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Abstract

The aim of the present work is to compare thermal efficiency of three flat-plate collectors, which are different in the type of
coatings used in the absorber plate. The thermal efficiency of the collector was investigated using three types of absorber
plate: the black painted, the black chrome coating, and the carbon coating. The thermal performance of the collectors was
considered based on American Society of Heating, Refrigerating and Air-Conditioning Engineers Standard 93 (2010). The
volume flow rate varied from 0.5 to 1.5 L min~'. The field emission scanning electron microscope images demonstrated
that the carbon coating had high absorption due to trapping the light and avoiding the reflection of the light. The collector
with the carbon-coated absorber plate at the flow rate of 1.5 L min~! has the maximum thermal efficiency of approximately
69.4%. Furthermore, the thermal efficiency of the carbon-coated absorber plate and black chrome-coated absorber plate is
averagely 13% and 11.3% higher than the black-painted absorber plate, respectively. Additionally, the removed energy param-
eter (FRU,) at the flow rate of 1.5 min~! decreases approximately 35.4% for the collector with the carbon-coated absorber
plate and 28.4% for the collector with the black chrome-coated absorber plate compared to the black-painted absorber plate.

Keywords Flat-plate collector - Coated absorber plate - Thermal efficiency - ASHRAE Standard - Removed energy
parameter

List of symbols Subscripts and superscripts
A, Area of the absorber plate, (m?) a Ambient
D Riser tube diameter, (m) f Fluid
h Heat transfer coefficient, (W m™2K™") e Emissivity
0O, The useful energy gain, (W) i Inlet
T, Ambient temperature, (K) 0 Outlet
T, Outlet temperature, (K) Greek symbols
T, Inlet temperature, (K)
. a Plate absorptance

T, Outlet fluid temperature, (K) .

’ . n Thermal efficiency of collector
T; Inlet fluid temperature, (K) .

’ L . T Glass cover transmittance
Tt o initin Outlet initial fluid temperature, (K) . .

> . . oR Uncertainty in the result, generic
G Specific heat, (J ke™) 6X, Uncertainty in the jth variable
G Solar radiation, (W m™2) J y ]
Fg Heat removal factor Abbreviations
T Mass flow rate, (kg s™') FPC Flat-plate collector
Uy, Heat loss coefficient, (W m™ K~") Re Reynolds number, pUD,, / y;

PH Power of hydrogen
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energy that has been highly considered owing to its acces-
sibility and less environmental impacts. Flat-plate collec-
tors (FPCs) are solar systems absorbing solar radiation and
transferring it to working fluid. They are widely used in low-
temperature applications such as water heating production
and space heating [1]. In the last decade, several studies have
been conducted in the field of improving heat transfer and
thermal efficiency of FPCs The methods of thermal perfor-
mance enhancement of FPCs can be categorized into two
main groups: i) passive methods and ii) active methods [2].
In passive methods, no external forces have been used. So,
it receives more attention [3, 4].

In passive methods, turbulators such as wire coils, disks,
and twisted tapes have been used [5]. The heat transfer
increases by using twisted tapes, because the use of twisted
tapes causes the decrease in hydraulic diameter and increase
in swirl generation [6]. In a parametric study to relate the fluid
and flow characteristics with the heat transfer enhancement
study done by Garcia et al. [7], wire coils have been used to
enhance the heat transfer of a tube-on-sheet solar panel. The
enhanced collector increases the thermal efficiency values by
4.5%. In another study, using twisted tapes with lengths of
100, 200, and 300 mm for twist ratios 3 and 5 was investigated
by Jaisankar et al. [5]. The results show that Nusselt number
and friction factor increased by 19% and 29%, respectively. In
another study by Ananth et al. [6, 8], the overall instantaneous
thermal efficiency improved between 53.3 and 38.7% when
using twisted tape with rod and spacer in a thermosiphon solar
water heating system compared with plain tube collector. The
results present that the Nusselt number decreases by 11 and
19% for twist fitted with rod and twist with spacer, respec-
tively. Garcia et al. [7] have applied wire coil to enhance heat
transfer in a typical flat-plate solar water heater. According to
the results, average improvement in thermal efficiency from
14 to 31% in different cases has been obtained. Using nano-
fluids as the working fluid, Javaniyan Jouybari et al. [9] have
investigated the effects of SiO,/deionized water nanoparti-
cles on the thermal performance of a flat-plate solar collector.
Their results showed that the thermal efficiency was improved
up to 8.1% with the presence of nanofluid.

