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ABSTRACT

Solar water heaters are good tools for saving fuel. The main component of these water heaters is collectors,
which are responsible for absorbing solar energy and transferring it to the working fluid with the least heat
dissipation. The present study is an experimental study of the performance of the solar semispherical collector
with 1 m? of absorber area at different volumetric flow rates. Water was used as the working fluid with the
volumetric flow rate between 0.005-0.0166 kg/s, and the experiment was conducted in the ASHRAE 93
standard conditions. The results showed that the efficiency of semispherical solar collector increased as the
flow rate of the working fluid increased, such that the highest efficiency, which is 67 %, belonged to mass
flow rate 0.0166 kg/s. In addition, the difference between outlet and inlet temperatures decreased due to the
system being closed during the test. In addition, according to the experiments, the reduction of radiation and
wind speed did not have any significant effect on the efficiency and outlet temperature of the collector. Finally,
parameters such as inlet and outlet temperature of collector, ambient temperature, ambient radiation intensity

and their effect have been investigated empirically on the collector efficiency graph.

1. INTRODUCTION

In Iran, on average, there are 280 sunny days as reported
annually, which is very significant. In the present day, solar
energy is used for various uses [1]:

e Use of solar thermal energy for household, industrial, and
power use (Heat sink).

e Direct conversion of solar beams into electricity by
equipment called photovoltaic (Solar Power).

