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Abstract: This study presents the experimental investigation on performance testing of a parabolic trough solar
collector (PTSC) array consisting of three modules connected in series. A new test setup has been proposed to test the
thermal performance of this PTSC array in compliance with ASHRAE 93-1986 standard. The experimental tests have
been carried out and monitored in a number of days under cloudless sky conditions in Gaziantep. In the performance
analyses, the effects of beam radiation, collector inlet temperature, ambient conditions, and the variation in mass flow
rate of the working fluid were investigated. The steady-state and dynamic tests of the PTSC array were performed. The
efficiency tests were conducted with thermal oil for the temperature range from 50 °C to 200 °C, and mass flow rate of
0.1 kg/s to 0.5 kg/s under steady conditions. Additionally, the experimental results were compared with the results of
the theoretical study made previously and gave good coherency.
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KUCUK-OLCEKLI BiR PROSES ISI UYGULAMASINA iLiSKIN PARABOLIK OLUK
KOLEKTOR AGININ PERFORMANS TESTI

Ozet: Bu calisma, seri baglanmis ii¢ modiilden olusan bir parabolik oluk giines kolektér (POGK) agmin performans
testinin deneysel olarak incelenmesini sunmaktadir. Bu POGK agmim 1s1l performansinin ASHRAE 93-1986
standardina uygun olarak test edilmesi i¢in yeni bir test diizenegi 6nerilmistir. Deneysel testler, Gaziantep'te bulutsuz
gokyiizii kosullar1 altinda uygulanmis ve birka¢ giin boyunca izlenmistir. Performans analizlerinde, direk 1gimim,
kolektor giris sicakligl, ortam kosullar1 ve ¢alisma akiskaninin kiitlesel akis debisinin etkileri aragtirilmistir. POGK
agmin daimi-durum ve dinamik testleri gerceklestirilmistir. Verimlilik testleri, termal yag kullanilarak daimi kosullar
altinda 50 °C ila 200 °C sicaklik araligi ve 0,1 kg/s ila 0,5 kg/s kiitlesel debi araligi igin gergeklestirilmistir. Ayrica,
deney sonuglar1 daha 6nce yapilan teorik ¢alisma sonuglariyla karsilagtirilmis ve iyi tutarlilik géstermistir.

Anahtar kelimeler: Giines enerjisi, Parabolik oluk kolektor, Optik analiz, Performans testi.

NOMENCLATURE

Aa Aperture area [m?] Greek symbols

C Concentration ratio 7o Optical efficiency

Cp Specific heat capacity [J/kg°C] NPTSC Thermal efficiency

Fr Heat removal factor 0 Incidence angle [°]

I Total radiation [W/m?]

Iy Beam radiation [W/m?] INTRODUCTION

lg Diffuse radiation [W/m?]

m Mass flow rate [kg/s] Parabolic trough solar collector (PTSC) technology was
3 : first drawn commercially in the middle of 70’s and
N Useful energy gain [W] managed to enter the market in the 80’s (Fernandez-

Re Re_y_nolds number [= VDA] Garcia et al., 2010). Some companies manufactured and

Rec C”t'(?al Reynolds numE)er marketed a number of PTSCs which were initially

Ta Ambient temperature [°C] developed for industrial process heat (IPH) applications.

Tex Exit temperature [OC] The technology has experienced a wide range of IPH

Tin Inlet temperature.[ .C] 2 applications with respect to other non-concentrating

