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Abstract

The article approaches in a comparative way the series and parallel connection of flat solar collectors using glass covers, creating
a low-cost, easy-to-assemble solar thermal system in the Herds Mozambicanos neighborhood, in the city of Chimoio. The
thermal efficiency of each collector and each connection made in the solar collectors was analyzed. These solar collectors have
good outlet temperatures, as they can heat water to the recommended ideal temperature, which is above 30<C. Therefore, this
article approaches the use of solar energy using low-cost systems that are accessible to the population, built with materials that
are easily found in the national market, for basic purposes. To carry out this article, the experimental method was used, which
consisted of producing two prototypes of solar collectors. In addition to the experimental method, a bibliographic analysis
technique was used, which consisted of gathering information in books, dissertations, websites, and manuals already published
on the subject. For data collection, opted to use a TPM-10 digital thermometer, which consisted of viewing temperature data, and
a cell phone stopwatch to measure the time spent during the time intervals under study. Microsoft Office Excel was used for data
analysis, and temperature data obtained on instruments during the study was used to determine thermal efficiency, yield, useful
power, and global solar radiation. With the solar water heating system, such as the flat solar collectors developed, good
temperature indices were obtained, between 37.7<C and 68.1<C, with a thermal efficiency of 52.9%. Meanwhile, conventional
solar collectors sold on the domestic market and some installed on hospital roofs typically have a thermal efficiency of over 55%.
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1. Introduction

Solar radiation is renewable and abundant in our country.
Using the solar thermal energy, can be reduce electricity
consumption and contribute to sustainability. With the use of
alternative and inexpensive materials such as solar collectors,
even if they are not highly efficient, this technology can
become more popular and help spread the culture of using

renewable energy sources, furthermore, explore the use of
solar energy, which is abundant in our country.

Electric showers consume a lot of energy to heat water,
which could be supplied by solar energy, reducing the need for
other energy sources that are more expensive and pose greater
environmental and social risks. Thus, the use of solar heaters,
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such as flat plate solar collectors, is excellent for reducing
electricity consumption and benefiting the hot water genera-
tion and distribution system [11].

As a way of making hot water production in flat plate solar
collectors more efficient, this study aims to analyze the use of
flat plate solar collectors connected in series and in parallel in
reducing hot water loss and increasing thermal efficiency. To
this end, the series and parallel connection of solar collectors
were evaluated comparatively.

Flat solar collectors are economical compared to concen-
trating collectors and vacuum tube collectors. They offer good
value for money and have multiple mounting options, making
installation simple. These characteristics, combined with the
need to produce hot water using several flat solar collectors,
make it easy to study the connection of flat solar collectors in
parallel as well as in series.

The comparative study of flat solar collectors configured in
series and in parallel for hot water consumption was consid-
ered pertinent because studying these connections will help
society with methods of producing hot water using low-cost
materials, the most effective connections according to the
producer's needs, assembly options and economic conditions.
The study benefits in the thermal analysis of the efficiency
and yield of hot water produced in series and parallel con-
nections of flat solar collectors and analysis of climatic con-
ditions for good performance according to their connections.

‘ Direct solar radiation

[

The study is focused on the development of flat solar col-
lectors configured in series and in parallel to compare per-
formance and thermal efficiency, specifically:

1) Describe the series and parallel connections of flat solar

collectors;

2) Construct flat solar collectors configured in series and in

parallel;

3) Analyze the thermal efficiency and performance of flat

solar collectors configured in series and in parallel.

2. Literary Review

2.1. Solar Energy

Solar energy is one of the most important forms of re-
newable energy in existence, since almost all other forms of
energy, such as ocean energy, biomass, wind and fossil fuels,
are indirect forms of solar energy. Solar energy can be trans-
formed into two main types: solar thermal energy and solar
electrical energy. The main applications of solar thermal
energy to be dealt with in this work are the heating of do-
mestic hot water in buildings for collective and residential use,
for which solar collectors are used [2].

Indirect solar radiation
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Figure 1. Types of solar energy use [14].

Solar energy is by far the most attractive alternative energy
source for the future because, in addition to its non-polluting
characteristics, the amount of energy available for conversion is
equivalent to several times the world's current consumption [2].

2.1.1. Solar Radiation
Solar radiation is short-wave electromagnetic energy that
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reaches the earth after being partially absorbed by the at-
mosphere. The greatest influence of solar radiation is on the
distribution of the planet's temperature. The amount of radia-
tion varies according to the time of year and latitude [5].
Solar radiation has several components: direct solar radiation
Eqir from the sun, which reaches the earth without any change in
direction, and diffuse radiation Ed;;, which reaches the observ-
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er's eyes through the diffusion of air molecules and dust parti-
cles. Diffuse radiation also includes radiation reflected by the
Earth's surface. The sum of diffuse and direct radiation is
equivalent to global solar radiation Eg [2].

E¢ = Egqir + Egif 1)

Reflected
radiation

Reflection,
diffusion

)
=
Dy
Diffuse
radiation

Direct radiation

Figure 2. Global solar radiation and its components [10].

