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ABSTRACT

In this study, the effect of covering the aperture area of a conical cavity receiver with an ultra-white glass on
operational parameters of a Parabolic Dish Collector (PDC) was numerically and experimentally investigated
under climate conditions of Tehran (35.44° N latitude and 51.10° longitude). The main components of the
experimental setup include a dish reflector, a conical cavity receiver, Heat Transfer Fluid (HTF), hydraulic and
cooling cycle, and a sun tracker. For this purpose, a conical cavity receiver with an ultra-white glass cover on
its aperture was numerically modeled in Fortran software. During the evaluation, environmental parameters
including ambient temperature, solar radiation, and wind speed were considered as inputs of the model. The
results revealed fair agreement between the numerical and experimental data with the maximum error of
approximately 4.63 % and 7.89 % for receivers with and without the glass cover on the aperture, respectively.
For a steady-state analysis, the mean values of useful energy (Qu) absorbed by the receiver were calculated as
1,253.25 W and 987.68 W, while thermal efficiency (n,) of the receiver was calculated as 52.61 % and
40.69 % for receivers with and without glass cover, respectively. The results revealed that both n, and Qu
followed a similar trend of the variations in the HTF’s temperature between the inlet and outlet of the receiver.
Also, the overall heat loss coefficient (U;) and the collector heat removal factor (F,.) were calculated as 420.76

W/m?°C and 0.62 for the conical cavity receiver with the glass cover.

https://doi.org/10.30501/jree.2021.275871.1194

1. INTRODUCTION

Solar energy is the most abundant and freely available
renewable energy source. In geographical regions with higher
potential of solar energy, this renewable source can be
considered as the best alternative to fossil fuels in distributed
generation systems [1, 2]. Harnessing solar energy using
thermal devices such as collectors and concentrators can be
done in various applications including electric power
generation systems, heating and cooling applications,
cogeneration and direct thermal applications, desalination, and
thermochemical  operations  [3-5].  Parabolic = Dish
Concentrators (PDCs) offer higher thermal performance than
other solar collectors due to their high concentration ratio and
employing two-axis tracking systems, causing them to achieve
a high temperature range up to 1200 °C [6-8]. The most
important component of PDCs which has been widely
evaluated in the literature is the receiver. In a PDC, to achieve
high temperature ranges, reducing the heat loss of the receiver
is of particular importance. Also, among different types of
receivers employed in PDCs including external, cavity, and
flat, the efficiency of the cavity has been reported as the
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highest one with the lowest level of heat loss [9-11]. Different
values of thermal efficiencies have been reported for cavity
receivers due to their different geometries and shapes.
According to the literature, cylindrical, conical, hemispherical,
and cubical have been reported as the most common types of
cavity receivers employed in PDCs [12]. In this regard,
several studies have been conducted to improve the thermal
performance of PDCs and their embedded components as a
whole.

1.1. Literature review

Pavlovic et al. [13] conducted numerical and experimental
investigations to evaluate the thermal performance of a flat
spiral tube receiver. In this study, numerical results were
compared with the experimental data obtained from a conical
cavity receiver. They concluded that the heat loss rate from a
flat spiral tube receiver was much higher than that of a cavity
receiver with an efficiency of about 34 %. Li et al. [14]
developed a numerical Computational Fluid Dynamic (CFD)
model to investigate the thermal efficiency of a conical cavity
receiver employed in a heliostat system. They reported that at
the constant flow rate of Heat Transfer Fluid (HTF), changes
in the temperature for the inlet and outlet of the receiver from
81 K to 181 K would lead in the thermal efficiency from 39 %

(https://doi.org/10.30501 /jree.2021.275871.1194).
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to 60 %. Alhsani and Al-Dulaimi [15] performed an
experimental comparative study of three geometries of
conical, oval, and cylindrical receivers. The study was
performed at three levels of flow rate and five levels of the
HTEF’s temperature at the inlet of the receiver. It was observed
that the conical cavity receiver had the maximum energy and
exergy efficiencies of 82.1 % and 23.76 %, respectively.
Pavlovic et al. [16] performed both experimental and
numerical studies for two cavity receivers with the shapes of
flat, spiral and conical and the results were compared. They
also optimized the location of the receiver at the focal point of
the PDC. It was observed that the conical cavity receiver had
an optical efficiency of 1.38 % at the surface temperature of
200 °C with energy and exergy efficiencies of 40.45 % and
42.06 %, respectively, which was higher than those of the flat
spiral receiver. In different studies, Daabo et al. [17-19]
investigated three cylindrical, spherical, and conical cavity
receivers by performing a numerical study using the CFD
method and compared the obtained results. These studies
investigated the effects of the helical tube, covering the
aperture of the receiver with clear glass, and environmental
parameters on the performance of the receivers. Results
indicated that the optical efficiency of the conical cavity
receiver was 8 % and 13 % and thermal efficiency was 8 %
and 15 % higher than those of the cylindrical and spherical
receivers, respectively. They also reported about a 7 %
increase in thermal efficiency when the receiver aperture was
covered with glass.