U Overall loss coefficient [W/m=**C] collectors in recent years because the PTSC has

distinguished advantages such as high efficiency at



relatively higher temperatures (Yilmaz and Soylemez,
2016). Consequently, the PTSC is considered to be one
of the most promising and mature system used in a
variety of commercial and industrial applications
(Mwesigye et al., 2018). On the other hand, small-scale
process heat applications using PTSC have been
established by many researchers, project groups and
institutions over the last decade. All these efforts have
leaded us to develop more efficient solar systems
eliminating technical restrictions while offering
alternative solutions to conventional energy systems.
Additionally, the applications being made are significant
to analyze system performance from the view of
technical and economic feasibility. Many criteria may
restrict the design stage of a thermal system so that some
preliminary studies should be considered. In process heat
applications, energy demand for the process depends on
process type and load profile that can be supplied
unsteadily and intermittently when it is assisted with
solar energy. The drawbacks of using solar energy in IPH
expose these types of restrictions due to its nature. Hence
a solar collector to be used in a thermal system should be
necessarily tested under typical operating conditions to
determine the performance that is effective on energy
transfer. Otherwise, a mathematical model should be
made to simulate the collector under certain working
conditions. Modeling the PTSC can be convenient to
analyze it under different scenarios simply changing the
system properties and working conditions. It provides an
easy method under defined conditions which are not
easily simulated. However, it may not always be a direct
and accurate way due to sacrificing from the actual
system behavior. Therefore, experimental or applied test
results are more advantageous for field studies. When the
studies conducted on performance testing in the literature
have been evaluated, it is seen many studies being
performed experimentally.

ANSI/ASHRAE 93 standard (ANSI/ASHRAE, 1986)
maintains a fundamental methodology to determine
thermal performance of tracking concentrating solar
collectors under steady state conditions. This standard
can be used to test the collectors outdoors in accordance
with their thermal efficiency with changes in the angle of
incidence between the sun’s direct radiations in a specific
location. Most of the performance testing has been
conducted under ANSI/ASHRAE standards (Dudley et
al., 1995; Kalogirou et al., 1995; Kalogirou, 1996;
Brooks et al., 2006; Arasu and Sornakumar, 2007,
Rosado and Escalante, 2007; VVenegas-Reyes et al., 2012;
Gama et al., 2013; Jaramillo et al., 2013; Coccia et al.,
2015) or with different testing techniques (Xu et al.,
2013; Kriiger et al., 2008; Qu et al., 2010; Sagade et al.,
2013). Not only performance testing under steady
condition but also dynamic testing of PTSC was
presented in the literature (Eskin, 1999; Fischer et al.,
2006; Xu et al., 2014). However, standard testing method
for performance analysis under dynamic or transient is
not available. Even if collector performance testing is
performed in quasi-steady state, collector systems
operate under dynamic conditions.
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In this study, the outdoor test results of a PTSC array with
a series of three modules have been presented for steady
and dynamic cases under different operating conditions.
A new test setup has been proposed to test the thermal
performance of this PTSC array for this purpose. The
steady tests of the collector array have been performed
for varying solar radiation, inlet temperature and mass
flow rate. On the other hand, the dynamic tests have been
applied under normal operating conditions of the
collector array. Solar energy calculations for determining
the optical efficiency and the useful heat gain by the HTF
have been conducted for obtaining the thermal
performance of the PTSC array. The measurements of
ambient air were considered during the tests to be able to
experience the effects of outdoor conditions.

SYSTEM DESCRIPTION
Experimental Setup

The experimental setup is basically composed of a PTSC
array, a coiled heat exchanger (CHE), a brazed plate heat
exchanger (BPHE), a temperature controlled electric
heater (TCEH), a thermal expansion tank (TET), and a
gear pump (GP). The PTSC array is composed of three
collectors connected in series installed on a building roof
(12 m height from the ground) in Gaziantep University
(latitude 37°02'N and longitude 37°19'E) shown in
Figure 1. The orientation of the PTSC array is designated
as the north-south axis tracking. The tracking system is
driven by a frequency-controlled double worm gear
motor which is manipulated by the cooperation of a
central control unit. The tracking motion is controlled by
both fine positioning sun-seeking detector and external
GPS (Global Positioning System). The working fluid
used in the loop was selected Renolin Therm 320 as HTF.
The HTF is circulated in the loops by means of
frequency-controlled GP which is used to adjust the flow
rate at desired value.

