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ABSTRACT

Flat solar collectors are extensively utilized in various domestic and industrial applications to reduce energy
consumption. In this study, an-active flat plate solar collector (FPSC) with an internal absorber tube receiver was
fabricated and tested in Al-Samawa city, Iraq (latitude 31.19°N and longitude 45.17°E). The ambient temper-
ature and incident solar radiation at the experimental location were reached 39 °C and 840 W/m? respectively.
In this study, the number of riser tubes connected to headers that are covered with a glass sheet in a conventional
FPSC were replaced with a single serpentine-shaped collector tube covered with a plastic sheet. The proposed
solar collector used a smooth copper tube with internal and exterior diameters of 9.5 and 12 mm, respectively,
and a total length of 1000 mm. A TRNSYS model of a flat plate collector integrated with an absorber tube was
developed, simulated, and validated using the experimental data. Temperature and flow rate data were obtained
concurrently throughout the experiments to evaluate the performance of the fabricated solar collector. The
temperature at the solar collector input stayed relatively constant at 37.7 °C, and the water flow rate remained
constant at 0.75 L/min. The results indicated that the temperature at the solar collector output ranged from 52 to
61 °C, with an average of 58 °C. The efficiency of the proposed solar collector ranges from approximately 45% to
67%, with an average of 58%. Overall, the simulation results of the TRNSYS model are in excellent agreement
with experimental data. The average discrepancy between the tests and simulations for temperature differential

and collector efficiency is approximately 1%.

1. Introduction

Because of the oncoming energy crisis and escalating environmental
degradation, the use of renewable energy has received a lot of attention
[1-3]. Solar water heating systems are the most cost-effective,
consuming only approximately 20% of the total energy consumption
of an individual [4]. Solar water heating systems are a highly attractive
and promising sustainable option owing to the near coincidence of
lowering the high dependency on conventional energy [5,6]. Solar
collector sustainability is being continuously promoted owing to its
importance in energy generation, water harvesting, drying, preheating,
and engineering applications [7-9]. Various approaches have been
proposed for improving the efficiency of solar collectors [10-14].

Experimental and numerical techniques were used to improve the per-
formance of a flat collector [15-18]. Experimental investigations were
primarily focused on: (i) optimizing the shape and design parameters of
the collector, (ii) improving the heat transfer between the heat transfer
fluid (HTF) and the absorber tube [19,20], and (iii) integrating the solar
collector with a phase change material (PCM) beneath the absorber plate
[20-25].

The design and composition of the absorber plate have a consider-
ably influence the efficiency of the solar collector [10]. The thermal
conductivity of the absorber plate material also affects its performance
[20]. Compared with a flat solar heater, a cylindrical solar water heater
was designed to maximize the efficiency by Al-Madani [26]. The
comparative results reveal that the performance of a cylindrical solar
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Fig. 1. A flat plate solar collector experimental design: (1) inlet from tank 1; (2) outlet to tank 2; (3) collector enclosure; (4) angle guide rod; (5) serpentine absorber

tube; (6) fiberglass insulation; (7) plastic sheet cover.

heater outperforms flat solar heat without the need for direct exposure
to the sun. The thermal efficiency of solar water heaters can be increased
by modifying the collector and absorber materials and increasing the
solar radiation [27]. Patil et al. [14] improved flat plate solar water
collectors by altering the glass shape and increasing heat transfer
through radiation. The innovative design yields high temperatures even
under cloudy weather conditions. By enhancing water circulation,
Vasanthaseelan et al. [28] improved the performance of a solar water
heater coupled with a coil tabulator. Using a tabulator boosted the
temperature of the solar water, which improved the heat transfer per-
formance. Bhargava et al. [29] designed a hybrid system that combined
a solar air heater with an electrical heater to power an electrical pump.
Compared with a conventional electric heater, the hybrid system pro-
duces clean energy at a lower cost. Potgieter et al. [30] improved the
effectiveness of hybrid solar air heat by creating turbulence and vortices
in the airflow. The air recirculation and flow separation improved the
average collector efficiency by 44%. Aoul et al. [31] elucidated the ef-
fect of azimuth and tilt angles on the energy production and efficiency of
solar collector systems regarding to wind speed, solar radiation, and
ambient temperature. An increase in the inclination angle improves
energy efficiency during various seasons.

