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late solar collector (FPC) with
coloured water flowing through a transparent
tube†

Sedong Kim, a Hyomin Jeong,b Jin Young Park,c Seung Yeop Baek,a Ajeong Leea

and Soon-Ho Choi *b

Of all types of solar collector, the flat-plate collector (FPC) has the lowest performance, but is the most

widely used because of its low cost and easy maintenance. To effectively collect solar light in the

conventional FPCs, metal tubes with a high thermal conductivity are installed under an absorption plate.

However, in this study, in order to take advantage of the sunlight absorption capacity of coloured water

flowing through a tube, a transparent tube was installed on the absorbing plate. The resulting new FPC

suggested in this study is a direct absorption solar collector (DASC). To investigate its performance as

a function of the colours of the working fluid, four colours of water were supplied to the FPC:

transparent (pure water), red, violet and black. From the experimental results, the new FPC suggested in

this study was found to have about 5% higher performance than those of the conventional types of FPC,

which means that the new concept of FPC can profitably replace the conventional FPCs.
Introduction

It is well known that global warming and its consequent climate
change will be a serious threat to the future of humanity.1–3 The
causes of global warming are various, however, one of the main
causes is that the concentration of carbon dioxide (CO2) in the
atmosphere has been increased by the continued use of fossil
fuels since the Industrial Revolution.4–6 The CO2 contained in
the atmosphere absorbs light from a specic band of incident
sunlight and reects this light back to the atmosphere and the
Earth's surface again.7–9 Today, the reduction of CO2 emissions
is an indispensable task to maintain human civilization, and is
part of the agenda of sustainable social development.10–12 To
contain and reduce the CO2 concentration in the atmosphere,
the application of renewable energies should be extended.
Unlike other renewable energy resources, solar energy can be
collected by apparatus without moving parts, allowing it to be
extracted solely through passive equipment. This means that
solar energy applications are cost-effective in terms of mainte-
nance, repair, overhaul, extension etc.
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At present, solar energy is predominantly used for generating
electricity and heating; the former converts the sunlight directly
into electricity by using photovoltaic solar cells and the latter
indirectly converts sunlight into heat energy by using solar
collectors with a working uid. Solar collectors can also
generate electricity through a conventional generating system
coupled with a linear Fresnel collector (LFC), parabolic trough
collector (PTC), paraboloid dish collector (PDC), and so on.13–15

Although the applications of solar thermal power systems have
steadily increased, at present, most solar energy applications
are in water heating systems for houses and buildings.
However, in recent years, solar heating technologies have been
expanded even to air-conditioning systems by coupling with an
absorption system.16–18

Of many different types of solar collectors, the at-plate
collector (FPC) and evacuated tube collector (ETC) are the
most common for heating of homes and buildings.19–22

According to Choi,21 Struckmann23 and Humam et al.,24 FPC
type solar collectors have the merits of a simple structure, a low
installation cost and long-term durability while they have the
two disadvantages of a relatively low thermal efficiency and
a low temperature rise of the working uid when compared to
ETCs. ETC type solar collectors made of glass can achieve
a temperature of the working uid higher than that of the FTC
type, but are easily damaged by a small external impact as
shown in Fig. 1. Therefore, up to now, FPC has been the most
popular type for domestic solar water heaters.

However, due to the low heat collection performance of
FPCs, they have been combined with various technologies to
improve their thermal efficiency in products on the market in
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Double glass tubes of ETC damaged by the impact of a small
object flying in a strong wind.
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recent years, in which the tubes passing through the working
uid are made of highly thermally conductive metals;25,26 those
tubes are located under a dark coloured absorbing metal sheet
based on copper;27,28 or the metal tubes are laser welded under
the absorbing metal sheet in order to reduce the thermal
resistance between the tubes and the metal sheet.29,30 Such
improvements for increasing the thermal efficiency of FPCs
inevitably raise their cost.

