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Abstract

This study aimed to evaluate a solar water heating system for using on residences, using a solar collector with
conical concentrator. The principle of light concentration in a solar collector with conical concentrator is the
capture and reflection of solar radiation in the center of a tapered concentrator with internal reflective faces. The
area of concentration of solar energy is occupied by a receiver with material of high thermal conductivity,
properly isolated by transparent surfaces, to form the greenhouse effect, where the thermal energy is transferred
to a working fluid. The characterization of the system was done through field tests to determine the efficiency in
the water heating. The tests were performed considering different scenarios, which varied according to the
heating system (passive and active with different water flow) and solar tracking (manual adjustment and
stationary). The results showed that the scenarios with solar tracking presented an average efficiency of 12.63%,
which was more efficient than those presented by the fixed orientation, which was 11.44%. Besides that, it was
verified that the active solar heating systems were more efficient than the passive ones.

Keywords: solar energy, conical solar collector, water heating
1. Introduction

The increase of the energy demand has encouraged researches into energy generation technologies by renewable
sources with more efficient applications in the effort to reduce the supply of non-renewable fuels. It is very
important to use agriculture science to give support to small farmers. The study of different water systems can
contribute to foment agribusiness in small rural areas.

In this context, the solar energy is one of the main sources of energy for the sustainable development, and has an
enormous potential in Brazilian territory, as it has an incidence considered relatively high (Luiz, 2013).

The solar energy, directly or indirectly transformed into thermal energy, can be considered a good alternative for
heating of water for various purposes, presenting many advantages with regard to the conventional energy
sources. Efforts to the harnessing of this energy, as well as its large-scale application, have made solar heating
systems cheaper and more efficient demonstrating to be a viable and competitive alternative (Aldabd, 2002;
Mourao, 2007).

1.1 Solar Geometry and Concentrators

The solar concentrators can be applied for heating of air, water and/or generation of electric power. They can be
hybrid systems that concentrate the solar energy into photovoltaic cells, being the excessive heat transferred to
fluids such as air and water (Zahedi, 2011). For the correct dimensioning and using of these systems, it is
necessary to know the angles of the solar geometry and the types of collectors, as shown in next items.
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1.1.1 Angles of Solar Geometry

Considering the apparent movement of Sun in relation to the Earth’s surface, some geometrical relations are
observed that are described through several angles, shown in the Figure 1.
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Figure 1. Representation of Sun position in relation to the horizontal plane with highlights at the reference angles
(Pinho & Galdino, 2014)

In Figure 1, it is observed the angles a, 0 and Ys denominated Solar Altitude Angle, Zenith Angle and Solar
Azimuth Angle, respectively. These angles represent the solar trajectory taking into account the apparent
movement of Sun in relation to the horizon of an observer. The solar altitude (a), is designated as the angle between
the horizontal projection of the solar rays and the incident sunlight, which is the complement of the Zenith angle
(6z+ a = 90°) (Duffie & Beckman, 2006). The zenith angle (07) refers to the angle between the vertical (Zenith)
and the solar rays, which represents the beam of radiation on a horizontal surface.

As for the solar azimuth (Yg), also called of azimuthal angle of the Sun, it is the angle between the projections of
solar rays in the horizontal and the North-South direction (observer’s horizon). In this case, the geographic North is
taken as a reference (0°) when it is in the Southern hemisphere, otherwise the South is taken as 0° (Northern
Hemisphere). Thus, by convention, positive solar azimuth angle values are adopted when the projection is on the
right of the South (to the East) and negative on the left, or on the West (-180° < Y5 < 180°) (Pinho & Galdino, 2014).

1.1.2 Types of Solar Collectors

There are basically two types of solar collectors, the non-concentrator collectors and concentrators (Duffie &
Beckman, 2006). As for the first, the solar radiation is captured as it occurs, without any concentration, reaching
temperatures below 150 °C. The most used collectors are the planes and the evacuated tubes. These are most
used in commercial sectors (hotels, restaurants, clubs, etc.) and residences, both for water heating. As for the
concentrator collectors, the solar radiation is concentrated and later absorbed as thermal energy, reaching
temperatures higher than the non-concentrator collectors. The most common concentrators are the parabolic and
the cylindrical-parabolic. The main applications are to the steam generation and indirect production of electric
power (Mourdo, 2007; Kalogirou, 2009; ANEEL, 2014; Walisiewicz, 2008).