These systems generally consist of a solar radiation
collector, working fluid, a storage tank, a pump, piping unit,
and auxiliary heating unit [2, 3]. Stationary collectors such as
flat plate collectors are the most common type of solar
collectors usually used as a water or air heater. These types of
collectors have low efficiency and low outlet temperature [4-
8]. The most important factor in solar water heating is
efficiency. The efficiency of a solar water heating system
depends on the ratio of the received useful energy from the
heated water to solar irradiance [9]. Solar collector properties
play an important role in efficiency value [10]. Scientists and
engineers are seeking new ways to increase efficiency in order
to increase the performance and decrease the expenses. The
absorbent surface of solar collector is very effective in the
efficiency value. The absorber color, configuration factor, and
the heat transfer between the absorbent and working fluid are
of extreme importance [11, 12] and should be investigated
widely. These studies proposed the application of gas particle
suspension [13], fluid-film [14], and metal foam [15] to
increase this heat transfer. Another factor that plays an
important role in efficiency of solar collector is working fluid.
There have been many experiments in this field [16-19]. An
experimental study of the effect of Cu-synthesized/EG
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nanofluid on the efficiency of flat-plate solar collectors is one
of them that was carried out by Zamzamian et al. [20]. They
figured out that by increasing the nanoparticle weight fraction,
the efficiency of the collector could be improved. In addition,
they discovered that the lowest removed energy parameter
could be reached by using 0.3 % Cu/EG nanofluid at 1.5 I/min
and the highest absorbed energy parameter was achieved
under the same conditions. Jamal-Abad et al. [21] studied the
performance of a flat-plate collector by using Cu-Water
nanofluid in an experimental research. They found that the
collector efficiency was higher when the concentration of
nanoparticles was raised. The results also revealed that the
efficiency of the collector at 0.05 wt% was approximately 24
% more than that the pure base fluids in the same conditions.
Their study confirmed that nanofluids had considerable
potential for solar collectors. Another method for increasing
the collector's performance is increasing the collector ability
to absorb all parts of sun radiation. One way is using solar
tracking mechanism that can increase the yearly solar
radiation gain up to 1.45 times more than an optimal tilted
solar collector [22]. Other way is using suitable and
symmetric surfaces such as spherical or conical. The conical
solar collector was investigated by Noghrehabadi et al. [23].
The results of the experiments indicated that the performance
of conical collector increased greatly, contrary to flow rate
growth. This improvement in efficiency results from a specific
shape that absorbs all parts of sun radiation and the centrifugal
forces with a secondary flow generated by longitudinal
vortices. Another important conclusion of this article is that
the maximum temperature and efficiency of the present
conical collector were about 77.1 °C and 60 %, respectively,
and pressure drop via conical collector was more than 5 kPa.
Oztekin Bakir [24] in an experimental analytical study built a
solar spherical collector, whose reservoir of water with a
capacity of 130 liters was devised within the collector. It
consists of a spherical body with a 1m? absorber plate and
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0.68 m diameter, a glass cover made of silicon in the form of
two half-cores and working fluid. During each experiment,
local temperatures on the absorber surface and on the cover
surface, water temperature at collector inlet, and collector
outlet, ambient temperature, and solar radiation intensity were
measured and recorded with a time interval of 15 minutes. He
tested this collector in two fluid-free and with fluid condition
with masses of 0.002, 0.005, 0.007, and 0.11 and compared
the results with those of testing two flat collectors with areas
of 0.28 and 56.02 square meters. It is seen in the figures that
hourly efficiencies of the spherical solar collector are greater
than those of the flat plate collectors under these experimental
conditions (T¢ < 34.4 °C), T; is the water temperature within
the spherical collector. In addition, an increase in the hourly
efficiency is greater for the spherical collector throughout the
day. Although there is a decrease in the hourly efficiencies of
the flat plate collectors in the afternoon, hourly efficiency of
the spherical collector shows an increasing pattern. Maximum
hourly efficiency obtained for the flat plate collectors of 0.28
m? in area and 0.56 m? in area are 56 % and 55 %,
respectively. Maximum hourly efficiency obtained for the
spherical collector is 79 %. He also observed in this
experiment that half of the sphere is always exposed to the sun
and receives radiation; as a result, it has come to the
conclusion that the use of a light reflector can be effective in a
shadowy area. It also concluded that the use of two glass
covers or a thicker glass cover could be more effective in
reducing heat dissipation. In a computational work, Pelece et
al. [25] calculated the energy generated by a semispherical
solar collector with an area of one square meter and compared
it with the amount of energy obtained by the flat plate solar
collector, which, according to the results obtained, the energy
produced by semispherical collector is 1.3 times larger than
the flat collector when placed at an optimal slope and 1.6
times larger than the energy obtained by the flat collector
when horizontally placed. In a laboratory study, Pelece et al.
[26] also studied the performance of a semispherical collector
without reflecting light and using a light reflector. The reason
for this experiment is that although the semispherical solar
collector receives solar energy from all directions and that
there is no point on it that does not receive direct radiation
energy [27], the northern receives direct radiation only in the
morning and in the afternoon; in the middle of the day, its
temperature is significantly lower than that in the south. In
this experiment, they used a flat reflector with dimensions of
6x3 m and a reflection coefficient of 0.6, which allowed the
reflector to receive a greater energy of 1.6 times. They also
concluded that it was not necessary to raise the collector to the
top of the roof; however, the collector could be located next to
the southern wall of the building, and the reflector was
installed on the wall. Volumetric and mass flow rates have an
impact on the performance of solar collectors. Different flow
rates cause different efficiencies. Accordingly, choosing the
optimum flow rate in every collector should be considered as
one of the significant factors in selecting and using the
collectors. There are many studies about the effect of flow rate
on collector's efficiency. Yousefi et al. [28] investigated three
flow rates for flat plate collector, and showed that the
efficiency of collector increased as the mass flow rate
increased. Mintsa et al. [29] conducted a research on polymer
flat plate collectors, and revealed that by increasing the flow
rate, the performance of the collector would increase; these
results are similar to experimental work of Cristofari [30]. In
the present study, the performance of a semispherical collector

as a stationary and symmetric solar collector is investigated at
different flow rates. One of the most important features of
these collectors is the ability to absorb diffuse and direct
radiation simultaneously. One of the other benefits of this kind
of collectors is that there is no need for following up the sun,
navigation, and easy maintenance and repair. Because of its
spherical shape, all of the geographic directions have the same
effect, and because of its semi-spherical shape during the day,
some of the surface is under direct radiation. In addition to its
spherical shape, it exhibits the highest stability and disruption
to the wind.

The main advantage of the semi-spherical solar collector is
its ability to collect solar energy from all sides to conform to
the long path of the Sun in the summer. Actually, there are no
spots on the semi-spherical absorber, which would not receive
the solar beam radiation. In order to achieve the efficiency of
semispherical solar collector, the water as a working fluid
passes through the collector and the heat is transferred from
collector to water. The collector efficiency is the ratio between
transferred heat from the collector to the working fluid and the
amount of the received solar energy by the collector.

