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HIGHLIGHTS

« Thermal performance of a coil type solar dish receiver is discussed.
« Energy and exergy analysis is performed for the overall system.

« The role of the heat loss factor is analyzed.

« The efficiency of energy and exergy are compared.

« The effect of temperature difference on exergy factor is explored.
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In this article, an experimental investigation is carried out to examine the heat transfer characteristics of
a coil type solar dish receiver under actual concentrate solar radiation conditions. During the test, the
concentrated solar flux is approximately 1000 kW/m? at aperture. The solar irradiance is almost
unchanged (650 W/m?) for continuous two hours in the afternoon, which is used to analyze the energy

and exergy performance of the solar receiver. Experimental results show that, the efficiency of the solar
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receiver is normally above 70% with the highest efficiency of 82%, whereas at steady state, the efficiency
is maintained at around 80%. A very low value of the heat loss factor (0.02 kW/K) could be achieved dur-
ing the current steady state operating conditions. The highest value of the exergy rate is around 8.8 kW,
whereas the maximum energy rate can reach 21.3 kW. In addition, the highest exergy efficiency is
approximately 28%, and the highest energy efficiency is around 82%.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, owing to the global progressively increasing
demand for primary energy and the increasing scarcity of fossil
energy sources, Concentrated Solar Power (CSP) system is consid-
ered as one of the most attractive ways to solve the energy crisis
in the future [1]. A CSP plant uses the concentrated power of the
sun as a heat source to generate mechanical power [2]. Many
developed countries like the United State and the European
Commission have done a lot of work on the solarised Brayton
micro-turbines. The researches on the solar air receiver are done
in three forms tower, trough and dish. In the framework of the
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French PEGASE project (Production of Electricity by gas turbine
and Solar Energy); CNRS/PROMES laboratory is developing a
4 MW pressurized air solar receiver with a surface absorber based
on a compact heat exchanger technology [3]. ETH Zurich and Paul
Scherrer Institute have done a field testing of a 42 m-long full-scale
solar receiver prototype installed on a 9 m-aperture solar trough
concentrator, the receiver efficiency ranges from 45% to 29% for a
solar power input of 280 kW [4-6]. Comparing to the parabolic
trough system with the concentration ratio of 100 suns and the
central tower system with the concentration ratio of 1000 suns,
the parabolic dish system can achieve concentration ratio of
10,000 suns. According to this, very high efficiency can be achieved
in a parabolic dish solar system due to its high concentration ratio
[7]. The solar concentration part which is used to provide high
temperature air is very crucial for the entire solar power system.
The system efficiency and the cost of power generation are highly
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Nomenclature

Agp effective aperture area of dish (m?)

A, project area (m?)

Cav average specific heat capacity (J/kg K)
Dy focus point diameter (m)

Ep concentrated solar radiation power (kW)
E; heat loss (kW)

Er receiver power (kW)

Es solar radiation power on the dish (kW)
Exp rate of dish exergy concentrated(kW)
Ex; exergy factor (-)

Exg receiver exergy (kW)

EX;s rate of solar exergy delivery (kW)
G solar radiation (W/m?)

m mass flow rate (kg/s)

ng parabolic dish combined optical efficiency (-)
Te concentration ratio

Tin inlet temperature of the air (K)

Tout outlet temperature of the air(K)
Tave average temperature of the air(K)
U heat loss coefficient (kW/m? K)
NinR energy efficiency of the receiver (-)
Nex R exergy efficiency of the receiver (-)

depended on the solar concentration part conversion efficiency
from solar radiation to thermal fluid. Thus, the solar concentration
part has to be well designed in order to achieve high efficiency and
low pressure loss.