Global solar radiation is the radiant energy per unit of time
and area incident on a surface, expressed in W/m?/day, given
by the sum of its direct and diffuse components. It can be
measured by different instruments, being one of the most
widely used parameters for measuring this radiation compo-
nent.

2.1.2. Solar Thermal Systems

The objective of solar thermal systems is to supply a sub-
stantial part of the energy needs for domestic hot water (DHW)
in all the fractions of the house, using solar radiation. These
systems need to be known both in terms of possible designs and
the equipment and accessories that make them up [13].

Solar collector

i

Captation

2.1.3. Converting Solar Energy into Thermal
Energy

In order to convert solar energy, which is available in the
form of solar radiation, into thermal energy, a device capable
of capturing solar radiation and transferring the energy to a
transfer fluid is used. The device in question is the solar
collector, which is the central and most economically im-
portant element in an installation for capturing solar energy to
heat water [12].

2.2. Solar Collectors

A solar collector is a device that absorbs solar energy and
transforms it into thermal energy, heating the fluid in the
equipment. This fluid can be air, water or another thermal
fluid [16].

According to [4], solar collectors must have high trans-
missivity and absorptivity of solar radiation. They lose energy
through convection and radiation, and it is desirable that the
surface emittance is as low as possible to reduce radiation
losses.

Solar collectors are the central components of solar thermal
energy installations. Their function is to capture and convert
sunlight (short-wave radiation) into heat and transfer the
energy obtained with minimal losses to the rest of the system,
usually through water, oil or another fluid depending on the
system's operating temperature [2].

They base their operation on two natural phenomena:

1) The absorption of heat by dark surfaces;

2) The upward movement of liquid fluids in circuits with

temperature variations.

According to [11], three systems are needed to heat water:
the collection system, consisting of the collector and the pipes
that connect the collector to the reservoir; the storage system,
which has the thermal reservoir and the auxiliary systems; and
finally, the consumption system, which consists of distrib-
uting the heated water for final consumption. Figure 3 illus-
trates a solar collector heating system.

Point of consumption

Storage Consumption

Figure 3. Solar Heating System [11].
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2.2.1. Types of Collectors

1) Flat collectors without a cover

These collectors briefly comprise plastic tubes (polypro-
pylene, polycarbonate or polyvinyl), placed in the shape of a
mat and joined by two larger diameter tubes at the top and

) —

Vertical tubes

Distribution
pipes

) | |

Example of a cross-section

bottom. In economic terms, they are more affordable than
roofed collectors, although the return on investment is quite
similar, as they are less efficient and a larger catchment area is
required [12].

Figure 4. Flat collector without cover [12].

2) Flat collectors with a cover

This is the most conventional type of collector, consisting of
an absorber surface, fixed in a watertight box, with a trans-
parent cover, usually made of glass, which, due to the green-
house effect, reduces thermal losses. This type of solar collector
can work efficiently all year round. With the absorber plate
painted matte black, maximum operating temperatures of
around 50€ can be reached (within the usual temperature
range used for hot water), with good performance [12].

With the so-called selective coatings, temperatures of
around 60 to 70 can also be achieved with good perfor-
mance, reducing heat loss through radiation. These absorber
plate coatings are obtained through electrochemical treatment
or sputtering, which gives the plate optical properties that
reduce the emission of infrared radiation while maintaining its
high absorption capacity, like black paint [12].

Figure 5. Flat collector with cover [12].

3) Vacuum tube collectors
For slightly higher operating temperatures (<120€) with
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good efficiency, it is already necessary to use vacuum col-
lectors. Inside these collectors, which are usually tubular, air
is extracted in order to almost completely reduce heat loss by
convection and conduction from the absorber plate [12].

Figure 6. Vacuum tube collectors [12].

2.2.2. Type of Circulation (Most Commonly Used
Classification)

1) Forced circulation

The operation of a forced circulation system is character-
ized by the existence of a circulating electric pump with the
aim of forcing the transfer fluid to circulate in the collectors.
The electric pump is controlled by a differential control sys-
tem that reacts to the temperature difference between the
water leaving the collectors and the temperature of the water
in the lowest part of the tank, normally 5. When this value is
reached, the electric circulator pump is activated and the heat
transfer fluid in the collector circulates to the water storage
tank, where the heat is transferred to the water via a heat
exchanger [12].
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In short, in addition to the solar collector, a solar system
consists of a storage tank, electric circulator pump, primary
circuit, heat exchanger, expansion vessel, air vent, safety
valve and conventional energy support equipment [12].

Forced circulation scheme
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Figure 7. Forced circulation scheme [12].

2) Natural circulation (or thermosiphon)

The thermosiphon system generally consists of a set of
collectors connected to a well-insulated tank positioned at a
higher level than the collectors. No electric circulating pumps
are needed, as circulation is carried out by natural convection,
induced by the difference in density between the hot and cold
water. The water in the collector becomes less dense as it is
heated, moving to the top of the circuit, inside the tank. The
colder, denser water moves to the lower part of the circuit, at
the entrance to the collector. Once in the collector, the cycle
begins again and circulation continues as long as there is solar
radiation. The circulation flow rate increases as the intensity
of solar radiation increases and the water to be used is taken
from the top of the solar tank (Figure 8) [12].