Absorber: ¥32/35 mm
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Measurement Instruments

The temperature measurements in the experimental setup
were performed by the resistance temperature detectors
(Pt100, Class A) connected with two leads. The
temperature dependent uncertainty of the detectors are
designated by the relation of +(0.15 + 0.002T) °C and
calibrated according to the standard of IEC751:1983 (BS
EN 60751:1996) by the manufacturer (Internet, 2017a).



The flowmeter was selected as Coriolis type having an
accuracy of £0.1% with a repeatability of less than 0.05%
(Internet, 2017b) to measure the mass flow rate of the
HTF circulating within the loop. Wind speed was
measured by a cup anemometer which has accuracy of
0.1 m/s for the range of 5 m/s to 25 m/s (Internet, 2017c¢).
The irradiance sensor was used to measure the global
radiation by a high sensitive pyranometer with an
expected uncertainty of less than 2% as daily total
(Internet, 2017d). The diffuse radiation measuring was
executed with a shading ball obstructing the direct beam
falling onto the pyranometer. Thus, the direct beam
radiation was accurately determined using the relation
(Duffie and Beckman, 2005):
I =1,+1,cos6, (1)
where 6, is the zenith angle of the sun defined as the
angle between the line of beam radiation and the normal
of the horizontal surface.

During the experimental tests, data on temperature, flow,
and solar radiation were gathered by the DAQ (data
acquisition) devices for further analyses. For this task,
24-bit USB-2416 and USB-TEMP measurement
computing DAQ devices (Internet, 2017e) were selected
in order to obtain highly-accurate voltage and
temperature measurements, respectively. DAQ devices
are easily connected to the computer and managed by an
interface software program (TracerDAQ Pro) to process
data by virtual graphing and data logging.

Hydraulic Circuit

The hydraulic circuit of the test setup is represented in
Figure 2. The operation task is performed as follows. The
circuit operation is started with switching on the GP, and
thus the HTF is circulated within the loop. The solar
tracking mechanism of the PTSC array is initiated to
pursue the sun. The mass flow rate is controlled by an
inverter, and the flow rate is monitored on the screen of
the flowmeter and computer. In the solar field, a CHE is
used to control the inlet temperature by cooling the HTF
with water or air at high temperatures i.e., in the vicinity
of 200 °C. When the temperature fluctuations become
higher, the bypass vanes are opened, and the HTF is
directed to the BPHE. This is made for the precise
temperature control. The loop connected to the solar field
via the BPHE supplies thermal power to the HTF
circulated within the field when necessary. The TCEH is
controlled by a PID (Proportional Integral Derivative)
controller. When the operating temperature of the loop
falls below the set temperature value, the TCEH is
activated to increase the return-temperature of the HTF
to the set operation temperature.
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Figure 2. Hydraulic circuit.
Error Analysis

The uncertainty in experimental measurements describes
the factors that are to be taken into consideration such as
instrument accuracy etc. A more precise method of
estimating uncertainty in experimental result has been
presented by (Kline and McClintock, 1953)

The efficiency of the PTSC array is calculated from

me (Tex _Tin )
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Uncertainty on efficiency measurements is given by the
expression,
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The parameters and their measuring accuracy are given
in Table 1 to calculate the uncertainty for #prc.

W,y ooty w, are the standard uncertainties
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Table 1. Experimental error in measurements.

Measured variable Unit Accuracy

m ka/s +0.1%

T °C +0.15 + 0.002T
Aq m? +0.58%

I W/m? +2.0%
nPTC - < +6.69%

The errors generated from the temperature measuring
devices change with temperature, besides the USB-TEMP



DAQ device contribute additional error except the error of
the sensor itself. Typically, the error is +0.12 °C for sensor
temperature (between 0 °C and 200 °C).

