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ABSTRACT

The demand for an alternative to fossil fuel energy is increasing as environmental and economic challenges rise.
The linear Fresnel solar collector is considered a promising option for obtaining thermal energy at medium and
high temperatures. A linear Fresnel solar collector consists of a number of mirror strips that are used to focus
solar beam radiation toward a line receiver. This study aims to obtain a clear evaluation of the thermal per-
formance of a linear Fresnel solar collector through design, manufacture, and experimental testing under

CFD
different outdoor conditions in Baghdad over various periods. There have been tests on April 1 and 22, as well as
May 8 and 27, using water as the working fluid. The solar collector used is an aluminum base measuring 200 cm
in length and 150 cm in width on which 14 mirror strips from each side are fixed. The receiver (absorber copper
tube) has a length of 200 cm and a height of 60 cm from the base. The solar collector is provided with a dual-axis
tracking system (North-South and East-West) for ensuring that the solar concentrator faces the sun at normal
incidence during all daytime hours. The best thermal performance of the solar collector was observed on May 27,
where the average useful energy, thermal and exergy efficiency reached 1042.61 W, 39.15 %, and 1.31 %,
respectively. The present study also included a numerical analysis done using computational fluid dynamics
(CFD) to verify the experimental results. The numerical results confirmed the validity of the experimental results.
N 1 .

omenclature 1. Introduction

Symbol 0 Eﬁ:;ﬂt angle Solar energy is harnessed to produce thermal energy in several ap-

A Aperture area (m?) u Viscc;sity (N.s/m?) plications such as solar stills for evaporating water [1,2], solar cookers

C  Specific heat of water (kJ/kg.°C) p  Density (kg/m%) for cooking food [3,4], solar dryers for drying fruits and vegetables [5,

E  Exergy rate (W) n  Efficiency 6], solar air heaters for heating homes [7,8], and solar collectors of

ez Relative error N Subscripts various types for heating water [9-12]. One of the concentrating type

G Solar radiation (W/m~) a Ambient . s . .

. ) 2 solar collectors with a significant potential for thermal usage is the

g Gravity acceleration (m/s“) av  Average A K

m  Mass flow rate (kg/s) b Beam linear Fresnel reflector, also known as the linear Fresnel solar collector

Q  Energy rate (W) ex  Exergy or linear Fresnel concentrator. It consists of a family of mirror rows fixed

T Temperature (°C) i Inlet on a metal frame at calculated angles for reflecting the normal solar

u  Velocity in the x direction (m/s) o Outlet radiation toward the absorber tube, which is fixed in the focal line of the

v Velocity in the y direction (m/s) s Solar .

w  Velocity in the  direction (m/s) th  Thermal collector. Through the absorber tube, the concentrated solar power is

Greeks symbol w  Water delivered to the working fluid and a useful power was accomplished as a

@  The angle between incident and reflected beam consequence of flow temperature rise. The Fresnel concentrator with its

(deg.)

accessories are shown in Figure (1) [13]. The linear Fresnel reflector
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technology has a variety of uses. Small-scale linear Fresnel reflectors are
utilized in the construction industry as opposed to large-scale linear
Fresnel reflectors, which are employed in the production of energy and
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Figure 1. Linear Fresnel solar collector.

industrial operations [14-19]. The incidence angle of solar irradiance on
the receiver tube will be determined in two projection planes [20]: the
transversal incidence angle and the longitudinal incidence angle, taking
into account a linear Fresnel reflector oriented in a North-South direc-
tion. The secondary reflector focuses sunlight toward the absorber tube
in the transverse plane. Various secondary reflector designs, including
compound parabolic designs, involute designs, parabolic designs [21,
22], butterfly designs, trapezoidal designs, triangle designs, and other
complex geometries, have been presented over the past few years. Not
all of the solar rays are reflected by the mirrors in the longitudinal plane
land on the absorber tube [23-26].