This collector is tested in a closed circuit. Contrary to what
has been done so far, the flow temperature of the inlet to the
collector has not been taken into account with the same
ambient temperature, and the actual results of the experiments
have been used. In this paper, parameters such as inlet and
outlet flow temperature, ambient temperature, ambient
radiation intensity, and their effect on collector efficiency
graph are investigated empirically, and collector efficiency
charts are plotted. In the experiments, the effect of the
parameter of the mass flow rate has also been studied.

2. MATERIALS AND METHOD

2.1. Governing Equation

The useful energy gained by the fluid passing through the
collector is [31]:

Qu:rhcp(Tout_Tin) 1)

where T;, and T, are the temperatures of the inlet and outlet
of the fluid from the collector, respectively, and Cp and m
represent the specific heat and mass flow rate of the fluid,
respectively [31].

The useful energy obtained by the collector in terms of the
amount of solar radiation input and the heat loss of the
collector body is [31]:

QuzApFR[S_UI(Tin_Ta)] (2)
In the above relation, T, is the ambient temperature, Ap is

the surface area of the absorber, and Fg is the heat removal
coefficient, which is defined as follows [31]:

FR=

rhc’)1— —F'UA,/mC 3
UIAp[ exp( 1Ap/mC )] 3)

S is part of the solar radiation absorbed by the collector
absorber surface area. S is obtained through the following
equation [31]:

S = (t)It = olt 4
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where the solar flux, I+, is added to the collector, 1, is the
optical efficiency and is an effective product of cross-
absorption obtained through the following relationship [31]:

Mo = (ta) = 1.01tax (5)

In steady state, the useful energy received by the collector
is:

Qu=ApS—UA,(T, — Ta) (6)

where T, is the absorbent plate temperature, and U, is the
overall drop from the collector [31]. Since the solar meter
shows total radiation, it is required to find a way to calculate
the total energy absorbed by the collector. The surface of
semispherical collector in this experiment is divided into 12
slices. In order to obtain the total amount of received
radiation, the radiation received by each of the slices should
be calculated. Because the area of each slice is the same, the
total amount of received radiation from the multiplication of
the area of each of slice by the amount of received radiation
by the solar meter can be calculated [31].

-
Z Ap; . Itj = Apilr1 + Apzlrz + - Apialri2 @

Now, by means of the data obtained from testing every 30
minutes including the temperature of the inlet and outlet
water, the ambient temperature, the intensity of the received
radiation, and placement in equation (8), the collector's
efficiency was calculated every 30 minutes. Factors affecting
the rate of efficiency include the mass flow rate, the difference
between the temperatures of the outlet and the input water,
and the total received radiation intensity, which here are used
in the analysis [32].

N = mc(Toue — Tin)/z IrAp @)

where m is the mass flow rate, T, is the temperature of the
outlet water, T;, is the input water temperature, and It Ap is
the intensity of the radiation received by the hemisphere.

2.2. Materials

The experiments were carried out in winter at the Behbahan
city in the south of Iran (latitude is 30" 36' 0" N and longitude
is 50" 14' 0" E). The characteristics of solar semispherical
collector used in this experimental test are given in Table 1.
The solar semispherical collector used in this work is made by
the authors in Payame Noor University, Iran (Figure 1).
Experiments were performed with different flow rates of
0.005, 0.108, 0.0133, 0.0126, and 0.0166 kg/s. Each flow rate
was tested several times, and the data of the tables include the
average of the data. The wind speed was measured from 0.2 to
8.2 m/s on the test days. During the experiment, ambient
temperature, temperatures of collector absorber surface and
collector glass surface, and inlet and outlet water were
measured by thermocouples (type K), and these sensors were
connected to a channel data logger (TES data logger model).
The solar radiation was recorded by a solar meter, also these
measures are recorded at a time interval of 30 minutes. The
measurement tolls are shown in Figure 2.

3. TESTING METHOD

ASHRAE Standard 86-93 for testing the thermal performance
of collector is certainly used most often to evaluate the
performance of stationary solar collectors [33] (shown in
Table 2). The thermal performance of the solar collector is
determined by obtaining the values of instantaneous efficiency
for different combinations of incident radiation, ambient
temperature, and inlet fluid temperature [34, 35] (Figure 3).
According to ASHRAE Standard 86-93, steady-state
conditions should be prepared during the data period and,
also, during a specific time interval prior to the data period,
which is called pre-data period. Reaching steady-state
variables must be in a specific limitation, as defined in Table
3, in the entire test period. The standard according to which
these experiments were carried out is the ASHRAE 93
standard whose general conditions are listed in the Table 2
[33].