The solar collectors can still be classified as the solar tracking system. The solar tracking systems are commonly
called of solar trackers, because they monitor the positioning of the Sun during its trajectory with a certain
degree of accuracy. The solar trackers can be used in systems of generation of electric energy and/or solar
heating through photovoltaic modules and/or solar collectors, respectively. There are also integrated collectors
that act as solar heaters and photovoltaic modules (PV/T), providing heat to a fluid and at the same time
generating electric power. These systems act by withdrawing and taking advantage the heat of the photovoltaic
cells, avoiding the loss of efficiency in the electric generation caused by the increase of temperature in the PV
module (Rustemli et al., 2013).
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1.1.3 Concentrator Collectors

The concentrator collectors are devices that concentrate the solar energy and direct it to a catchment area. The solar
concentrators, generally have a reflecting surface that directs the direct solar radiation to a focus where there is a
receiver through which one it flows a fluid that receives the transmitted thermal energy (Kalogirou, 2009).

The use of solar concentrators is justified in cases where high temperatures are desired with the use of small
catchment areas (Duffie & Beckman, 2006).

To simplify the terminology used in these devices, some considerations are exemplified. In the case of solar
concentrators, the term solar collector applies to the complete set of the heating system (including the receiver and
the concentrator) (Duffie & Beckman, 2006).

As for the receiver, it is the element of the system where the radiation is absorbed and converted into some other
form of energy, which also includes the absorber, the associated cover and the isolation. Finally, the concentrator
(or optical system) deals with the collector part that directs the radiation to the receiver. The concentrator is also
commonly called reflector. Figure 2 shows a solar concentrator and its elements.

RECEIVER-(ABSORBER +COVERING)« l

Figure 2. Example of a solar concentrator (Renewable Power News, 2009).

However, the concentrators can increase the flux of radiation on the receptors. They can be reflectors or refractors
in relation to the form of light transmission. As for the geometric form, the concentrators can be cylindrical and
concentrate the light in a linear or circular focus, with a focus on a point area. The receivers can be concave, plane
or convex (Duffie & Beckman, 2006). Figure 3 illustrates six possible configurations.
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Figure 3. Possible configurations of concentrator collectors (Duffie & Beckman, 2006)

Note. a) Diffuse reflector with tubular absorber; b) Cusp reflector with tubular absorber; c) Plane reflector with
plane receiver; d) Parabolic concentrator; e) Fresnel reflector; f) Heliostat matrix with central receiver.
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Although there are several forms of configurations, the most common ones correspond to the parabolic
concentrators. It is a more mature technology of thermal energy generation, reaching temperatures up to 400 °C, it
has its main applications in the generation of heat and in the production of electric energy (Kalogirou, 2009).

1.1.4 Parabolic Trough Collector

The parabolic trough collectors, also known as cylindrical-parabolic, receive this denomination according to the
form of the solar concentrator. This one in turn, has the geometric shape of a parabola, and is extended
longitudinally forming a trough in the field of solar reflection. Figure 4 exemplifies a cylindrical-parabolic
concentrator.

Figure 4. Cylindrical-parabolic collector (Darkoptimism, 2008)

The concentration of solar radiation in the receivers of a parabolic-cylindrical collector occurs by the reflection of
the solar rays that reach the concentrator (reflector). The concentrator, in its turn, is composed or coated by a high
reflection material, which reflects the solar radiation along a line of focus. In the way, the receiver is located along
the linear focus in order to capture the thermal radiation through a metallic tube of dark color (absorber), and
covered by a glass tube. When directed towards the sun, the surface of the concentrator reflects the sunlight and
concentrates in the receiver, where a fluid circulates internally (Duffie & Beckman, 2006).

Figure 5 shows a scheme of concentration of the solar radiation in a parabolic trough concentrator.
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Figure 5. Reflection scheme of a parabolic trough concentrator (Duffie & Beckman, 2006)

For a better understanding of the behavior of the solar rays, some computational models facilitate the visualization
of the light reflection trajectory. A study presents the behavior of solar radiation in a parabolic trough collector for
dimensioning of an absorber (Figure 6) (Xido et al., 2014).
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Figure 6. Light reflection scheme in a parabolic trough concentrator (Xido et al., 2014)

In Figure 6, the light incident on the concentrator (reflector) is reflected (concentrated) in a small area where the
absorber is located. In the absorber circulates a type of fluid that absorbs the energy concentrated by the reflector.