Azzouzi et al. [20] performed experimental and numerical
investigations of cylindrical cavity receivers with an outer
concrete insulation layer considering zero thermal losses from
the insulated surface. In this study, the effects of the
inclination angle of the receiver and variations in the Nusselt
number (Nu) of wind streams on the heat loss of the interior
wall of the cavity were investigated. The numerical results
pointed to good agreement with a maximum 12 % deviation
from the results obtained from experimental investigations.
Loni et al. [21] performed both experimental and numerical
studies for two cubical cavity receivers and the obtained
results were compared with those obtained from cylindrical
and cubical receivers. They concluded that the cubical cavity
receiver offered about 9 % more thermal performance than the
cylindrical receiver. Singh and Kumar Natarajan [22]
compared the results of numerical models of two modified
conical and hemispherical receivers models using Comsol
software. It was observed that with the modified shape of the
receiver aperture, the highest efficiency of 84.7 % was
obtained for the conical receiver. Yuan et al. [23] performed
both numerical and experimental studies and compared a type
of cavity receiver with a convex end surface with a simple
type of receiver. It was observed that the thermal efficiency of
the receiver with the convex end surface was 6.02 % higher
than that of the simple type. Bopche et al. [24] conducted an
experimental study and compared a semi-spherical modified
hollow receiver with its simple type. In this study, conical
blades were used on the inner surface of the cavity to absorb
more heat. It was observed that the thermal efficiency of the
modified receiver increased by 23.5 %.

Bellos et al. [25] performed a numerical comparative study
using the CFD method to achieve optimal geometry and
maximum thermal efficiency of cylindrical, conical, spherical,
cubical, and cylindro-conical receivers. They considered the
diameter, length, pitch, and thickness of the adsorbent tube as
optimization parameters. According to the results, the

cylindro-conical receiver indicated the maximum optical
efficiency of 85.42 %, the thermal efficiency of 67.95 %, and
the maximum exergy efficiency of 35.73 %. They also
introduced the conical geometry as the one with the best
performance and the least performance for the cubical
geometry. Soltani et al. [26] performed an experimental and
numerical study of a cylindrical cavity receiver by developing
a thermo-optical model. In this study, the effects of
environmental parameters, the focal Ilength of the
concentrator, and variations in temperature and flow rate of
the HTF on the thermal performance of the receiver were
evaluated. They concluded that the operation of the receiver
under optimal conditions increased the thermal efficiency up
to 65 %. Thirunavukkarasu and Cheralathan [27] conducted
an experimental study on a flat spiral tube receiver employed
in a PDC. This study was conducted in different radiation
conditions and for different temperature and flowrate values
of the HTF. From the results, the energy and exergy
efficiencies of the receiver were calculated as 56.21 % and
545 % at the average direct radiation of 750 W/m?
respectively. Wang et al. [28] conducted an experimental and
numerical study of three different geometries of the cavity
receiver used in a food-grade Fresnel lens system. In this
study, to increase the optical efficiency and better distribution
of radiant flux in three cylindrical, spherical, and conical
geometries, a metal cone reflector was used at the end of all
three cavity holes. This metal cone reflector eventually caused
a less than 2 % and 4 % increase in the optical efficiency of
conical and spherical receivers, respectively.

Al-Dulaimi [29] conducted an experimental study of a flat-
tube receiver with two layers of the absorbent tube employed
in a PDC. The results indicated that the energy and exergy
efficiencies of the system were 78.8 % and 19.8 %,
respectively. Loni et al. [30] conducted an experimental and
numerical comparative study among three hemispherical,
cylindrical, and cubical cavity receivers. They also reviewed
different types of cavity receivers used in PDCs. They used
three types of nanomaterials based on thermal oil as HTFs.
The results indicated that the use of nanomaterials in HTFs
increased the thermal efficiency of each type of cavity
receiver. Also, approximately 12.9 %, 5.84 %, and 1.44 %
increases in efficiency were observed for hemispherical,
cubical, and cylindrical receivers, respectively.

According to the literature, it was observed that several
experimental and numerical studies were conducted on the
optimization of geometry, increasing the values of energy and
exergy efficiency and reducing the optical and thermal losses
of cavity receivers. However, the employment of a conical
cavity receiver in a PDC using thermal oil as the HTF was not
experimentally investigated. Also, the thermal performance of
the receiver with and without ultra-white glass cover on the
aperture was experimentally and numerically investigated and
profoundly discussed. The results of the current study could
be used as a guide for the improvement of PDCs employed in
different solar thermal applications using conical cavity
receivers.

2. MATERIAL AND METHODS
2.1. Experimental setup

The experimental tests were conducted at the Renewable
Energy Research Institute (RERI) of Tarbiat Modares
University (TMU) located in Tehran (at 35.44° N latitude and

51.10° longitude), Iran. The developed solar collector in this
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study consists of the main structure, a parabolic dish reflector,
a conical cavity receiver, a hydraulic circuit, and a tracker
system. The PDC is made of small pieces of mirrors (4 cm x 4
cm) sticking to a parabolic dish made of fiberglass. The
dimensional characteristics of the reflector are presented in
Table 1.