3.1. Description of Device Calibration

Calibration of measuring instruments were undertaken before,
during, and after the experimental data collection.
Thermocouples were calibrated by using an independently
calibrated platinum resistance thermometer; flow meter used a
data-logging sub-routine to draw water from the systems into
a container and measuring the mass with accuracy scales, and
solar meter used a calibrated reference solar meter with a valid
calibration certificate. The accuracy of thermometer data
logger is 0.1 and accuracy of flow meter is 0.05 kg/min.
Tracking of total solar radiation was implemented by a TES
132 solar meter type with an accuracy rate of 1 w/m?.

3.2. Error Analysis

Due to ASME guidelines, there are no absolute measurements
and errors in any experimental measurement. Some of the
usual sources of error include the errors of calibration, data
recording errors, and inappropriate instruments [36-37]. Errors
in flow rate measurement, temperature measurement, and
solar radiation measurement are the main components in
uncertainty in collector efficiency. The uncertainty results of
the measurement including all the sources of errors are shown
in Table 3. In measuring any quantity, we usually repeat each
measurement several times in exactly the same conditions
with a definite device. This action reduces some of the error
factors. The average value of the measured values is the best
and most likely value of the quantity. The combined
uncertainty for calculating the collector efficiency, Sn, was
determined by the root sum square method (RSS) based on
Equation (8) [38]. This analysis is done through equation (9).
It is assumed that errors in Cp and Ac are negligible.

Jone ) + )+ (52

where Am/m is the flow rate changes, AG/G represents the
received radiation changes, and A(AT)/AT is used to measure
variations in the temperature of the inlet and outlet of the
working fluid. The maximum uncertainty determined in the
present work in calculation of the collector efficiency based
on several tests was about 6%.

©9)
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Table 1. The characteristics of semispherical solar collector.

Characteristics Dimension Unit
Coverage e Glass radius 43 cm
A transparent glass sheet with a thickness of 6 mm was installed as a
cover on the metal, which allows the passage of light, yet reduces the
loss of heat transfer by stacking the air between the absorber and the
glass and reduces heat dissipation.
e  Conducting 12.1 w/m.c’
° Density 2200 g/cm3
e Specific heat 670 Jkg.c
o  Reflection coefficient 0794.0
e Absorption coefficient 0386.0
e  Dispersion coefficient 526.1
e  Absorbent radius 39 cm
A high-temperature thermal conductive absorber made of iron and its
surface is darkened by the use of a bluish black color, which absorbs
solar energy better. The thickness of the sheet metal is 3 millimeters.
e  Conducting
e  Specific heat
Absorber . Density 480 w/m.c:
e Type of absorbent coating 10.25 J kg.g
e Absorption coefficient 87.37 g/lcm
Opaque black
color
9.0
Copper tubes soldered to the absorbent surface and the fluid inside the
Tubes tubes receives heat from the absorber. The diameter of these pipes is 3.8
3.8 inches.
e A heat transfer fluid which is water in this experiment that
absorbs heat from the absorbent surface.
Working fluid e Specific heat capacity Jkg.c
e Density glem?
e  Aheat insulator placed under the collector and has a
thickness of 2 centimeters. It is usually made of plastophome,
which reduces heat dissipation.
e Insulating glass wool 2 centimeters thick, wrapped around the
Insulation metal beneath the collector to prevent heat loss by the
collector's below metal surface.
e Insulation tank
e Adomestic water purifier pump for pumping water inside the
reservoir into the collector.

Figure 1. Absorber and glass cover surface and piping in a semispherical solar collector.

25
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Figure 2. TES data logger model, solar meter, and thermocouples (type K).