However, the heat transfer fluid has a significant impact on the ef-
ficiency of flat solar collectors [32-34]. Using a nanofluid as an HTF,
such as Fe304, enhanced collector efficiency to approximately 83.97%
[35]. In addition, utilizing a SiO5/de-ionized water nanofluid improved
heat transfer from 6% to 8% [36]. Fazilati and Alemrajabi [37] designed
solar water heat using a PCM to store energy at various solar radiation
levels. The amount of energy stored with PCM was 39% higher than the
amount of energy stored without PCM. In addition, the usage of PCM
reduced the time it takes to provide hot water by 25%. Dos Santos
Bernardes [38] optimized the thermal and hydrodynamic properties of a
radial solar-air heater for laminar convection heat transfer [35]. The
radial design causes minor fluid disturbances, which influence thermal
performance.

Numerical simulations were also performed to build an accurate
model of the flat solar collector for further investigations. Many studies
in the literature have employed computational fluid dynamics (CFD)
software to develop a model and compare the findings with experi-
mental cases [39,40]. Some researchers [41,15] have used TRANSYS
(transient simulation software) to develop a model for a flat solar
collector.

FPSCs are crucial apparatus that allow for the direct use of solar

energy for heating water in residential and industrial applications. The
efficiency of the existing FPSC is generally stagnant and relatively poor.
More research is required to improve the efficiency of flat plate solar
collectors by using a novel design. To address the gap, the current study
is an experimental and simulation examination of a novel design and
manufacturing strategy involving FPSC efficiency analysis. FPSC design
improvements are always an essential option for achieving a consider-
able influence on thermal efficiency. Despite all attempts in the litera-
ture to establish a numerical model to forecast actual work outcomes
related to improving the efficiency of solar collectors, further research is
needed to produce an accurate model based on the TRANSYS software.

This study proposes an innovative technique that includes adding a
single serpentine-shaped collector tube covered with a plastic sheet. This
method was used to replace the existing number of riser tubes connected
to the headers covered with a glass sheet in a conventional FPSC. The
main concern is obtaining highly efficient solar collectors for domestic
and remote areas utilities. Another aspect is to minimize the net weight
of the system. This study investigates the thermal performance of an-
active FPSC integrated with an internal serpentine tube receiver
covered with plastic sheet.

2. Experimental design, setup, and procedure
2.1. Collector apparatus set-up

A flat plate solar collector with an internal serpentine absorber tube
is designed and manufactured to examine its performance with the
conventional one. Fig. 1 depicts a picture of the proposed a flat solar
collector. The system consists primarily of (i) a flat steel frame, which is
used to enclose the twisted copper tube, and its dimensions (1800 mm
length (L) x 1500 mm width (W)). The inside of the frame was insulated
with fiberglass insulation to preserve heat and avoid conduction losses;
(ii) the U-shaped copper tube, which is the primary component, was
coated in black to achieve optimum heat collection. The proposed solar
collector had a 1000 mm long copper tube with internal and external
diameters of 9.5 mm and 12 mm, respectively. A plastic sheet with a
thickness of 1 mm was used to cover the collector and replace the typical
glass cover, as indicated in Fig. 1. Two 40-liter-capacity tanks were used
to maintain the inlet and outlet water. Two angle guide rods were
installed on each side to alter the collector’s titled angle. The collector
title angle was set at 32° and faced south.
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Fig. 2. Schematic configuration of the test rig for the proposed solar collector system.

Table 1
Errors calculated for various measurement devices.
Equipment Accuracy Range Minimum value Error
measured %
k-type + 0.5°C —50-300 °C 35°C 1.4%
thermocouple
Digital +1°C —50-1350 °C 35°C 2.9%
thermometer
Flowmeter YF- +0.1L/ 0.3-6 L/min 1.8 L/min 5.5%
S401 min

2.2. Experimental layout

Fig. 2 depicts a schematic of the experimental layout of the designed
apparatus. The test conditions were verified to be stabilized before the
data collection began. The tests were carried out by opening the main
valve at the entrance. Water was then passed through the absorber tube.
The outflow water was collected in a heated tank. Temperature data
were collected using three k-type thermocouples.