Table 1. Geometric parameters of the PDC used in the current study

(7]
Parameter Value
Aperture diameter 1.9m
Focal length 1.35m
Rim angle 36°
Reflectivity 0.84
Tracking error 1°
Concentration ratio 184

The conical cavity receiver was constructed according to the
optimal dimensions reported in Refs. [31] and [32]. The
preparation of the conical receiver was performed in four
steps. First, the copper tube as an absorber tube was made in
the form of springy and helical to create a conical shape. The
cone angle of the receiver was chosen according to the
geometry reported in Ref. [32]. The surface of the copper tube
was coated with carbon black and matte refractory black paint
(Ambrosol brand) to increase the absorptivity and reduce the
reflectivity of the inner wall of the cavity. In the next step, the
outer surface of the conical cavity receiver was completely
covered with rock wool thermal insulation to minimize heat
losses. Finally, the aperture of the receiver was covered with
ultra-white glass to separate the inside and outside spaces of

Conical eavity receiver
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Inverter

HTF tank

Circular pump

LDR tracker sensors
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the cavity and reduce convective losses from the aperture of
the receiver. The geometric characteristics of the conical
receiver are presented in Table 2. Also, the images of the
experimental setup along with the main components are
shown in Figure la.

Table 2. Specifications of the cavity receiver

Parameter Data
Cavity aperture’s diameter (D) 14 cm
Diameter of the receiver (D) 18 cm
Length of the receiver (1) 14 cm
Outer diameter of the absorber tube (D) 11 mm
Inner diameter of the absorber tube (Di) 9 mm
Pitch of the spiral coil 12 mm

Cone angle of the receiver (0) 40°

The optical and thermal characteristics of the glass cover,
properties of the refractory paint layer, and thermal properties
of the used insulation are also presented in Table 3. All steps
required for fabricating and preparing the receiver are
presented in Figure 1b. A hydraulic circuit was installed on
the system according to ASHRAE 93-86 standard (Ref. [33]).
The main components of the hydraulic circuit are a 20-liter
storage tank, a circulating pump, heat exchangers, and a
conical receiver (as shown in Figure 2a). The HTF stored in
the tank is circulated using a pump and its temperature rises
by passing through the path 1-2-3. Then, it goes through heat
exchangers by passing through the path 3-4. In this way, the
heat absorbed by the HTF in the receiver is transferred to the
cooling water and then, it returns to the oil storage tank.

Control box

Rotary flowmeter
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Figure 1. a) Photo of the experimental device and its main components, b) Different steps of fabricating the conical cavity receiver

Table 3. Properties of the materials used to construct the cavity receiver

Materials Properties Reason for use
Copper tube e Thermal conductivity: 386 W/m.K Low thermal resistance
e  High melting point: 1000 °C [34]
Black refractory coating e  Emissivity: 0.95 High absorptivity

e  Absorptivity: 0.9
e  Stability: up to 700 °C

Mineral wool insulation e  Thickness: 2 cm Low thermal conductivity
e Conductivity: 0.062 W/m.K [35]
Ultra-white glass cover e  Refractive index: 1.52 Low refraction

e Emissivity: 0.9
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Figure 2. a) Schematic of the hydraulic circuit of the parabolic dish collector; b) The installation pattern of LDRs used to track the sun

In this study, a two-axis sun tracker composed of Light-
Dependent Resistors (LDRs) was installed on the PDC
system. The electronic circuit of the LDRs is presented in
Figure 2b. The LDRs were installed on the upper part of the
PDC and perpendicular to the reflector’s surface. Due to
variations in the angle of received solar radiation during the
day, the internal resistance of LDRs related to each other
varied and a signal was sent to the microcontroller such that
the sun’s path was processed and routed according to the
defined algorithm of the microcontroller.

2.2. Uncertainty analysis

The measured parameters during the experiments were
temperature, the HTF’s volumetric flow rate, the amount of
received solar radiation, wind speed, and air temperature.
According to Figure 2a, the HTF’s temperature at different
locations including the inlet and outlet of the receiver and the
exit of heat exchangers and the entrance of the tank, the
temperature of the cooling water before and after entering the
heat exchangers, and the temperature of the inner wall of the
receiver were measured. Additionally, the volumetric flow
rates of the HTF and cooling water (as shown in Figure 2a)
were measured using turbine rotary flowmeters (Vision; type
2000). Also, K-type thermocouples (Chromel-Alumel) were
employed to measure the temperature of different parts of the
system. The data were then collected in a data logger for
further analysis. The solar radiation was measured using the
TES-1333 solar power meter and the wind speed was
measured using the CT-AM 4220 anemometer. The

calibration of K-type thermocouples and data logger was
performed using TES-1307 thermometers along with a glass
of ice and boiling water. Also, the flowmeters were calibrated
by pouring water inside a scaled cylinder during a specific
period. In this study, thermal efficiency uncertainty was
calculated as 1.18 % using Eq. 1. [21]:

: 2 2 L2
%=J(&) Hog) Ho) M

Mn Qsolar

The accuracy values for measuring instruments along with
uncertainty values are presented in Table 4. Since only the
measured temperature of the HTF is affected by other
measured parameters, the standard uncertainty analysis of the
HTF’s temperature was performed using the Guide for
Expression of Uncertainty in Measurement (GUM) method, as
presented in Ref. [36]:

X
u n(n-1)

where X and X are the measured and average temperature
values of the HTF, respectively, n is the sample count, and u
is the standard uncertainty. Using this formula, the maximum
values of the standard uncertainty were calculated as 0.365
and 0.666 for the conical cavity receiver with and without a
glass cover on the aperture, respectively.