Porous media can increase the thermal efficiency of FPCs
due to increasing contact surface with flow [10]. Chen et al.
[11] performed an experimental investigation on the effect
of porous structure on the thermal efficiency of a FPC. An
integrated aluminum foam porous structure filled with paraf-
fin was used to enhance the heat transfer performance of a
flat-plate solar collector. The results demonstrated that the
using of the foam has significant effect on the heat transfer
and melting rate of paraffin.

The use of nanofluids as working fluids is another pas-
sive method, which is used to increase the thermal efficiency
of FPCs [12-14]. Nanofluids increase the thermal conduc-
tivity of fluids and, as a result, lead to the increase in heat
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transfer [15]. In a research done by Tayebi et al. [16], the
effect of Al,0; nanofluid and TiO, nanofluid was investigated
on the thermal performance of a parabolic trough collector.
The maximum efficiency was 34.51% for TiO, nanofluid.
Another example of using TiO, nanofluid is the study by
Said et al. [17]. According to the results, the energy efficiency
is enhanced by 76.6% for 0.5 kg min~"' flow rate and 0.1%
volume fraction. Noghrehabadi et al. [18] studied the conical
shape of a solar water heater at different flow rates. The maxi-
mum value of thermal efficiency was approximately 60%.

A brief review on other studies shows that the use of tur-
bulators, porous media, and nanofluids can help to improve
the thermal performance of FPCs, but it can lead to using
more materials and high pressure drop [19]. Therefore,
researchers are studying other methods to improve heat
transfer, which have lower costs and lower pressure drop.
The use of selective coatings on the absorber plate can be
another effective method to improve the thermal efficiency
of FPCs [20-22]. The selective coatings have high absorp-
tivity at short wavelengths and low emissivity at long wave-
lengths [23]. The thermal efficiency of the FPC can increase
to 28% when the absorptivity increases from 0.8 to 0.98
[24]. The deposition of a four-layer composite film struc-
ture, W/AISiOx:W(HA)/Al1SiOx:W(LA)/AlSiOx, on stain-
less steel with the absorptivity of 94-95.5% was suitable
for solar thermal applications [25]. The Mo/ZrSiN/ZrSiON/
SiO, coating on stainless steel had the solar absorbance of
0.94 [26]. The absorptivity of the sputtered black chrome
was between 0.92 and 0.96 [27]. The process of Cu/CuOx
deposition on copper was performed by electrodeposition
and spray pyrolysis deposition. The absorptivity varied from
0.87 to 0.95 [28]. The rough graphite—aluminum (C/Al,O5/
Al) had the solar absorptance of 0.9 [29]. The effects of
using epoxy coating (zinc phosphate) and an anti-corrosive
with catalyst on the optical absorptivity were investigated
to select the best one to use in flat-plate collectors as the
coating of the absorber plate. The absorptivity of the epoxy
coating was between 0.93 and 0.95 [30]. The effects of using
nanofluid and selective absorber on the exergy efficiency and
the thermal efficiency were examined. The effect of variation
of the ratio of emissivity to absorptivity on the exergy effi-
ciency was significant. The exergy efficiency and the thermal
efficiency increased by 8% and 10.5% with an increase of
7.5% in optical efficiency [31]. The graphene was depos-
ited on the copper oxide substrate as a selective coating.
The use of graphene coating increased maximum efficiency
from 39.5 to 69.4% compared to the reference collector
[32]. Kasaeian et al. [33] measured the absorptance of black
chrome, nickel chrome, and matt black paint, which was
about 97.4%, 98%, and 91.4%. In another study, Kasaeian
et al. [34] demonstrated that the thermal efficiency of a para-
bolic trough collector increased by about 10% by using black
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chrome coating on the absorber tube in comparison with a
black-painted absorber tube.