2.3. Error analysis

To assess the errors in the experimental parameter, various devices

were used in our experiments to develop an active flat plate solar col-
lector with an internally serpentine tube receiver. These quantities
include the temperatures in different locations as ambient temperature,
inlet solar collector, and outlet solar collator) were measured by k-type
thermocouples or digital thermometer. The volume flowrate was using
water Flowmeter YF-S401. Table 1 displays the errors calculated for
various measurement devices. The percentage error was computed using
the equation below [10]

Equipment accuracy
Minimum value of equipment measured

Error % = x 100% (€D}

3. Simulation model

A TRNSYS (Transient System Simulation Software) simulation studio
project (version 16) was used to construct a numerical model and vali-
date the thermal performance of a proposed active FPSC with an inter-
nally serpentine tube receiver. The climatic conditions adopted in this
study were based on the location of Al-Samawa (latitude 31.19°N,
longitude 45.17°E, and elevation 15 m) in Iraq. TRNSYS is an energy
system modeling program with a modular framework. This allows for
the calculation and integration of dynamic output data (power, effi-
ciency, mass flow rates, temperature, etc.) for any system component at
any period of time [42,43]. The incident solar radiation data from a

B e ——

Type 9c (Data reader)

———

- T "
Type 73 (Collector)

,,,,,,,, R

&
-

Type 4c (Cold tank)

Fig. 3. TRNSYS scheme of the proposed solar collector system.
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Table 2

TRNSYS type and key input of the main components of the TRNSYS model.

TRNSYS type

Key input

Type 9c — data reader

Type 3b - single speed pump

Type 73 - flat plate solar
collector

Type 4c - hot and cold thermal
storage tanks

Type 2b — temperature control
strategy

Type 65a — output online plotter
(TRNSYS-supplied units)

@ Type 9c was used to calculate the incident
solar radiation for the location of Al-Samawa
(latitude is 31.19°N, longitude is 45.17°E, and
elevation is 15 m) in Iraq

@ The TRNSYS model was run with the
available experimental data as input using Type

Type 3b was used as a main pump
Maximum flow: 0.75 L/min

Maximum power: 60 W

Fluid specific heat: 4180 J/kg.K

Type 73 was used as a FPSC

Collector area: 2.7 m>

Number in series: 1.0

Fluid specific heat: 4180 J/kg.K
Collector inclination angle: 32°
Intercept efficiency: 0.6

Efficiency slope: 8.333 W/m%K

Type 4c was used as hot and cold-water
storage tanks

@ Thermal storage tank loss coefficient: 0.694
W/m? K

@ Thermal storage tank volume: 0.136 m*
@ Type 4c was used as a temperature control
strategy

@ The number of control oscillations: 4

@ Type 65a was used as an output online
plotter (TRNSYS-supplied units)

000000000000 °

typical meteorological year (TMY) file for Al-Samawa were used to
model and simulate the system using the TRNSYS software. The exper-
imental data for the FPSC with an internally serpentine tube receiver
system is validated using a TRNSYS, which employs a set of components
referred to as “Types", as illustrated in Fig. 3.

Fig. 3 displays the proposed solar collector system simulated using
TRNSYS. The operating pump was responsible for transporting domestic
hot water from the cold storage tank to the proposed solar collector. The
next step was to use a heated storage tank. The controller regulates the
operation of the pump to minimize the heat loss in the proposed solar
collector.

Several components of the TRNSYS simulation model were utilized
to predict the thermal performance of the proposed solar collector sys-
tem at a given time of day [28 September]. The following are the pri-
mary components that are included in the TRNSYS modeling system:

International Journal of Thermofluids 15 (2022) 100189

Type 65a is an online output plotter (TRNSYS-supplied units), Type
9c is a data reader, Type 2b is a temperature control strategy, Type 4c is
hot and cold-water storage tanks, Type 3b is a single-speed pump, and
Type 73 is a theoretical flat plate collector.