@

Table 4. Accuracy values and ranges for measuring instruments

Instrument type Resolution Accuracy Range of operation Uncertainty (%)
K-type thermocouples 0.25°C +0.56 °C 0-1000 °C 0.26
Solar power meter 0.1 W/m? +0.11 W/m? 0-2000 W/m? 0.26
Anemometer 0.1 m/s +0.2 m/s 0.9-35 m/s 10
Rotary flowmeter 0.01 mA +0.05 mA 0-20 mA

3. NUMERICAL INVESTIGATION
3.1. Boundary conditions

In this study, only the thermal model of the conical cavity
receiver was evaluated. Boundary conditions and

experimental test conditions for the numerical solution are
negligible heat loss from the outer surface of the insulation,
constant temperature of the oil tank, the HTF’s temperature of
50 °C at the entrance of the receiver, equal pressure of
separate air between the cavity and the glass cover with the
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ambient air, oil pressure equal to ambient pressure due to the
open circuit of the hydraulic cycle, and the constant oil flow
rate of 0.7 1/min in the circuit.

3.2. Heat transfer analysis

The amount of heat loss from the cavity receiver depends on
various factors such as the geometry of the concentrator and
receiver, temperatures of the HTF at the inlet and outlet of the
receiver, temperature of the inner wall of the cavity, ambient
temperature, emissivity of the inner surface and glass cover of
the cavity, etc. The schematic of the heat transfer model
governing the receiver in this study is shown in Figure 3.
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Figure 3. The schematic of the heat transfer model governing the
receiver with ultra-white glass cover

The net heat transfer rate of the absorber tube was calculated
as [34]:

Q,=Q -Qp (3)
Qloss = Qloss,cd + Qloss,cv + Qloss,r (4)
Q - T]oplicalArestolar (5 )

According to Eq. 3, the rate of useful energy absorbed by
the receiver is obtained by subtracting the heat loss rate from

the amount of solar radiation received by the receiver (Q ).
The receiver’s total heat loss occurs through the main heat
transfer mechanisms of conduction (Qp,.4), convection

(Quogs.or)> and radiation (Q,,), as presented in Eq. 4. Under

the steady-state conditions, heat loss from the cavity receiver
occurs when the aperture is covered with an ultra-white glass
which can be calculated as follows [33]:

Qloss = Qloss, cdl+ Qloss,cvlJr Qloss,rl: Qloss,ch+ Qloss,r2 (6)

According to this equation, the rate of heat loss is equal to
the losses that occur between the walls of the receiver and the
inner surface of the glass cover, as well as the outer surface of
the glass cover and the  ambient. Herein,

Qloss, cdl? Qloss,cvl’ Qloss,rl’ Qloss,ch’ and Qloss,r2 are the rates of
conduction losses between the surface of the receiver and the
glass cover, convection losses between the inner wall of the
cavity and the glass cover, radiation losses between the inside
walls of the cavity and the glass cover, convection losses from
the outer surface of the glass cover to the ambient, and

radiation losses from the outer surface of the glass cover to the
air, respectively. The rates of heat loss from the inner wall of
the receiver to the glass cover are calculated as follows [33]:

. _ mM(Tyy-Tp)
Qloss,cdl - In(ry/1)) (7)

Qloss,cvl+ Qloss,rdl = nrll(hcv1+hr1)(Tav'Tg) (8)

where 1, A, 15, 11, Ty, Tp, and T, are the effective length of
the cavity receiver, the thermal conductivity of the insulation
material, the radius of the cavity and the insulation layer, the
average temperature of the inner wall of the cavity, the surface
temperature of the insulation, and the temperature of the glass
cover, respectively. h.,; and h,; are coefficients of convective
and radiative heat losses and are calculated as follows [37]:

1
) /-
hcvl _ 0212)»((;11}, p) /4 (9)
2 2
_ (T HTg)(Tay T,)
N AT (10)
gy Ag &g

where § is the average space between the inner wall of the
cavity and the glass cover, Gr is the Grashof number, P, is the
Prandtl number, o is the Stefan Boltzmann constant, and ¢,
and ¢, are the inner wall emissivity of the cavity and the
emissivity of the glass cover, respectively. A,, and A, are the
inner surfaces of the cavity and glass cover, respectively.
Considering Eqgs. 11 and 12, the rate and the overall
coefficient of heat loss from the cavity are calculated as
follows:

Ql = AaVUI(Tav - Ta) (1 1)

MTyT,) | 0.2124(Grs p) /4
ryln (rz/rl) 3
U|=

S(T2+T2)(Tyy+T,)
T..-T)+—= 2 & & (T _T
( av g) $ “:::g'l ( av g) (12)

Tav'Tal

According to the rate of heat loss calculated by Eq. 11, the
rate of useful gained heat considering the overall coefficient
of heat loss from the receiver is calculated as follows:

Q, = ArlS = U[(Tay — To)] (13)
)
§= nopticall C Slnz (14)
, .0
Ul:UIC Slnz (15)

where A,, T,, I, C, and 0 are the cavity’s aperture area,
ambient temperature, received solar radiation, the geometrical
concentration ratio of the concentrator, and conical receiver’s
cone angle, respectively. The useful gained energy which is
transferred to the HTF can be calculated from Eq. 16:

L(Tav_Ti)

Q=T 1,1 (16)
nDihg 2@k nDi
L aw(D + w)
=— 1
4D sin (3) a7

where T; is the temperature of the HTF at the inlet of the
cavity, D and D; are outer and inner diameters of the absorber
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tube, respectively, hg is the convective heat transfer
coefficient of the HTF at the inlet of the receiver, and w and L
are the aperture diameter of the cavity and the total length of
the absorber tube, respectively. The rate of useful energy
absorbed by the HTF can be obtained through Eq. 18 [33]:

. .0
Qu = ArFRCsinS Myl = Ui(Ti = Ta)] (18)
4mC mw?(D + w)UF’
Fr = —p.e {1 —exp[-————F—} (19)
mw2U,; C sin 4D sin-1hC,
1/w
F = - 0/ 0
4 4D sin_ 1 1 D
Crw? sing + mw(D+w) (ﬂDihﬂ + mln E)Ul

where Fg and F’ are heat removal and efficiency factors of the
collector, respectively. Also, the overall heat loss coefficient
of the cavity receiver (Uj) without the glass cover on the
aperture can be calculated as follows [38]:

~Nuk N o(T§V+T§)(Tav+Ta)

1 " 21
Dy I+ ()22 @D

0.892

D
Nu=1.635 Re°'38Pr’l'2(D—ap) (1+ cos @)°-285 (22)

In Eq. 21, U consists of the convection and radiative heat
transfer coefficients, Nu is the non-dimensional Nusselt
number of the wind flow near the receiver aperture which was
experimentally calculated using Ref. [39] and used in Ref.
[40] to validate the simulation and a correlation of over 83 %,
k is the air’s thermal conductivity, and D, is the diameter of
the cavity’s aperture. The Nu is calculated from Eq. 22, where
@ is the inclination angle of the receiver. The thermal
efficiency of PDCs can be calculated as follows [33]:

n,.= & — Q - Qloss 23)
h . * :
‘ Q nopticalArestola.r

Lk

Nopt = 24

ATEstolar

The thermal model of the cavity receiver with the aperture
covered with a glass cover was solved by Newton-Raphson
root-finding method in Fortran software with four equations
and four unknowns. Using this method, four unknown
temperature values of the ultra-white glass cover, the
temperature of the cavity’s inner wall, the rate of the useful
gained heat (Qu) by the receiver and the HTF, and the rate of
the heat loss (QIOSS) from the receiver were obtained. Also,
considering the cavity without the glass cover, two equations
and two unknowns were solved. Finally, the two unknown
temperature values of the inner wall of the cavity receiver and
the rate of gained useful energy (Qu) were obtained.

4. RESULTS AND DISCUSSION

Experimental tests were performed continuously from 10:00
to 16:00. During the tests, the viscosity of the HTF varied by
temperature variations. Therefore, to keep the volumetric flow
rate of the oil constant, an inverter was used to control the
speed of the oil pump (shown in Figure 1a). During the tests,

the temperature of the oil before entering the receiver
(temperature of the stored oil in the tank) was kept constant by
continuously monitoring the HTF’s temperature and variations
in the flow rate of the cooling water flowing in heat
exchangers.

4.1. Experimental results

4.1.1. Conical cavity receiver with ultra-white glass on
the aperture

The conical cavity receiver of the PDC with an ultra-white
glass cover on its aperture was evaluated on 4" July 2020
under climate conditions of Tehran, Iran. Figure 4a shows the
variations in solar radiation and the air temperature, as well as
the temperature difference between the HTF at the inlet and
outlet of the receiver. During the test, the oil temperature at
the inlet of the receiver was kept constant at 50 °C and its
flow rate at 0.7 I/min. According to Figure 4a, the maximum
amount of radiation was recorded as 965.6 W/m? at 13:00 and
the minimum value was recorded as 917.8 W/m? at 10:00 (in
the morning). As shown in this figure, differences in the
temperature of the oil at the inlet and outlet of the receiver
follow the same trend of variations in solar radiation with the
maximum difference of 69 °C at 13:00 and the minimum
difference of 63.25 °C at 10:00. Also, the air temperature in
the middle of the day was recorded as 33 °C, which was
higher than the initial and final hours with the recorded
temperature value of 29 °C at 16:00.
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Figure 4. a) Variations of different environmental and operational
parameters (on 4™ July), b) Variations in the temperature of the inner
wall of the receiver and wind speed (on 4 July)

The variations in the temperature of the inner wall of the
receiver and the wind speed are shown in Figure 4b.
According to this figure, it can be seen that the highest surface
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temperature is 406.75 °C between 12:40 and 13:20. It can also
be seen that the variation in the receiver’s wall temperature
approximately follows the trend of the solar radiation
variation. This figure shows variations in the wind speed
during the evaluation day, ranging from 1 m/s at 11:40 to 4.1
m/s at 12:40. According to the figure, it appears that due to the
existence of the glass cover on the receiver aperture,
variations in wind speed could not significantly affect the
receiver’s surface temperature.

The rate of heat absorbed by the HTF inside the receiver and
also thermal efficiency of the receiver are shown in Figure 5.
The figure shows that at 13:00, the maximum heat of 1,291.68
W was absorbed by the receiver, while the minimum values
were recorded at 10:00 and 16:00 (initial and final hours of
the evaluation day) as 1,184.04 W and 1,202.76 W,
respectively. Also, the highest thermal efficiency of the PDC
was reported as 53.51 % at 13:00. According to the numerical
analyses, it was found that by increasing the temperature of
the HTF at the inlet of the receiver, the temperature of the
HTF at the outlet of the receiver and the temperature of the
inner wall of the receiver increased, while the useful absorbed
heat and the thermal efficiency of the system decreased.
Similar results have been reported in Refs. [21] and [41].

