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ABSTRACT: One of the most important applications of the solar energy is the Parabolic Trough Collector. During last
decades until now; there are several promising developments in the field of the Parabolic Trough Collectors and their
applications. In this research paper design, construction and testing of two Parabolic Trough Collectors fabricated from
the available local materials has been experimentally investigated under local climate conditions of Sabratha City in
Libya (latitude 32.8° N, longitude 12.5°E). Water is choosen as the heat transfer fluid, and the testing period taken from
30" of December 2015 to 5™ of April 2016. The testing results showed that the maximum instantaneous thermal
efficiency reached 52.7% for a direct solar radiation of 243 W/m? at a flow rate of 0.24 L/min at 10:00 AM on 4" of
January 2016. Moreover, a maximum outlet temperature reached 88.1 °C for a direct solar radiation of 944 W/m? at a
flow rate of 0.24 L/min at 1:00 PM on 30 March 2016. Based on these results, Libya holds a real potential for the PTC
technology to meet the increasing demand for water heating systems.

KEYWORDS: Parabolic Trough Collector, water outlet temperature, collector thermal Efficiency, Collector Design.

I. INTRODUCTION

Parabolic Trough Collectors (PTC) are devices use metal sheet mirrors or aluminum foil sheets in the shape of
parabolic shapes to reflect and concentrate sun radiations towards a receiver tube located at the focus of the parabolic
cylinder. The receiver absorbs the solar radiation and transforms it into thermal energy which was transported by a
fluid medium flowing through the receiver tube. This method of concentrated solar collection has the advantage of high
efficiency and low cost. Therefore, PTC is the leading technology for large scale exploitation of solar energy, and
currently became the most proven solar thermal technology for a solar steam generation.

Libya is one of the biggest countries in Africa with an area about 1,760,000 km?, lies between latitudes 19° and
34°N, and longitudes 9° and 26°E. The total average of global solar irradiance on the horizontal surface ranges between
1600 - 2300 kWh/m?[1], [2]. These values correspond to average daily range between 5 and 7 kWh/m?.day, Thus, it
owns a great potential of solar energy. Recent studies have shown that the significance of renewable energy resources
represents the best alternative to traditional fossil fuel in Libya [3]. The demand of energy for water heating and air-
conditioning is one of the main areas for energy consumption which is proportional to the availability of solar radiation
during the day. Introducing renewable energies on the housing and industrial sectors should lead to energy savings.
Therefore, solar thermal systems became one of the most attractive solutions for these problems.

The application of PTCs can be divided into two main groups[4]: the first group is the industrial processes that
need temperature ranging from 100°C to 250°C in their processes like space heating, cooling, drying, and refrigeration.
The second group is the parabolic trough solar power generation that requires temperatures ranging from 300°C to
400°C which is the main application of the concentrated solar power technology. The PTC has been designed and
studied analytically and experimentally by many investigators several decades ago. In his paper, Treadwell considered
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how optical and thermal effects influence the efficiency of a PTC [5]. He found that rim angles of 90 minimized the
maximum distance between the parabolic reflector and the focus. Since the receiver diameter is proportional to this
distance, thermal losses, which are proportional to the diameter itself, are reduced. Clark studied the principle design
factors that influence the performance of a PTC[6]. Factors like spectral directional reflectivity of the mirror, the
mirror-receiver tube intercept factor, the end loss, the incident angle modifier, receiver tube misalignment, and effect
of tracking errors are considered for this analysis. Kalogirou et al. presented a PTC design with high stiffness-to-weight
ratio and a low-labor manufacturing process[7]. The structure was made of polyester resin and woven fiberglass cloth,
with plastic conduits that provide reinforcement. Valan Arasu and Sornakumar presented a simple, low-cost hand lay-
up method for manufacturing PTC [8] based on the previous work of Kalogirou et al. [7]. The design proposed consists
of a smooth 90 rim angle, reinforced parabolic trough made of layers of polyester resin and chopped strand fiberglass.
In a paper published in the same year [9], the authors outlined a design optimization method based on three parameters:
the collector aperture, the rim angle, and the receiver diameter. They also proposed a tracking mechanism with a
control system consisting of three light dependent resistors. A torque box structure was also used by Brooks et al. with
a mix of advanced and less sophisticated technologies to manufacture a reflector made of stainless steel sheets covered
with the aluminium film[10]. This solution grants accessibility, accuracy, ease of fabrication, and cost reduction. The
authors also reported that the instantaneous thermal efficiency for a low-temperature PTC that uses a glass cover does
not translate into a significant increase in the efficiency of temperatures near 100 °C. P. Bendt et al.[11] reported an
excellent application of the PTC for line-focus solar concentrators in a Solar Energy Research Institute (SERI).