End losses are the results of this phenomenon [27]. However, some
of the solar rays are reflected by the mirrors and do not hit the absorber
tube. The latitude of the site, the moment of evaluation, and the ge-
ometry of the mirrors’ field all affect the absorber tube’s end losses [28].
The rows of mirrors and the absorber tube in a large-scale linear Fresnel
reflectors have an angle of 0° with the horizontal plane. Additionally,
the absorber tube and the rows of mirrors lack longitudinal movement
because of their sizes. In this instance, the rows of mirrors can be turned
around on a North-South axis to track the daily motion of the Sun
(transversal movement). In this reflector, the end loss efficiency is
approximately 97 percent as a result of the size of the absorber tube and
the height of the receiver, in Almeria (Spain) [29], and the loss of re-
flected light is typically not taken into account in the mathematical
expression usually used to calculate the power absorbed by the absorber
tube [27,30,31]. The configurations of longitudinal movements are
numerous. Rows of mirrors may move continually throughout the day or
only once throughout the day. In the first set of configurations, the
design makes sure that the longitudinal radiation reflected by the mir-
rors are always normal to the absorber tube, regardless of the time of
day. The longitudinal inclination of the second set of configurations,
after declination adjustment, is equal to the location’s latitude. Addi-
tionally, the secondary reflector might move longitudinally in a similar
manner to the rows of mirrors. In other arrangements, the secondary
reflector system does not have longitudinal movement and instead forms
a certain angle with the horizontal plane. All of these setups can be used
with the new solar tracking that is being offered.