4.1.2. Conical cavity receiver without ultra-white glass
on its aperture

Experimental evaluations of the PDC collector with a conical
cavity receiver without a glass cover on the aperture were
performed on 7% July 2020. The evaluations were performed
similarly to the experiments performed for the receiver with a
glass cover. The flow rate and temperature of the HTF at the
inlet of the receiver were constant at 0.7 1/min and 50 °C,
respectively. According to Figure 6a, the solar radiation
variation reaches the highest value of 967.5 W/m? at 13:00
and the lowest value of 935.9 W/m? at 10:00 on 7% July. Also,
the highest temperature difference of the HTF at the inlet and
outlet of the receiver was recorded as 56.25 °C from 12:40 to
13:20 with the air temperature variations in the range of
25-33 °C at 10:00 and 13:00, respectively.
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Figure 5. Variations in the absorbed energy and the thermal
efficiency of the conical cavity receiver on 4™ July

Figure 6b shows variations of the inner wall of the receiver
and changes in the wind speed during experiment hours. The
maximum temperature of the inner wall of the receiver was
recorded as 382.5 °C at 13:20. According to this figure and
considering that the aperture of the receiver is not covered
(thus, it is exposed to the wind streams), a decline in the

temperature of the inner surface of the receiver from its mean
value of 377.3 °C in the previous hours (10:00 to 15:00) to
366.25 °C is observed at the final hours of the experiment.
Likewise, the wind speed increased from its mean value of
2.6 m/s at the previous hours (10:00 to 15:00) to 5.3 m/s,
while at the hour between 10:00-15:00, the wind speed
showed steady fluctuations.

Figure 7 shows the variations in the amount of useful
absorbed energy and the thermal efficiency of the system
during evaluation hours. It can be seen that the most useful
heat of 1,053 W was absorbed between 12:40-13:20. Also, the
highest thermal efficiency ranging from 42.66 % to 43.03 %
was recorded during the same period. It can be observed that
the curves of the useful absorbed heat and thermal efficiency
follow a similar trend of the temperature difference of the
HTF at the inlet and outlet of the receiver.
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Figure 6. a) Variations of different parameters of the conical cavity
receiver; b) Variations in the temperature of the cavity inner surface
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4.2. Numerical modeling results and validation

In the numerical study, by solving the governing equations of
the PDC and the receiver using Fortran software, the
parameters of HTF temperature at the outlet of the receiver,
the temperature of the inner wall of the receiver, and also the
rate of the useful absorbed heat were calculated. Also, the
value of the thermodynamic efficiency of the system was
obtained. The results of the numerical simulation of the
receiver with the aperture covered with an ultra-white glass
and the aperture with no glass cover are presented in Figures 4
to 7.

The results of the numerical simulations do not differ much
from the results of experimental tests. The reason could be the
proper definition of the environmental, geometric, optical, and

thermal parameters of the cavity receiver. Table 5 reports the
values of the measured parameters including the temperature
of the HTF at the inlet of the receiver, solar radiation, air
temperature, and wind speed on 4" and 7% July. Also,
according to Tables 6 and 7, it can be seen that in the case of
the receiver with the glass cover, there are 2.05 %, 1.46 % and
3.56 % differences for the experimental and numerical data of
the temperature of the HTF at the inlet and outlet of the
receiver, the temperature of the inner wall of the receiver, and
thermal efficiency, respectively. In the case of the receiver
without a glass cover, the differences between numerical and
experimental values of the mentioned parameters are 3.40 %,
2.45 % and 6.45 %, respectively.

Table 5. Measured parameters at the steady-state test times on 4" and 7% July

. Measured parameters on 4" July 2020 Measured parameters on 7" July 2020
THme | "3 CC) | Tooar (W/I?) | Tams CC) | Voina (m/5) | | Tin °C) | Tootar (W/m2) | Tam (°C) | Voina (mls)
11:40 - - - - 50.50 961.2 29 3.0
12:00 50.25 959.7 30 1.5 50.25 959.7 30 3.2
12:20 51.00 961.9 30 32 49.75 961.9 30 1.4
12:40 49.75 965.1 31 4.1 50.25 965.1 31 2.6
13:00 49.5 967.5 33 2.3 50.00 967.5 33 2.7
13:20 50.00 963.5 32 1.9 50.50 963.5 32 3.5
13:40 50.25 962.1 32 2.7 49.75 962.1 32 3.0
14:00 50.00 958.2 32 1.6 50.25 958.2 32 1.7

Table 6. Comparison between experimental and numerical results for the receiver with an ultra-white glass cover on 4™ July