The parabolic trough concentrators can be categorized into two large groups with regard to their applications. The
first one, and the most important, is destined to generate steam for direct and indirect use in solar plants. The
temperatures reached vary from 300 to 400 °C (Figure 7). Another group can be characterized according to lower
temperatures, around 100 to 250 °C. Such applications are destined to the industrial processes and domestic
ambient for water heating, with low temperatures and high consumption rates (Fernandez-Garcia et al., 2010).

13704/2012.10:28,AM

Figure 7. Parabolic trough concentrator used for room heating (Balghouthi et al., 2014)

1.1.5 Parabolic Disk Concentrator

The parabolic disk concentrator has this denomination according to the shape of the solar concentrator. Such
concentrators are of point focus, according to the surface of revolution created by the parabola (Duffie & Beckman,
2000).

The parabolic disk concentrators have a dynamic that allows the solar tracking in two axes, being able to maintain
its perpendicularity in relation to the solar rays since the sunrise to the sunset (Duffie & Beckman, 2006). Figure 8
shows a scheme of the solar concentration in these collectors.
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Figure 8. Solar concentration scheme in a parabolic disk concentrator (DGS, 2005)

In the same way as in parabolic trough concentrators, it can be noticed in Figure 8 that when reaching the
concentrator (reflector), the solar radiation is reflected to the receiver where is situated the absorber, through which
one flows a fluid. What distinguishes both concentrators is the formation of the focus, being point in the parabolic
disk, whereas in the parabolic trough concentrator it is linear. Light concentration diagrams in collectors are
essential for dimensioning the receiver/absorber. Figure 9 shows a solar concentrator of parabolic disk with conical
absorber.

Figure 9. Solar concentrator of parabolic disk with conical receiver (HERNANDEZ et al., 2014)

The parabolic disk concentrators, because they have point concentration and they are solar tracked on two axes,
they are highly efficient, reaching temperatures from 100 to 1500 °C. Due to the high temperature range, it can be
used for steam generation and later transformed into electricity, or generate electric power directly through a
generator attached in the receiver. The latter one is more interesting for avoiding thermal losses (Duffie &
Beckman, 2006).

Figure 10 shows a parabolic disk concentrator for the generation of isolated power.
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Figure 10. Parabolic disk concentrator (Global Nevadacorp)

1.1.6 Conical Solar Collector

The conical solar collector has such denomination according to the geometry of the solar concentrator obtained by
a surface of revolution of a conical segment.

Figure 11 shows a basic form of a conical concentrator.

Figure 11. Scheme of a conical solar collector (El-Refaie, 1982)

In Figure 11 it is shown the main parts of the conical collector, where it can be noticed the concentrator in shape of
cone trunk and the absorber located in the focus line. Even it is little widespread in relation to the conventional
concentrator collectors, recent researches show the potential of conical solar collectors to generate thermal energy
for heating fluids (Xiaodi et al., 2010; Kaiyan, 2009; Togrul & Pehlivan, 2003; Hussain & Lee, 2014) .

Despite the researches about the conical collector arouse more interest nowadays, theoretical studies about
concentrators of this type are older. Some studies (Cobble, 1963; Wijeysundera, 1977; El-Refaie, 1982) presented
analyzes about the theoretical performance of conical solar concentrators. These studies refer to the dimensioning
of the geometry and optical efficiency of concentrators, receivers and absorbers, among other parameters, which
characterize the concentration of solar energy in conical collectors.

The conical solar concentrators, as well as the parabolic-cylindrical concentrators present linear focus shapes (Luiz,
2013).

Figure 12 shows the behavior of light rays with incident angles varying from 0 to 15° in relation to the axis of
symmetry of a conical concentrator.
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Figure 12. Behavior of light reflection in a conical concentrator (Ali et al., 2012)

The conical concentrator, as shown in Figure 12, has the advantage of admitting certain degrees of deflection at the
angle of light incidence, making it possible to model the absorber to receive the concentrated radiation with
reduced movements of the solar tracker. Inclinations in the angle of incidence are allowed around 15° (Figurel2).
Some collectors with conical concentrators were adapted to converge to the concentration of light in small areas.
These concentrators are denominated in the literature as light concentrator funnels. The funnel collectors are
designed by the revolution of a parabola segment and its focus is concentrated in a similar way to the conics.
Figure 13 shows a two-dimensional diagram of the light path in a light concentrator funnel.
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Figure 13. a) Trajectory of light in a concentrator funnel; b) Zoom of the focal point