Some studies have focused on verifying the performance of a linear
Fresnel solar collector, whether thermally, optically, or flow analysis.
Additional research has been conducted on the designs of this collector
to improve its efficiency, whether it is about reflectors, receivers, or
both. Other studies have used hybrid systems by combining this col-
lector with other application(s). Moreover, not only water, other fluids
such as Nano-fluids have been used as working fluids to enhance per-
formance. There are also studies aimed at reducing optical losses, or so-
called end losses, common in Fresnel liner reflectors through various
techniques, including two-axis tracking. Some studies are highlighted in
the next paragraph.
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Bellos et al. [32] presented a numerical and experimental study to
evaluate the performance of a linear Fresnel solar collector with flat
plate receiver. They developed an innovative model to determine the
optical, energy and exergy performance of the collector in various
operating conditions. The model was validated using the respective
experimental data. Water was considered as a working fluid and also oil
is used (in simulation only). Their results showed that this solar collector
is capable of producing approximately 8.5 kW of useful power in the
summer, 5.3 kW in the spring, and 2.9 kW in the winter. Furthermore,
operating this solar collector with oil can produce satisfactory results up
to 250 °C. Bellos and Tzivanidis [33] presented an innovative model to
enhance the thermal performance of the linear Fresnel solar collector in
the high temperature range using CuO nanoparticles scattered on Syl-
therm 800 (6 % concentration by volume). The results of the Nano-fluid
were compared with thermal oil for different inlet temperatures ranging
from 77 °C to 377 °C and a flow rate equals to 200 1/min. According to
their results, the maximum thermal efficiency enhancement using
Nano-fluid is near to 0.8 %. It also turns out that the process using
Nano-fluid is beneficial, especially at high temperature levels after
applying various parameters such as the overall efficiency and exergy
efficiency. Dabiri et al. [34] analyzed the rate of heat transfer loss in a
trapezoidal cavity of the linear Fresnel solar collector concentrator using
discrete transfer radiation model (DTRM) for the simulation. The effect
of the cavity angle and the tubes size are evaluated on the performance
of the collector. Their results show that with increasing cavity angle, the
overall value of the heat transfer rate increases, but the absorbed energy
by each tube decreases, and that the effect of tube size on heat transfer
rate is less, compared to the cavity angle effect. Ghodbane et al. [35]
evaluated the thermal performance of linear Fresnel solar reflector with
trapezoidal cavity using multi-walled carbon nanotubes (MWCNTSs)
dispersed in distilled water (DW) with the volume fractions of 0.05 %,
0.1 % and 0.3 % and compared to DW. They developed a
one-dimensional model to determine the unsteady behavior of the
Nano-fluid within the linear solar reflector and the numerical model is
validated with experimental results. Their results showed that
MWCNTs/DW Nano-fluid with 0.3 % volume ratio has the highest
thermal efficiency of 33.8 % and the lowest entropy generation but at
the same time it is noted increase in pressure loss. Beltagy [36] studied
the influence of glass cover on the receiver and also the use of two
absorber tubes on optical performance of linear Fresnel solar concen-
trator by a modeling and numerical simulation. The results show that
the removal of the glass results in an increase of annual optical efficiency
up to 5.6 % and the use of two absorber tubes led to increase in optical
efficiency estimated at 15.5 %. Montes et al. [37] presented a thermal
design for the multi-tube receiver linear Fresnel solar collector based on
three facts that have to be considered for any multi-tube receiver: the
fluid flow layout is arranged to correspond to the symmetry of the solar
intensity map. The fluid circulates from the lower to the higher density
region. The fluid velocity is amended by modifying the diameter of the
tube to improve the heat transfer. According to these facts, the final
shape of the receiver is chosen based on the exergy optimization. Hasan
et al. [38] conducted simulation using the finite volume method to
demonstrate the effect of inserting the transverse ribs inside the receiver
tube of the linear Fresnel solar collector system boosted with upturned
compound parabolic collector (CPC) on the thermal and flow perfor-
mance parameters. Water is used as the working fluid, at Reynolds
numbers ranging 5000 to 13000, and this tube is compared with the
conventional absorber tube. Their results showed that the average
Nusselt number in the absorber tube with ribs is greater than that in the
conventional absorber tube, and the skin friction coefficient of the
absorber tube with ribs is larger than that in the conventional absorber
tube, at all Reynolds numbers. Zhang et al. [39] suggested a new linear
Fresnel solar concentrator system as two small experimental systems
were created according to the design principle (flat and cylindrical focal
plane reception) with low cost. Monocrystalline silicon cells and a
double-tube heat collector are placed as receivers. Their experimental
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results showed that for a flat focal plane receiving system, this type of
condenser can obtain the focus point with a uniform distribution of in-
tensity on the focal plane. They found that monocrystalline silicon cells
have high generation efficiency after testing the voltammetric charac-
teristics, and in case of heat collector, with two collector tubes con-
nected in series, the experimental photothermal conversion efficiency
reaches about 0.74. They recommended that this type of concentrator
can be widely used in photovoltaic and photothermal applications due
to low cost and good concentrating performance. Cucumo et al. [40]
obtained a mathematical law to analytically determine the position that
each reflector should take during the day in order to reduce the energy
losses (end losses) in linear Fresnel solar concentration systems. Their
study showed that the reflector must be moved independently in each
direction. They also studied a configuration in which the reflectors are
moved around an axis with the same motor in order to reduce the cost,
they showed that the tracking error committed is not significant, thanks
to the presence of the secondary reflector. Yang et al. [41] designed and
analyzed a simple mechanical dual-axis tracking system and connected
it with a linear Fresnel reflector with the aim of reducing end losses or
optical losses. They placed a Linear Fresnel reflector with east-west
rotational tracking on north-south rails and driven by a linear actu-
ator. The idea is to eliminate end losses when the reflector slides along
the rails while keeping the receiver fixed. According to the results of the
experimental and simulation analyses of the designed system’s perfor-
mance, the collector length and latitude can affect the annual average
optical efficiency of a linear Fresnel reflector by 8-50 %. In order to
improve the optical performance of a linear Fresnel reflector with
north-south orientation, Bellos et al. [42] presented three novel tech-
niques to reduce the optical end losses. The first technique is the
extension of the receiver after the concentrator, the second one is the
displacement of the receiver in order to eliminate the non-illuminated
area at the beginning of the receiver, and the third is the hybrid
design, which combines the extended and displayed receiver. According
to their results, the first technique enhances the annual mean incident
angle modifier up to 50.3 %. The second one also enhances the mean
annual incident angle modifier up to 20.2 % for a displacement that is
equal to 20 % of the concentrator length. While the third one leads to
intermediate enhancements compared to the previous cases, its advan-
tage is the lower investment cost compared to the simple receiver
extension case. Barbon et al. [29] designed a new open-loop solar
tracking system for a small-scale linear Fresnel reflector with three
movements. According to their results, this system gives 16.64 % more
energy, a 78.46 % higher energy/area ratio, and a 4.62 % less cost of
energy that the classic tracking system with one movement used in large
scale linear Fresnel reflectors. In addition to what has been presented,
there are many other relevant studies to verify or enhance performance
of the linear Fresnel solar collector [43-48].