Extensive studies on the solar concentration systems for various
applications have been done in recent years including both the
concentrator and the receiver. Lovegrove et al. [8] introduced the
design development and construction steps of a 500 m? paraboloi-
dal dish solar concentrator in Australian National University. Li and
Dubowsky [9] proposed a new concept for designing and fabricat-
ing large parabolic dish mirrors. The energy efficiency of the
designed dish mirrors was estimated for validating the concept
using Finite Element Analysis and experimental data. Wu et al.
[10] proposed a parabolic dish/AMTEC solar thermal power sys-
tem. A heat-pipe receiver was used to receive the concentrated
solar radiation from the parabolic dish collector. Their experimen-
tal results indicated that the proposed system was a viable solar
thermal power system. Li et al. [11] utilized the Monte-Carlo
ray-tracing method to predict the radiation flux distributions of
the concentrator-receiver system. The radiation flux profiles of a
faceted real concentrator and an ideal paraboloidal concentrator
for different aperture positions and receiver shapes were analyzed,
respectively. Joo et al. [12] considered six different mirror arrange-
ments and four different receivers to numerically investigate the
performance comparisons of the dish type solar concentrators.
For the calculation of the radioactive heat loss in the receiver,
the net radiation method and the Monte-Carlo method were used.

Compared to the traditional gas turbine, solarised Brayton tur-
bines use solar receiver to replace the combustion chamber in
the traditional gas turbine [13]. Many studies have been devoted
to the designs and performance of the receiver. Lim et al. [14] pro-
posed a tubular solar receiver made from stainless steel with a por-
ous medium inside to heat up the compressed air. The effects of the
design factors on the system performance were numerically inves-
tigated and the optimal design point was selected. Wang and
Siddiqui [15] presented the temperature distributions of the recei-
ver wall and the working gas based on a designed
three-dimensional model of parabolic dish-receiver system. The
impact of the aperture size, inlet/outlet configuration of the solar
receiver was investigated. Antonio et al. [16] presented an analysis
for a medium size central receiver power plant and found that the
net annual energy could be increased around 35%, from
Seville-to-Carnarvon. Buck et al. [17] introduced a receiver module
consisting of a secondary concentrator and a volumetric receiver
unit which heated the compressed air of the gas turbine before it
entered the combustor. The receiver unit was closed with a domed
quartz window to transmit the concentrated solar radiation. Then
the secondary concentrator was redesigned and rebuilt with
improved efficiency. Kumar and Reddy [ 18] performed a numerical
investigation to study the natural convective heat loss from three

different types of receivers, i.e. cavity receiver, semi-cavity receiver
and modified cavity receiver for a solar dish concentrator. The nat-
ural convective heat loss was assessed by varying the inclination of
receiver, and then an optimum area ratio was given for modified
cavity receiver. Hischier et al. [19,20] proposed a novel design of
a high-temperature pressurized solar air receiver for power gener-
ation via combined Brayton-Rankine cycles. It consists of an annu-
lar reticulate porous ceramic bounded by two concentric cylinders.
The heat transfer mechanism was analyzed by the finite volume
technique and by using the Rosseland diffusion, P1, and
Monte-Carlo radiation method. It was found that, for a solar con-
centration ratio of 3000 suns, the outlet air temperature can reach
1000 °C at 10 bars, yielding a thermal efficiency of 78%. Hachicha
et al. [21,22] proposed a numerical aerodynamic and heat transfer
model based on Large Eddy Simulations (LES) modelling of para-
bolic trough solar collectors (PTC), and verified the numerical
model on a circular cylinder in a cross-flow. The circumferential
distribution of the solar flux around the receiver is also studied.
Wang et al. [23] investigated the effect of inserting metal foams
in receiver tube of parabolic trough collector on heat transfer.
The optimum thermo-hydraulic performance was obtained. Yu
et al. [24] performed a numerical investigation on the heat transfer
characteristics of the porous material that used in the receiver of a
CSP with different structure parameters. The effects of different
boundary conditions were revealed. The results demonstrated that
the filed synergy principle (FSP) and the entransy dissipation extre-
mum principle (EDEP) are inherently consistent. Roldan et al. [25]
carried out a combined numerical and experimental investigation
of the temperature profile in the wall of absorber tubes of
parabolic-trough solar collectors using water and steam as the
heat-transfer fluid. A good agreement between the measured and
computed thermal gradient was achieved. This can be helpful to
study the thermal behavior of new absorber-tube prototypes for
direct steam generation in parabolic troughs.

