thermal resistance model depicted in Figure 14 is to be used in accordance with the convection and radiation
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measurements between the outermost receiver surface and the ambient with and without insulating cases.
The heat loss (qi) is assumed to calculate for both cases as follows:

q = QConv,amb + qrad,sky + dbracket (8)

where (conv,amb @Nd Qradsky are the heat transferred from the outer cavity surface to the surrounding ambient
by convection and radiation, respectively, and Qpracket is the conductive losses by the brackets.

Silicone Insulation JURVREaAT="
Lo s,

—{ "~ heat transfer fluid-

glass envelope

With Cavity Insulated ‘Without Cavity Insulated

Figure 14. The receiver thermal resistance network

In this work, the brackets losses are considered to be 4% of the total losses [13], the radiation heat transfer
from the outer surface of the receiver to the atmosphere is given by [24]:

— 4 4
Qrad,sky = 0. Sg- . Dtube- ltube (Ttube,out - Tsky) (9)

where Tgy is the temperature of the sky and Twee iS the temperature of the envelope's outer surface.
According to Forristall [23], 0radsky IS comparatively unaffected by changes in the reflector's view factor
and the reflector's temperature; typically, using insulating model, the relation between the sky and ambient
temperatures is (Tsky=Tam-8) in °C [25]. &4 is the emissivity of the envelope outer surface and 6 is the Stefan-
Boltzmann constant. Newton's law of cooling defines the convection heat transfer from the surface of the
outer envelope to the ambient:

Qconv = hconv- TT. Dtube- ltube (Ttube,out - Tamb) (10)

where heonv is the convective heat transfer coefficient to ambient, and is calculated using the following
formula, which is greatly influenced by wind speed.

heonv = (Kth/Diube)- NUgir (11)

Nu..ir is the average Nusselt number based on the outside diameter of the envelope tube (Duwpe) [24] and ki
is the air thermal conductivity (Twse + Tamb)/2. The Nusselt number depends on whether the convection heat
transfer is natural (with insulated cavity) i.e. that there is no wind effect, or forced (with insulated cavity)
where a considerable wind effect exists, as follows:

1. With insulating cavity

2
Ngiy = {0.6 +0387Ral(S /[1 + (0.559/Pre;r)*/ ]’} (12)

air
where Prair and Raair are air Prandtl number and the Rayleigh number, respectively.

Ragyi = g.B (Ttube,out - Tamb)/(“airvair) (13)
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where vair is the air kinematic viscosity, g is the volumetric thermal expansion coefficient (1/K), oair is
thermal diffusivity of the air and Tams is the average temperature inside the insulated cavity. The top wall is
considered to be well-insulated, thus the thermal loss from the insulating cavity's internal ambient to the
atmosphere is ignored; for example, fiberglass blanket insulation (0.035 W/m-K) with 0.05 m thickness
results in a typical reduction in heat loss of about 90%. [26].

2. Without insulating cavity
— m_ .1/
Nug, = CR, "pr /3 (14)

where Re is Reynolds number that depends on wind speed, and Prandtl numbers is widely used for Pr> 0.7
[24], the constants C and m are provides in [24]. The heat energy from the sun that collected by the HTF
circulates in one meter of the absorber tube is known as the absorbed heat (qga). It is influenced by a fraction
of direct solar beam corrected for incidence angle, row shadowing, the availability of solar fields, the
cleanliness of the collector and the collector's surface characteristics; and calculated by the following
relation:

qq = DNI.IAM. cos 6. Nopt- Ap (15)

where 6y, is the incidence angle, #opt Stands for optical efficiency at normal incidence, which takes into
account the reflector's reflectance, the glass envelope's transmittance, the absorber's absorption, as well as
the effects of shade, dirt and geometry [27]. IAM is the incidence angle modifier, a function of the collector
incidence angle and the optical quality and it is calculated as given [28]:

IAM = min(1, cos ,, + 0.000884.6,, — 0.0000537.6,,,%/ cos 6,,). (16)

The useful heat collected by the heat transfer fluid (qc) is the difference between the absorbed heat and the
lost heat

qc = qa — Q- (17)
The collector theoretical thermal efficiency can be determined by the follows:

Nen = qc/DNI Ap. (18)
Figure 15 illustrates the theoretical impacts of wind speed on the efficiency where the solar radiation is kept
constant at 400 W/m? without the employment of insulation. Figure 16 shows the effect of ambient

temperature on the efficiency with and without the employment of insulation.