The literature review expresses the important effect of
the coating on the absorptivity of material and a shortcom-
ing in investigating the effects of selective coating absorber
plates on the FPSCs’ efficiency. For this purpose, in the
present study, the impacts of using three types of absorber
plate, namely the black painted, the black chrome coating,
and the carbon coating, were investigated on the FPC ther-
mal efficiency. It should be noted that these coatings were
selected because of their high absorptivity at short wave-
lengths and low emissivity at long wavelengths which cause
to enhancement of the collection of thermal energy [24-27,
32]. Furthermore, they are selected due to good optical prop-
erties, good thermal conductivity, and great accessibility. To
the best of our knowledge, the effect of the black painted,
the black chrome coating, and the carbon coating on the
absorber plate of FPC has been rarely investigated. The per-
formance of FPC was examined based on ASHRAE Stand-
ard 93 [35]. In addition, the thermal efficiency of FPCs with
different coated absorber plates at various flow rates was
compared. The absorbed and removed energy parameters
were explained, and the impact of different coatings on the
value of these parameters was presented. Since this study
has not been conducted before, it is necessary to consider
the effect of the black painted, the black chrome coating,
and the carbon coating on the thermal efficiency of the flat-
plate collector.

Experimental procedure

In this section, the specifications of the FPSC and the meas-
urement tools that were used in the test are presented.

To conduct experimental tests, a FPSC was designed with
an area of 0.5824 m?. Figure 1 shows the experimental setup
and the schematic diagram of it. The experiments were per-
formed at Semnan University, Semnan, Iran (latitude 35°34'
N longitude 53°22' E).

At first, for the construction of the FPSC setup, three
copper absorber plates were coated with three selective
coatings, i.e., the black painted, the black chrome, and
the carbon coating. The four one-meter copper risers were
welded on the back of each absorber plates, and then, the
assembly of absorber plate and risers were connected to
the top and bottom headers. After the galvanized collector
frame was prepared, the casing including the set of absorber
plate, risers, and headers were isolated by elastomer insula-
tion with the thickness of 10 cm covering its three sides.
Then, a glass cover was installed and slant angle was set in
45 degree. In this study, three assembly plates, risers, and
headers were used. The difference between these assemblies
is their coatings. After the preparation of the collector setup,

Hot water outlet

K6) Cold water inle

(b)

Fig.1 a Experimental setup, b the schematic diagram of hydraulic
cycle (1—flat-plate collector, 2—temperature sensor, PT100, 3—
pressure transmitter, 4—heat exchanger, 5—reservoir tank, 6—valve,
7—pump, 8—valve, 9—flowmeter, 10—solar power meter, TES-
1333R.)