It is clear from the literature review that differences in design, choice
of working fluid, and operating conditions greatly affect the perfor-
mance of the linear Fresnel solar collector. It was observed that there are
few studies on the use of a dual-axis tracking system to enhance the
performance of these solar collectors. This paper presents an experi-
mental and numerical analysis to evaluate the thermal performance of a
linear Fresnel solar collector in the external conditions of Baghdad city.
The solar collector is designed and manufactured with local materials
readily available in the area and is supplemented by a dual-axis tracking
system (East-West and North-South) consisting of two reasonably
priced, low-power DC motors. The purpose of the dual-axis tracking
system is to ensure that the greatest possible amount of solar radiation is
reflected onto the absorber tube. Fresh water is used as the working
fluid, and a solar collector is installed outdoors in order to conduct tests
at different weather conditions. Then the experimental results are
verified via the simulation of the system using CFD.
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2. Experimental layout
2.1. Building up the model

The fundamental components prepared for the design and manu-
facture of the Linear Fresnel solar collector in this study are as follows: A
metal stand on which the base is fixed. A metal frame with supports
serves as the base. A mirror strip is attached to the base supports. A
metal holder on which the receiver tube (absorber copper tube) is fixed.
To guarantee that the solar collector moves in both the x and y di-
rections, two DC motors are attached to the base and stand. Figure (2)
provides design specifications for the linear Fresnel solar collector.

2.2. Design of the angle of the Fresnel collector mirror strips

The angles of the system’s strips were determined by making the
assumption that solar radiation strikes the system perpendicularly from
where the incident beam reaches each strip at an angle of half their
breadth. The tilt angle of the mirror strip must be computed so that the
reflected beam strikes the receiver tube center. Assuming that the angle
between the incident and reflected beams is (&). Accordingly, the angle
of this strip is (9 = @/2) and all other angles were computed in the same
manner.

Details of each strip’s design are displayed in Table (1). As seen in
Figure (3), Auto CAD software was used to determine the angles of the
strips based on their distance from the fixed receiver and the angle at
which the sun will fall on them.

2.3. Materials and measuring devices

The stand is made of iron and has a dual-axis mechanism for oper-
ation. The mechanism of the tracking system is designed and fabricated
on top of the stand. It consists of an iron shaft, a circular base, and a
number of bearings that are fixed together by a number of screws and
welded together until, it could build a shape with two harmonically
moving axes. The frame (base of mirror strips) was designed from
aluminum material with 200 cm length and a 50 cm width. The receiver
(absorber copper tube) was at a height of 60 cm from the frame. The
mirror slides were projected onto the frame (base) according to the lo-
cations and angles displayed in the previous table. Longitudinal glass
mirror strips were chosen as the solar radiation reflectors. 14 mirror
strips were used, each strip dimensions were 1.5 m length and 5 cm
width. The reflectivity of the mirror strip was measured in a certified
laboratory in the Ministry of Science and Technology. Its reflectivity
value had found of 0.92 (That is, mirrors are able to reflect 92 % of the
solar radiation falling on them), which is suitable to fulfill the required
purpose. The mirror strips were fixed on supports of the metal base in
such manner to reflect the solar radiation toward the receiver tube, as
shown in Figure (4).

The receiver is a tube designed from copper material, because of its
high thermal conductivity (383 W/m2°C) and is widely available at an
appropriate economic cost. The copper tube, measuring 1.5 m in length
and 1.25 cm in diameter, was designed with a copper fin to trap solar
radiation that did not strike the copper tube directly. For achieving the
highest energy value, the copper tube was coated with a unique black
paint. This paint absorbs the highest possible solar radiation that strikes
on it and emits the fewest radiation. The available coating type was of
0.87 absorptivity and 0.2 emissivity values. Two plastic tanks were
added, the first to store water entering the solar collector and the other
to store water leaving the solar collector. Rubber hoses connect the
receiver tube to the tanks, allowing the tracking system to freely move
all of the system’s assembled parts, including the copper receiver.

The tracking system control panel consists mainly of hardware and
software; the hardware parts consist of two linear actuators "HARL3624
Super-Jack', its specifications are a bore length of (85) cm, operation at
36 DC volts, and maximum current of 3A. The actuator shaft linear



Q.J. Abdul-Ghafoor et al.