This study was conducted to suggest a new type of FPC with
low cost and easy construction, which directly absorbs sunlight.
The starting point is to make use of the dependence of light
absorption rate on the colour of an object. As is well known, if
electromagnetic waves are incident on an object, some of the
incident electromagnetic waves are reected from the surface,
others pass through and the rest is absorbed by the object.31,32

What distinguishes visually an object to the human eye is
that our brain perceives the visible light reected from the
object's surface through the receptor cells.33,34 Since visibly
different colours indicate the different light absorbance rates of
objects, it can be said that the light absorption rate varies
depending on the surface colour of an object. The new FPC
suggested in this study maximizes the light absorption by using
a coloured liquid. In order for the coloured working uid to
directly absorb sunlight, the tubes passing through the working
uid should be transparent and should be installed on an
absorption plate. Detailed information regarding the FPCs used
in this study is presented in Section 3.

Furthermore, in this study the pump power was considered
when evaluating the thermal efficiencies of FPCs. In a survey of
previous studies, the authors noticed that many studies on
solar collectors have not considered the input energy of the
circulating pump when evaluating the solar collector effi-
ciencies.35–40 Since most FPCs operate with the working uid of
water circulated by a small pump, the electrical power
supplied to the pump is eventually dissipated in the form of
heat energy into the working uid. Therefore, when assessing
the efficiencies of FPCs with forced circulation, this power
This journal is © The Royal Society of Chemistry 2019
consumed by the pump should be considered. For this, in this
study, the inlet and outlet temperatures of the circulating
pump were measured and incorporated when calculating the
FPC's efficiency.

From this experimental study, it was seen that the thermal
efficiency of the direct absorption type of FPC was seriously
inuenced by the colours of the working uid, and black col-
oured working uid showed the best thermal efficiency. In
addition, it was conrmed that the suggested FPC with
a transparent tube and black coloured working uid had better
heat collection capability than those of the conventional FPCs,
which implies that the new FPC, characterized by low cost and
easy production, could protably replace the conventional
FPCs.
Absorption and reflection of sunlight
Solar irradiance

The surface temperature of the Sun is about 5800 K (ref. 41 and
42) and the energy density per each wavelength radiated from
the Sun's surface can be theoretically predicted by the theory of
black body radiation given by eqn (1).43,44

rTðlÞdl ¼ 8phc

l5
n
eð hc

lkTÞ � 1
o dl (1)

or

rTðnÞdn ¼
8phv3

c2
n
eð hnkTÞ � 1

o dn; (2)

where l is the wavelength of a ray, n is the frequency of a ray, h is
the Planck constant, c ¼ ln is the speed of light in vacuum, k is
the Boltzmann constant and T is the absolute temperature of
the surface of an object. Sometimes, eqn (1) and (2) are called
the spectral energy density of black body radiation.

Fig. 2 shows the theoretical solar irradiance spectrum
calculated from eqn (1), and the measured spectra outside of
the atmosphere and at the Earth's surface. Notably, the solar
irradiance measured on the Earth's surface is quite different
from the theoretical irradiance curve due to the light absor-
bance of the various gas components of the atmosphere such as
O3, O2, N2, H2O, CO2, Ar and so on.45,46 The difference between
the theoretical irradiance and the measured irradiance mainly
results from the light absorption by O3, O2 and H2O in the
atmosphere.

As seen in Fig. 2, visible rays, which can be perceived
through the human eye, are approximately distributed from
400 to 700 nm (ref. 47 and 48) and their power fraction at
ground level is about 40% to 50%, which varies from region
to region and depends on the air mass (AM). According to
Moan, (ch. 7, ref. 49) in the total solar insolation at sea level,
about 6% is ultra-violet (UV), over 50% is visible (VIS) and the
rest, about 40%, is infrared (IR). Therefore, the colour re-
ected from the surface of an object, as visually perceived
through the human eye, will directly indicate the light energy
absorption capacity of the object.
RSC Adv., 2019, 9, 24192–24202 | 24193
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Fig. 3 Photos of the coloured water to investigate the sunlight
absorption capabilities of different colours of water. Since the
temperature changes caused by the sunlight absorption of the col-
oured water samples were all measured in the same conditions, the
solar irradiation data were not collected, but simply the temperature
rises were measured.