Nowadays, energy and exergy analysis methods (First and
Second Law) are normally used to evaluate the thermal perfor-
mance of the solar receiver system. The energy and exergy effi-
ciency can be used as the most crucial thermal performance
criterion. Kaushik and Gupta [26] conducted an energy and exergy
efficiency comparison of a community-size and a domestic-size
paraboloidal solar cooker performance. The performance of the
community solar cooker was found to be comparable to that of
the domestic cooker. Ashmore and Simeon [27] investigated the
thermal performance of a cylindrical cavity receiver for the pur-
poses of teaching. The thermal performance was evaluated using
energy and exergy analyses. Their experimental results showed
that the maximum energy and exergy efficiencies were found to
be around 45% and 10%, respectively. Generally, it can be con-
cluded that the exergy analysis method would be an effective aid
to analyze the rationality of the energy utilization, energy loss
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and different affect factors. It would be very helpful to improve the
original design and predict the thermal performance of the opti-
mized design.

It appears from the previous investigation that the key point for
the solarised Brayton micro-turbines is to develop solar receivers
which have terrific performance on the pressure loss and heat
transfer. Most of the research works have been done by both the
numerical and theoretical aspects. However, limited experimental
study was done in the laboratory under constant solar radiation.
There is a lack of available experimental data under real concen-
trate solar conditions especially for the cases of extremely high
heat flux and high temperature. It is known that the real environ-
mental condition is very complex since the solar radiation changes
with time and the wind has great effect on the heat loss. This is
strongly depended on the test season and location, in addition,
the shadow of the cloud could cause heat shock in a short time.
These impact factors could make the solar receiver working under
unsteady condition. Therefore, to investigate the different impact
factors on the achievement of better performance of the receiver
becomes a very important issue. As such, the present work aims
to analyze both the efficiency and heat loss of a coiled tube under
real solar radiation conditions in a systematic manner. The
obtained solar radiation data could be used as the boundary condi-
tion for future numerical simulation.

2. Experimental apparatus and method
2.1. Experimental apparatus

A new experimental test rig is constructed at a center with the
geographical position of 38°23’ latitude and 109°9’ longitude. It is
located about 15 km South of Yinchuan, the capital city of the
autonomous region Ningxia of the People’s Republic of China. A
simplified schematic of the unit assembled for use in the

Fig. 1a. Parabolic dish.

experiments is depicted in Fig. 1a. The main components of the
system consisted of dish, compressor and receiver.

The dish used for the experimental tests of the developed solar
heat receiver is shown in Fig. 1b. All 33 trapezoidal, pre-bent mir-
rors are resin molded and laminated. The reflective surface is
applied as an adhesive foil. At the bottom side of the dish a cut
out is made for the tower. The main dish parameters utilized in
the current study are illustrated in Table 1. To make sure the light
reflected by the mirror focus on the aperture of the receiver, each
mirror was adjusted individually. The dish is controlled by a solar
tracker which is embedded in the inner program to make the dish
face the Sun automatically. An uninterruptible power supply (UPS)
system is also adopted to assist the dish off the solar direction in
some emergency to further protect the receiver.

In the current test, a piston compressor is driven by a diesel
engine with the power of 25 kW. The pressurized air is compressed
at environmental temperature and pressure. After the filter, the
pressurized air is supplied into the receiver. A valve is installed
at the pipe outlet to ensure the receiver works under high pressure.
By adjusting this valve, the pressure of the whole system as well as
the portion of the receiver can be well controlled. The output mass
flow rate (ri1) is 0.045 kg/s. Thermocouple and pressure sensor are
placed at the inlet and outlet of the pipe respectively to obtain the
receiver efficiency and heat loss. The receiver itself is mounted
onto the cantilever arm. To protect the receiver from misaligned
radiation an additional steel plate is mounted circumferentially
to the aperture.