two storage tanks were also constructed. In the first storage
tank, helical copper tubes were devised, which contain the
working fluid that is reaching the ambient temperature by
water in the tank (Fig. 1b). The second storage tank is for
saving and storing water. According to Fig. 1b, the working
fluid enters the helical copper tubes, which are within the
first storage tank, after gaining the heating energy in the
collector. Then, it enters the pump after the heat transfer-
ring and passing the second storage tank and then reaches
the pump inlet. It is necessary to mention that the second
tank is located at higher altitude than the pump, in order to
produce the static pressure for prevention of cavitation in
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the pump inlet. After the pump, the working fluid reaches
the collector through flowmeter. The flowmeter with uncer-
tainty of + 2% was used to measure the volume flow rate.
Some valves are installed for better controlling of the fluid
flow. Transparent temperature-resistant PVC tubes are
used for connecting the equipment together. The pump is
a Grundfos-UPS 25-60 series which has the capability to
work with warm fluid in three different speeds and with
a maximum flow rate of 4.3 m> h™!. To measure the flow
rate, a rotameter which has the maximum flow capacity of
1000 1 h~! has been used. The Rosemount pressure trans-
mitter model CD2 with the accuracy of 0.001 mbar was
utilized for measuring the occurred pressure drop in the
collector. The inlet and outlet temperatures of the collector
were measured by two RTD-type PT 100 thermocouples
with 0.1 °C accuracy. These thermocouples were installed
in the nearest position to the inlet and outlet headers. The
absorber plate temperature was measured by four numbers
of K-type thermocouples with 0.1 °C accuracy. Also, the
environmental temperature was determined by a portable
thermocouple. The heat flux of the solar radiation is meas-
ured by a TES-1333R solar power meter. Prova AVM-305
model anemometer was used to measure the speed of the
wind. Furthermore, a heat exchanger is utilized in cycle
to maintain the inlet temperature of working fluid accord-
ing to ASHRAE Standard. The error of instrument devices
is given in Table 1, and the specifications of collector are
given in Table 2. It should be noted that all apparatus has
been calibrated in one of the calibrator companies in Teh-
ran, Iran.

Table 1 The error of instrument devices

Instruments Error

Flowmeter +2%
Thermometer (TES-1317R) 1.5%
Anemometer (Prova AVM-305) +3%,+02ms”!
Solar power meter (TES-1333R) +2.5%

Table 2 The specification of flat-plate collector

Specification Dimension
Collector occupied volume/cm® 112 x52%20
Riser number 4

Riser diameter/mm 10

Riser length/m 0.9

Header diameter/mm 22

Absorber width/m 0.65
Absorber length/m 1.5

@ Springer

Table 3 Operating conditions

for the chrome plating process Temperature/°C 35
PH 4<
Anode Lead
Cathodic current 35
density/A dm™>

Coating deposition

The black chrome, carbon, and matt black paint were chosen
owing to good optical properties and good thermal conduc-
tivity [33]. The impurities were removed by washing the
plates with distilled water. To prepare the chrome plating
bath, chrome sulfate, cobalt chloride, sodium hypophosphite,
and sodium phosphate dihydrogen were mixed together, and
then, distilled water was added to them. The positive ions
were deposited on the copper plate by applying an electric
current. Table 3 presents the optimal conditions for the
chrome plating process.

The matt black paint was coated by spraying. The car-
bon film was deposited on the copper plate under vacuum
sintering conditions. Carbon coating was deposited on the
plate in a vacuum chamber. The chamber was evacuated
by argon injection. The vacuum condition was maintained
at a pressure of 150 Pa using a vacuum pump. The sample
was applied at a voltage of 1.5 volts.

The optical absorptivity of the black paint, the black
chrome coating, and the carbon coating is measured,
which is approximately 0.85, 0.93, and 0.95, respectively.
The absorptance and reflectance coefficients were meas-
ured by the Avaspec machine, manufactured by the Span-
ish Avantes Company, with an accuracy of 0.08 nm [33].

Figures 2, 3, and 4 display the FESEM analysis images
for three types of coating on the copper plate. As can be
seen, the black paint coating has a smooth surface com-
pared to the carbon coating. The radiative characteristics
of optically smooth bodies can be prognosticated within
the limitations of electromagnetic theory. When the sur-
face optical roughness is larger than about 1, there are
various reflections in the cavities among roughness ele-
ments. This enhances the trapping of disturbance radia-
tion, thereby improving the observed surface absorptivity
and consequently its emissivity. When roughness is high,
it has a significant impact on directional emission and
reflection. When the optical roughness is small (<1), the
effects of various reflections in roughness holes are regu-
larly small, and the hemispherical properties come near to
those for optically smooth surfaces. As a result of diffrac-
tion impacts, the directional features can be remarkably
affected by the roughness. Therefore, the carbon coating
has high absorption owing to trapping the light and avoid-
ing the reflection of the light. The higher porosity leads to
trapping more light [33].
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Fig.2 FESEM images of black paint coating on copper plate in two
zoom modes