Fig. 2 Solar spectra outside of the atmosphere, at ground level and the theoretical blackbody radiation curve at 5800 K. The wavelengths of
visible rays range from about 400 to 700 nm. This figure was originally taken from the website (not copyrighted) at “http://eng.libretexts.org/
Bookshelves/Materials_Science/Supplemental_Modules_(Materials_Science)/The_Science_of_Solar/Solar_Basics/B._Basics_of_the_Sun/
III._Solar_Radiation_Outside_the_Earth's_Atmosphere”. For more clarity, the original figure was heavily modified by the authors.
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Comparison of the light absorption by coloured water

As briey mentioned in the previous section, humans can
visually perceive objects through visible light reected from the
surface of the object. This means that a substance with a certain
colour cannot absorb light corresponding to that colour. Prior
to the experiments for evaluating the new FPC suggested in this
study, the authors investigated the absorbance capacities of
visible light by different coloured liquids. The prepared col-
oured liquids were water mixed with pigments as shown in
Fig. 3. Each sample in a glass bottle was placed into a glass cup
to reduce the heat loss to the surrounding air and exposed to the
sunlight for equal periods of 3 hours on the top of a building,
placed about 30 cm apart from one another to avoid interfer-
ence by their own shadows.

The sample colours in the small glass bottles were trans-
parent (pure water), white, violet, blue, green, yellow, red and
black. Before the sunlight exposure experiment, the samples
were le in a dark room, which guaranteed that all samples
were under identical conditions at the start of the sunlight
exposure experiment. The temperature rises of the samples
were checked every hour during the sunlight exposure
experiment.

Fig. 4 shows the temperature variations of the samples from
11:00 to 14:00 in the exposure experiment. This experiment
was intentionally performed in late November, during the
winter, and the atmospheric temperatures were about 14 to
24194 | RSC Adv., 2019, 9, 24192–24202 This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Temperature increases of the coloured water samples after
sunlight exposure for 3 hours in the winter. The white coloured water
shows nearly the same temperature variation as the pure water, which
is transparent as seen in (a) of Fig. 3.
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22 �C during the experiment. In the experiment, since the
clouds began to block the Sun aer 12:00, the temperature
rises of the samples were not noticeable from 12:00 to 14:00.
As seen from the temperature rises of the coloured waters from
11:00 to 12:00 when the sky was clear, the temperature rise of
the black coloured water was the highest and that of the white
coloured water was the lowest, which was just as expected.
Noteworthily, however, the white coloured water and the pure
water (transparent) showed the same temperature rises. For an
Fig. 5 Schematic diagram of the FPCs of Type 1 and Type 2. To reduce
placed on the top of the absorbing copper plate made of copper tape a

This journal is © The Royal Society of Chemistry 2019
object that appears white to the human eye, most visible light
is reected from the surface of the object being viewed, while if
an object appears transparent to the human eye this means
that most visible light passes through the object. Therefore,
the same temperature rises occurred for the pure water and
the white coloured water during the sunlight exposure
experiment.
Flat-plate solar collector and experimental apparatus

In this experimental study, two FPCs were prepared, which will
be called the Type 1 FPC and Type 2 FPC respectively herein-
aer. The type 1 FPC is similar to the conventional one as shown
in Fig. 5, and consisted of two transparent glass plates of 5 mm
thickness; an upper black coloured copper plate to play the role
of the absorbing plate; a U-shaped copper tube with 13 turns;
a lower copper plate, not coloured; three insulating corrugated
paper pads of 5 mm thickness; and one wooden bottom pad of
5 mm thickness. Although the conventional FPCs consist of the
multi-pass ow conguration, the experimental FPCs of this
study were made with a single pass ow conguration for
fabrication convenience in the laboratory.

Aer completely adhering the copper tape of 0.1 mm thick-
ness to the rst insulating pad, which was made of corrugated
thick paper, the copper tube with 13 turns was placed on the
copper tape and xed with glue. The dimensions of the copper
tube are 0.6 mm thick and 6.35 mm outer diameter (OD).
Because the absorbing plate of the Type 1 FPC was also made of
copper tape, the copper tape could be rmly attached to the
copper tube. The copper tube (xed on the copper tapes
the heat loss to the environment, the double spaced glass plates were
nd the FPC sides were sealed with duct tape.