As a rule, the tank should be located above the collector to
prevent an inverted thermosiphon effect during the night,
which can be avoided by using a non-return valve. These
simple systems consist of a solar collector, tank, air vent,
expansion vessel, and other small accessories [12].

Thermosiphon diagram

Deposit

Electrical
resistance

& Net

Consumption

sdev

Solar
collector

Figure 8. Natural circulation or thermosiphon diagram [12].
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2.2.3. Connection of Solar Thermal Collectors

As a general rule, for uniform flow distribution, all rows of
collectors must have the same number of collectors to ensure
equal load losses in all of them, without increasing the cost of
accessories [8].

According to [1], the collection subset consists of the col-
lectors and their fasteners and accessories, and is responsible
for capturing incident solar energy and transforming it into
thermal energy. The collector field comprises the physical
space in which they are installed, including the areas that must
be left free to avoid shadows and facilitate maintenance.
Collectors can be connected in three ways: in parallel, in
series, and in a mixed connection (series-parallel).

1) Parallel connection

The normal thing is to place the collectors coupled to each
other in parallel, forming rows or batteries that are also in-
terconnected in parallel. This solution is most commonly used
in DHW and swimming pool heating applications. Collectors
can be connected in parallel if they have four connection
sleeves or less [1].

Hot fluid
outlet

[l T M

.

-

Figure 9. Connection of a row of four collectors in parallel [1].

Cold fluid inlet

Connecting the collectors in parallel provides greater per-
formance, but also increases the length and diameter of the
pipes, since the total flow is the sum of the flows of all the
collectors, which means that the power of the pump to be
installed is greater, as is the amount of heat transfer fluid in the
circuit, consequently increasing thermal losses. The number of
accessories also increases, so the installation cost increases [1].

2) Series connection

In this case, the circulation flow rate is the same in all col-
lectors. Figure 10 shows how the series connection is made.

L

—  ———

S
Hot fluid
outlet

t ft t

Cold fluid inlet

Figure 10. Serial connection of three collectors [1].

In this type of connection, the hot heat transfer fluid outlet
from the previous collector is connected to the cold heat
transfer fluid inlet of the next collector. The fluid will enter the
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coil through the inlet of the first collector and exit through the
outlet of the last collector [1].

Each input in the queue will be connected to the lower
connection of the first collector and the output to the upper
connection of the last collector in the line. To determine the
maximum number of collectors that can be connected in series,
it is necessary to take into account that the temperature in the
last ones may be high and cause damage to the materials or the
formation of steam in the circuit. On the other hand, there is a
marked drop in performance in the last collectors in series [8].

The series connection allows for lower flow rates than the
parallel connection, smaller pipe sections, and shorter lengths,
reducing installation and maintenance costs. The pump to be
installed will also have lower power, as the flow rate is lower [1].

3) Mixed connection

The parallel connection of series collector groups or series
groups of parallel collector groups is called mixed. This
system is not common and is only used in installations with a
very large collection surface area and where temperature
requirements are also high, as it reduces the diameter of the
pipes to be installed, thereby reducing their cost [1].

There is no limit to the number of batteries in this configu-
ration, provided that the hydraulic balance is maintained and
the limit on batteries connected in series is respected. This type
of assembly should be used in forced circulation systems [7].

ft N I
TTT ”T ”T Hot fluid
— — ouflet

Figure 11. Configuration of series-parallel collectors [1].

The collection subsystem consists of collectors, their supports,
anchors, and other accessories, and is responsible for capturing
solar energy and transforming it into thermal energy [1].

2.3. Determination of Thermal Parameters

It is necessary to determine the fundamental parameters
that assist in determining the thermal performance of the solar
heater [6]. According to [9] Apud [6], these parameters, which
refer to the solar collector of the solar water heating system,
are: the overall loss coefficient, power loss, and thermal

106

efficiency.

According to [6], thermal losses in solar collectors are a
consequence of the energy captured migrating from the col-
lector to the atmosphere through convection, conduction, and
radiation, due to the temperature difference between them.

The power values initially required to determine the Over-
all Thermal Loss Coefficient are:

1) Power absorbed by the collector (Pqps)

2) Power transferred to the working fluid (P)

3) Power lost by the collector (P,)

2.4. Determining Thermal Efficiency

One of the most important parameters in defining a col-
lector is its efficiency. The greater the difference between the
operating temperature and the ambient temperature, the
greater the thermal losses, and therefore the lower the amount
of useful energy that the fluid will be able to extract. De-
pending on the type of collector, efficiency decreases more or
less sharply with temperature [12].

When selecting the right collector in terms of performance,
the choice is more related to adaptability of function of
highest performance value. The thermal performance of the
solar collector allows the amount of energy that the system
can retain to be determined. This thermal performance of the
collector can be determined by the relationship between the
power transferred to the working fluid, the area of the solar
collector exposed to solar radiation, and the incident solar
radiation to which the solar collector is exposed [6].

According to [12], observation of the collector's charac-
teristic curve should show that for typical temperatures of the
application for which the collector is intended, it should
perform at no less than 40-50%. This option should be con-
sidered when selecting equipment.