Testing methodology

The ASHRAE 93:2010 standard can be used to inves-
tigate the thermal performance of flat-plate collectors
under steady state conditions. To determine the thermal
efficiency of the collector in outdoors, there are some limi-
tations. The wind velocity must be between 2 and 4 m s~ .
The minimum solar radiation on a plate perpendicular to
direct radiation shall not be less than 800 W m~2. The
tests must be performed at a time when the sky is smooth,
so that the maximum variation of solar irradiance is not
greater than 32 W m~2 at a time interval of 10 min or
twice the time constant, whichever is the greater, before

o)

SEM HV: 15.0 kv WD: 8.73 mm
SEM MAG: 35.0 kx Det: SE
View field: 5.93 ym |Date(m/dly): 03/18/19

MIRA3 TESCAN|

RMRC FESEM

_at
SEM HV: 15.0 kV WD: 8.73 mm MIRA3 TESCAN|

SEM MAG: 75.0 kx Det: SE 500 nm
View field: 2.77 ym |Date(m/dly): 03/18/19

RMRC FESEM

Fig.3 FESEM images of black chrome coating on copper plate in
two zoom modes

and during data recording. The ambient temperature range
must be less than 30 °C. The inlet temperature of working
fluid must be constant, and the maximum deviation from
ambient temperature is + 1°C.

Time constant

Determining the response time of the solar collector is essen-
tial to evaluate the collector’s transient performance and to
select the correct time interval to test a stable state or Gaussian
state. The time constant parameter is given by [34]:

(Tt o(7) = Tg;) /(T o imitial — Tt;) = 0.632 @))]
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Fig.4 FESEM images of carbon coating on copper plate in two zoom
modes

Thermal performance analysis

The useful energy gain, Q,, can be obtained by measuring the
inlet and outlet temperatures of working fluid:

Q, =mCy(Ty, — Tt)) 2)

Furthermore, the useful energy gained by collector can be
expressed in terms of the absorbed energy and the lost energy
from the absorber plate:

Qu = AcFR [G(Ta)e - UL(Tf,i - Ta)] )

where A is the area of absorber plate, T¢;, T}, and T, are the
fluid inlet temperature, fluid outlet temperature, and ambient
temperature, respectively. In addition, Fy is the heat removal
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factor, G is the solar radiation on the collector, (za), is the
effective coefficient of transmission—absorption, and U; is
the heat loss coefficient.

The thermal efficiency can be calculated from Eq. (4):

n= Qu/GAc = me(Tf,o - Tf,i)/GAc )

Furthermore, the thermal efficiency can be obtained by sub-
stituting Eq. (3) for Eq. (4):

n = Fp(ra), — (FrU. X (Ty; = T,)/G) )

When the curve of the thermal efficiency variation versus
(T;; — T,)/G is plotted, the intercept and slope of linear
curve show optical efficiency Fy(ra), and removed energy
parameter Fp Uy (Fig. 4).

Uncertainty analysis

Uncertainty values provide the accuracy and reliability of the
test results. Therefore, uncertainty determines the quality of
the test and the results. The uncertainty of the results can be
estimated using a root-sum-square combination of the effects
of each input by Kline and McClintock formula [36]:

1/2

N 2
SR = <Z (0R/0X,) - 6Xi> ©)

i=1

where % shows the sensitivity coefficient for the result R
J

toward X;. The uncertainty of the thermal efficiency of the
FPC can be given by Eq. (7):

‘Sn—” = @/’ +6C, /G + BT, = T, /(T, = T,)Y

0.5
+ (6G/G? + (5A/A)2]

@)
sm/m < 0.015, (T, — T,) <0015, 6G/G <
0.025, 6n/n < 3.28%.