2.2. Solar receiver model

For the current experimental evaluation, the solar is designed as
a type of coiled tube, as shown in Fig. 2a. The section view of the
solar receiver is shown in Fig. 2b. The pressured air is injected into
the inlet tube with the diameter of 80 mm. And then, it is divided
into 12 small tubes with the diameter of 14 mm. The 12 small
tubes are welded into a cylinder which forms the main part of
the solar receiver. The diameter and the height of the main part
of the receiver are 250 mm and 456 mm, respectively. The overall
dimensions of the receiver are confined by the size of the solar dish
arm frame. Prior to the real test, preliminary and optimized analy-
sis were conducted to select the diameter of the inlet tube
(80 mm). The selected tube could ensure the pressure distribution
in the 12 small tubes is equal, and the mass flow rate within each
of the 12 small tubes is nearly same. The area of the inlet tube is
more than 2.5 times of the total area of the 12 small tubes. The
equal distribution of the mass flow is crucial in the design of the
solar receiver. The optimized wall thickness of the tube has been
done in our previous work [28]. The concentrate solar radiation
(CSR) passes through the aperture and heat the inner surface of
the core. To avoid the stress induced by thermal expansion, the
12 small tubes are arranged with a 5 mm clearance. All the small
tubes combine together in the cone-type collector, and then con-
nect with the outlet tube. A stainless steel is selected for making
the receiver because of its strength at high temperature (900 °C).
Between the tube and the case, it is stuffed with chamotte whose
heat conductivity coefficient is 0.6 W/m? K~'. The chamotte can
be used to fix the tube and also acted as the thermal insulator to
minimize the heat loss.

2.3. Energy and exergy analysis
Experimental energy and exergy parameters to characterize the

thermal performance of the receiver are presented in this section
[29]. Fig. 3a shows all the energy and exergy terms considered in
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Fig. 1b. Schematic of the receiver test arrangement.

Table 1
Dish design parameters.

Parameters Value (unit)
Effective aperture area of dish (Agp) 56.8 m?
Project area (A,) 54.4 m?
Focus point diameter (Dy) 0.2m
Concentration ratio () 1731
Parabolic dish combined optical efficiency (n4) 73%

the overall system. Fig. 3b shows the Sankey diagram of the energy
and exergy flows in the afternoon condition.

2.3.1. Energy analysis

The energy that the whole system receives comes from the solar
radiation. The solar radiation power on the parabolic dish reflector
can be expressed as:

Es = AgyG (1)

where E; is the solar radiation power on the dish, Ais the effective
aperture area of the parabolic dish, as shown in Table 1. G is the
direct solar irradiation from the Sun to the dish. G is measured with
a normal incidence pyrheliometer (NIP) Hukseflux DRO1 attached to
the solar tracker. The G value can be recorded to monitor the vari-
ation of the solar irradiation in the whole day.

Outlet

Fig. 2a. 3D model of the solar receiver.

The solar radiation is concentrated and delivered to the receiver
by the parabolic dish. The concentrated solar radiation power (Ep)
can be expressed as:

Ep = ndEs = ndAapG (2)

where Epis the concentrated solar radiation power from parabolic
dish to the receiver, nyis the parabolic dish combined with optical
efficiency with the value of 73% as described in Table 1. In the cur-
rent study, nyis given by the parabolic dish manufacturer and
strongly depends on the situation of mirror.

The concentrated solar radiation on the receiver is absorbed by
the heat-transfer fluid flowing in the tubes of the receiver. The
energy rate that air absorbs or receives power is given by:

ER = mcaﬂ(Taut - Tin) (3)
where ris the mass flow rate of the air, c,,is the average specific
heat capacity of the air which is a function of the average air inlet

temperature (T;,) and air outlet temperature (T,,). The average
temperature of the receiver (T,.) can be defined by:

Tave = (Tin + Tout)/z (4)

Thus, the relation between the average specific heat capacity of
the air and the average temperature can be obtained as:

Cap = 0.9956 + 0.000093T 4, (5)

Based on energy conservation, the receiver power is the differ-
ence between the concentrated solar radiation power and the over-
all heat losses that are not very high. The receiver power can also
be described as:

Er=Fp—E (6)

where E;is the rate of the heat loss from the receiver to the sur-
roundings that can be expressed as:

EL = ULAR(TGVE - Tamb) (7)

where U;is the heat loss coefficient determined, Agis the effective
receiver area, and Tgis the ambient temperature recorded by a
thermometer. During the experiment, the ambient temperature is
maintained at around 10 °C. The product U,Agis referred as the heat
loss factor given by:

U, = UAg ()

Jdaded swraadedasyy
FFYA i esrre e et



J. Zhu et al. / Applied Energy 156 (2015) 519-527 523

JOOO0000000000

Fig. 2b. Section view of the solar receiver.

Ex,

Pedestal

Fig. 3a. Schematic of the energy/exergy balance.