3. Research Methodology

This chapter presents the methods and procedures used in
the preparation of this article. To achieve the objectives of this
article, it was necessary to use the experimental method and
the bibliographic analysis technique. Therefore, the experi-
mental method consisted of constructing two flat solar col-
lectors to make the connections in series and in parallel. The
bibliographic method consisted of searching for information
related to the topic, which involved searching for concepts,
laws, and phenomena to give the work greater consistency.

3.1. Materials

The choice of materials for the construction of solar col-
lectors greatly influences the efficiency of the proposed de-
vices, therefore the materials listed in Table 1 were used.
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No

10

11

12

13

14

15

Table 1. Materials used in the construction of collectors.

Materials

PVC pipes, IPS with section %2

PVC elbows, IPS with section %2

PVC joint pipes, IPS e IRS with section %2

PVC Articulated union, IPS with section %2

PVC Simple union, IRS with section %2

PVC Outlet tap, IPS with section %

PVC Inlet valve, IPS with section %2

Plywood sheets 84cm x 54cm

20-liter reservoir

Wooden shelf for the reservoir, 1 meter high

Collector's wooden bookcase

Wooden collector box measuring 84cm x 54cm

Digital thermometer

Black enamel paint
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Image of the material

Quantity

30

18

11
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No Materials Image of the material Quantity

16 Thread sealer or Sellarosca E 1

17 Teflon tape 5

18 4mm glass measuring 0.82m x 0.513m 2

19 pipe fitting 2

20 Connection union 28

Table 2. Support materials for the construction of collectors.

N Support material Function

1 Knife Level the pipes after cutting them.

2 Alicante Remove poorly positioned nails and connect the pipes.

3 Star wrench Serve as a support for smaller pipes when threading.

4 Hacksaw blade Cut the pipes.

5 Paintbrush Help paint the pipes and the entire system.

6 Protractor Help show the angle of inclination.

7 Tape measure Help with measurements.

8 Pipe wrench Help thread the pipes.

In order to form the water circulation grid, the components

3.2. Construction of Flat Solar Collectors were fixed in place, or the pipes were connected to the other

elements listed in Table 1, specifically the tees, elbows, sim-

First, two walls of flat solar collectors were made using  ple joints, articulated joints, and other components, as shown
wooden boards measuring 84 cm long, 54 cm wide, and 12cm  in the figure below. It was then painted black to achieve
thick. Next, two 84 cm x 54 cm Unitex sheets were glued and  greater radiation absorption, as shown in Figure 13.
nailed to the bottom of the walls, serving as the base for the
collectors, one for each collector, as shown in Figure 12.

Figure 13. Connecting the pipes to the solar collector.
Figure 12. Wooden boxes for solar collectors.
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k I

Figure 14. Circulation grid painted black.

Next, the solar water heater components, the wooden boxes

'

for the solar collectors, and the water circulation grids were
installed. All system components were painted black to create a
black body. In order to obtain flat solar collectors with a cover,
the water inlet and outlet pipes were installed. Next, the glass was
fixed and glued to the solar collectors as shown in Figure 14.

The water tank was also painted black. To ensure that the
collectors and the tank are securely supported, racks were
built for both the collectors and the tank. The collector racks
were built at a 45<angle, in accordance with the literature on
efficient use of solar energy.

Figure 15. Solar collector and reservoir racks.

The schematic structures of the systems under study are presented below.

Figure 16. Schematic structure for series and parallel connection.

3.3. Data Collection Techniques

In order to measure the water temperature at the inlet and
outlet of the collectors, data was collected using observation
techniques. Measurements were taken in September 2021, on
the 6th, 11th, 12th, 13th, 14th, and 17th. During the hours of
highest solar radiation intensity throughout the day, from 9
a.m. to 3 p.m., respectively. The observation was made by
observing the temperature and time values provided by the
data collection instruments (TPM-10 digital thermometer and
Samsung S4 cell phone stopwatch).
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Figure 17. Data collection instruments (TPM-10 digital thermome-
ter and Samsung S4 cell phone stopwatch).

3.4. Data Analysis Technique

The data collected on temperature variation was tabulated
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according to the measurements taken at the times of greatest
solar radiation intensity throughout each day, after the test
measurements. The thermal efficiency of the solar collectors
was then determined based on equation (3), using the thermal
parameters, specifically: the global solar irradiation (I) ac-
cording to the study site, the useful power transferred to the
working fluid (PU) based on equation (4) and the power
absorbed by the collector (Pabs) based on equation (5). It was
also necessary to determine the power lost (Pp) based on
equation (6), in order to know the reasons for the decrease in
thermal efficiency at some points in the system under study.
The graphs corresponding to the results inherent in the ther-
mal parameters mentioned above for the analysis of the
thermal efficiency of the devices were analyzed using the
Microsoft Excel package.

According to the databases of the National Institute of
Meteorology of Mozambique (2020), the average annual
radiation levels in Mozambique are around 5.6 kWh/m? In
the central region (Chimoio), it is 5.28 KWh/m?.