It is noticed, in Figure 13a, that a slight curvature on a conical revolution surface can drastically change the
behavior of light reflection. In the case, the incident rays perpendicular to the catchment plane of the concentrator
are first reflected by the parabola segments of the concentrator, and subsequently reflected secondarily by the
lower plans, converging at a point at the lower end of the concentrator. It can be noticed that the focus becomes
only point according to the second reflection of the plane sides (profile of a cylinder), that is, the light concentrator
funnel has a linear focus. Finally, the light concentrator funnel only presents a point focus in its first reflection, if
the upper opening angle of the concentrator is very large, about it has the shape similar to a parabola, that is, to
obtain the form of a parabolic disk.

Mathematical models for simulation of light concentration in photovoltaic cells (PV) are presented in (Zahedi,
2011).
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2. Development of Solar Collector With Conical Concentrator

This work was carried out in the municipality of Francisco Beltrao, southwest of Parana (latitude 26.05° South,
longitude 53.04° West and altitude 650 m). According to the classification of Koppen, the region is subtropical
(cfa), it has hot summers (> 22 °C), mild winters (> -3 °C), annual sunshine of 2338 hours and annual mean of
solar radiation of 2.30 kWh m? (IAPAR).

The work consisted in the construction of a solar collector prototype, to evaluate the geometric characteristics of
the funnel solar collector (conical), so called according to the geometric characteristics of the light concentrator,
and for obtaining its efficiency for using in water heating systems.

2.1 Prototype of the Solar Collector

The prototype of solar collector constructed and evaluated is shown in Figure 14.

Figure 14. Funnel solar collector

The solar concentrator, shown in Figure 14, is composed of a stainless steel sheet and has a conical shape, which
has the function of directing the incident solar radiation in the upper opening to the absorber, which has a
serpentine obtained by the curvature of a flexible copper duct (16 mm), where circulates the fluid to be heated
(water).

The arrangement of the set concentrator/absorber is presented under a 3D view of the funnel solar collector, with
the absorber located inside the conical concentrator (Figure 15).

a)e

Absorber«

Figure 15. a) View of the solar collector in 3D; b) Simulation of the real heating system

Figure 16 shows an example of application of the funnel solar collector as a passive water heating system, in other
words, operating by thermosyphon.
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Figure 16. Scheme of the solar collector operating with thermosyphon

Considering the solar trajectory, the set concentrator/absorber presents a dynamic for solar orientation, to adjust
the azimuth angle or the solar inclination (Figure 17).

Figure 17. Side view of the concentrator and absorber dynamics (rotation)

The absorber was designed by the curvature of a flexible copper tube (16 mm), its final shape is similar to a
serpentine. The copper serpentine was covered by a layer of dull black paint to increase the heat gain. The choice
of the material was made due to the high thermal conductivity of the copper (~400 W m™ K™"). Figure 18 shows the
absorber set.

2

Figure 18. Absorber set
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2.2 Instrumentation for Data Acquisition

The data needed to evaluate the efficiency of the solar collector were obtained with the aid of a microprocessed
electronic board (Arduino), connected to sensors for measuring of some variables of the solar heating process.

The sensors coupled in the Arduino are designed to measure variables that can interfere in the efficiency of the
heating system, such as: water temperature, ambient temperature and mass flow.

To store the temperature and mass flow data it was used an SD card module with 8GB memory. Another variable
measured was the global solar irradiation, through the use of a pyranometer with silicon photovoltaic sensor of
high stability.

2.3 Evaluation of the Solar Collector

The characterization of the system was performed from field tests, where data were collected (solar radiation,
water flow, water and ambient temperature) in different scenarios, which are basically distinguished by the
dynamics of the solar collector (fixed and with manual follower), and by the function of the types of heating
systems used (passive and active).

2.3.1 Solar Collector With Passive System (Thermosyphon)

Figure 19 shows the arrangement of the sensors installed to measure the temperature of water at different points in
the solar collector, operating with passive system (thermosyphon).

T PV Py

T3

Figure 19. Layout of the sensors for measuring of the water temperature

Note. T1: Exit of the “cold” water of the thermal reservoir; T2: Entry of the heated water in the thermal reservoir;
T3: Entry of the “cold” water in the absorber; T4: Exit of the heated water from the absorber; SA: Junction for the
connection of the active system (when it is the case).