Absorber
copper tube

Results in Engineering 23 (2024) 102543

Mirror

Holder

DC motors

Figure 2. Linear Fresnel solar collector model.

velocity is about 5.6 mm/s, and it could withstand approximately 250

Ealt’li 1 f the mi triv's desi ) and 450 kg of dynamic and static loads, respectively. It is also equipped
ctal’s ol the mirror strip s design ang'es. with a limit switch that is programmed to cut off the power so as to
strip The angle of  The angle of The distance of  The beginning ensure that the moving path does not exceed the bore length. The mi-
number  reflection inclination each strip from - of each strip) crocontroller board of type "Arduino" Omega is programmed to control
(n) (@) strips () the centers) L) P) th £ the li in th In additi h

(deg.) (deg.) (cm) (em) the movement of the linear actuators in the two axes.Ina .1't10n, there
1 S 25 S o is an LCD 6x2 I2C screen that shows the time and date in addition to data
2 9 45 10.0365 5.0135 like ﬂoW level, so?ar radiation 1nten51t¥, and entry. and exit tempera-
3 14 7 15.1808 10.0369 tures. Figure (5) displays all of the previously mentioned parts.
4 19 9.5 20.3927 15.1808 Measuring devices are also attached to the system. The water tem-
5 23 11.5 25.7196 20.3927 peratures was measured by thermocouple type K. The achieved signal
g EZ 12; gééggi 2%23 from the thermocouple was fed to Arduino microcontroller card. Also,
s a5 17.5 42,6641 36.8264 the mass flow rate of the working fluid was measured by digital flow
9 38 19 48.7134 42.6641 meter where its signal fed to the Arduino microcontroller card. Both
10 42 21 55.0245 48.7134 temperatures and water flow rate data were attained from the attached
:; :g ;i's Zé'iggi’ 2?‘2522 digital display connected to the control system. During the test days, the
13 51 5.5 75,7978 68.4981 so}ar radlatlfm 1nte.ns1ty is Ilnomtored using a solar power m.eter, the
14 53 2.5 83.2998 75.7278 wind speed is monitored using an anemometer, and the ambient tem-
perature is monitored using a mercury thermometer. Table (2) shows the
ranges of measuring devices and their uncertainty and Figure (6) shows
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Figure 3. Mirror strips design angles.
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-

Figure 4. Installing the mirror strips on the base supports.

a photograph of the linear Fresnel solar collector and all its accessories
following the completion of design and manufacturing. It should be
noted that the direct solar irradiance is measured by shade-unshaded
technique under clear sky conditions with uncertainty of + 3% of data
[49].

3. Mathematical analysis

The basic mathematical equations are presented in this section for
both thermal analysis and energy analysis of the linear Fresnel solar
collector used in study.

3.1. Thermal analysis

This analysis aims to determine both useful energy and thermal ef-
ficiency. Equation (1) gives the useful energy by achieving the energy
balance in the volume of water.

Qu :meW(Two - Twi) (1)
where, Q,: useful energy (W), m,: water mass flow rate (kg/s), Cy:

specific heat of water (4.187 kJ/kg.°C), Tyo& Tyi: outlet and inlet tem-
peratures of water (°C), respectively.

(6) LCD Module

(7) data receiving
port

(8) Relay driver
card
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Equation (2) describes the solar energy available to the collector. It is
the product of the beam solar radiation and the aperture area of the
collector. The total aperture area of the solar collector considered the
projection of the mirrors on the horizontal plane.

Q=GA @

where, Q;: available solar energy (W), Gy: solar beam radiation (W/mz),
A: aperture area of the collector (m?).

Thermal efficiency (1,,) represents the ratio of useful heat to avail-
able solar energy, which can be expressed in Equation (3) [50,51]:

_&
=0 3

3.2. Exergy analysis

Exergy analysis is a useful method for evaluating solar collectors,
especially those operating at medium and high temperature ranges.
Exergy is the maximum useful work that can be produced via a flow of
energy or substance when it comes to equilibrium with its environment.