A single-speed pump with a flow rate of 0.75 L/min is represented by
the Type 3b model. The FPSC was modelled as a single number in series
by the Type 73 design, and it had a collector area of 2.7 m?. The cold and
hot thermal storage tanks are both modelled using Kind 4c, which refers
to stratified storage tanks with uniform losses and a constant heat loss
coefficient of 0.694 W/m? K. Cold and hot storage tanks have the same
capacity of 0.136 m>. The rate of fluid flow between the stratified
storage tanks and FPSC was regulated by a controller of type 2b. This
controller activates only the pump when the outlet temperature of the
collector is higher than its inlet temperature. Table 2 summarizes the
parameters and key inputs of the TRNSYS model. The following are the
results of the TRNSYS simulation for the city of Al-Samawa on a typical
day [28 September] using a 10 s simulation time step. The TRNSYS
model was run with the available experimental data as the main inputs,
except for the incident solar radiation values generated from a typical
meteorological year (TMY) file for Al-Samawa, because there were no
incident solar radiation measurement data in this study.

4. Results and discussion
4.1. Ambient temperature and incident solar radiation

The accuracy of a weather database is extremely important for the
performance analysis of solar collector systems. Weather data for Al-
Samawa, Iraq (latitude 31.19°N, longitude 45.17°E, and elevation 15
m), were obtained using a typical meteorological year (TMY) file. Fig. 4
depicts the ambient temperature and incident solar radiation profiles for
Al-Samawa city throughout a typical day in September. During the day,
the radiation level increased from 270 W/m? at 8:00 am to 850 W/m? at
13:00 am and then slowly decreased to 400 W/m? at 17:00 am, which
matches the ambient temperature. The ambient temperature and inci-
dent solar radiation peaks throughout the day were 39 °C and 850 W/
m?, respectively. This demonstrates that Al-Samawa city has a signifi-
cant solar energy potential owing to the abundance of solar radiation.

4.2. Temperature profiles

Fig. 5 displays the temperature profiles for the solar collector system
that were concurrently recorded at three locations: the solar collector
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Fig. 4. Ambient temperature and incident solar radiation profiles for Al-Samawa city on a typical day [28-September] during daytime.
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Fig. 6. The efficiency of the proposed solar collector.

inlet and outlet temperatures, and the ambient air temperature. The flow
rate in the proposed solar collector system was maintained constant
throughout the experiments at 0.75 L/min. The temperature at the solar
collector input was kept at 37.7 °C. However, the temperature at the
solar collector input gradually increased because of direct solar expo-
sure. The temperature at the output of the solar collector ranged from 52
to 61 °C, with an average temperature of 58 °C. The designed solar
collector had an average temperature difference of approximately 20 °C
between its input and output temperatures. The ambient temperature
was recorded as 44 °C on average, with minor changes, followed by a
slight decrease over time. According to the data, the overall uncertainty
in the recorded temperatures was predicted to be 2.1%. Fig. 4 shows that
the theoretical ambient temperature was slightly lower than the
measured ambient temperature, as illustrated in Fig. 5.

4.3. Collector efficiency

In our experiments, we analyzed the performance of a FPSC based on
the ASHRAE standard. The standard assesses the performance by
obtaining instantaneous efficiency values for different combinations of
solar radiation, ambient temperature, and inlet fluid temperature. This

requires experimental measurement of both the rate of incident solar
radiation and the rate of energy absorption by the working fluid. The
experiments were conducted at a flow rate of 0.75 L/min throughout the
daylight hours from13:30 to 16:00. The useful energy gain of the
working fluid is computed using Eq. (2) [28].
0,=mC, (T,~T) @
The efficiency of the collector is defined as the ratio of useful heat
gain of the working fluid to the energy impinging on the collector sur-
face, which can be calculated using Eq. (3).