It is noticed in Figure 19, the points where the water temperature sensors were installed. The sensors T2 and T4 are
arranged in order to collect the temperature of the heated water by the absorber, and to measure the loss of heat in
the duct between the absorber and the thermal reservoir. Likewise, the sensors T1 and T3 determine the water
temperature that enters in the absorber and the loss of heat in the lower duct. The pair of sensors T3 and T4
determines the rate of heat gain in the passage of the fluid in the absorber. The SA junction is a connection used
only for connection of the active system.

Figure 20 exemplifies the connection scheme of the solar collector with passive system.
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Figure 20. Solar collector operating with passive system (thermosyphon)

2.3.2 Solar Collector With Active System (Hydraulic Pumping)

When the SA junction is installed in the absorber, the system is operated with hydraulic pumping (active). In this
configuration, it is avoided the shading generated by the upper water duct (heated water by the absorber) inside the
solar concentrator. Thus, in the active system the reservoir can be stowed in the level below of the absorber
(different of the thermosyphon) because the fluid circulation is performed of forced way (water pump).

Figure 21 shows the collector with active system (hydraulic pumping).

Figure 21. Solar collector operating with active system.

Figure 22 shows the trajectory of the fluid propelled by the water pump in the hydraulic circuit.
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Waterpumpe

Figure 22. Detail of the water circulation scheme in the absorber with active system

According to Figure 22, the water pump propels the fluid from the lower exit of the thermal reservoir (A) to the
lower part of the absorber (B). The fluid then, circulates through the serpentine until it reaches the upper point of
the absorber and then descends in the point C, returning to the top of the thermal reservoir (D).

2.4 Evaluated Scenarios

Both heating systems (active and passive) were submitted to different scenarios, with variation in the dynamics of
the concentrator/absorber set.

The scenarios are detailed as follows:

Scenario 1 (PS): Passive system of solar water heating operating with manual solar tracker. In this scenario, the
solar heating system is characterized by the thermosyphon water circulation and the orientation of the collector
manually adjusted according to altitude and solar azimuth angles.

Scenario 2 (PE): Passive system of solar water heating operating with fix solar orientation. This scenario differs
only from Scenario 1 in relation to the solar orientation, in other words, the solar collector fixed at 0° for the solar
azimuth and the inclination of the solar capture plane optimized for midday (solar altitude).

Scenario 3 (A12S): Active system of solar water heating operating with minimum flow and manual solar tracker.
The forced circulation (hydraulic pumping) is the only difference in this scenario in relation to Scenario 1. The
value adopted for the mass flow will be close to 4 L min™ according to the electric voltage (12 V) of the pump
supply.

Scenario 4 (A12E): Active system of solar water heating operating with minimum flow and fixed solar orientation.
Idem to Scenario 3, it differs only in relation to the solar orientation, which remains fixed.

Scenario 5 (A24S): Active system of solar water heating operating with maximum flow and manual solar tracker.
Scenario represented by the forced circulation system with manual tracker. The mass flow adopted will be close to
6 L min™ according to the electrical voltage of the pump supply (24 V).

Scenario 6 (A24E): Active system of solar water heating operating with maximum flow and fixed solar orientation.
Idem to Scenario 3, presents difference only in the value of the mass flow (6 L min™).

The choice of the mass flow values (4 and 6 L min™") is based on the heating system proposed by (Hussain & Lee,
2014).

Data from each scenario were collected from 9 am to 3pm.
2.5 Projections and Optical Tests of the Light Reflection in the Concentrator

In order to estimate the reflection path of sunlight incident in the conical concentrator, some projections were made.
These projections are references for dimensioning the absorber and its location inside the concentrator, through the
trajectory of the reflected sunlight. It was adopted Angles of inclination of the solar rays of 0, 15 and 30° with
respect to the axis of symmetry of the conical concentrator, due to the opening angle of the cone.
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In addition to the projections and field experiments, some optical tests were performed to estimate the behavior of
the light trajectory reflected by the concentrator and emitted in the absorber. The tests were made with artificial
light, made with a blue-colored LED lamp (2 W) and a green manual laser (5 mW).

The optical tests were performed under two angles of inclination of the lamps in relation to the axis of symmetry of
the concentrator (0 and 30°). A white cylinder of 200 mm was placed inside the concentrator, in order to represent
the absorber and act as a developer so that the points of concentration of the reflected light can be identified.