RSC Adv., 2019, 9, 24192–24202 | 24195
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attached to the rst insulating pad) was tightly covered with
copper tape once more, and then spray-painted with black paint
to absorb sunlight effectively. The total length of the copper
tube for the Type 1 FPC is about 3.7 m (13 turns), only counting
the length directly placed on the absorbing plate.

Since the Type 2 FPC directly absorbs sunlight through the
working uid of coloured water, the tube should be transparent
and placed on the absorbing plate unlike in a Type 1 FPC. The
material used for the transparent tube is polyurethane with
a thickness of 1.7 mm and OD of 8.2 mm, which is the most
similar size available on the market to that of the copper tube of
the Type 1 FPC. The other components of the Type 2 FPC are the
same as the Type 1 FPC and the total length of the transparent
tube for the Type 2 FPC is about 3.0 m (9 turns).

Fig. 6 shows the tubes of the two FPCs. The tube length
difference of the two FPCs resulted from thematerial difference.
Unlike a copper tube, if a polyurethane tube is bent with the
same bending radius as the copper tube on the absorbing plate,
the U bending section of the transparent polyurethane tube is
folded. That is, the cross section of the polyurethane tube of
a bending section cannot be maintained in a perfect circle due
to folding. Consequently, the two FPCs of Type 1 and Type 2
were not constructed with the same tube length. However, by
introducing the dimensionless area ratio of the tube surface
area to the absorption plate area (AR ¼ tube surface area/FPC
surface area), we can eliminate any inconsistency in
comparing the efficiencies of the two FPCs. The surface area of
the absorbing plate, which is a copper plate painted black, is
0.16575 m2 (525 mm � 310 mm). Table 1 is a summary of the
tube specications used in the Type 1 and Type 2 FPCs.

Fig. 7 shows the experimental apparatus, which consisted of
an insulated water tank, a circulating pump, an FPC with a U-
shaped heating tube, thermocouples to measure the water
temperature at each point, a pyranometer, a data logger and
a recording device.

Before the FPC performance test, the working uid owrates
passing through each FPC tube were measured by using
a measuring cylinder of 2 liter capacity and a stopwatch. The
owrate measurements were performed three times for each
FPC, and then averaged. In the three owrate measurements for
Fig. 6 Photos of the FPCs of Type 1 and Type 2. The copper tube of
Type 1 is placed under the absorbing plate while the transparent
urethane tube of Type 2 is placed on the absorbing plate. The
absorbing plates made of copper tape were painted black although
their colours in the photos do not appear completely black due to the
light reflection on taking the pictures.

24196 | RSC Adv., 2019, 9, 24192–24202
each FPC, the deviations were only within �0.1%. The ther-
mocouples used for temperature measurement are T-type
(copper–constantan) and have an accuracy of �0.4%, which
corresponds to �0.5 �C. The temperatures were measured at 5
points: the pump suction side (T1), the pump discharge side
(T2), which corresponds to the heating tube inlet, the heating
tube outlet (T3), the water contained in the storage tank (T4)
and the atmospheric air (T5). The thermocouples of T1 and T2
were installed to measure how much of the temperature rise of
the working uid was due to the pump power input. The pyr-
anometer is a thermopile type and its accuracy is �10 W m�2

based on the solar irradiation of 1000 W m�2. The measured
data were recorded and saved in the data logger at the sampling
period of 2 seconds.
Experimental results and discussion

It is well known that the thermal efficiencies of FPCs are greatly
affected by the ambient air temperature, outdoor wind and the
tilting angles.50,51 Although the sunlight exposure test shown in
Fig. 3 was done in late November, the performance tests of the
FPCs were intentionally carried out in January to obtain the
conservative experimental results. Additionally, for collecting
more conservative data, the FPCs were horizontally installed on
the roof oor without tilting. Obviously, these experimental
conditions would force the FPCs to have the worst performance.
The FPC performance can be easily assessed by comparing the
solar heat energy absorbed by the FPC surface to the thermal
energy absorbed by the working uid. The solar heat energy
absorbed by the collector can be calculated through the
following steps.