By ignoring the variation of C, and A, the maximum

uncertainty of thermal efficiency is approximately 3.28%.

Tm)/(To -

Results and discussion

The evaluation of time constant is one of the important
parameters (Eq. 1) showing the time needed to achieve a
stable system. Figure 5 presents the variation of time con-
stant with the Reynolds number in the range of 247-743 in
which the collector with the carbon-coated absorber plate
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Fig.5 The comparison of the time constant for the collector with different coated absorber plates: a black-painted coating, b black chrome coat-

ing, and ¢ carbon coating

has the quickest response time owing to lower heat loss.
The time constants of the collector with the black paint, the
black chrome-coated, and the carbon-coated absorber plates
for Reynolds number of 743 are approximately 180 s, 160 s,
and 140 s, respectively.

The operating conditions during the test are in accord-
ance with ASHRAE Standard 93 (2010). Figure 6 shows
the measured data to calculate the thermal efficiency of the
collector. The measured data have been recorded between
10 o’clock and 13:30 in May 20, 2019, to May 26, 2019.
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Fig.6 Measured data during the test for a the black paint coated absorber plate, b the chrome-coated absorber plate, and ¢ the carbon-coated

absorber plate

The reason for choosing this interval time is because of the
limitations specified for the solar noon parameter in the
ASHRAE Standard. The thermal efficiency data were col-
lected symmetrically with respect to solar noon according
to the ASHRAE Standard. It can be seen that the amount of
solar radiation increased step by step with the start of the
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test, and in the final hours of the test, this amount decreased
with the same behavior. It should be noted that the maximum
amount of this quantity occurs around 12 o’clock. By inves-
tigating the outlet temperature data, it is found that the outlet
temperature of the collector with a carbon-coated absorber
plate is higher than the collector with black chrome-coated
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Fig.6 (continued)

absorber plate and the collector with black-painted absorber
plate. For three types of coatings, the maximum outlet tem-
perature in all of the investigated flow rates is observed in
0.5 L min~!, which is approximately 39 °C for black carbon
coating, 37 °C for black chrome coating, and 33° C for black
painted. The ambient temperature slightly increases during

the testing process. According to ASHRAE Standard, the
inlet temperature shall be always + 1 degree of the ambient
temperature. So the same trend for inlet temperature can be
seen.

Figure 7 presents the variation of the thermal effi-
ciency with the volume flow rates. As can be observed, the
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Fig.6 (continued)

Reynolds number significantly affects the absorbed and
removed energy parameter. It causes increasing absorp-
tion and decreasing removed energy parameter, leading to
improvement on the thermal efficiency. The high emissiv-
ity of black paint leads to higher heat loss and lower ther-
mal performance. The thermal efficiency of the carbon-
coated absorber plate and the black chrome absorber plate
is approximately 13% and 11.3% higher than that of the
collector with the black-painted coating on absorber plate.
The thermal efficiency of the carbon coating and the black
chrome is higher than the black paint, since they have higher

@ Springer

optical absorptance. Therefore, lower emissivity and higher
absorptivity of the carbon coating and the black chrome in
comparison with black paint result in higher thermal perfor-
mance. As Fig. 7 shows, the line slope and the coordinate
distance of the collector with the carbon-coated absorber
plate are equal to 7.264 and 0.7025, respectively, which are
equal to B and Fr(za),. As can be seen from the figure,
the thermal efficiency trend decreases for all flow rates,
which have been reported in [24, 37].