Venegas-Reyes et al. described a light but robust structure of aluminum made only using hand tools designed for
low-enthalpy steam generation and hot water[12]. This PTC has a rim angle of 45° and the receiver without a glass
cover to reduce costs. In another work published in 2013 [13], the authors presented five PTCs for the same purpose;
three of them have a rim angle of 90° and the other two have a rim angle of 45°. In the construction and assembly of
both collectors, only hand tools are required. The design of both collectors considers unshielded receivers and without
glass cover to reduce manufacturing and transportation costs. They carried out thermal and optical analyses for each
collector, and the results showed the peak efficiency of 35% and 67% for the PTC with a rim angle of 45%nd 90°
respectively. Recently, Gianluca Coccia et al.[14] presented a prototype of a PTC with a 90 rim angle and a
concentration ratio of 9.25 built from fiberglass and extruded polystyrene, called UNIVPM.01, with a tracking system
based on a solar position computer program. The main features of their prototype are its cost-effectiveness, low weight,
high mechanical resistance, and ease of manufacture. The thermal efficiency of a PTC is derived and found to be in the
form of a linear equation with intercept is 0.658, and the slope is 0.683which is comparable to other similar collectors
available in the literature. Ahmed M. Ahmed et al. [15] run an experimental evaluation of a PTC under Libyan climate
in the winter season. They used water as heat transfer fluid. Their experimental results showed that the maximum
instantaneous thermal efficiency reached 43.9% for a direct solar radiation of 474 W/m2at a flow rate of 14.4kg/hr, and
the maximum outlet temperature reached 79.5 °C for a direct solar radiation of 650W/m2 at a flow rate of 14.4kg/hr.
They stated that Libya holds a real potential for the PTC technology to meet the increasing demand for water heating.

The first objective of this paper is to design, construct, and test a PTC fabricated at the Sabratha Engineering

College at Sabratha University. The secondary objectives are to produce medium water temperature for residential and
industrial processes.

1. PTC DESIGN

A prototype PTC is made from available local materials. The collector is designed with simple parabolic equations.
A cross section of a PTC is shown in Fig. 1. where various important factors are shown. The incident radiation on the

PTC at the rim of the collector (where the mirror radius, I, is maximum) makes an angle, @, with the center line of the

collector, which is called the rim angle. From geometrical relations of the parabolic section, the equation of the
parabola in terms of the coordinate system is given as:

X’ =4fy )
By substituting y = h regarding the focal length and aperture diameter isx=a/2:
h=a’ /(16 f) (2)
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For a parabolic reflector, the radius, r, shown in Fig. 1. is given by:
2 f

= 3
1+cos(p) ®)
Where ¢ is the angle between the reflected beam and the collector axis at the focus. As ¢ varies from0to ¢, r

r

increases from f tor, , therefore, equation (3) become
2 f
-2 (@
1+cos(p, )

Another parameter related to the rim angle is the aperture of the parabola, (& ). From Fig. 1. and simple trigonometry, it
can be found that:

r

a=2r.5Sin(p,) (5)
By substituting equation (4) into equation (5) gives the following:
_4fsin(p,) ©)
1+cos(p, )
® a
tan| — |=— 7
( 2 ] 41 (7)
The Geometrical concentration ratio C is the ratio of the aperture area A, , to the receiver surface area A,
A a
C=—-= 8
AI’EC T DD ( )
The curve length (S) of the reflective surface is given by: [22]
H , @, , @,
S =—| sec(—-).tan(—) + In| sec(—-) + tan(—- 9
2{ (50 an(=7) ( ) (Z)H 9)
Where H is the lactus rectrum of the parabola which is calculated by:
H,=4ftan(p, /2) (10)

For the same aperture width, various rim angles are possible as shown in Fig. 2. It is also shown that, for different rim
angles, the focus-to-aperture ratio, which defines the curvature of the PTC changes. It can be announced that, with a rim
angle 90°, the mean focus-to-reflector distance is minimized. The collector surface area decreases as the rim angle is
decreased. There is thus a temptation to use smaller rim angles because the sacrifice in optical efficiency is small, but the
saving in reflective material cost is great[16].