The solar collector's thermal efficiency allows us to de-
termine how much energy the system can retain. The thermal
efficiency of the collector can be determined through the
relationship between the power transferred to the working
fluid (Pu), the area of the solar collector exposed to solar
radiation (A) and the incident solar radiation that the solar
collector is exposed to [6].

Py
=7

)

Since the study was based on solar collectors, the absorbed
power was used in addition to the incident power, since the
absorbed power includes the absorption capacity of the plate.
According to [3], the absorptivity of the plate (ap), Since itis a
black painted plate, is considered to be 0.8.

Py

M = 3)

- Pabs

Where: n.- Thermal efficiency; P, - Total useful power
transferred to the working fluid in kW; | - Global solar irra-
diation in kW/m% A - Collector area (area exposed to solar
radiation) in m?; Pps- power lost.

Power absorbed by the collector (Pus) - Quantitatively
represents the portion of incident energy that is absorbed by
the solar collector's absorber plate [6].

Paps = ap.1.A (4)

Where: Py - is the power absorbed by the collector, in kW;
ap - represents the absorptivity of the plate; I - refers to global
solar irradiation, in kW/m=2and A - is the area of the solar
collector exposed to solar radiation, in m=

Power transferred to the working fluid (Pu) - This power
represents the portion of energy that can be transferred to the
working fluid, in this case, water [6].
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P, = .C,.AT (5)

Where: P, - represents the useful power transferred to the
working fluid, in kW; m - is the mass flow rate, in kg/s; cp
corresponds to the specific heat of water, in ki/kg <C and AT -
consists of the temperature difference of the fluid obtained in
the system, in <C.

Power lost by the collector (Pp) - Portion of the absorbed
energy that is lost through the base, sides, and top of the solar
collector [6].

Pp=Pabs_Pu (6)

4. Presentation and Analysis of Results

This chapter presented the results regarding the behavior
of the devices during operation. The results were obtained
during five days of analysis of the proposed solar heaters.
The results are necessary to verify the behavior of the water
temperature inside the collectors and to ascertain their ther-
mal efficiency.

The solar heaters were made of wood, pipes, and Unitex
sheets. Water flows through the pipes as it is heated inside
the solar collectors. Inside the collectors are eight (8) inter-
connected pipes in the shape of a grid, painted black to re-
semble a black body. The fluid inside is heated by solar radi-
ation that strikes the collector plate, which, through conser-
vation, heats up each time it circulates through the pipes.

Each collector has three holes for pipe entry and exit. The
first collector has one hole on the upper left side for water to
enter the collectors, coupled with a digital thermometer to
measure the temperature of the water entering the collector
from the reservoir, and two holes on the right side, one on
the upper part and the other on the lower part, which allow
the pipes to be connected to those of the next collector. In the
second collector, there are two holes on the left side, one at
the top and one at the bottom, for connecting the pipes to
those of the preceding collector, and one on the right side at
the bottom, responsible for the outlet of hot water through a
tap, coupled with a digital thermometer to measure the tem-
perature of the water at the solar collector outlet for con-
sumption.

The data was collected between 9:00 a.m. and 3:10 p.m. As
can be seen in Tables 3, 4, 5, 6, 7 and 8, the values are the inlet
temperature (Tec), the outlet temperature (Tsc) and the varia-
tion between these temperatures (AT) in the solar collectors
under analysis; the global solar irradiation according to loca-
tion (1); the useful power transferred to the working fluid (PU);
the power absorbed by the collector (Pabs); as well as the
result of the thermal efficiency calculation for each solar
collector and for each connection. The tables do not include
the values for the power lost (Pp), which were determined and
used to find out the reasons for the increase and decrease in
useful power, which were crucial in obtaining the thermal
efficiency.
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The following constants were taken into account: the area of
each flat solar collector (Al or A2), in this case 0.45 m=and the
total area (AT) of the two solar collectors of 0.9 m% the mass
flow rate (rh) of 0.0056 kg/s since the thermal reservoir holds 20

liters of water and the time during one hour of collection, i.e.
3600 seconds; and the specific heat of 4.18 ki/kg <C.

According to [3], the absorptivity of the plate (ap), as itisa
black painted plate, is considered to be 0.8.

Table 3. Data from the first day for the first collector, ambient temperature 19<C - 30<C (06/09/2021).