0, m C, (T, - Tv)
ST AL @
Where; Q, is the useful heat gain of water, W; m'is the mass flow rate,
kg/s; Cp is the heat capacity of water, J/kg.K; To is the outlet temper-
ature of the solar collector, °C; Ti is the inlet temperature of the solar
collector, °C; Ta is the ambient air temperature, °C; A is the surface area
of the solar collector, mz; and I is the incident solar radiation, W/m2.
The efficiency of the proposed solar collector system was calculated
based on Eq. (2). Fig. 6 depicts the efficiency of the proposed solar
collector. Because the flow rate and fluid velocity were low throughout
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the tests, more solar energy was absorbed, resulting in a higher tem-
perature differential between the inlet and output fluids. Consequently,
the overall collector efficiency increased over time. The efficiency of the

proposed solar collector ranges from approximately 45% to 67%, with
an average of 58%. According to the results, the total uncertainty in
estimating efficiency is 2.3%.
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4.4. Validation model

To highlight the variance between the simulated and experimental
results, a reference line with a unity slope was provided. Fig. 7 shows a
comparison between the measured and simulated outlet temperatures.
The simulation results for the TRNSYS simulation model were surpris-
ingly compatible with the experimental data. The average difference in
the output temperatures between the experimental and simulated con-
ditions is less than 1%. The temperature at the solar collector output
ranged from approximately 52 to 61 °C for both the tests and simula-
tions, with an average of 58 °C.

Fig. 8 compares the experimental and simulated variations in col-
lector temperature. The TRNSYS simulation results were found to be
remarkably consistent with the experimental data. The average gradient
in the output temperatures between the experimental and simulated
conditions was also less than 2%. For all the experiments and simulation
tests, the collector temperature difference ranged from approximately
14 to 24 °C, with an average of 14 °C.

Fig. 9 compares the experimental and simulated collector effi-
ciencies. The TRNSYS simulation results were found to be interestingly

matched with experimental data. The average temperature difference
between the experimental and simulated conditions was again less than
1%. The efficiency of the proposed solar collector ranged from approx-
imately 45% to 67%, with an average of 58%.

In order to compare the outcomes of the current of the modified solar
collector with the conventional flat solar collector, the experimental
data [44-46] for collector efficiency is displayed against mass flowrate
and incident radiation. Fig. 10 depicts the fluctuation of collector effi-
ciency with incident solar radiation. This is because the amount of solar
radiation varies throughout time. The overall trend of the results is
consistent with literature data. Fig. 11 shows the effect of water mass
flow rate on the collector output temperature and efficiency. The results
in Figs. 9 and 10 show that weather affected the outflow water tem-
perature and collector efficiency (e.g., solar radiation intensity, ambient
temperature, wind speed, and convection heat transfer coefficient). The
outcome variations could also be attributed to differences in collector
design characteristics. Such a comparison of multiple studies on FPSC
may not be sufficient since these studies were conducted under varying
parameters such as working fluid, operating conditions, ambient con-
ditions, and collector geometry characterizations.
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5. Conclusion

A novel approach was used in this study to improve the efficiency of
FPSC. It incorporates a single serpentine-shaped collector tube covered
with a plastic sheet to replace the current number of riser tubes linked to
headers coated with a glass sheet. Experimental and simulation in-
vestigations were performed to evaluate the thermal performance of an
active FPSC with an inner absorber tube in Al-Samawa, Iraq. A TRNSYS
model for the proposed FPSC was developed and validated using the
experimental data. The ambient temperature and incident solar radia-
tion at the experiment site were 39 °C and 840 W/m?, respectively. The
findings indicate that the TRNSYS model strongly agrees with the
experimental data. The average difference between the tests and simu-
lations was approximately 1% in terms of temperature differential and
collector efficiency. On a clear day, the average difference between the
input and output temperatures of the proposed solar collector was
approximately 20 °C. The average efficiency of the collector is approx-
imately 58%. The developed model could be key to future improvements
in FPSC. The proposed modification in this study is to provide highly
efficient solar collectors for home and remote areas utilities. Another
consideration is minimizing the net weight of the system. These findings
encourage the development and implementation of the proposed solar
collector system as an integrated system for various thermal engineering
applications, including solar cooling systems, and solar distillation
systems.
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