Table 2. Standard test conditions (ASHRAE 93).

water system

Parameter Unit ASHRAE 93
Accuracy of temperature cold water inlet °C +1
Accuracy of temperature difference across hot oK £05(°C)
water system
Precision of temperature difference across hot oK £02(°C)

Ambient air temperature position

At a distance of 1.2 m above the ground
and at a minimum distance of 1.5 m
from the reservoir and the system

Pipe length M 15

Pyranometer Class |

Accuracy of temperature ambient air °C +05

Precision of temperature ambient air °C +0.2
Accuracy of the liquid flow rate measurement % mass per unit time +1
Mass measurement % +1

COLLECTOR

—, —

HOT WATER OUTLET

COLD WATER INLET

=

< 1

Figure 3. Schematic view of the experimental setup.

Table 3. Results of uncertainty in the present work.

Parameter Uncertainty (%0)
Volumetric flow rate 0.5
Solar radiation 15
Difference between inlet-outlet 1.1
temperature

4. RESULTS AND DISCUSSION

In the next sections, the application of the experimental
results, performance, temperatures variation, and effect of
volumetric flow rates in the semi-spherical solar collector will

be analyzed. All data are tested in a quasi-steady state
condition. The collector is perpendicular to the ground and
water is used as working fluid. The tests of the collector were
conducted during several days in winter 2017, which were
carried out during the day from 8:00 to 16:00 o'clock. The
data were logged every 30 minutes. Figure 4 presents the solar
radiation and temperature profiles in one the test days. In this
figure, sun radiation and key temperature of a selective day
versus local time are shown. It is clear that the maximum
received radiation is near the solar noon. In this diagram,
radiation rates are lower in the early hours of the day and, as
the noon approaches, it increases and decreases around the
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evening, except during cloudy days; the radiation rate may
reduce at noon due to cloudiness of the air. In all days, since
the test system is a closed system, the inlet water temperature
increases gradually. In all days, the outlet temperature has
increased with time around noon, and even if the radiation rate
is reduced as a result of reduction of direct sunlight, the graph
of the temperature of the outlet water shows an increase,
which indicates that this collector using a 6-mm glass cover
keeps the absorbed heat well and, also, demonstrates the
capability of this type of collector in absorbing indirect
radiation, which includes reflection and reflection [39].

Total radiation received by the collector according to
Equation (10):

I = IBC + IDC + IRC (10)

where lgc is the amount of radiation received directly, Ipc is
the diffused radiation and Igc is the radiation reflected from
the surrounding objects. Figure 5 shows that the temperature
of the inlet water is constantly changing over time and
increasing, because the tested system is a closed system.
Considering the fact that there is a sudden drop in radiation
rate at the end of the day as approaching the sunset, an
ascending pattern in outlet water temperature is observed. The
analysis of Figure 6 shows that due to an increase in received
radiation, the inlet and outlet water temperatures increase.
With the passage of time and approaching the evening, charts
tend to maintain their ascendancy and increase. The factors
affecting the maintenance of an increase in the temperature of
the outlet water include the absorption of radiation from all
sides of collector and a 6-mm glass cover, which imprisons
the air between the absorbent and the coating and prevents its
dissipation. Effective factors in efficiency are mass flow rate,
difference between the output and input water temperatures,
and received radiation. By drawing the corresponding
diagrams, the effect of each parameter on the efficiency has
been determined. A review of the efficiency graph is presented
in terms of mass flow rate; greater mass and its impact will be
more effective in increasing efficiency.
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Figure 4. Changes in inlet and outlet water temperatures, received
radiation, and ambient temperature on a test day.

Temperature (°C)

415 405 440 581 479 470 466 405 468 443 501 320 328 357
Radiation (w/m?)

Figure 5. Changes in inlet and outlet water temperature and ambient
temperature in terms of radiation.
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Figure 6. Changes in the output and inlet temperature and the
ambient temperature in time.