Experimental Numerical Derivation
Time Tout CC) | Tourt CC) | Qubs (W) | Nen (%) Tout (°C) | Tourt °C) | Qavs (W) | Men (%) Drout (%) | Drours (%) | Dyen (%0)
11:40 117.75 404.50 1268.28 52.92 120.29 410.06 1315 54.90 2.16 1.38 3.75
12:00 117.75 404.50 1268.28 | 53.14 119.98 408.5 1310 54.89 1.89 1.00 3.29
12:20 118.25 405.25 1277.64 | 53.10 119.96 411.5 1309 54.43 1.44 1.56 2.50
12:40 118.75 406.25 1287.00 | 53.43 121.01 411.9 1329 55.18 1.90 1.40 3.28
13:00 119.00 406.75 1291.68 | 53.51 121.09 412.3 1330 55.20 1.75 1.37 3.02
13:20 118.50 406.25 1382.32 | 53.13 121.16 412.7 1332 55.20 2.25 1.59 3.89
13:40 118.25 405.25 1277.64 | 52.95 121.10 410.8 1330 55.46 2.41 1.37 4.17
14:00 118.25 404.00 1277.64 52.99 121.41 4123 1336 55.45 2.67 2.06 4.63
Table 7. Comparison between experimental and numerical results for the receiver without cover on 7 July
Experimental Numerical Derivation
Time Tout CC) | Tsurt CC) | Qans (W) | N (%0) Tout CC) | Tsurt (°C) | Qabs (W) | Nen (%0) Drout (%) | Drsurs (%) | Dyen (%)
12:00 105.25 382.75 1034.28 4243 102.07 389.20 974.7 39.99 3.02 1.69 5.76
12:20 105.25 377.25 1034.28 42.33 102.18 389.90 976.7 39.98 2.95 3.35 5.56
12:40 106.25 377.50 1053.00 42.96 102.40 391.36 980.9 40.02 3.62 3.67 6.84
13:00 106.00 381.25 1048.32 | 42.66 101.58 386.01 965.5 39.29 4.17 1.25 7.89
13:20 106.25 382.50 1053.00 | 43.03 102.30 390.72 979.0 40.01 3.72 2.15 7.02
13:40 105.75 381.75 1043.64 | 42.71 102.26 390.42 978.2 40.03 3.30 2.27 6.27
14:00 105.25 378.25 1034.28 | 42.50 102.03 388.96 974.0 40.02 3.06 2.83 5.82

4.3. Comparison of performances

The thermal performance of a PDC with a conical cavity
receiver with and without ultra-white glass cover on its
aperture was numerically and experimentally investigated on
4" and 7" July 2020 with similar environmental conditions.
Table 8 shows the mean values of solar radiation, air
temperature, and wind speed with the measured values already

reported in Table 5 for the same evaluation days. Observing
average values of mentioned parameters shows similar
amounts of these values for each day of the experiment. Also,
the volume flow rate and the HTF’s temperature at the inlet of
the receiver were the same in both cases.

Figure 8a shows the experimental values of the HTF's
temperature at the outlet of the receiver and the temperature of
the inner wall of the cavity, while Figure 8b shows the
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experimental values of the useful gained heat by the HTF and
the thermal efficiency of the receiver with and without a glass
cover on its aperture. Furthermore, Table 9 shows the
maximum, minimum, and mean values of the mentioned
parameters.

Table 8. Comparison between the mean values of measured
parameters on 4" and 7% July

Conical cavity receiver | Isolar-ave Tamb-ave Vwind-ave
(W/m?) (°C) (m/s)
With glass cover 953.33 30.27 2.34
(4" July 2020)
Without glass cover 955.26 29.57 2.95
(7% July 2020)

Upon comparing the mean values of the parameters
presented in Table 9, it is observed that by installing the glass
cover on the receiver aperture, the HTF's temperature at the
outlet of the receiver and the temperature of the inner wall of
the receiver increase to 14.19 °C and 28.04 °C, respectively.
Also, the increase of 11.94 % in the thermal efficiency of the
receiver was observed. Similar results were reported in the
numerical results reported in Ref. [18] with a 7 % increase in
thermal efficiency in the case of the glass cover on the

receiver aperture. Figure 9 shows the overall efficiency of the
Ta

. T; - . .
receiver versus the value of (= - ) with and without a glass
b

cover on the receiver’s aperture, respectively. Both diagrams
presented in Figure 9 are plotted at the time interval when the
system is in the steady state (the time interval is shown in
Figure 8b). For the cavity with and without a glass cover, the
predicted models according to the experimental results are
described as:

T;-T
Ny, = 0.5581 - 14178(——) (25)

T

-T
Ny, = 04411 - 0.755(— %) (26)

Based on Figure 9 and considering Eqgs. 25 and 26, it is found

that the slope and coordinate distance constant of the plotted

graphs are equal to % and Frnopt, respectively.
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Figure 8. a) Temperature of the HTF at the outlet of the receiver and
the temperature of the cavity’s inner wall based on experimental

results; b) Heat gained by the HTF and the receiver’s thermal

efficiency

based on experimental results

Table 9. Comparison between the results for the conical cavity receiver with and without an ultra-white glass cover on its aperture based on
experimental results

. . . Tout—max Tout—min Tsurf—max Tsurf-min Qabs-max Qabs-min T)th-max T th-min
1 t
Conical cavity receiver ©C) ©0) ©0) ©0) W) ™) %) (%)
With ultra-white glass cover 119 113.2 406.75 | 397.75 1291.1 | 11844 53.51 | 51.60
Average values 116.95 404 1253.25 52.63
Without ultra-white glass cover 10625 | 97.75 382.75 | 366.25 1053 | 893.88 42.75 | 37.60
Average values 102.76 375.96 987.68 40.69
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Table 10 shows the values of Fgngpt ,% , Fr, U, and % It

can be found that the values of Fy (heat removal factor of the
PDC) and U; (overall heat loss coefficient) of the receiver
with the glass cover are higher than those in the case without
the glass cover. Upon comparing Egs. 25 and 26 and
considering the obtained results presented in Table 10, it is
found that due to the higher efficiency achieved for the
receiver with the glass cover, the higher temperature of the
HTF at the outlet of the receiver, and the high value of the Fg
for the conical cavity receiver, the value of Uj is less than that
obtained for the receiver without the glass cover. Similar
results were reported in Ref. [21] for two cylindrical and

cubical cavity receivers, where a lower value of U, and a
larger value of Fg were obtained for the cubical receiver than
those for the cylindrical type because of the higher
performance of the cubical receiver. It should be mentioned
that the optical efficiency of the parabolic concentrator was
assumed as 90 % in all calculations.