Stot ¼ 2
X
N

Sirr; (3)

where Sirr is the solar irradiance measured by the pyranometer
and N is the sampling number during the total experimental
time of 2.5 hours. Since Sirr is the solar irradiated energy at each
measuring moment and is measured at the interval of 2
seconds, the right-hand side of eqn (3) is multiplied by the
constant of 2. The unit of Sirr is Wm�2, and therefore the unit of
Stot is J m

�2. If designating the absorbing plate area as Apl, the
solar heat energy absorbed by the collector will be

Sabs ¼ StotApl, (4)
Table 1 Tube specifications of Type 1 and Type 2 FPCs

Type 1 FPC Type 2 FPC

Material Copper Polyurethane
OD (mm) 6.35 8.2
Thickness (mm) 0.60 1.70
ID (mm) 5.15 4.80
Tube length (m) 3.7 3.0
Turning of U shape 13 9
Absorbing plate area (m2) 0.1675 0.1675

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Schematic diagram of the experimental apparatus. Although a flow control valve was installed to control the working fluid flowrate, it was
fully opened during the experiment due to the insufficient pump capacity.
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where Apl is 0.16575 m2 as listed in Table 1. Then, the heat
energy absorbed by the working uid of the FPC can be calcu-
lated from the following equation52

Qabs ¼ Mcp(ave)DT, (5)

where DT is the temperature rise of the working uid during the
experiment and M is the total mass of the working uid con-
tained in the insulated water storage tank shown in Fig. 7. The
temperature rise DT is calculated by subtracting the nal
temperature (Tf) of the working uid at the end of the experi-
ment from the initial temperature (Ti) of the working uid at the
beginning of the experiment. In eqn (5), the specic heat at
constant pressure, cp(ave), was evaluated based on the average
temperature of the working uid during the experiment, that is,
Tave ¼ (Tf + Ti)/2.

Since the working uid is circulated by a centrifugal pump
during the experiments, the pump power is eventually dissi-
pated to the pumped liquid in the form of heat energy. There-
fore, when evaluating the heat energy absorbed by the working
uid, the pump power should be subtracted from the temper-
ature rise of the working uid passing through the FPC. For
this, the temperatures of the working uid at two locations (T1
and T2) as shown in Fig. 7 were measured during all experi-
ments. In every experiment, the temperatures measured at T2
were consistently 0.4 to 0.5 �C higher than the temperatures
measured at T1, which conrms that the pump power should be
considered in the calculation of the solar collector efficiency.
The pump power dissipated in the form of heat energy can be
calculated from eqn (6).52

Qpp ¼ _mcp(ave)DTt, (6)

where _m is the mass owrate, t is the total experimental time
and DT ¼ T2 � T1.

Normally, the working uid of FPCs is forced to circulate by
a pump. However, it was found that most previous studies did not
consider the pump input energy at all. Since the pump power Qpp

was eventually dissipated in the form of heat energy into the
This journal is © The Royal Society of Chemistry 2019
working uid of the FPC, it should be subtracted from Qabs for
evaluating the net heat energy gain of the working uid. Therefore,

Qnet ¼ Qabs � Qpp. (7)

Then, the thermal efficiency of the FPC can be evaluated
from53,54

hth ¼
Qnet

Sabs

: (8)

As mentioned in an earlier section, the areas of the Type 1
FPC and Type 2 FPC are identical while the dimensions of each
tube used in the two FPCs are different. Therefore, the perfor-
mance of the two FPCs cannot be directly compared. However, if
the ratio of the FPC area to the total surface area of the tubes
installed in the FPCs is introduced, this problem can be easily
avoided. For this, the area ratio (eqn (9)) was newly dened.55–57

AR ¼ pODl

Apl

; (9)

where l is the total tube length installed in an FPC and OD is the
outer diameter of the tube. Generally, because the tube does not
cover the entire FPC, AR will be always less than 1.0. If the
thermal performance of an FPC dened by eqn (8) is divided by
AR, its value will be the thermal performance index, which
allows us to compare the thermal efficiencies the different types
of the FPCs based on the area ratio:

hAR ¼
�
hth
AR

�
Type 2�

hth
AR

�
Type 1

; (10)

which is the thermal performance ratio of the different types of
FPCs based on the unit surface area. In other words, by comparing
the values of hAR, it is possible to compare the performances
between the FPCs with different shapes and dimensions.