The useful exergy rate of a linear Fresnel solar collector used water as
working fluid as given by Equation (4) [52,53]:

Two
Twi

E,=Q, —m,C,T,In ()]

where, E,: useful exergy rate (W), T,: ambient temperatures (K).
The exergy rate of the available solar energy can be calculated by the
Petela model [54]:

4(T,\ 1/T.\*
Es—Qs|:1—3(TS) Jrg(ﬁ) :| 5)

where, E;: exergy rate of the available solar energy (W), Ts: The sun

Table 2

Ranges and uncertainty for measuring devices.
Device Range Uncertainty
Thermocouples type-K 0-200 °C +0.5
Flow meter 0-30 1/min +0.1
Solar power meter 0-2000 W/m? +50
Mercury thermometer 0-100 °C -
Anemometer 0.4-30 m/s +0.02

(2)Control Board

b e | (5) Arduino Omega
- type

(4) voltage regulator

(3) 36 v Power supply

Figure 5. Tracking system control board components.
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Figure 6. Photograph of the linear Fresnel solar collector used in study.

temperature (5770 K) [55].
Exergy efficiency (7,,) represents the ratio of output exergy rate to
input exergy rate, which can be expressed in Equation (6) [52,56]:

N =5 ®)

S
3.3. Uncertainty analysis

The uncertainty (error) in the experimental tests is evaluated using
Equation (7) [57]:

egr = a—Re 2—i— a—Re 2+ + a—Re ’ (@]
R = 0V11 6V22 ....... P

The accuracy of this study was deemed acceptable as the measure-
ment uncertainty did not exceed 4 %.

4. Numerical simulation

ANSYS FLUENT CFD is used to create a simulation model in order to
analyze the water thermal behavior inside the receiver in terms of
temperature distribution inside the tube, with assuming that the fluid is
3-D, turbulent, steady state and incompressible.

The governing equations can be described for fluid in the 3-D Car-
tesian coordinate as follows:

Continuity equation:

d(pu) d(pv)  dpw) _
x Ty T 0 ®)
Momentum equations:
In X-direction:
d(pu)  d(puu)  d(puv) d(puw)
ot ox ay 0z
dp o[ u o[ ou] 0 ou
dx+6x [ﬂax]-i_&y{ﬂ&y] +0z {ﬂaz} + P8 ©

In Y-direction:

Water exit tank
Apv) , dpvw)  dpwv) | dlpvw) _
ot ox dy oz
op o[ vl o[ o] o ov
o o)y ) 3 e av
In Z-direction:
dApw) | dpwu) | dpwv) | dlpww) _
ot ox dy oz
op o[ ow] af ow] o[ ow
o ) oy ) e ) e an

Energy equation:

12)

2 2
d(pucT) n d(pvcT) N o(pwcT) _ (Q N ﬁ n 6_w)

ox dy 0z ox% gy  0z?

The first stage in the analysis is to import the model into the Fluent
and the format file that was used is (Parsolid (x-t)). The second stage is
the meshing, which is a process that divides the body into small pieces
(finite element), and layers have been made with thickness 0.275 mm on
the walls of the tube since improving accuracy is required in this area.
The number of elements obtained is: (2235497) and the number of
nodes is (1458974). The higher the number of elements, the better the
accuracy. In this case, it was obtained Skewenss (0.12724), which is
excellent, as the closer the Skewenss gets to zero, the better the mesh.
Figure (7) shows the obtained meshFollowing completion of the mesh
process, the third stage entails naming the inlet and outlet as well as the
heating and absorption surfaces (the outer surface of the tube and the
surfaces of the mirrors), as illustrated in Figure (8). Finally, the average
solar radiation is taken for the first test and the rest of tests was done via
radiation model. Boundary conditions are rigorously defined to accu-
rately simulate the fluid flow and thermal dynamics within the
computational domain. In the inlet region, a prescribed flow rate of
0.008 kg/s is imposed with different Temperatures, reflecting the
volumetric flow entering the system. Additionally, varying solar radia-
tion intensities that correspond to specific dates 10.45 kW/m? for April
1,11.13 kW/m? for April 22, 13.66 kW/m? for May 8, and 16 kW/m? for
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Figure 7. Mesh Generation for tube.

Figure 8. Simulation model.

May 27, are applied to represent realistic environmental conditions over
the simulation period.

For the outlet region, a condition of outflow is enforced, ensuring the
fluid exits the computational domain without any impedance. Notably,
the receiving and reflective components of the system remain stationary
throughout the simulation. An iteration value of 10,000 is assigned to
facilitate convergence, aiming for a Root Mean Square (RMS) residual of
10-4, representing a satisfactory convergence criterion for the compu-
tational model.