Collector
Time (h) AT (C) Pu (kW) Pabs (KW I (kW/m=F ¢ (%6)
Tec (°C) T« (°C)
9:00 a.m. - 10:00 a.m. 241 50.2 26.1 0.612 1.9008 5.28 322
10:02 a.m. - 11:02 a.m. 254 54.6 29.2 0.684 1.9008 5.28 36.0
11:04 a.m. - 12:04 p.m. 26.1 63.4 37.3 0.874 1.9008 5.28 50.0
12:06 p.m. - 1:06 p.m. 26.6 62.1 355 0.832 1.9008 5.28 43.8
1:08 p.m. - 2:08 p.m. 253 56 30.7 0.720 1.9008 5.28 37.9
2:10 p.m. - 3:10 p.m. 25.8 51.2 254 0.595 1.9008 5.28 313
Average 25.55 56.25 30.7 0.720 1.9008 5.28 37.8
Table 4. Data from the 1st day to the 2nd collector, ambient temperature 19<C - 30<C (06/09/2021).
Collector
Time (h) AT (<C) Pu (KW)  Paps (KW I (kW/m= 1 (%)
Tec (°C) T« (°C)
9:00 a.m. - 10:00 a.m. 241 50.8 26.7 0.626 1.9008 5.28 32.9
10:02 a.m. - 11:02 a.m. 25.4 54.9 295 0.691 1.9008 5.28 36.4
11:04 a.m. - 12:04 p.m. 26.1 62.7 36.6 0.858 1.9008 5.28 45.1
12:06 p.m. - 1:06 p.m. 26.6 62.3 357 0.837 1.9008 5.28 44.0
1:08 p.m. - 2:08 p.m. 25.3 55.3 30 0.703 1.9008 5.28 37.0
2:10 p.m. - 3:10 p.m. 25.8 50.4 24.6 0.577 1.9008 5.28 304
Average 25.55 56.06 30.51 0.715 1.9008 5.28 37.6

The data in Tables 3 and 4 were collected during the same
time interval and under the same conditions. Analysis of the
results confirmed that the highest temperature reached during
the day occurred between 11:04 a.m. and 12:04 p.m. on the
first day of analysis, when the first collector reached a tem-
perature of 63.4<C and the second reached a temperature of
62.7<C. It can be seen that the first collector reached a higher
temperature than the second collector, but the difference is not
very significant, as shown in Figure 18.

111

B Average hot water outlet temperature at the
collector

W Average temperature variation

60 56.25 56.06 56.15
40 0.7 0.51
20

0

Collector 1 Collector 2

Average

Figure 18. The temperatures of the first and second collectors.


http://www.sciencepg.com/journal/jenr

Journal of Energy and Natural Resources

http://www.sciencepg.com/journal/jenr

Analyzing the average thermal efficiency of each solar
collector, it can be seen that the first collector had a higher

thermal efficiency than the second collector, but the difference
is not very significant, given that the values are approximate.

Table 5. Data from the first day for parallel connection at an ambient temperature of 16 - 24 °(September 11, 2021).

Collector
Time (h) AT(T)  Pu(kW)  Pas (kW 1 (KWIMF  n; (%)
Tec (°C) Ty (°C)
9:00 a.m. - 10:00 a.m. 23.2 43.3 20.1 0.471 1.9008 5.28 24.8
10:02 a.m. - 11:02 a.m. 22.8 40.2 17.4 0.408 1.9008 5.28 21.5
11:04 a.m. - 12:04 p.m. 22.3 48.8 26.5 0.621 1.9008 5.28 32.7
12:06 p.m. - 1:06 p.m. 24.5 48.7 24.2 0.567 1.9008 5.28 29.8
1:08 p.m. - 2:08 p.m. 25.1 54.1 29 0.680 1.9008 5.28 35.8
2:10 p.m. - 3:10 p.m. 25.9 40.4 145 0.340 1.9008 5.28 17.9
Average 23.96 4591 21.95 0.515 1.9008 5.28 27.1
Table 6. Data from the second day for parallel connection at an ambient temperature of 17<- 27 °(September 13, 2021).
Collector
Time (h) AT(T)  PU(KW)  Pus (kW 1 (KW/MF  n, (%)
Tec (°C) Ts (°C)
9:00 a.m. - 10:00 a.m. 24.9 56.4 315 0.739 1.9008 5.28 38.9
10:02 a.m. - 11:02 a.m. 25.3 58.8 335 0.785 1.9008 5.28 41.3
11:04 a.m. - 12:04 p.m. 26.7 63.8 37.1 0.870 1.9008 5.28 45.8
12:06 p.m. - 1:06 p.m. 25.2 68.1 42.9 1.006 1.9008 5.28 52.9
1:08 p.m. - 2:08 p.m. 27.9 64.5 36.6 0.858 1.9008 5.28 45.1
2:10 p.m. - 3:10 p.m. 28.1 51.2 23.1 0.541 1.9008 5.28 28.5
Average 26.3 60.4 34.1 0.800 1.9008 5.28 42.1
Tables 5 and 6 show the parallel connection data collected
on different days and under different weather conditions. On
37.85 B the first day, the ambient temperature ranged from 16<C to
37.8 24<C, which made it difficult to heat the water inside the
37.75 collectors. Under these conditions, the collectors reached a
7.7 . . -
37.7 0 maximum average temperature variation of 21.95<C, from the
- initial water temperature of 23.96 C, thus reaching an average
- 37.6 temperature of 45.91<C for the hot water coming out of the
. ;..; collector. On the second day, the ambient temperature ranged
'“_ from a minimum of 17<C to a maximum of 27<C, which
A . _ i _, greatly favored the heating of water in the collectors. Under
st Collecto 2nd Collector Average . T
these conditions, the collectors reached an average variation
n{%) do colector

Figure 19. The thermal efficiency of the first and second collectors.
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of 34.1<C, from the initial water temperature of 26.3<C, thus
reaching an average hot water temperature of 60.4<C, as
shown in Figure 20.
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Figure 20. Average temperatures in parallel connection.