Fig. 8 shows the temperature variation of the working uid
(pure water) contained in the water storage tank of the Type 1
FPC and the solar irradiation data during the experiment
lasting 2.5 hours. Table 1 is the summary of the data obtained
from the experiment of the Type 1 FPC.
RSC Adv., 2019, 9, 24192–24202 | 24197

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03442k


Fig. 9 Solar irradiation and the temperature rise of the black coloured
water passing through Type 2 FPC. The experiment was carried out for
2.5 hours from 11:00 and the water temperature and the ambient air
temperature were measured through T4 (the working fluid tempera-
ture) and T5 (the ambient temperature) shown in Fig. 7.

Fig. 8 Solar irradiation and the temperature rise of the pure water
passing through Type 1 FPC. The experiment was carried out for 2.5
hours from 11:00 and the water temperature and the ambient air
temperature were measured through T4 (the working fluid tempera-
ture) and T5 (the ambient temperature) shown in Fig. 7.
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Since the experiment was performed in January and the FPC
with the single pass ow conguration was placed horizontally on
the roof oor, the water temperature rise was only about 10.5 �C. It
can be seen in Table 1 that the heat energy (Qabs) absorbed by the
working uid is more than the heat energy (Sabs) irradiated on the
FPC, which is apparently unphysical. This unrealistic measure-
ment resulted from the pump power dissipated in the working
uid. However, when accounting for the pump powerQpp supplied
to the working uid, Qabs is certainly smaller than Sabs. Therefore,
the pump power supplied to the working uid should not be
ignored when evaluating the thermal efficiency of an FPC with
forced circulation of the working uid. The thermal efficiency of
Table 3 Experimental results of Type 2 FPCa

Colour of working
uid Stot [kJ m

�2] Sabs [kJ] Ti [�C] Tf [�C] cp [kJ (kg �

Transparentb 6523.09 1061.63 10.1 18.9 4.190
Red 6177.27 1005.35 11.5 23.9 4.187
Violet 6292.02 1024.03 11.5 24.1 4.187
Black 4010.91 652.77 11.8 22.3 4.187

a Refer to the footnotes of Table 2. b Transparent colour means pure wate

Table 2 Experimental results of Type 1 FPC

Stot
a [kJ m�2] Sabs

b [kJ] Ti
c [�C] Tf

d [�C] cp
e [kJ (kg �C)�1] re

4369.32 711.11 10.30 20.80 4.189 99

a Total solar irradiation per unit area during the experimental time, which
the FPCs area 0.16275m2. Sabs is calculated by eqn (4). c Initial temperature
is measured through T4 shown in Fig. 6. d Final temperature of the water
through T4 shown in Fig. 7. e cp and r are based on the average water tempe
g Heat energy supplied to the circulating water by the centrifugal pump, wh
the water volume contained in the tank. It can be calculated fromMcp(ave)D
kg. i Net solar heat energy absorbed by the working uid, which is calcul
working uid to the solar heat energy absorbed by the plate type collecto

24198 | RSC Adv., 2019, 9, 24192–24202
the Type 1 FPC calculated from the measured data was about
36.5% in the ambient temperature range of 10 to 15 �C, which is
about half the efficiency compared with the conventional tilted
FPC with the multi-pass ow conguration.21

The same tests were carried out on the Type 2 FPC with the
following colours of water: pure water, red, violet and black.
Fig. 9 shows the temperature rise when the black coloured water
was used in the Type 2 FPC and Table 3 is a summary of the
measured data and calculated data for the Type 2 FPC with all of
the tested water colours.

Comparing Tables 2 and 3, it can be seen that the heat input
from the circulating pump to the working uid caused a large
difference in temperature even when the mass owrate was very
C)�1] r [kg m�3] _m [kg s�1] Qpp [kJ] Qabs [kJ] Qnet [kJ] hth (%)

999.1 0.03546 485.40 670.70 185.30 17.5
998.5 0.03546 736.23 944.36 208.12 20.7
998.5 0.03546 652.05 959.59 307.54 30.0
998.6 0.03546 682.88 944.50 261.61 40.1

r.