2.6 Positioning of the Solar Collector in Study Areas

The efficiency of concentrator collectors is closely related to the correct orientation of the systems, so that the light
reflected by the concentrator reaches the absorber. According to this, it is important to know the proper orientation
of the collectors by calculations of the solar trajectory, as well as to know the angles of the solar geometry. In order
to determine the angles of the solar geometry of the study site, it was used the methodology of (Duffie & Beckman,
2006), which describes the values of altitude and solar azimuth.

2.7 Efficiency of the Water Heating System

The efficiency of the system was calculated by means of the ratio between the exit energy of the system (thermal
energy) and the entry energy (solar energy). The Equation 1 was used to calculate the efficiency of the water
heating system (Xiaodi et al., 2010; Kaiyan et al., 2009; Hussain & Lee, 2014).

_ m-cp-(To - Ti)

Al

Where, m= water mass flow (kg); cp = specific heat of water (= 0.001163 kWh kg °C™"); To = water exit
temperature (°C); Ti = water entry temperature (°C); A = solar collecting area of the concentrator (= 1.327 m?); [ =
total solar energy (kWh m™); = Efficiency (%).

x 100 (H

3. Evaluation of Solar Collector With Conical Concentrator
3.1 Projections of Light Reflection and Dimensioning of the Absorber

According to the principles of optical physics and the law of light reflection, we can estimate the trajectory of
sunlight incident in the concentrator. Figure 23 exemplifies a two-dimensional view of the reflection of the solar
rays across the reflecting internal surface of the conical concentrator studied.

Es

Vn1
- Ri2 l - Ri1
Rr1
— Fer
— Vn2
Rr2

Figure 23. Scheme of the reflective area by the conical concentrator

Note. Es: Axis of symmetry; Vnl: Normal vector to the surface (area vector) of the incident solar ray 1; Vn2:
Normal vector to the surface (area vector) of the incident solar ray 2; Ril: Incident solar ray 1; Ri2: Incident solar
ray 2; Rrl: Solar ray 1 reflected by the cone; Rr2: Solar ray 2 reflective by the cone; Fer: Internal face of the
reflective cone.

It can be noticed in Figure 23, the incidence of two light beams, which are extremely important in the dimensioning
of the absorber. These are the solar rays Ril and Ri2, which represent the ends of the internal reflective face of the
cone (Fcr). These optical beams delimit the area that the light reflected by the concentrator reaches the absorber,
delimiting a concentration field, in other words, all the reflecting face that receives light is only capable of
reflecting in the limit of that field. This statement is based on the edge angle of the upper and lower ends of the

418



jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 12;2018

cone. In short, the Ril beam reaches the upper edge of the concentrator and then it is reflected by the face of the
concentrator, determining the appearance of the reflected beam Rrl. The angle of Rrl beam is equal to the angle
between Ril and the normal vector to the reflecting surface (Vnl). This trajectory delimits the upper strip of
reflecting of the concentrator. Likewise, it can be estimated the lower end limit by analyzing the terms Ri2, Vn2
and Rr2. The delimitation shown in Figure 23 applies only to the light ray at an angle of 90° in relation to the
concentrator opening. Authors such as (Xiaodi et al., 2010; Sharaf, 2002), also used two-dimensional diagrams to
estimate the solar trajectory in similar concentrators.

Due to the dynamics of the solar trajectory, a three-slope diagram was created to aid in the dimensioning of the
absorber. Figure 24 presents the simulation of the deflection of sunlight at 0.15 and 30° in relation to the axis of
symmetry of the cone.

, Rbs = 15°
—— Rbs =30°

Rbi=0"
I’ Rbi = 15° Rbi = 30°
l» ,— Rbs =0°
e

Figure 24. Projections of reflection from different edge angles

It can be noticed in Figure 24, the wide change in the angle of reflection compared to the angle of incidence, in
other words, discrete changes in the angle of incidence of the light that reaches the concentrator cause drastic
changes in the inclination of the reflected light in the absorber. Due to this alteration, it was opted for the
optimization of the absorber dimension that contemplated a ratio between the angles 0 and 30° of solar incidence.