As Fig. 8 shows, in a collector’s thermal efficiency
variation in the black-painted absorber plate, the black
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Fig. 7 The efficiency of the solar collector with different coated absorber plates: a black-painted coating, b black chrome coating, and ¢ carbon

coating

chrome-coated absorber plate, and the carbon-coated
absorber plate versus the Reynolds number, the absorbed
energy parameter enhances with increasing the Reynolds
number. The collector with the carbon-coated absorber plate
has the highest thermal efficiency approximately to 63.4%,
66.3%, and 69.4% at the Reynolds number of 247, 495, and
743, respectively. Furthermore, the removed energy param-
eter in the collector with the carbon-coated absorber plate
decreases by approximately 15%, 19%, and 35.4%, com-
pared to the collector with the black chrome-coated absorber

plate, in which it decreases by 23.4%, 25.04%, and 28.4%
at the Reynolds number of 247, 495, and 743, respectively.
The FESEM analysis images for three types of coatings on
the copper plate indicate that the black paint coating has a
smooth surface compared to the carbon coating. Thus, the
carbon coating has high absorption owing to trapping the
light and avoiding the reflection of the light.
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Table 4 Costs of collector manufacturing

Cases Matt black paint ~ Black chrome  Carbon

Setup manufacturing  1729.25 1729.25 1729.25
cost (USD)

Coating cost (USD) 12.17 14.84 16.3

Thermal efficiency 56.4% 67.7% 69.4%

Investment costs

From a general view, cost savings can be divided into two
groups of impact: direct and indirect. The concept of direct
impact includes costs that are directly related to the collector
assembly such as the procurement of raw materials, manu-
facturing, etc., while the indirect impact is not relevant to the
collector owner, but spread among the collector installer, the
service, or the federal and state government. These destruc-
tive costs show the influence of the pollutants from the col-
lector manufacturing, but the economic or environmental
consequences of coating are not involved. In Table 4, all
costs of collector manufacturing and coating of absorber
plate are presented. As can be seen, the costs of carbon and
black chrome coatings are USD 4.13 and USD 2.67 higher
than matt black paint coating, respectively, but the thermal
efficiency of the collector with carbon-coated absorber plate
and the collector with black chrome-coated absorber plate is
higher than the collector with matt black-painted absorber
plate. The key question is whether the increase in thermal
efficiency against the increased cost of coating is cost-effec-
tive or not. In order to closely scrutinize the issue, the black

@ Springer

coated collector is considered as the base of our calculations
due to its lower efficiency. According to the calculations
considering the reduction of the absorber plate area, the cost
for the carbon-coated case is USD 5.31 and USD 4.51 less
than the matt black-painted case, respectively. The reason
is the thermal efficiency increasing and, consequently, the
reduction of the absorber plate area and its mass which will
save the cost of providing the adsorbent coating and coating.
It should be noted that considering cost saving in assem-
bly manufacturing by glazing area reduction, riser length
decrease, and so on alongside the indirect cost saving, the
use of selective coating will be more preferable.

Conclusions

An experimental study into the thermal efficiency of three
flat-plate collectors with the black-painted absorber plate,
the black chrome-coated absorber plate, and the carbon-
coated absorber plate was conducted according to ASHRAE
Standard. The flat-plate collector with the carbon-coated
absorber plate had the highest thermal efficiency owing to
higher optical absorptivity. The thermal efficiency increases
by approximately 13% and 11.3% for the flat-plate collec-
tor with the carbon-coated absorber plate and the black
chrome-coated absorber plate compared to the collector with
the black-painted absorber plate. Furthermore, the energy
removed parameter decreases by approximately 28.4% and
35.4% for the collector with the carbon-coated absorber plate
and the black chrome-coated absorber plate, respectively.
The use of selective coatings enhances the thermal efficiency
and decreases the heat loss owing to higher optical absorp-
tivity and lower emissivity.

The results demonstrate that the use of the black chrome
and the carbon coatings on absorber plates of FPCs is poten-
tial owing to its high capacity to increase the thermal effi-
ciency of the collectors.
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