[kg m�3] _mf [kg s�1] Qpp
g [kJ] Qabs

h [kJ] Qnet
i [kJ] hth

j (%)

8.9 0.03568 540.75 800.06 259.31 36.5

was calculated by eqn (3). b Solar heat energy absorbed by the FPC and
of the water contained in the tank when the experiment is started, which
contained in the tank when the experiment is ended, which is measured
rature Tave¼ (Tf + Ti)/2.

f Mass owrate of water passing through the FPC.
ich is calculated by eqn (6). h Heat energy absorbed by the water based on
T whereM is the total mass of water contained in the tank andM¼ 18.19
ated by eqn (7). j The ratio of the net solar heat energy absorbed by the
r, which is the thermal efficiency of the FPC and calculated by eqn (8).

This journal is © The Royal Society of Chemistry 2019
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low. Possibly, this resulted from themeasurement accuracy of the
thermocouples. As already mentioned, the thermocouples used
in this study were T-type (copper–constantan) with the accuracy
�0.5 �C. Although the pump outlet temperatures were always 0.4
to 0.5 �C higher than the pump inlet temperature in every
experiment, the temperature difference between the pump inlet
and outlet was unfortunately within the accuracy of the ther-
mocouples. As shown in eqn (6), for the calculation of Qpp, the
temperature difference between the pump inlet and outlet must
be multiplied over the total experimental time. This means that
even the small temperature difference of 0.1 �C will cause a large
difference in the estimation of Qpp. Therefore, while it is clear
that the pump outlet temperatures are higher than the pump
inlet temperature, the precision of the temperature difference
between the pump inlet and outlet is not guaranteed due to the
accuracy limitation of the thermocouples used in this study.
Since the data in Tables 2 and 3 were only based on themeasured
values, it should be noted that the Qpp calculated by eqn (6)
includes quite a large deviation.
Fig. 11 Thermal performance based on the area ratio (hAR) of Type 1
and Type 2 FPCs. The thermal efficiency of Type 1 was set to 1.0 for
comparison of the thermal efficiencies of Type 1 and Type 2 FPCs.

Fig. 10 Comparison of the thermal efficiencies of Type 1 and Type 2
FPCs. The pure water of Type 2 FPC is transparent.

This journal is © The Royal Society of Chemistry 2019
Fig. 10 shows the thermal efficiencies hth calculated from
eqn (8) and Fig. 11 shows the thermal performance hAR evalu-
ated from eqn (10), including a comparison of the Type 1 FPC
containing pure water with the Type 2 FPC containing coloured
water including pure water.

In Fig. 11, hAR of the Type 1 FPC with pure water is set to 1.0 and
will be used as a reference for the comparison of the two FPCs. From
the tube dimensions of Table 1, AR of the Type 1 FPC is about
0.0738 and AR of the Type 2 FPC is about 0.0773. Although the tube
length of Type 2 is shorter than that of Type 1, AR of Type 2 is larger
than AR of Type 1 because the OD of Type 2 is thicker than the OD
of Type 1. The AR ratio of Type 1 to Type 2 is about 0.955.

In Fig. 11, it is shown that the thermal efficiency of the Type 2
FPC operated with pure water was about half compared to the
Type 1 FPC. This low thermal efficiency of 45.8%may have to do
with the transmission of visible light. Since the Type 2 FPC was
made with a transparent polyurethane tube installed on the
absorbing copper plate painted black, the pure water passing
through the tube also looks transparent. Considering that most
visible light will pass through the pure water in the tube, the
solar energy incident to the FPC will be accumulated on the
absorbing plate. Then, the heat energy stored on the absorbing
plate will be transferred to the pure water through the tube wall,
which will result in low thermal efficiency.

In contrast, when the black coloured water was used in the
Type 2 FPC, visible light was absorbed by both the water and the
absorbing plate and, as a result, the thermal efficiency of the
Type 2 FPC was increased.