Receiver \ D
Y S
0.10 E 20p,
0.25 \ Solar radiation
-]
H .
= Rim angle f
o 0.60 Collector axis
a k
0.93 30° Parabolic
W 3 ol reflector
) a/2 R
Fig. 1: Parabola focal length and curvature Fig. 2:Cross-section of the PTC with circular receiver
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I1. PTC CONSTRUCTION

The construction and assembly of the PTC are done at the workshop of the mechanical engineering department at
Sabratha Engineering College at Sabratha University. The body of the first PTC is made of 10 pieces of plywood traded
in parabolic shapes as shown in fig.3(a), fixed in equal spaces by 4 solid steel rods and wooden plates 3 m length at
both length sides as shown in fig.3(b). This assembly allows the PTC to be adjusted and varying its slope through a
manual tracking process. The reflecting surface is made of Formica sheet2.8 m length and 1.04 m width which gives an
effective aperture area of 2.912 m*coated by a bright aluminum foil with a reflectivity value (p = O.85)as shown in fig.3

(c). The second PTC is made from thin steel sheet 2.0 mm thickness, 2.0m length and 1.04 m width coated by a bright
aluminum foil with the same properties as first PTC. The reflecting surface aperture effective area is 2.08m% The whole
arrangements are fitted on a steel frame consists of two mechanical assemblies: stationary base assembly and moving
assembly as shown in Fig.3 (d). The two assemblies have the same optical characteristics. Therefore, they are arranged
in series as illustrated in fig. 4, and their receivers are connected by a flexible tube to give a total length of 4.8m.

Fig. 3. : PTC Construction (a) Tracing the parabolic shape, (b) Fixing the parabolic surface
(c) Coating the parabolic surface with reflector, (d) Steel frame parabolic collector.

A mild steel tube was selected from the available local tubes to serve as a receiver with an internal diameter
(D, =0.017m) , external diameter (D, =0.021m) , absorptivity, emissivity (¢, =0.9) and thermal conductivity

(krec =80W / m.“c). It is acceptable according to the aperture width to give geometrical concentration ratio of 15.763.

The receiver used in this study is chosen to be without glass cover. In fact, the overall heat loss coefficient could be
improved by using a glass-shielded receiver. However, considering the temperature range for heating water purposes
between 70 and 110 °C, it is possible to consider that adding a glass-shielded tube is not necessary because its
fabrication in developing countries like Libya is difficult, and must be imported from abroad. The receiver tube was
painted with black paint, insulated from its upper area and fixed at the reflector focal length, to receive the solar
radiation from the reflector.
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Fig. 4: Final setup of the experimental work

The ratio of focal length to aperture was selected from fig. 2. to be (f/a)=0.5 then the rim angle ¢, was
calculated from equation (7), the rim radius (rr) from equation (4). The aperture width (a) from equation (5), the

parabola lactus rectrum (H) from equation (10). The curve length of the parabola (S) from equation (9) and

geometrical concentration ratio C was calculated from equation (8). The characteristics of the designed model have
the following values as given in Table 1.

Tablel: Geometrical Characteristics of the PTC model

Characteristic Symbol Value
Aperture width (m) a 1.0
Aperture area (m?) A 4.992
Collector height(m) h 0.125
Collector Length(m) L 4.8
Focal length(m) f 0.5
Geometrical concentration ratio C 15.76
Parabola curve length(m) S 1.04
Parabola lactus rectrum(m) H 1.0
Receiver area (m°) A, 0.3167
Receiver inner diameter(m) D 0.017
Receiver outer diameter(m) D, 0.021
Rim angle(®) 0, 53.13
Rim radius(m) r 0.625