5. Results and discussion

The tests are conducted in the outdoor conditions of the city of
Baghdad on four different days and this is the amount of time allotted to
experiments. The first and second tests were conducted on April 1 and
22, while the third and fourth tests were conducted on May 8 and 27,
respectively. The aim of testing the linear Fresnel solar collector in four
time periods is to obtain clear behavior and evaluation for thermal
performance. These days were chosen for testing due to the moderate
wind speed (less than 2 m/s) and weather fluctuations in terms of clouds
and dust, in addition to the time differences that give different thermal
perceptions as a result of the difference in insolation and ambient tem-
peratures. The inlet temperature and water flow are approximately
constant throughout the test. The inlet temperature is almost settled at
25 °C in the first test, 26.5 °C in the second test, 27 °C in the third test,
and 29 °C in the fourth test. While the flow rate is 0.008 kg/s for all tests.
The average ambient temperatures during test days are 28.31 °C,
29.13 °C, 29.09 °C, and 34.36 °C on April 1 and 22, May 8 and 27,
respectively. Figs. (9)-(12) show the behavior of both the useful energy
and the available solar energy to the collector over time for the four
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Figure 9. The behavior of the useful energy and the available solar energy on
April 1.
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Figure 10. The behavior of the useful energy and the available solar energy on
April 22.
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Figure 11. The behavior of the useful energy and the available solar energy on
May 8.

tests. It is observed for all tests that the behavior of useful energy is
directly affected by the available solar energy, as it is directly propor-
tional to it. The reason is mainly due to insolation, which is considered
the main influencing parameter for obtaining thermal energy. It is also
observed for all tests that the level of useful energy is clearly lower than
the level of available solar energy. The reason for this is thermal losses
that cannot be reduced according to the second law of thermodynamics,
and other thermal losses that can be reduced by passive and active
methods.

On April 1, the maximum useful energy is 660.29 W at 14:00, while
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Figure 12. The behavior of the useful energy and the available solar energy on
May 27.

the average useful energy during the test is 453.90 W. On April 22, the
maximum useful energy is 773.76 W at 14:30, while the average useful
energy during the test is 429.09 W. On May 8, the maximum useful
energy is 1230.98 W at 14:30, while the average useful energy during
the test is 692.11 W. On May 27, the maximum useful energy is 1494.34
W at 14:00, while the average useful energy during the test is 1042.61
W. From these results, it is clear that the amount of useful energy in-
creases from April to May, and the reason is due to the increase in
insolation from April to May, according to what was reported by
Ref. [58]. It should be noted that the reason the average useful energy on
April 1 is greater than April 22 is due to weather fluctuations that
affected the level of insolation at the beginning of the test on April 22.

Figure (13) shows the behavior of thermal efficiency during the four
test periods. This figure is the most important for evaluating the thermal
performance of the linear Fresnel solar collector, given that the thermal
efficiency shows the way in which the solar collector uses the available
solar radiation during test periods, taking into account the optical and
thermal losses at the same period. There is a similarity in behavior be-
tween thermal efficiency and useful energy. However, it seems that the
efficiency curve is more conceptual and comprehensive for evaluating
thermal performance because it takes into account the available solar
radiation at every moment. With the exception of the test on April 1, the
thermal efficiency recorded the highest values during the period from
14:00 to 15:00, and therefore it can be considered that during this period
the absorber tube was heated properly. The maximum thermal effi-
ciency reached 35.31 %, 39.08 %, 50.47 %, and 52.10 % on April 1,
April 22, May 8, and May 27, respectively. The average thermal effi-
ciency reached 26.26 %, 24.38 %, 33.90 %, and 39.15 % on April 1,
April 22, May 8, and May 27, respectively. Thermal efficiency increases
from April to May due to the increase in insolation level as mentioned
previously.
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Figure 13. The behavior of the thermal efficiency during the four test periods.
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It should be noted that the thermal efficiency values recorded are
considered excellent compared to the values reported in previous studies
[32,59] due to the use of the dual-axis tracking system. This makes the
application of this type of solar collectors in Baghdad city excellent in
terms of performance and obtaining high temperatures, but the costs of
construction, operation and maintenance poses challenges that limit its
use, especially for domestic purposes.

