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A B S T R A C T  
 

Energy plays a vital role in all human life activities. Due to the problems caused by fossil fuels in recent 
decades such as global warming, greenhouse gas emissions, ozone depletion, etc., the use of renewable and 
clean energy has been considered. An experimental facility for the acquisition of reliable data from Parabolic 
Trough Solar Collectors (PTCs) was established to develop a robust analytical model. A wide range of Heat 
Transfer Fluid (HTF) flow rates (0.0372-0.1072 kg/s) and solar radiation (400-900 W/m2) were used to 
determine PTC parameters such as the outlet temperature of HTF loss and temperature distribution. Vacuum 
conditions in the receiver were considered effective in terms of thermal efficiency. Also, three types of HTF 
including two oil fluids (Syltherm 800 and S2) and water were examined. The temperature distribution showed 
that when Syltherm 800 or S2 passed through the absorber tube, the outlet temperature was higher than water: 
2.84 % for Syltherm 800 and 3.72 % for S2. Since the absorber tube temperature was much higher than water, 
the heat loss in this condition was considered for oil HTF. Of note, the results demonstrated that use of the 
vacuum tube could diminish heat loss for the oil HTF. The effect of solar intensity increases from 600 W/m2 to 
900 W/m2 on the maximum temperature of the receiver tube indicated that when Syltherm 800 was used as an 
HTF, this temperature increased by 35.1 % (from 167 °C to 219 °C), while this percentage was 32.7 % and  
6.8 % for S2 and water, respectively. 
 

https://doi.org/10.30501/jree.2021.261647.1172 

1. INTRODUCTION1 

In current years, the development of energy consumption and 
the growing trend of using fossil fuels have led to widespread 
adverse environmental damage such as greenhouse gas 
emissions and global warming [1]. In order to overcome these 
problems, the use of renewable energy as a viable alternative 
to fossil fuels has led to the development of energy harvesting 
technologies from solar, wind, geothermal, hydroelectric, and 
biomass sources [2]. Meanwhile, due to the advantages of 
solar energy such as cleanliness, easy access, and greater 
sustainability, this energy has found a special place among 
renewable energy sources which have paid a great deal of 
attention to this area of research [3]. Solar radiation can be 
used for a variety of purposes such as generating power, 
providing heating and cooling loads, preparing fresh water for 
residential and industrial use, and air conditioning [4, 5]. In 
solar thermal collectors, generally, the temperature of the 
working fluid is raised through absorption of solar radiation 
and then, this heat is transferred to operating fluid [6]. 
   In general, thermal solar collectors are segmented into two 
categories: flat and concentrated solar collectors [7]. In 
decentralized solar collectors, the output temperature range is 
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less than centralized solar collectors. Therefore, the 
concentrated solar collectors such as solar dishes and linear 
parabolic collectors (PTCs) are applicable since high 
temperatures are needed [8]. The temperature range for the 
PTC is in the range of 30 to 400 °C. This type of solar 
collector is capable of producing superheated steam for power 
generation in solar power plants [9-11]. Due to the role of 
solar collectors in supplying heat to residential and industrial 
places, many researches have been focused to increase the 
capacity factor, stability and efficiency [12]. These studies 
have been conducted in the form of numerical simulations and 
experimental tests to evaluate the effect of changing 
geometrical parameters of solar collectors, type of working 
fluid, geographic orientation and location, and other relevant 
parameters. The following is a review of some research in this 
area of study. Kalogirou [13] conducted a comprehensive 
overview of different kinds of solar collectors and their 
applications. In this regard, the performance of different types 
of solar collectors such as flat plate, compound parabolic, 
evacuated tube, parabolic lens, parabolic dish, and heliostat 
was examined from the thermal, optical, and thermodynamic 
points of view. 
   Some numerical studies have provided information related 
to the geometry and the use of linear parabolic collector tube 
feeders. In this regard, Bellos et al. [14] studied different 
arrangements of fins in the absorber tube of LS-2 linear 
parabolic collectors by numerical modeling. They examined 
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twelve different fins with different lengths and thicknesses for 
linear parabolic collectors. The result showed that increasing 
the absorber length caused an increase in fluid temperature on 
the one side, and an increase in pressure drop, on the other 
side. Bellos et al. [15] did not consider this point of view, i.e., 
the examination of star fins on the absorber tube of the solar 
parabolic collector was carried out. Some researchers have 
studied the effect of fin geometry inside of the absorber tube 
of the solar collector from the numerical and experimental 
points of view. In this respect, Xiao et al. [16] analyzed the 
theoretical and empirical effects of using rectangular fins 
inside of the absorber tube of linear parabolic solar collectors. 
The results of this study showed that the rectangular shape of 
the inside absorber enhanced the performance of solar 
collectors. 
   Some studies have analyzed the effect of different types of 
working fluid inside the absorber tube on the performance of 
the PTC. Bellos and Tsivandis [17] investigated the effect of 
using hybrid nanofluid on the linear parabolic solar collectors. 
They modeled an LS-2 linear parabolic solar collector with 
Syltherm 800 oil as a working fluid in EES software. The 
results of this study showed that this hybrid nanofluid could 
enhance the thermal efficiency of the system by 1.8 %. 
Marefati et al. [7] analyzed the impact of different types of 
working fluid in the linear parabolic solar collector in 
different climates of Iran. The investigation of different types 
of working fluids on the performance of the thermal energy of 
solar collectors has also been the goal of some studies. 
Boukelia et al. [18] investigated the effect of two types of 
working fluids consisting of molten salt and thermal oils in 
solar collectors. The results demonstrated that the thermal 
efficiency of thermal oil as a working fluid in the solar 
collector was better than that of molten salt. 
   Studies on these topics have not been sufficient and there 
have been some numerical and experimental studies on the 
design and construction of linear parabolic collectors. In this 
regard, Dudley et al. [19] studied the efficiency and thermal 
loss of linear parabolic solar collector SEGS LS-2 by 
numerous experimental tests. They examined two different 
materials as an absorber tube in a linear parabolic solar 
collector. Reddy et al. [20] studied the effect of using porous 