Therefore, combination of Egs. 2, 3, 6 and 7 can yield
mcav(Tout - Tin) = ndAapG - U[,_(Tave - Tamb) (9)

The thermal energy efficiency of the receiver is defined as the
ratio of the receiver power to the concentrated solar radiation
power from the parabolic dish to the receiver which is
expressed as:

E.
Ex,
Control cabinet
_ ER _ mcav(Tout - Tin)
o = = (10)

It should be pointed out that the thermal energy efficiency is
used to evaluate the heat absorbing ability of the solar receiver,

thus, the total energy input to the solar receiver (Ep) is used to cal-
culate 77, .
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Fig. 3b. Sankey diagram of the energy and exergy flows in the afternoon condition.

By dividing Ag,,Gon both side of Eq. (9) and combine with Eq.
(10) leads to

U;_ (Tave - Tamb)

Nenrlld = Mg — e (11)

2.3.2. Exergy analysis

The exergy rate of the receiver or the quality of the energy
delivered to the circulating fluid with reference to the surround-
ings can be expressed as [30].

Exg = Eg — CqpTamp In <TT";‘) (12)

where Exgis the exergy rate of the receiver and mc,,Tgmp In <%) is

the exergy loss to the surroundings.
Substituting Eq. (3) into Eq. (12) yields

. T
Exg = MCap {(TW —Tin) — Tamp In (T‘“‘[ﬂ (13)
mn
The rate of the solar exergy delivery by the Sun to the dish and
then to the concentrator is given by the Petela [31] and is
expressed as:

o 1 Tamb 4 4Tamb
Ex; = GAgp [1 +§< T, ) ~ 3T, (14)

where T is the surface temperature of the Sun which is approxi-
mately 5762 K.

And the exergy rate translated from the dish concentrator to the
receiver is expressed as:

_ 1 Tarnb 4 4Tamb
EfondGAap I:l +§( T, ) _3—T5 (15)

The exergy efficiency is used to evaluate the exergy converting
ability of the solar receiver. The exergy efficiency is defined as the
ratio of the receiver exergy rate (output exergy from the solar
receiver) to the rate of the solar exergy (input exergy to the solar
receive) and can be determined as follows:

_Exg MCay [(Tout — Tin) — Tams In (Tﬁt)}
Nexr = Exp ngGAgp {] + % (T“T—Tb>4 - %}

The exergy factor, which is defined as the ratio of the receiver
exergy rate to the receiver energy rate, is expresses as follows:

gy, _ B G| (Tou = Ti) — Tamo In ()] )
F= ER N mcav(Tout - Tin)

(16)

3. Uncertainty analysis

The uncertainties of the measurement in the experiment are
dependent on the experimental conditions and the measurement

instruments. An uncertainty analysis is performed on the receiver
power Er and the receiver exergy Exg, which are the most impor-
tant derived quantities from the measurements of using the prop-
agation of error method described by Moffat [32]. The uncertainty
of the receiver power is calculated using the following equation:

F = \/ (%)Zwmf . ( ;T’i’;)zwrom)z ; (gTE;)Zmef (18)

While the uncertainty of the receiver exergy rate is given by:

(0B 2 (OExe\® o (OEXe\® o (0B o
(SExR_¢ (Tm) (o1h) +(5Tm) (6Tout) +< m) O+ (57 ) (0Tt

(19)

In the current study, the main uncertainty parameters are the
mass flow rate (i), the inlet temperature (T;,), and the outlet tem-
perature (T,,). The relative uncertainty of the mass flow rate is 2%.
Therefore, om = 2% x i = £0.0009 kg/s. The uncertainty of the
temperature is given by the K-type thermocouple with the value
of 6Toye = 6Tin = £0.5 K.

Substituting, 6 6T, and 6T,y into Eqs. (18) and (19). The max-
imum experimental values for the receiver power and exergy rate
are around 21 kW and 8.5 kW, respectively. The uncertainty of the
receiver power is 0.52 kW, and the uncertainty of the receiver
exergy rate is 0.15 KW. Overall, the overall uncertainty of the recei-
ver power and exergy rate are 2.5% and 1.8%, respectively.