METHODOLOGY

In this section, the test results obtained from the
experimental studies were presented in detail. The aim
of the tests is to acquire the results for the PTSC
characteristics and to validate it with the mathematical
model developed previously (Yilmaz and Soylemez,
2014). Additionally, performance parameters of the
PTSC system were analyzed under different operating
conditions. Model validation for the PTSC array was
performed by comparing with the experimental results.
Moreover, efficiency tests were performed with
temperature and mass flow rate ranging from 50 °C to
200 °C, and 0.1 kg/s to 0.5 kg/s, respectively.

Optical Performance

Optical efficiency is defined as the ratio of the beam
radiation absorbed by the absorber to the energy
collected by the aperture area. The optical efficiency of
the collector, 7, can be defined as (Yilmaz et al., 2014)

1, = pray (1-xtan @) cos & ®)

where p is the reflectance of the mirror, 7z is the
transmittance of the glass cover, a is the absorption of
the receiver, y is the intercept factor, « is the geometric
factor, and @ is the angle of incidence.

The optical parameters of the PTSC and their typical
value are given in Table 2. Each parameter was
estimated or taken from the manufacturer catalogue.
The optical efficiency varies as a function of incidence
angle. The manufacturing company proposes the optical
efficiency of Smirro300 as 0.72 when the angle of
incidence is equal to zero. As the optical properties of
each collector component are evaluated individually,
the values shown in Table 2 are obtained. The intercept
factor, y is estimated using the data proposed by the
manufacturer (see Table 2) and Eq. (5).

Table 2. Optical parameters of the PTSC.

Parameter Value Parameter Value
p 0.895 0.980
T 0.912 -
a 0.950 0.947
70 =0.72

Figure 3 demonstrates the variation in optical efficiency
for the selected days. For calculating the incidence angle,
the procedure given in (Yilmaz et al., 2014) was
followed. The optical efficiency was calculated using the
procedure given in (Yilmaz and Soéylemez, 2014). It is
clear that increase in the incidence angle decreases the
optical efficiency which is strongly dependent on the
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incidence. The main reason is that higher the incidence
angle lowers the beam radiation falling onto the aperture
and reduces the effective aperture area due to geometric
factor including end-effect. The tracking angle (the angle
between the sun's rays and the normal of the aperture
area) reduces in summer season relative to winter for
north-south axis tracking. And thus the optical efficiency
is started to get flatter in solar noon in this season.
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Figure 3. Variation of optical efficiency as a function of
incidence angle.

Thermal Analysis

The PTSC array was tested and monitored though the
tests conducted from the 15" to 21" of August 2013.
The thermal performance of the PTSC array was
performed in a test setup where similar test conditions
were applied in accord with the ASHRAE 93-1986 (RA
91) standard (ANSI/ASHRAE, 1986). Useful heat
gained by the solar field and the thermal efficiency of
the PTSC array were investigated by operating the test
setup at different working conditions. The performance
of the PTSC was evaluated by using the parameters;
beam radiation, and inlet and outlet temperatures of the
HTF through the absorber tube for a given mass flow
rate. In calculations, the thermophysical properties
given in Table 3 were used for the HTF.

Table 3. Technical properties of the HTF2.

Temp. Density Specific  Thermal  Kinematic

heat  conductivity viscosity

°C kg/m®  J/kg°C  W/m°C m¥sx10¥®
0 879 1864 0.134 368.39
50 848 2078 0.131 22.144
100 816 2293 0.127 5.535
150 783 2507 0.124 2.463
200 750 2721 0.120 1.416

@ Supplier: Opet Fuchs Mineral Qil Industry and Trade
Inc., Izmir, Turkey.



Time constant

The collector time constant is the time required for the
fluid leaving the PTSC array to attain 63.2% of its
ultimate steady-state value after a step change in
irradiance. This parameter determines the collector’s
time response for the evaluation of transient behavior of
the collector and the subsequent selection of correct time
interval to maintain quasi steady-state efficiency tests.