It is concluded that for the conical cavity receiver with the
glass cover on its aperture, by reaching high temperature
values for the inner wall of the cavity, higher values of Fr and
lower values of the overall heat loss from the receiver (Uj) are
achievable for the receiver without the glass cover.

Table 10. Comparison between overall heat loss coefficient and heat removal factor of the PDC and the receiver with and without an ultra-white
glass cover on the aperture

FrU U

Conical cavity receiver FrNopt RC ! Fr C U El
With ultra-white glass cover 0.5581 1.4178 0.62 184 | 420.76 2.28
Without ultra-white glass cover 0.4411 0.755 0.49 184 | 283.51 1.54

Similar results for nyp. are reported in Ref. [33] for three
conical, cubical, and cylindrical cavity receivers (with glass
cover on their aperture) installed on a Fresnel lens system.
Also, similar results for 1, were reported in Ref. [21] for two
cubical and cylindrical cavity receivers used in a PDC. To
calculate the divergence of the thermal efficiency of the
conical cavity receivers with and without ultra-white glass
cover, the Root-Mean-Square Error (RMSE) was used. Table
11 shows the estimated RSME values under the steady-state
condition. The RMSE can be calculated as:

RMSE= 27

where N is the total number of the calculated parameters
under the steady-state condition, Y; is the calculated
parameter, and Y is the average of the calculated parameter.

Table 11. Estimated RSME values for the thermal efficiency and
heat gain of the cavity receiver

Conical cavity RMSE for cavity | RMSE for thermal
receiver heat gain (W) efficiency (%)
With glass cover 7.6722 0.57
Without glass cover 8.07 0.09

5. CONCLUSIONS

In this study, the thermal performance of a PDC employing a
conical cavity receiver was numerically and experimentally
investigated. The effect of the presence and absence of the
ultra-white glass cover on the aperture of the receiver on the
thermal performance of the PDC and receiver was
investigated. In the experiments, environmental and
operational parameters were measured, recorded, and
analyzed. From this study, the following points are concluded:

e According to the experimental and numerical results, it
was found that there was good agreement between the
experimental and numerical results. For the receiver with
glass cover on its aperture and without glass cover, 2.67 %
and 3.06 % deviations in HTF's outlet temperature were
observed. Also, 2.06 % and 2.83 % deviations in the

cavity’s inner surface temperature and 4.63 % and 5.82 %
deviations in the useful heat gained by the HTF and
thermal efficiency of the PDC were observed.

It was found that by covering the aperture of the cavity,
the average concentrating thermal efficiency increased
from 11.92 % to 52.63 %.

The useful heat absorbed by the HTF and the temperature
of the HTF at the inlet of the receiver were obtained as
1253.25 W, 116.95 °C for the cavity with the glass cover
and 987.68 W and 102.76 °C for the cavity without the
glass cover.

In the diagram representing thermal efficiency versus
Ti —Ta

, it was observed that due to the higher values of

efficiency, the parameter Fr for the conical cavity receiver
with the glass cover on its aperture was 0.62, being more
than that of the cavity without the glass cover (0.49).

The value of U; for the receiver with the glass cover on its
aperture was 420.76 W/m?°C. The reason for its high value
compared to the case of no glass cover on the aperture is
the high value of the useful absorbed heat and the high
temperature of the inner surface of the cavity, as well as
the high amount of heat loss.

Considering that the present study is a thermal investigation
of a CSP system and due to the appropriate thermal
performance of the conical cavity receiver with the glass
cover on its aperture, this system can be used as a study to
build a PDC on a larger scale in a CSP power plant to
generate electricity employing thermodynamics cycles. For
further studies, it is also recommended that different types of
nanofluids with the oil-based fluid used as the HTF in this
study be compared, and also, steam generator power cycles
working based on PDCs be studied.
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NOMENCLATURE
Q* Rate of available solar heat for concentrator (W)
Qu Net heat transfer rate (W)
QIOSS Thermal heat losses (W)
I Solar radiation (W/m?)
h Convection heat transfer coefficient (W/m2°C)
T Temperature (°C)
r Radiation (m)
1 Length (m)
L Length of the absorber tube (m)
A Area (m?)
) Average space between cavity and glass cover (m)
U Overall heat loss coefficient (W/m?°C)
F, Collector heat removal factor
C Concentration ratio
u Uncertainty
n Sample count
MNoptical Optical efficiency (%)
Ny Thermal efficiency (%)
X Average value of the measured HTF temperature (°C)
X Measured HTF’s temperature (°C)
Pr Prandtl number
Gr Grashof number
Nu Nusselt number
Greek letters
€ Emissivity
A Thermal conductivity (W/m. K)
0 Cone angle of the receiver (°)
(0] Inclination angle of the receiver (°)
k Conduction heat transfer coefficient (W/m?k)
c Stefan-Boltzmann constant
Subscripts
ap Aperture
av Average
cv Convection
cd Conduction
ra Radiation
a Ambient
g Glass
fi Inlet fluid
i Inlet
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