4. Results and discussion

Fig. 4 shows the measured solar irradiance (G) plotted with
respect to the testing time. The experimental data were collected
on April 15th, 2014. For the purpose of comparison, in this study,
experiments are done for two different time slots: morning
(Fig. 4a) and afternoon (Fig. 4b). Fig. 4a shows the variation of
the solar irradiance from 7:00 am to 11:30 am. According to the
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Fig. 4a. Solar irradiance profile in the morning.
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Fig. 4b. Solar irradiance profile in the afternoon.
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Fig. 5a. Dish power and receiver power profile during the experimental period.

curve presented in Fig. 4a, it is shown that the solar irradiance
increases monotonously with time except a fast drop of the solar
irradiance is observed at around 7:15 and lasts for 15 min. This
could be explained by the fact that a passing cloud. Afterward,
there is a quick increase in the solar irradiance. In general, the solar
irradiance rises slowly from 160 W/m? at 7:00 am to around
650 W/m? at 11:30 am. Fig. 4b shows the variation of the solar irra-
diance from 12:45 pm to 14:35 pm. The results presented in Fig. 4b
also clearly show that there exist two low points of the solar irra-
diance. The reason for this is due to the fact that two short period
of passing cloud occurred. From this figure, it can be seen clearly
that the solar irradiance is almost unchanged and maintained at
around 650 W/m? in the afternoon. It is recognized that the con-
stant solar irradiance distribution profile would be reasonable to
analyze the energy and exergy performance of the solar receiver.
Therefore, a test period of continuous two hours in the afternoon
is selected. Dynamic acquisition system is used to record the
parameters automatically during the test. The ambient tempera-
ture is maintained at around 10 °C during the experiment.

Fig. 5a presents a comparison of the power for the concentrated
solar radiation and receiver power. For the case of the constant
solar irradiance of 650 W/m?, the concentrated solar radiation
power (Ep) is maintained at around 26.5 kW. In an alternative
way, the above observed two low points is lower than 1 kW. In
addition, the accurate control system can make sure the reflection
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Fig. 5b. Energy efficiency profile during the experimental period.

focus located at the aperture of the receiver. The red line shown in
Fig. 5a is the receiver power during the testing period. Although
the solar irradiation condition is steady, it takes the solar power
about 20 min to achieve steady state. It is due to the fact that the
receiver tubes are surrounded by the chamotte with high specific
heat capability (Cp). At the starting point, the temperature of the
receiver is approximately 10 °C and the entire receiver needs to
be preheated prior to the real test. It is noteworthy that the rising
speed of the receiver power is very high within the first 10 min.
This phenomenon is very important and should be stress here since
the sunshine is limited in the day time, quick start up will make the
overall solar power generation system to generate more electricity.
Therefore, the cost of the power generation will be lower and the
investment recovery period could be shorter. It is very clear that
the decrease of the receiver power is very quick, whereas the
recovery of the receiver power is very slow. The time for the dish
shadowed by the cloud is about 4 min while the recovery time
for the receiver is approximately 12 min, which is three times of
the shadowed time. These two low points are negative for the
receiver, and could form two big attack to the solar generate sys-
tem. Thus, the site selection of the solar power station should be
in some place with strong sunshine and little cloud. After the
two low points, the receiver power (Eg) rises slowly and achieves
the maximum value of 21.3 kW at the end of the experimental.

The energy efficiency of the receiver is shown in the Fig. 5b.
Because the Ep is almost unchanged during the entire test period,
the profile of the receiver energy efficiency shows the same trend
as the profile of Eg, as shown in Fig. 5a. It is found that when the
solar receiver turns into steady state, the efficiency of the solar
receiver can be above 70%. The peak value of the efficiency is
82%, and finally, the efficiency is maintained at about 80%.

Fig. 6 demonstrates the evolution of the heat loss factor) (U;. At
the starting point, U;is very high (0.55 kW/K) because of the recei-
ver preheating, and then it drops very quickly within the first
10 min. The two peak point is because of the weather, as previously
mentioned. When the receiver works at steady state, the heat loss
becomes lower and U; achieves the minimum value of 0.02 kW/K.
The heat loss is mainly due to the thermal convection between the
receiver and ambient. The wind speed is very low during the test,
as a result, the natural convection is the main way for the heat loss.
It can be concluded that the wind is also a crucial factor for the site
selection of the solar power station.