The time constant of PTSCs was obtained by

T, T,
Comlew 1368 ©6)
Tex _Tin €

where Ti, is the temperature at the collector inlet to be set
approximately equal to the ambient air temperature, Tex
is the final temperature at the collector outlet, and Tex is
the temperature at the collector outlet to maintain the
steady-state conditions again for a time period of t.

The time constant for heating determines the time
required for the collector outlet temperature to rise by
63.2% of the temperature difference Tex—Tin. The time
constant for cooling, in this case, is the time taken for the
collector outlet temperature to drop by 63.2% of the
temperature difference Te—Tin. The procedure for
performing this test is as follows. The HTF is circulated
through the collector array at the same flow rate to be
used during collector thermal efficiency tests. The PTSC
array is defocused, and temperature of the HTF at the
collector inlet is set closely equal to the ambient air
temperature. As the steady-state conditions are reached,
the collector array is focused and measurements continue
until steady-state conditions are attained again.
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Figure 4. Time constant for heating of the receiver tube.

Figure 4 shows the heating operation to determine the
time constant of the PTSC receiver. The mass flow rate
for HTF was carried out 0.3 kg/s, and the beam radiation
was measured as 845 W/m? during the test. The time
constant for heating and cooling processes were obtained
to be 33.7 s and 53.1 s, respectively. As it is known, the
time constant varies with changing in the flow rate.
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Increase in flow rate decreases the time and thus the time
constant for the PTSC to reach the steady conditions.
Therefore, the time period which is needed to carry out
the performance tests is either at least the time constant
or more than this time period. The duration of time for
the tests was taken into account as 2 minutes to obtain
feasible results.

Useful heat gain

The net energy transferred to the HTF by the solar field
is related by the useful heat gain which leads the
temperature change for the HTF flowing through the
receiver tube of the PTSC array. The energy gained by
the HTF can be calculated by using Eq. (7).

Qu = mHTFCp,HTF (Tex _Tin) (7)
The useful heat gain is important to determine the outlet
temperature and the net energy transfer to the working
fluid. This means that the thermal efficiency of the PTSC
depends on the useful heat gained by the HTF.

Thermal efficiency

The thermal efficiency of the PTSC array is defined as
the ratio of the useful heat transferred the HTF to the
beam radiation incident on the aperture area of the array
(Y1ilmaz and Soylemez, 2014).

UL Tin _Ta
77 —_—— ——
cl

The first expression in the equation is derived directly
from the experimentally measurable quantities, and the
second expression can be obtained by applying the
energy balance. . is the optical efficiency defined in Eq.
(5). The heat removal factor Fr and the overall loss
coefficient U, depend on heat losses and are independent
of the angle of incidence.

®)

Mprsc =

Q,
A x

RESULTS AND DISCUSSION

The general test procedure was arranged to operate the
PTSC system under nearly steady conditions. This is
essential to measure the test data for the determination of
the useful heat gain given in Eq. (7) and Tin, Ta and Iy
parameters which are needed for the analysis of Eq. (8).
Outdoor tests were performed in the midday hours on
clear days when the beam radiation is high and the
incidence conditions almost the same. However, ta
deviates from the normal-incidence value for the test
conditions being involved. Thus, the optical efficiency
somewhat falls according to the increase in the incidence
angle.

In case Uy, Fg, and (ta), were all constant, the plots of
nerc versus (Tin—Ta)/ls would be straight lines with
intercept Fr(ta)n and slope —FrU_ (Duffie and Beckman,
2005). However, they are not since U_ is a function of



temperature and wind speed. Fgris a weak function of
temperature. Also, some variations on beam radiation
and incidence angle will not maintain a steady line. Thus,
scatter in the data are to be expected, because of
temperature dependence, wind effects, and angle-of-
incidence variations. In spite of these difficulties, long-
time performance estimates of many solar heating
systems, collectors can be characterized by the intercept
and slope i.e., by Fr(ta)n and FrUL. But the linear relation
instead of second degree polynomial relation is generally
acceptable in the case of considering solar concentrators
operating at low temperature.