Considering the ideal angle of sunlight capture, Figure 25 exemplifies the symmetrical distribution of several
beams of light focused and reflected by the concentrator, and intercepted by the absorber.

a) b)

Figure 25. a) Frontal view of multiple perpendicular beams to the solar capture area; b) Upper view of the solar
capture area
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It is evident in Figure 25 that under ideal light capture conditions, the interception of solar energy by the absorber
is greater than the capture in deflection angles of light greater than 0°. Furthermore, it is realized in an integral
manner that both sides of the concentrator contribute to light reflection in the absorber. However, any deflection in
the angle of light incidence will result in shading of one of the faces, due to the height of the absorber.

In sum, what is perceived are linear focuses according to the conicity of the concentrator, a fact that resembles to
the focus coming from cylindrical concentrator. Such linear focuses are perceived more clearly in the optical tests,
shown in item the 3.2.

Considering the simulation of light beams varying from 0 to 15°, it was stipulated the height of the absorber equal
to 40 cm. Such choice was conceived based on the technical limitations for manufacturing the absorber.

3.2 Simulation of Sunlight Concentration (Optical Tests)

Some optical tests were performed in a dark camera in order to predict the behavior of light concentration reflected
by the concentrator in a practical way. Figure 26 presents the focuses shapes created by the conical concentrator
with the aid of a developer that simulates the absorber. The lamp slope (blue LED) is 0° in relation to the axis of
symmetry of the concentrator.

Figure 26. Optical test with blue light under equal incident light angle 0°

It can be noticed in Figure 26, the formation of linear focuses according to the conical shape of the concentrator.
This linear formation also occurs in parabolic-cylindrical solar concentrators, according to the curvature of the
concentrator. However, besides the formation of a linear focus, it is noticed that due to the conicity of the
concentrator, the greater concentration of light occurs near the lower opening of the concentrator.

The optical tests provided an estimate to obtain a margin of clearance between the adjustments of the angular
values of the solar azimuths in the field tests.

3.3 Solar Collector Trails Conducted in the Field

The evaluation of the solar collector was performed experimentally considering the proposed scenarios. The data
collected in the field were related to the water temperature (four points), mass flow and the solar radiation, which
were collected in a period of six hours (09:00-3:00 hours).

3.3.1 Solar Radiation

Throughout all the trials done, the solar radiation was the main factor that directly influenced in the thermal energy
gain of water in the solar heating systems. Figure 27 presents the solar radiation values accumulated for all the
scenarios evaluated.
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Figure 27. Accumulated solar radiation for all Scenarios

In Figure 27, it can be noticed that the values of solar radiation incident in the solar collector are close to the
expected global radiation indices for the Brazilian territory, which vary from 4.25-6.5 kWh m™ (IAPAR). In this
context, it is observed that the highest solar energy indices were obtained in the systems with solar tracker (PS,
A12S and A24S) presenting higher value in Scenario 5 (A24S). As the trails were performed on predominantly
sunny days and in a period of three months, there was little influence of seasonality during de trials.

However, it is noticeable in Figure 27 that the accumulated solar radiation indices were lower in the scenarios with
fixed or stationary solar orientation (PE, A12E and A24E). This is due to the fact that the solar concentrator is
oriented in a position optimized to receive radiation in a specific period of the day, in other words, only in the
period with the highest index of solar radiation (midday). In this way, the solar radiation is better used in the
periods that coincide the orientation of the solar concentrator with the position of the solar angles.

3.3.2 Useful Energy

The Useful Energy considered in the trials of water heating is referring to the heat harnessed by the fluid. In other
words, it is the thermal energy harnessed by the water coming from the solar radiation incident in the concentrator.
Figure 28 presents the behavior of Useful Energy for all the scenarios.
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Figure 28. Useful Energy in all the scenarios

According to Figure 28, considering the behavior of the thermal energy gain over the period trailed, it can be
observed that the systems with solar tracker presented, for the most part of the time, superiority in the energy
utilization in relation to the stationary systems. Within this scope, it can be observed that the system A24S >
A12S > PS in the thermal energy gain aspect. As for the stationary systems, the system with the highest heat
grain was the A24E system, while the others (A12E and PE) had a similar energy gain.