Fig. 12 shows the absorbances of the coloured water samples
measured by UV-VIS spectrophotometry (200–1100 nm). Since
the absorbance values were referred to that of pure water, the
absorbances of the coloured water samples are the relative
values to pure water. As expected, the black coloured water
strongly absorbs all bands of visible light, which causes the high
thermal efficiency of the Type 2 FPC with black water. Mean-
while, the thermal efficiency of the violet water is higher than
Fig. 12 Relative absorbance measured by UV-VIS spectrophotometry.
Since the transparent pure water is set to 0.0 absorbance, the absor-
bances of the other coloured water samples indicate the absorbance
relative to pure water.

RSC Adv., 2019, 9, 24192–24202 | 24199
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the red water because violet objects absorb the visible light
band more efficiently than red objects.

Conclusion

This experimental study was performed to suggest a completely
new innovative FPC, which utilizes the capacity of direct
sunlight absorption by a coloured working uid passing
through a transparent tube installed on the absorbing plate.

In the conventional FPCs, the metallic heating tubes are
usually placed under the absorbing plate made of copper, and
the heat energy is transferred from the absorbing plate to the
metallic heating tube. However, in this study, the heating tube
is transparent and placed on the absorbing plate to utilize the
direct sunlight absorption by coloured water. To investigate
the absorption capacity of solar energy depending on the
colour of water, sunlight exposure tests were performed with
double glass containers, as shown in Fig. 3, prior to the FPC
performance test. As seen in Fig. 4, the black coloured water
showed the highest temperature rise. In the sunlight exposure
test, it was a very interesting nding that the white coloured
water and the clear water showed nearly the same temperature
rise. Possibly, this implies that the almost total reection of
visible light by the white coloured water is physically equiva-
lent to the almost total passing of visible light through the
clear water.

To benchmark the FPC newly suggested in this study (Type 2
FPC), the usual type of FPC (Type 1 FPC) was separately prepared,
which is similar to the conventional FPC except for the one-pass
conguration. However, the heating tubes of the Type 2 FPC are
transparent and attached on the absorbing plate. Therefore, the
solar energy is wholly absorbed by the absorbing plate in the Type
1 FPC while it is directly absorbed by the coloured water passing
through the transparent tubes in the Type 2 FPC.

Since the tube materials used in the two FPCs are different,
the tube lengths installed on the absorbing plates of the same
area are also different due to differences in the minimum
allowable radius of curvature of the material types. To evaluate
the thermal performances of the two FPCs on the same basis,
the area ratio given by eqn (10) was newly introduced, which is
the ratio of the absorbing plate area to the surface area of the
tube installed on the absorbing plate. This concept of the area
ratio will be highly useful when comparing the thermal effi-
ciencies of FPCs with different sizes and types.

In this study, a small centrifugal pump was used to circulate
the working uid. The pump power is eventually dissipated into
the water in the form of heat energy, but most studies on FPCs
with a circulating pump have not considered the temperature
rise of the working uid caused by the pump power input.
Although it was unfortunately difficult to determine the exact
quantitative contribution to the water temperature rise from the
pump power, due to the accuracy of the thermocouples used in
this study, it is denite that the pump power contributes to the
increase in the temperature in a closed loop circulating system
as seen in Tables 1 and 2. From the experimental results, it was
conrmed that the thermal performance of the Type 2 FPC is
higher than that of the Type 1 FPC. The thermal performance of
24200 | RSC Adv., 2019, 9, 24192–24202
the Type 2 FPC is only about 5% higher than that of the Type 1
FPC, which may seem small. However, compared with a metal
tube, it should be noted that the transparent polyurethane tube
used in this study is very cheap, easy to bend, and simple to
install on the absorbing plate.

The experimental apparatus of this study was made by
obtaining the necessary materials from nearby hardware stores
at a cost of less than US$ 200 except for the electronic instru-
mentation. Since the whole experimental apparatus was con-
structed from scratch in just one week by the students who
participated in this study, the newly suggested FPC can be easily
constructed even if the FPC size is increased and even by an
unskilled person. Therefore, the authors are convinced that the
results of this study will greatly contribute to the improvement
of the living environment of people in undeveloped countries.
Additionally, the authors strongly hope that this study will
stimulate other researchers' motivation to study the develop-
ment of new types of FPCs.
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