Figure 5 shows the variation in the experimental thermal
efficiency of the PTSC array depending on (Tin—Ta)/lp. It
is also indicated the predictions of our previous
theoretical model (Yilmaz and Soylemez, 2014) on this
figure. Tests were conducted in the clear sky days and the
incident conditions of almost solar noon (at 12:00 solar
time) in order to do the tests almost under the same
incidence angle values. The incidence angle calculated
during the tests ranged from 20° to 24.5°. The mass flow
rate for the HTF was chosen as 0.3 kg/s, and the inlet
temperature of the HTF ranged from 85 °C to 200 °C.
The efficiency tests were performed at higher
temperatures due to the fact that at lower temperatures,
the flow inside the receiver is in laminar regime. The
HTF enters the turbulent regime at higher temperatures,
in turn; this condition increases the thermal efficiency. In
case the fluid is exchanged with water, the fluid regime
will be in turbulent region even at lower temperatures.
The efficiency tests made in the literature involve water
as a HTF. In fact, to analyze the thermal performance of
a PTSC, low temperature tests are carried out as in the
ASHRAE standards. Thus, the maximum efficiency of
the PTSC is investigated.
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Figure 5. Experimental results and fit of the thermal efficiency
of Smirro300.

The experimental data were fitted to a second-degree
polynomial function to represent the variation in the
thermal efficiency as shown in Figure 5. The coefficient
of determination R? shows how good this function fit the
experimental data, and the deviation between the data
and the correlation. It is deduced that the thermal
efficiency of the PTSC array is higher at lower inlet HTF
temperatures since the heat loss from the receiver is
lower with respect to high ones. Depending on the
incident conditions, the PTSC array can give maximum
57% efficiency which means that that portion of solar
energy can be converted into the useful heat gain.

In case of comparing this efficiency curve with the
efficiency expressions (see Table 4) available in the
literature, although PTSCs tests in literature are applied
for the conditions of single module collector, direct
incident conditions (the incident angle = 0°) and water
used as a working fluid, Smirro300 PTSC array gave
favorable efficiency values relative to the others. In order
to compare Smirro300 with other PTSCs, the model
study is succeeded for different operating conditions as
seen Table 5.

Table 4. Comparison of different PTSC parameters®<,

Reference C Or 1o y T a p nPTC

5 21.2 90° 0.648 0.98 n/a n/a n/a 0.642-0.441T"
6 21.2 90° 0.647 0.94 0.90 0.90 0.85 0.638-0.387T"
7 16.7 82.2° 0.553 0.823 0.92 0.88 0.83 0.538-1.06T"
7 16.7 82.2° 0.601 0.823 - 0.88 0.83 0.552-2.01T"
8 19.89 90° 0.694 0.879 0.90 0.90 0.97 0.69-0.39T"

9 34.84 65.6° n/a n/a 0.95 0.95 0.59 0.054-0.189T"
10 14.87 45° 0.60 0.665 - 0.95 0.95 0.561-2.047T"
11 14.9 45° 0.48 0.58 - 0.90 0.92 0.351-2.117T"
11 13.3 90° 0.70 0.84 - 0.90 0.92 0.613-2.302T"
12 9.25 90° 0.668 0.829 0.93 0.95 0.94 0.658-0.683T"

bT = (Tin - Ta)/lb
¢ (-) indicates that the receiver considered is unshielded.
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Table 5. Thermal performance of the PTSC.
Case Angle Fluid nerc theoretical®

Single 6=0° Renolin 0.659+0.176AT/1,—2.979(AT/1y)?

Single 6=0° Water 0.719-0.457AT/;

Single  6=22° Renolin 0.590+0.088AT/1,—2.383(AT/Ip)?