As shown in Figure 28, it can be observed that in relation to the heating system, the active scenarios (water
pumping) presented values of Useful Energy higher than the passive systems (operated with thermosyphon). In
general, this relationship was evident as much in the systems with solar tracker as in the stationary, with the
exception of A12E and PE systems, which presented energy gains with similar indices.
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3.3.3 Efficiency of the Systems

The efficiencies of the systems (obtained from Equation 1) were separated into two groups: efficiencies of the
systems with solar tracker and systems with stationary solar orientation. Figure 29 presents the behavior of the
efficiencies in the solar tracker systems.
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Figure 29. Behavior of the efficiencies in the solar tracker scenarios

According to Figure 29, it is notable that the scenarios composed for active solar heating systems are more efficient
than the passive systems. Another important factor is that in the active heating systems the thermal stratification is
drastically reduced to the point of being practically empty. Thus, as observed by Hussain and Lee (2014), in a
conical solar collector, the mass flow is directly proportional to the system efficiency up to a critical value (6 L
min~?) and is still inversely proportional to the thermal stratification. Also, in relation to Figure 29, it is important to
highlight that the system with the highest mass flow has higher efficiency, that is, the efficiency in the A24S >
A12S > PS system. The average values of efficiency were 14.53; 12.93 and 10.42% and presented maximum
efficiency of 18.26; 16.41 and 14.70% respectively for the A24S, A12S and PS systems.

Although the average efficiency values presented are relatively low, in an experiment using a solar collector with a
conical concentrator, under active system and solar tracker for water heating (Kaiyan et al., 2009), obtained an
average value of efficiency close to 22%. However, the efficiency values discussed here come from experiments of
systems with the aims of research, which were not manufactured with precise industrial processes.

Figure 30 presents the result of the efficiencies for the systems trailed with fixed solar orientation.
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Figure 30. Behavior of the efficiencies in the scenarios with fixed solar orientation

As observed in Figure 30, the hierarchy of the efficiencies in fixed solar orientation systems follows the same trend
as the solar tracker systems. In other words, the systems that present higher values of mass flow were more
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efficient. It is noteworthy that the efficiency in the systems with fixed orientation showed smaller variations over
the time, compared to the systems operated with solar tracker. The average values of efficiency presented in Figure
30 were 17.69; 10.05 and 6.59% and presented maximum efficiency of 37.54; 14.82 and 12.38% respectively for
the A24E, A12E and PE systems.

However, in relation to the efficiency of all the trailed scenarios, it is verified that the systems with solar tracker
showed higher values of average and maximum efficiency in relation to the fixed guidance systems, except the
A248S system.

Knowing that the efficiency is a relation between useful energy and accumulated solar radiation, it can be noticed
in Figures 27 and 28, that the solar radiation harnessed by the A24S system is larger than that harnessed by the
A24E system. However, the useful energy gains, although they have the same tendency (A24S > A24E), are not as
expressive as the harnessed solar radiation.

The heat losses that occur in the evaluated heating systems, responsible for the low efficiencies, are due to the lack
of adequate thermal isolation in the reservoir and in the pipes.

A study was developed with a heating system working with different mass flow, in order to obtain the system
efficiency (Pereira et al., 2006). It was developed a solar air heater through least-squares support vector machines,
and obtained an efficiency that varied from 0.09 to 0.17, for an air mass flow rate of 0.03 kg s, and an efficiency
that varied from 0.35 to 0.55, for an air mass flow rate of 0.05 kg s™.

An experimental investigation was developed for analyzing the thermal performance of a double-flow solar air
heater having aluminum cans (Esen et al., 2009). The efficiency obtained for 0.05 kg s air mass flow varied from
0.3 to 0.8, and for 0.03 kg s, varied from 0.2 to 0.6.

4. Conclusions

The solar collector developed in this work has proved technically feasible for water heating, reaching considerable
temperatures for the use in residences.

The results showed that the scenarios with solar tracking presented an average efficiency of 12.63%, which was
more efficient than those presented by the fixed orientation, which was 11.44%.

In general terms, considering the variables analyzed and the results of the tests performed, it can be concluded that:

i) The geometry of the concentrator set and absorber was effective to provide thermal energy gains for the fluid,
even in periods where the concentrator capture plane is not perpendicular to the direction of the flow of the incident
solar rays;

ii) Solar water heating systems operated with solar tracker show more efficiency in relation to the stationary
systems;

iii) Active solar heating systems are more efficient than the passive systems operated by thermosyphon;
iv) It can be increased the efficiency of active solar heating systems by raising the mass flow to a critical value.

For future studies, it is recommended an evaluation of conical solar collector efficiency with automatic solar
tracker, a study of the conic concentrator geometry for different angles, an analysis of the thermal efficiency
behavior for a wider range of water flows, and a simulation of the optical behavior for stationary solar
concentrators.
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