Figure (14) describes the behavior of exergy efficiency during the
four test periods. This parameter is affected by the thermal efficiency,
the fluid and ambient temperature level, as well as the insolation level.
In general, it can be seen that exergy efficiency levels in May are much
higher than in April. The maximum exergy efficiency reached 0.6328 %,
0.8614 %, 2.17 %, and 2.35 % on April 1, April 22, May 8, and May 27,
respectively. The average exergy efficiency reached 0.2987 %, 0.3307
%, 1.11 %, and 1.31 % on April 1, April 22, May 8, and May 27,
respectively. Generally, the exergy efficiency has low values because of
the low operating temperature levels up to 100 °C. It is also noted that
the fluctuations in the behavior of energy efficiency are much greater
than in thermal efficiency because the non-linear variation of the other
parameters (fluid temperature levels, thermal efficiency, and insolation
level). It should be noted that improving the exergetic performance re-
duces irreversibility losses and entropy generation.

Equations for both thermal and exergy efficiency of collector are also
obtained based on experimentally measured instantaneous efficiency
values, solar radiation, and water and ambient temperatures. This is

done through a set of experimental data for one of the test days, which
To=Ta
Gp

Figures (15) and (16), where the average water temperature T, for inlet
and outlet was relied upon as a variable [60].

The relationship between thermal efficiency and T”G;T“ with R? =

achieves a linear relationship between efficiency VS , as shown in

0.75 can be described as follows:

Tav - Ta
Ny =0.4233 — 51.795G—b 13)

As Tﬂva’bTﬂ increases from 0.0017 to 0.0056 m%°C/W, the thermal ef-
ficiency values decrease from 33 % to 14 %. This is an indication of an
increase in the temperature of the receiver and an increase in heat losses.
The intersection with the Y axis represents the optical efficiency of the
system, and this indicates the presence of optical losses of about 58 % of
the total radiation intercepted by the receiver. This makes it necessary to
use techniques other than the finned tube to enhance optical efficiency,

such as a cavity receiver.

Also the relationship between exergy efficiency and % with R% =
0.91 can be described as follows:

Nex = 0.6715T“”G—;T“ —0.0003 a4

Exergy efficiency shows a completely different behavior from

0.025 4
0.02
>
Q
=]
.2 0.015
2
k=
(o]
>
2 001 A
=
o
0.005 A
0 -
10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30
Local time

Figure 14. The behavior of the exergy efficiency during the four test periods.
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thermal efficiency with % as reported in previous studies [32,61].

In order to verify the experimental results, a simulation model of the
solar collector is created by CFD, with inlet temperature and water flow
similar to what was used in experimental tests. The maximum solar
radiation is taken in each test, not the instantaneous solar radiation, to
obtain direct simulation results. Figures (17)-(20) show the temperature
distribution inside the absorber tube for the four tests. It can be noted
that the water temperature is higher on the lower side of absorber tube
because this side is most exposed to radiation reflected from the mirror
strips. It is also observed that the level of water temperature inside the

Figure 17. Temperature distribution in first test (April 1).
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Figure 18. Temperature distribution in second test (April 22).
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Figure 19. Temperature distribution in third test (May 8).

&= "="==ea__ ANSYS

e S 2020 R1

Figure 20. Temperature distribution in second test (May 27).
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water tube, especially at the outlet, increases from April to May, and this
is consistent with the experimental results because increasing the outlet
temperature increases the useful energy and thermal efficiency.

6. Conclusion

This study evaluated the thermal performance of a linear Fresnel
solar collector in the outdoor conditions of Baghdad city by conducting
experimental tests utilizing water as the working fluid. Tests were
conducted on April 1 and 22, and also on May 8 and 27. Several pa-
rameters were considered, most notably useful energy, thermal effi-
ciency, and exergy efficiency. After analyzing the results, it can be said
that insolation is the basic parameter in increasing the thermal perfor-
mance of the solar collector. The average useful energy, thermal effi-
ciency and exergy efficiency increased by 33.59 %, 32.92 %, and 77.20
%, respectively at the test on May 27 compared to April 1 due to the
higher insolation level. The validity of the experimental results is
confirmed by a brief numerical analysis using CFD. It can be considered
that using this type of solar collectors in Baghdad city is excellent in
terms of performance and obtaining medium and high temperatures, but
costs of construction, operation and maintenance pose challenges that
limit its use, especially for domestic purposes. It should be noted that the
performance of this type can be further improved in several ways, such
as using an evacuated tube instead of a copper tube or using a trape-
zoidal cavity receiver.
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