Array 6=0° Renolin 0.652+0.176AT/15—2.251(AT/Ip)?

Array  6=0° Water 0.718-0.520AT/ly

Array  6=22° Renolin 0.582+0.078AT/1,—2.573(AT/Ip)?
nerc experimental®

Array  6=22° Renolin 0.569-0.755AT/1,+0.697(AT/Ip)?

d Tested at 0.3 kg/s.

Table 5 demonstrates the results obtained from the model
study for different cases. As the incident angle is
minimized, the efficiency of the PTSC array increases
since the cosine losses reduce. If the PTSC array is
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Figure 6. Dynamic operation profile on August 15.
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replaced with a single module, the efficiency will
increase but not much. This is expected since this case
affects the Fr value which decreases when the receiver
length gets longer. As the working fluid type is changed
as water, and the model yields much higher efficiencies
depending on the parameter of (Tin—Ta)/lp.

The dynamic behaviors of the PTSC are illustrated in
Figure 6, 7 and 8. The HTF was heated from 50 °C to 220
°C by solar radiation under ambient conditions. The flow
rate was adjusted by the GP with a constant frequency-
control while heating the solar field. The flow rate was
changed as a function of outlet temperature of the PTSC;
m=1141-1.010T, m=1142—-0.9829T,, and

m=1210-1.065T,, for the days of 15", 17" and 21
August, respectively. Here the unit of m is in kg per

hour. The variations in the inlet and the exit temperatures
and the thermal efficiency are shown in detail.
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As the HTF temperature increases, the heat losses from
the receiver and system components increase. Thus, the
temperature profile tends to be upward sloping curve. In
other words, the thermal efficiency of the PTSC begins
to fall with increasing of the operating temperature. The
thermal efficiency strongly depends on incident beam
radiation, optical efficiency of the PTSC, and operating
conditions. Operating conditions such as temperature and
flow regime affect predominantly the thermal efficiency
(Yilmaz and Soylemez, 2014; Yilmaz et al., 2015).
Between 80 °C and 100 °C, the thermal efficiency
fluctuates due to transition regime. The flow inside the
pipe is stated by forced circulation due to pumping of the
HTF. The single control parameter is the Reynolds
number (Re), which determines the dynamical state of
the system. Hence when Re < Re, all initial conditions
are attracted to the laminar state, which is the global
attractor for the system. When Re > Re, nearly all initial
conditions give rise to turbulence so that the laminar state
becomes a local attractor. In practice, Re: <1800 so that
all disturbances will decay as the time extends to the very
long periods for small values of Re (Mullin, 2011).
Turbulence appears abruptly above a well-defined finite-
amplitude threshold for Re =3000, but the disordered
motions come out in localized regions called puffs in the
range of 1760 < Re =3000. In thermal oils, Re increases
relatively at higher mass flow rates and temperatures,
depending on the thermophysical properties of the fluid.
Increasing in the mass flow rate causes to develop
turbulent currents within the absorber pipe so that the
thermal efficiency of the PTSC rises. This is related to the
HTF which absorbs more energy from the inner surface of
the pipe. The higher the mass flow rate, the higher the fluid
motion or Re, as a result the convection heat transfer
coefficient within the absorber tube is increased. This leads
the inside temperature of the absorber to fall down thus the
useful heat gain transferred to the fluid increases due to
lowering thermal loss. Raising the operating temperature
of HTF increases the Re and consequently the convection
currents within the absorber.

Figure 9 points out the variation in mass flow rate and its
effect on the thermal efficiency. The thermal
performances are analyzed for the inlet temperatures of
50 °C, 100 °C, 150 °C and 200 °C, respectively. At these
temperatures, the effect of mass flow rate of the HTF was
performed from the range of 0.1 kg/s to 0.5 kg/s. For each
try, the receiver of the PTSC array was directed toward
the sun by the tracking mechanism. The inlet temperature
was initially provided as 50 °C at which the mass flow
rates from 0.1 kg/s to 0.5 kg/s were experienced, and then
100 °C, 150 °C and 200 °C temperatures were dealt with
for the same flow rates.