Analyzing the thermal efficiency on the 1st day as shown in
figure 21 in relation to the 2nd day, it can be seen that it was
caused by the low water temperatures in the collectors as well
as the low ambient temperature. With these climatic condi-
tions inherent to low ambient temperatures on the first day
ranging from 16<C to 24<C and on the second day ranging
from 17<C to 27<C, the average thermal efficiency achieved
by the collectors under these conditions is considered positive.
The average thermal efficiency of 42.1% achieved by the
collectors on the 2nd day is positive, and is justified by the
favorable climatic conditions inherent in the high tempera-
tures on the day under study, as shown in figure 21.

In addition to the weather conditions, it was observed that
on the 1st day the power lost was greater, with a value of

1.3858 kW compared to the 2nd day, with a lower value of
1.1008kW. the thermal efficiency of the 1st day was condi-
tioned by the power losses compared to the 2nd day.

=

(%]
P
(¥
=

1st day 2nd day Average

nt(%) of the collector

Figure 21. Thermal efficiency average in parallel connection.

The average day's thermal efficiency is viable because it is
over 40%. As shown in figure 21, the thermal efficiency of
the days is feasible as it is higher than 30%. These consid-
erations were made due to the low temperatures on the first
day of data collection and the high temperatures on the
second day.

Table 7. Data from the first day for series connection at an ambient temperature of 18- 27 °(September 14, 2021).

Collector
Time (h) AT(T)  PU(KW)  Pg (KW I (KW/MF 1, (%)
Tec (°C) Ts (°C)
9:00 a.m. - 10:00 a.m. 252 57 318 0.746 1.9008 5.28 39.2
10:02 am. - 11:02 a.m. 27.2 63.1 35.9 0.842 1.9008 5.28 443
11:04 a.m. - 12:04 p.m. 26.3 64.7 38.4 0.900 1.9008 5.28 47.3
12:06 p.m. - 1:06 p.m. 27.5 62.2 34.7 0.814 1.9008 5.28 428
1:08 p.m. - 2:08 p.m. 26.1 60 33.9 0.795 1.9008 5.28 41.8
2:10 p.m. - 3:10 p.m. 26.9 52.8 25.9 0.607 1.9008 5.28 31.9
Average 26.53 59.96 33.43 0.784 1.9008 5.28 41.2

Table 8. Data from the second day for series connection at an ambient temperature of 17<C - 25<C (September 17, 2021).

Collector

Time (h) AT (<T) Pu (kW)  Pgps (KW I (KW/m= 1. (%)
Te (°C) Ty (°C)

9:00 a.m. - 10:00 a.m. 23.1 37.7 14.6 0.342 1.9008 5.28 18.0
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Collector
Time (h)

Tec (°C) T« (°C)
10:02 a.m. - 11:02 a.m. 23.7 44.4
11:04 a.m. - 12:04 p.m. 24.8 47.2
12:06 p.m. - 1:06 p.m. 256 50
1:08 p.m. - 2:08 p.m. 24.8 51.3
2:10 p.m. - 3:10 p.m. 251 45.6
Average 245 46

Tables 7 and 8 show the serial connection data collected on
different days and under different weather conditions. On the
first day, the ambient temperature ranged from a minimum of
18<C to a maximum of 27<C, which greatly favored the
heating of water in the collectors. Under these conditions, the
collectors reached an average variation of 33.43<C from the
initial water temperature to an average temperature of
26.53<C, thus reaching an average temperature of 59.96 <C for

59.96

2653 545

AT(T)  PuKW) P (kW 1 (KWMF  n (%)
20.7 0.485 1.9008 5.28 255
22.4 0.525 1.9008 5.28 27.6
24.4 0572 1.9008 5.28 30.1
26.5 0.621 1.9008 5.28 32.6
20.5 0.480 1.9008 5.28 25.3
215 0.504 1.9008 5.28 26.5

52.98
46
25.515 I

Average temperature of ~ Average temperature of hot

water entering the collector
collector

Hist m

water coming out of the

2nd

the hot water coming out of the collector.

On the second day of this connection study, the ambient
temperature ranged from a minimum of 17<C to a maximum
of 25<C, which made it difficult to heat the water inside the
collectors. Under these conditions, the collectors reached a
maximum average temperature variation of 21.5<C, from the
initial water temperature to 23.96 <C, with a total outlet water
temperature in the collector of 46 <C.

64.7
58

Maximum temperature

33.43

27.465
I a1s

Average temperature
variation

Average

Figure 22. Average temperatures in series connection.

Analyzing the low thermal efficiency on the first day, as
shown in the figure below, in relation to the second day, it can
be seen that it was caused by low water temperatures in the
collectors as well as low ambient temperatures. With these
climatic conditions inherent to low ambient temperatures on
the first day ranging from 17 <C to 25<C and on the second day
ranging from 18<C to 27<C, the old average thermal effi-
ciency by the collectors under these conditions is considered
positive.
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Figure 23. Average thermal efficiency of series connection.
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The average thermal efficiency of 41.2% achieved by the
collectors on the first day is positive and is justified by the
favorable climatic conditions inherent to high temperatures on
the day under study, as shown in Figure 23.