0.8

0.7

0.6

0.4 \\

T

Nth
/

0.3

0 2 4 6 8 10 12
Wind speed (m/s)
Figure 15. The heat losses and collector efficiency variation with wind speed at 400 W/m?
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Figure 16. The ambient temperature effect on the collector efficiency with and without insulating at

various radiations

It can be noted that the ambient temperature has a negligible impact on the collector efficiency and wind
speed has an important effect. It is evident that adding an insulation cavity increases collector efficiency by
more than 20%. High solar radiation significantly enhances the collector's efficiency when it doesn't have
an insulating cavity and slightly improves it when the insulating is used. Figure 17 demonstrates the
theoretical efficiency comparison with the experimental efficiency that was conducted on 13-Nov-2022,

where the same experimental conditions were used.
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Figure 17. Comparison results of experimental and theoretical efficiencies

The experimental results are consistent with the theoretical predictions, with expected disparity can be
noted, which is due to several reasons such as 1) the effect of AT on the experimental efficiency, 2) the
mathematical model does not account for some parts of loss, 3) theoretical predictions are independent of
one another (Each record's calculation was done separately), 4) the reflector surface's absorption and
reflectivity make them ineffective as mirrors and 5) the manufacturing error in reflector surface and receiver

position.

nexp

14:24 14:52
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6. CONCLUSION

Parabolic trough collector with area of 3.6 m? was designed and manufactured taking into consideration the
employment of a dual-axis sun tracking system and the insulating cavity that aims to reduce heat losses. A
mathematical model was also implemented to analyze heat losses and performance behaviors. The
experiments were conducted at the Sabratha site during windy and unfavorable weather conditions. The
findings of the experiments demonstrated that the produced temperature and the collected heat energy
progressively increase until they reach their maximum value between 13:00 and 14:30, and then gradually
decrease, regardless of the fluctuations brought on by fluctuating wind speeds in scenarios where the
insulation cavity was not employed. The following is a list of conclusions:

e The maximum outlet temperature of the water was 96 °C at 0.5L/min, and the highest heat energy
was 550W/m?; where the outlet temperature is highly affected by wind speed. Consequently, the
use of the insulator proved successful in reducing heat loss, so the outlet water temperatures and
collected thermal energy were higher. The highest collector efficiency with and without insulating
was about 74% and 63%, respectively.

e The maximum temperature at zero flowrates using water were 120°C where the steam was
generated, and for oil 194°C. The mathematical model predictions are well agreed with the
experimental behavior with little expected disparity.

e In conclusion, results presented reasonable markers of interest despite the poor environmental
conditions during the experiments and the reflector surface was not typical. Therefore, in future
work, the research order assumes to utilize a parabolic mirrors and glass enveloping tubes in order
to witness a promising improvement in performance.

o Finally, due to large-scale systems having a lower levelized cost of electricity than small-scale
concentrated solar power systems. This study aimed to study the potential of using small-scale
collectors to generate process heat at a moderate temperature that directly uses thermal energy
without the need to generate electricity. A prototype (3.6m?) was designed and manufactured with
a dual-axis solar tracking system and insulation cavity. The design can be useful for several thermal
applications that can operate at a moderate temperature, such as heating, storing thermal energy,
educational assessments and in particular for domestic use.
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Nomenclatures

Ap Aperture area

Co Specific heat capacity

D Diameter

DNI Direct normal irradiation

f Focal length

h convective heat transfer coefficient
IAM  Incident angle modifier

Kin Thermal conductivity

| Length

m Mass flow rate

Nu Nusselt number

P The number of repeated measurements
P Prandtl number

q Heat energy
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radius

Rayleigh number
Reynolds number

The standard deviation
Temperature
Uncertainty

Greek symbols

a A half of the equipment accuracy

0 Angle

0] Angle between a reflector beam and collector axis

a Diffusivity

i Efficiency

€ Emissivity

v Kinematic viscosity

Iy} Stefan-Boltzmann constant

B Volumetric thermal expansion coefficient

Abbreviations

amb  Ambient

atm  Atmosphere

d Deviation

eqgp  Equipment

exp  Experiment

g Glass

m Incident

opt Optical

r Reflector

rep Repetition
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