It is expected that the increase in the mass flow rate
enhances the thermal efficiency. At lower flow rates and
temperatures, the regime of the flow is in laminar or
transition region which degrades the convection heat
transfer coefficient within the absorber pipe hence the
thermal efficiency of the collector drops as seen in Figure
9. At 50 °C inlet temperature, increasing the mass flow
rate from 0.1 to 0.5 increases the Re from 212 to 1058.

50

Thus, the flow regime remains in laminar zone which is
related to the viscosity of the HTF. The disordered
motions come out about 80 °C which corresponds to the
Re of 1700. When the inlet temperature increases to 100
°C, the viscosity of the HTF lowers about one-forth
relative to the viscosity at 50 °C, and the Re rises to 4405
while the mass flow rate is 0.5 kg/s. Further increasing
the temperature declines the viscosity much more. At 200
°C, as the mass flow rate reaches 0.5 kg/s, the Re ascends
to 18733 that is quite higher than the generally accepted
value (Re >10000 under most practical conditions
(Gnielinski, 1976)) for fully turbulent. As it is shown in
Figure 9, increasing the temperature increases the
thermal efficiency but can be lowered due to wind effect.
The effect of wind is considerable on the thermal
efficiency over those higher speeds when the PTSC is
operated at relatively high temperatures (Yilmaz and
Soylemez, 2014). As it is seen, the wind speed is more
effective at 200 °C although it is lower relative to 100 °C.
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Figure 9. Effect of mass flow rate on the thermal efficiency.

The thermal efficiency depends upon both optical and
thermal properties of the PTSC. The optical efficiency
depends also on many parameters as mentioned
previously. They are mainly function of material used,
manufacturing stage, assembling, operation and
geometric  conditions. In addition, unaccounted
parameters such as dust, dirty are effective on the optical
elements. Smirro300 PTSC can reach a peak optical
efficiency of 72% only when the direct incident and
proper assembly conditions are applied. In the
experimental setup, the PTSC array was oriented to N-S
direction which was adjusted by aligning the focus line
of the receiver towards the direction. Any deviation from
this line will degrade the intercept factor, and
consequently the optical efficiency. Since these errors are
non-random in nature and can reduce the collector
performance. For a single collector, this error may be
disregarded but in array configuration, in case of driving
the collectors only by a single tracking mechanism, this
should be taken into consideration. On the other hand, the
concentricity between the cover and absorber is essential
during assembly. If it is not maintained properly it will
affect the optical efficiency in negative way. During the
tracking operation, the end-effect also influences the
optical efficiency, and its effect is under predicted in
theoretical calculations. Since the receiver is single-



piece, and the gap between the collectors increase the
optical loss for this reason.

CONCLUSIONS

Parabolic trough solar collector is a proven technology
for electricity generation but its usage in IPH applications
have not been matured completely, yet. In this study, the
sample performance tests of Smirro300 collector were
performed to characterize it under the climate conditions
of Gaziantep. An experimental setup was installed for
this task, and the necessary analyses were carried out for
the future studies to be made on a small-scale IPH. All
these efforts will play an important role in the related
system design and the methodology to be followed
experimentally. Furthermore, a new test setup has been
proposed to test the thermal performance of the PTSC in
compliance with ASHRAE 93-1986 standard. On the
other hand, the experimental results obtained from
performance testing of the PTSC array were compared to
the theoretical study (Yilmaz and Séylemez, 2014) and
showed good coherency with the proposed mathematical
model. The performance tests showed that the obtained
characteristic curve of the tested collector is considerably
favorable for IPH applications requiring thermal energy
need lower than 200 °C (Yilmaz et al., 2014b).
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