Fig. 7a shows the comparison between the receiver exergy (Exg)
and the concentrated solar energy as well as the receiver energy.
From this figure, the exergy rate and energy rate vary in a similar
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Fig. 6. Heat loss factor profile during the experimental period.

30
A Pe—

25 T i V——
Azo_ +ES
: e
5 151 i ——Ex,
g |
-9

10

5F f\

, |

0 L L 1 L 1 i 1 L 1 L 1 L 1 L 1 "
12:45 13:00 13:15 13:30 13:45 14:00 14:15 14:30
Time

Fig. 7a. Energy and exergy profile of the receiver during the test period.

manner, the passing cloud can also result in the drop of the exergy
rate. It is noted that the highest value of the exergy rate during the
test period is around 8.8 kW, whereas the maximum energy rate
can reach 21.3 kW. It can be concluded that the quality of the
energy from the receiver is low due to a large amount of irre-
versible energy changes such as heat losses and the transfer of high
quality radioactive energy to a fluid that circulating at a relatively
low temperature. From Eq. (13), it can be concluded that under the
same temperature difference (T, — Ti») and the same energy rate
mcqy(Tour — Tin) condition, increasing the receiver inlet tempera-
ture (T;,) can get higher exergy rate (Exg). It will be very helpful
for the design of the solar power system. Therefore some recuper-
ator or heat exchanger should be used in the inlet of the solar recei-
ver to recover the waste heat and increase the solar inlet
temperature.

Fig. 7b presents the comparison between the energy efficiency
and exergy efficiency. It is shown from Fig. 7b that similar trends
in the exergy efficiency and the energy efficiency are obtained.
The highest exergy efficiency is approximately 38.3%, whereas
the highest energy efficiency is around 82%. Comparing with the
exergy efficiency (10%) obtained by Ashmore’s experiment [27],
the current proposed solar receiver achieves better exergy effi-
ciency performance. It is also found that the exergy efficiency is
quite lower than the energy efficiency, which implies that lower
quality energy obtained from the receiver. This can be explained
from Eq. (13), where Exg is the exergy rate of the receiver, and
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Fig. 7b. Energy and exergy efficiency profile during the test period.
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MCayTamp IN <7Tf> is the exergy loss to the surroundings. Therefore

the magnitude of the exergy rate is strongly depended on the
exergy loss expressed as mcq, Tomp In (@) In the current experi-

ment, the inlet temperature of the receiver is lower than 303 K,
whereas the outlet temperature is very high and with the maxi-
mum value of 700 K. The temperature ratio (T,y/Ti;) is very high
so that too much exergy loss is caused. In this case, the exergy rate
Exg is very low in the solar system. Accordingly, increasing the inlet
temperature could be a potential way to increase the exergy
efficiency.

Fig. 8 shows the exergy factor plotted as a function of the tem-
perature difference between the outlet and inlet temperature of
the receiver with a linear fitting equation. The exergy factor can
also be used as a measure of the performance of the receiver.
Obviously, as the temperature difference increases, the exergy fac-
tor also increases. This plot suggests that the higher exergy factor
can be obtained when high temperature difference is available.
As seen from this figure, a lower value of exergy factor (0.3) is
obtained even though the temperature difference is high (250 K).
The highest exergy factor is 0.41 during the entire test.

5. Conclusions

The thermal performance of a coiled tube solar receiver under
real solar radiation condition has been experimentally evaluated
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in this work. A parabolic dish with solar tracker system is used in
the experiment. The experimental data are analyzed using energy
and exergy analyse method. Experimental results revealed that
the solar irradiancerises slowly from 160 W/m? to around
650 W/m? in the morning, and keep almost constant at around
650 W/m? in the afternoon. The efficiency of the solar receiver
can be above 70%. The peak point of the efficiency is 82%, and gen-
erally the efficiency is maintained at about 80%. During the steady
state, the heat loss becomes lower and Ujachieves the minimum
value of 0.02 kW/K. The highest exergy efficiency is approximately
38.3%, whereas the highest energy efficiency is around 82%. As the
temperature difference increases, the impact of the exergy factor
increases. A lower value of exergy factor (0.3) is obtained even
though the temperature difference is high (250 K). The highest
exergy factor is 0.41 during the entire test.
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