(AVA EXPERIMENTAL SETUP AND PROCEDURE

A photographic view of the PTC used in the experimental investigation is shown in Fig.4. The experimental
work is done in an open flow from 30th of December 2015 to 5thof April 2016. The test rig is placed in an open space,
and the readings are taken from 10:00 AM to 2:00 PM daily. The system consists of the constructed collector, 1m3
storage tank and measuring instruments. The storage tank is used for storing the cold water, it was made of iron sheet
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and fixed at 3m above the collector level so that the water flow due to the gravity. A flexible pipe made of plastic is
used for carrying the cold water from the storage tank to the receiver. A control valve is connected to the storage tank
for controlling the mass flow rate. The flowmeter was connected before the inlet of the receiver tube to measure the
water flow rate. During the experiment, many measurements are taken at a time interval of 15 minutes. The temperature
of water inlet (T, ), water outlet (T, ), ambient (T,)and tube surface temperature (T,) are measured using digital
thermometers. Air velocity (V)Was measured using a digital anemometer. Water flow rate (m°)was measured using
flowmeter, and the solar radiation intensity(l )Was measured using digital pyrheliometer. The specifications of the
measuring devices used during the experiment are shown in Table 2.

Table 2 Measuring instruments specifications

Type Fluid Operating range Accuracy
Device
Thermometer Tastotherm MP2000 | Water Temperature: (-200-1300)°C | +2°C
Anemometer GM8901-2-#7183 | Air Temperature: (0— 45)°C +2°C
Velocity  :(0-45) m/s +3%
Flowmeter MPB Water Flowrate : (0-50) g/s +2%
Pyrheliometer METEON CMP6 Solar radiation | Irradiance: (0 — 2000) w/m’ 16.34x10° viw/m?

V. SYSTEM PERFORMANCE CALCULATIONS

Thermal performance of PTC was evaluated using the measured temperatures of heat transfer fluid (HTF) for inlet
and outlet, mass flow rate, ambient temperature, wind speed, and solar radiation intensity.

The useful heat gain is the instantaneous heat energy gained by the HTF during its flow between the inlet and outlet
of the receiver. It is calculated from the flowing equation:

Q,=mC,(T, -T,) 1)
Where (T, )and (T, )denote the temperature of the HTF at the inlet and outlet of the receiver measured at the same
time, (Cp )is specific heat of the water in (J /(kg.K)), and (m“) is the mass flow rate of the HTF measured in (g /s)

The thermal efficiency of the PTC is defined as the ratio of the instantaneous useful heat gained by the HTF, and the
instantaneous solar beam radiation incident(l) on the given aperture area of the collector (A, ). The instantaneous

thermal efficiency (nth ) is calculated as follows:
m’C,(T,-T,) Q,

o A 1A

(12)

VI. RESULTS AND DISCUSSION

Data of inlet and outlet temperatures along with thermal efficiency calculated from equation (12) and heat gained
calculated from equation (11) are plotted and demonstrated in detail in the following figures:

Fig. 5. shows variations of the solar radiation measured for two selected days, one is at Autumn season
specifically on 26" of January, and the other day is at the beginning of the Spring season specifically on 29" of March
2016. The measured radiation rates are taken from 10:00 AM to 4:00 PM. At 10:00 AM, the solar intensity is low. As
the time passes, the intensity starts to rise until reaching the peak around 1:30 PM. After that time, the intensity
decreases till the end of the experiment. It can be noticed that the solar the value of the radiation increases as the time
was closer to spring, this is due to the increased elevation angle of the sun, where the earth is closer to the sun.
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Fig. 5: Variation of solar radiation (1) on 26™ January and 29" March with time

Fig. 6. shows variations of the useful heat gain calculated from equation (11) for the test days of 26" of January
and 29™ of March. At 10:00 AM, the gained heat is low due to the low rate of solar radiation, then as time passes, it
starts to increase until reaching the peak around 12:00 to 1:30 PM which indicates that the solar radiation rate
influences the energy collected. After 2:00 PM, the useful heat gain decreases until the end of the experiment as a result
of the decreased solar intensity.
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Fig. 6: Variation of useful heat gained (Q,) on 26™ January and 29" March with time

Fig. 7. shows the instantaneous thermal efficiency during the experiment period for the two days. It is noticed
that the efficiency is high at the beginning of the experiment because the solar radiation is lower (equation (12)).
Maximum values of the thermal efficiency for these days are 42.7% and 24.1% on 26™ of January and 29" of March
respectively. As time passes; the efficiency starts to decrease until it reaches its minimum values at the end of the
experiment because the thermal efficiency is inversely proportional to the solar radiation intensity. It is noticed that the
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thermal efficiency on 26™ of January is higher 29™ of March, the reason is that the solar radiation intensity in January is
lower than March, and the thermal losses in March higher than in January.
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Fig. 7: Variation of instantaneous thermal efficiency (1) on 26" January and 29™ March with time