In addition to the weather conditions, it was observed that
on the first day, the power loss was lower, with a value of

V%)
|

o

V%)

4D
[ve)

oo

1.1168 kW compared to the second day, with a lower value of
1.3968 kW. The thermal efficiency on the second day was
affected by the power losses compared to the first day.

In order to obtain the total thermal efficiency of the two
connections, the data from the series and parallel connections
were analyzed, as shown in Figure 24.

"
=)

(V5]
=3

Total average thermal efficiency of

the parallel connection

Total average thermal efficiency of
the series connection

Average thermal efficiency

E1t(%) of the collector

Figure 24. Average thermal efficiency of series and parallel connections.

Despite the low thermal efficiency at low ambient temper-
atures and considering the above conditions, with the solar
collectors under study it was possible to achieve, at the end of
each day, average water outlet temperatures from the solar
collectors above the average of 36<C, which is ideal for
bathing [15]. Thus, the system shows that in just one day of
operation it is capable of heating water for bathing with good
efficiency.

During the study days, based on the data collected on the first
day, when the thermal efficiency of each collector was analyzed,
and the remaining days when the study focused on the thermal
efficiency of the connections, it was found that the highest av-
erage outlet temperature of the collector was 60.1<C on
09/13/2021 and the lowest average temperature was 45.91C on
09/13/2021, both during the parallel connection study.

The day with the lowest inlet temperature was the second
day (September 11, 2021), with an average inlet temperature
of 48.80<C and an outlet temperature of 26.50<C. However,
this result may have been caused by the reservoir due to
several factors, such as the low ambient temperature com-
pared to the other days of the study. The data show that par-
allel connection has higher thermal efficiency on both
low-temperature and high-temperature days compared to
series connection.

According to [12], the thermal efficiency of the system in
parallel connection at high or normal temperatures is higher
than that of the series connection. This case proves that the
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parallel connection achieved higher temperatures and effi-
ciencies than the series connection, even with low ambient
temperatures compared to the temperatures at which the series
studies were conducted.

A eficiéncia té&mica mélia de 34.6% alcangda pelos
coletores configurados em paralelo € superior aeficiéncia
té&mica mé&lia de 33,85% alcancada pelos coletores solares
configurados em sé&ie. Vaios fatores influenciam a eficiécia
té&mica, tais como perda de poténcia, temperatura, inclinago,
aea, etc. As perdas de poténcia observadas durante o
inqué&ito estat Btico mostraram que a eficiéncia té&mica da
ligagd em paralelo era superior porque tinha uma perda de
pot&cia menor, com um valor de 1,24 kW em comparaGo
com 1,26 kW para a ligago em sé&ie.

5. Conclusion

In accordance with the objectives outlined, this chapter of
the study presents the conclusions:

For the study of solar collectors connected in series and in
parallel, it was possible to gain a basic understanding of solar
collectors, connections, and the behavior of construction
materials. It was possible to build thermal systems capable of
absorbing solar radiation for water heating, as these thermal
systems depend exclusively on solar radiation, i.e., the more
solar radiation that falls on the solar collector, the higher the
temperature of the heated water, thus producing good thermal
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efficiency.

With the solar water heating system, such as the flat solar
collectors developed, good temperature indices were obtained,
between 37.7<C and 68.1<C, with a thermal efficiency of
52.9%. Meanwhile, conventional solar collectors sold on the
domestic market and some installed on hospital roofs typi-
cally have a thermal efficiency of over 55%.

Power losses influenced many in obtaining the thermal ef-
ficiency of the two connections. The parallel connection
showed greater thermal efficiency than the series connection
in relation to power losses, as the parallel connection showed
lower power loss, with a value of 1.24 kW compared to 1.26
kW for the series connection. The greater the power loss, the
lower the thermal efficiency.

The low or varying temperature levels measured at the col-
lector outlet may have been caused by heat loss due to the pro-
cess of opening and closing the thermal reservoir cover every
hour so that measurements could be taken, causing disruption to
the circulation of water inside the reservoir or even shading at
the time of measurement, without taking into account the varia-
tion in overall solar intensity at each hour of the day.

6. Recommendations

When assembling the water circulation grid, take great care
when tightening the pipes to avoid creating water leaks.
Ensure that the water circulation grid has no leaks before
fixing and gluing the glass.

It is necessary to install a sufficient number of solar col-
lectors to capture the necessary energy and choose the correct
inclination to achieve good performance according to the
capacity of the collectors.

Abbreviations

A Collector

cm Centimeter

Co Specific Heat

Eg Global Solar Radiation Energy
Ei Diffuse Radiation Energy

Eg Direct Radiation Energy

I Global Solar Radiation

INAM National Institute of Meteorology
m Mass Flow Rate

Pabs Absolute Power

Py Power Loss

Py Useful Power

T, Ambient Temperature

Tec Collector Inlet Temperature

Te Average Fluid Temperature
Tse Collector Outlet Temperature
m Meter

AT Temperature Variation

Nt Thermal Efficiency
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J Joul

0l Plate Absorptivity
kW Kilowatt

<T Graucelsius

K Kelvin

w Watt

kg Kilogram

S Seconds
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