Figure 7 shows a comparison of the efficiency with different
flow rates, and as is clear from the charts particularly in Chart
7, at all times of the day, the graph has greater mass than the
graph with lower mass flow. Figure 8 shows that the
volumetric flow rate has a non-linear effect on the
performance of the solar semispherical collector. According to
this figure, the volumetric flow rate that produces the best
efficiency is at its highest level, and the maximum value of
efficiency in this work is about 67 %, while these values for
flat plate collectors in studies of Jamal-Abad et al. [21] and
Yousefi et al. [28] were about 55 % and 54 %, respectively. By
increasing the flow rate, the efficiency inclines to an
asymptotic value. This pattern shows that as the Reynolds
number increases, the efficiency also increases. In addition,
heat transfer increases due to the increasing Reynolds number,
because the secondary flow causes the convectional heat
transfer to increase [40, 41]. Figure 9 also reviews the
collector efficiency according to the received radiation, which
is seen as a result of increased radiation; in this regard, the
efficiency increases; however, the efficiency may not increase
in places with increased radiation due to the high heat
dissipation in the radiation. With the increasing radiation, the
amount of heat dissipation inside the collector increases,
because all the radiation received is not transmitted to the
fluid.
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Figure 10 shows changes in the direction of the sun. During
the day, parts of the collector are in the shadows and other
parts in the direction of the sun. Due to the recording of
thermocouple data on all 12 absorbent slices, the temperature
of each slide is recorded and shown every 30 minutes. By
using these data, Figure 10 is plotted and represents a change
in the direction of the sun, and the temperature of absorber
towards and behind the sun is also displayed at a time interval
of 30 minutes.

Efficiency
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Figure 8. Collector efficiency based on different mass flow rates.
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Figure 9. Changes in efficiency based on received radiation.
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5. CONCLUSIONS

In this research, the effect of different volumetric flow rates
on the efficiency of a new stationary solar collector with a
spherical geometry was experimentally investigated. To
evaluate the volumetric flow rate effect, six values of flow
rate between 0.005-0.0166 kg/s in a spherical collector with 1
m? of absorber plate and 0.6 m diameter were used. The total
incident of sun radiation on the spherical collector was
experimentally measured by 12 semi-flat absorbent slices. The
results show that the performance of a spherical collector has
increased greatly as opposed to flow rate growth. This
improvement in efficiency results from the specific shape that
absorbs all parts of the sun radiation. According to the
aforementioned results, solar spherical collector can be used
as a suitable water heater. When the high temperature value in
outlet is required, the flow rate should be low; when the
collector’s high efficiency is required, the flow rate should be
high.

As time passes, radiation increases and the output fluid
temperature also increases gradually; as a result, the generated
energy will be higher and, at noon, we have the highest
amount of radiation; this amount will reach its maximum.

By reducing the flow rate of the fluid passing through the
collector, the amount of energy received by the fluid increases
so that the highest temperature of the outlet water belongs to
the fluid with a flow rate of 0.055, which is about 53 degrees
Celsius.

The temperature of the output water is shown in the
diagrams whose output water temperature graph is ascending;
even after the intensity of the radiation reduces and its graph
pattern descends, the water output temperature will increase
again. In fact, given the fact that the discussed semispherical
collector was also tested in the winter, the sun's rays are not
perpendicular to those in the summer, which covers the entire
sphere. Due to the presence of glow in the winter in the testing
hours, one third of the collector (usually four slices) was
always in the direction of radiation, which is the reason why it
is even close to sunset hours on the hemisphere. It is the
reason for the justification of this type of collector.

In charts that exhibit the efficiency on different testing days,
it was observed that the highest efficiency was 67 %, which
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belonged to the highest mass flow rate of 0.166 and the
smallest belonged to the smallest flow of mass, which is 0.055
and indicates that mass flow rates are more effective than the
other effective ones.

To maximize the efficiency of a solar collector, the input
water temperature of the collector should be close to ambient
air temperature, and as the input temperature increases,
efficiency decreases. As the inlet temperature increases, the
output fluid temperature also increases, which, in turn,
increases the efficiency. On the other hand, increasing the
temperature of the input water means increasing the
temperature of the fluid inside the collector, which increases
the thermal drop; therefore, there is an optimal inlet water
temperature observed for temperatures higher than that the
effect of reduced efficiency due to excessive heat loss.

The thickness and the insulation were the other factors in the
collector's efficiency. Obviously, with the increase of the
insulation thickness, the heat dissipation dropped, the
collector decreased, and efficiency increased. In addition,
because the polyurethane heat transfer coefficient is less than
glass fiber and shows better resistance to heat transfer from
the adsorbent plate to the outside, the efficiency will increase.

Considering the collector performance in a closed circuit in
the evening when the storage temperature increases due to no
heat stored, the fluid inlet temperature to the collector will
increase continuously. Increasing the temperature to a certain
extent increases the efficiency.

Increasing the number of glass coatings or increasing the
thickness of the glass cover reduces heat loss from the
collector's surface. As a result, energy increases.
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