Fig. 8. shows the variation of ambient temperature and wind speed with time. At the beginning of the test, the
ambient temperature is low with values around 10 °C to 17.6 °C. It starts to increase as the radiation intensity increases
until it reaches maximum values around 18 °C to 20 °C from 2:30 PM to 3:30 PM. Then, it decreases slightly at the end
of the test. The minimum wind speed is found with a value of 0.1 m/s and the maximum has a value 1.7 m/s, and
between these values, it is fluctuating up and down until the end of the test according to the local weather condition.
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Fig. 8: Variation of ambient temperature (T.) and wind speed (V) on 26" January and 29" March with time

Fig. 9. shows the variation of the solar radiation with experiment days between 10:00 AM, and 2:00 PM. It can
be observed that the solar radiation increases gradually from the beginning of the experiments in January till April the
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end time of the experimental work. The reason is due increasing the sun elevation angle as the Earth approaching the
Sun at this period of the year, as a result of the movement of the Sun from the Tropic of Capricorn in the south to the
Tropic of Cancer in the north. There are some discrepancies of the solar radiation in a few days due to the presence of
fogs and rain in these days. The maximum value of the solar radiation is 944 W/m? at 1:00 PM on 30" of March 2016.
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Fig. 9: Variation of solar radiation during the experiment days

Fig. 10. shows the variation of the outlet water temperature with experimental days between 10:00 AM, and 2:00
PM. It can be noticed that the outlet water temperature starts to increase each day from the beginning of the experiment
at 10:00 AM to reach its maximum value at 1:00 PM then, it starts to decrease. This variation is same to the solar
radiation behavior because the outlet water temperature depends mainly on the solar radiation intensity.
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Fig. 10: Variation of outlet temperature at different times during the experiment days
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The maximum outlet temperature obtained during the experimental work is 88.1 °C on 30" of March 2016 at
1:00 PM. This temperature is suitable for residential and industrial uses. There are some fluctuations of the outlet water
temperature in some days due to the presence of fogs and rain in these days. The outlet water temperature is expected to
reach more than 100 °C in summer when the solar radiation reaches its maximum values.
Fig. 11. shows the variation of the thermal efficiency with experimental days between 10:00 AM, and 2:00 PM. It can
be obviously observed that the thermal efficiency at high at January when the solar radiation rates are low, and it
decreases until it reaches its lowest values at the end of the experimental days at the beginning of April when the solar
radiation rates are high. It can also be seen that the thermal efficiency is higher at the beginning of the experimental day
at 10:00 AM and starts to decrease gradually to reach its minimum value at the end of the experimental day at 4:00 PM.
The reason is that thermal efficiency is inversely proportional to the solar radiation intensity (equation 12).
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Fig. 11: Variation of efficiency at different times during the experiment days

VII. CONCLUSIONS

Design, construction, and experimental study were presented to evaluate the performance of a PTC under
Sabratha city in Libya. The experiments are taken from 30" of December 2015 to 5™ of April 2016. The collector
thermal efficiency and useful heat gained curves showed a similar behavior with the data published by other researchers.
From these results, the maximum value of the thermal efficiency for the test period is 52.5 %, and the maximum value
of the outlet water temperature is found to be 88.1°C. Because it is the first attempt to manufacture such collector
locally, the obtained characteristic curves of the tested collector are considerably lower than that of a typical collector
made by professional companies. This is attributed to the higher thermal losses caused by the absence of the evacuated
glass envelope around the absorber tube, the end losses of the collector, and the inaccuracy of the tracking system. The
following conclusions could be drawn:

= Libya climate is suitable for application of the PTC in the area of water heating purposes for residential and
industrial uses.

= |tisrecommended to use a receiver with evacuated glass envelope to improve the thermal efficiency and
reduce the thermal losses of the PTC.

= |tisrecommended to use an automatic tracking system to reduce the end losses of the collector, and hence
improve the thermal efficiency of the PTC.
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