plates in an absorber tube of the linear parabolic solar 
collector with an area of 15 m2. They studied the application 
of six different configurations of porous plates inside the 
absorber tube and it concluded that the use of a porous plate 
enhanced the performance of linear parabolic solar collectors. 
   This paper represents a comprehensive investigation of the 
impact of variation of solar radiation intensity and mass flow 
rate of working fluid on temperature changes of HTF in the 
parabolic solar collector. The results of this investigation have 
been obtained with an experimental test and a numerical 
simulation of a linear PTC modeled in MATLAB software. 
The obtained results of simulation and experiments are 
validated with each other. Investigation of three types of heat 
transfer fluids with eight different mass flow rates for 
changing solar radiation intensity is analyzed. Besides, the 
effect of the presence or absence of the vacuum in the space 
between the absorber tube and the coating on the heat transfer 
fluid temperature at different radiations was also investigated. 
Also, the temperature distribution across the collector was 
obtained for three types of heat transfer fluid by numerical 
simulation. The novelty of this research is in expressing the 
results in a new and tangible way using temperature and 
parametric distribution diagrams as a comparison criterion. 
 
2. Experimental Description 

2.1. Typical parabolic trough collector 

A test facility composed of a PTC is made, as shown in Figure 
1 and a black-coated copper tube is enclosed in a Pyrex glass 
tube located at the focal line of the parabolic mirror as a solar 
collector receiver. Hence, by focusing solar irradiation on this 
receiver, Heat Transfer Fluid (HTF) temperature increases [9]. 
Since this system is rather smaller and lighter than the 
conventional PTC, the receiver is fixed and parabolic trough 
reflector rotates to track the sun. Hence, a single-axis solar 
tracker is provided to adjust the reflector so that the absorber 
tube is at the focal point of the mirror throughout the day. 
   Table 1 shows the general characteristics of the PTC and 
Table 2 shows the material properties of the PTC. 
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Figure 1. PTC experimental test facilities 

 
 

Table 1. Characteristics of the PTC 

Symbol Parameter Value Unit 
W Width 1.2 m 
L Length 3 m 

Dai Absorber inner diameter 25.4 × 10−3 m 
Dao Absorber outer diameter 28 × 10−3 m 
Dgi Glass tube inner diameter 45 × 10−3 m 
Dgo Glass tube outer diameter 50 × 10−3 m 
F Focal length 0.45 m 
M Weight 84.728 kg 

Tsun Sun’s temperature 5780 K 
𝛒𝛒𝐫𝐫𝐫𝐫𝐫𝐫 Collector reflectance 0.9 - 
𝜸𝜸 Intercept factor 0.99 - 
εr Receiver emittance 0.23 - 
εc Cover emittance 0.9 - 
σ Stefan Boltzmann constant 5.6704 × 10-8 W/m2K4 
Τ Cover transmittance 0.95 - 
𝛂𝛂 Absorber absorbance 0.967 - 
V Volumetric flow rate 50 L/min 
Kr Receiver thermal conductivity 401 W/mK 
Kc Cover thermal conductivity 1.14 W/mK 
𝐦̇𝐦 Mass flow rate 0.06717 kg/s 

 
Table 2. PTC’s material properties 

Parameter Type 
HTF  Shell Thermia B-S2 

Collector LS-2 
Receiver tube Copper 
Cover material Pyrex glass 

Thermal oil (with brand Shell Thermia B) flows through the 
absorber tube as HTF with high heat transfer conductivity, 
excellent oxidation resistance, and resistance to a temperature 
range of 10 to 330 °C. Table 3 represents the technical 
specifications of this HTF at different temperatures. 

 
Table 3. Technical specifications–Shell Thermia Oil B 

Temperature °𝐂𝐂 0 20 40 100 150 200 250 300 340 
Density kg/m3 876 863 850 811 778 746 713 681 655 

Specific heat J/kgK 1809 1882 1954 2173 2355 2538 2720 2902 3048 
Thermal conductivity W/mK 0.136 0.134 0.133 0.128 0.125 0.121 0.118 0.114 0.111 

Prandtl  - 3375 919 375 69 32 20 14 11 9 
Dynamic viscosity kgm/s 0.2537 0.0654 0.0255 0.0041 0.0017 0.0010 0.0006 0.0004 0.0003 
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2.2. Data acquisition system 

Data acquisition systems are one of the essential parts of 
empirical research. Accuracy of measurement, data 
verification, and control of conditions during the experiment 
are essential issues in data acquisition. This study measured 
inlet, outlet and ambient temperatures, HTF flow rate, wind 

speed, and solar radiation intensity. The schematic of the test 
loop and instrument location and measurement device is 
shown in Figure 2. Furthermore, Table 4 demonstrates the 
characteristics of instruments such as type and accuracy as 
well as the specification of data acquisition system. 

 

 
Figure 2. Schematic of the measurement system 

 
 

Table 4. Characteristics of measuring instruments 

Measuring instrument Measurement parameter Type Range Uncertainties 
Midi-logger Data acquisition-20 channel Midi-840 Temperature, voltage, Ampere, Humidity  up to 10 Hz 

Thermometer Temperature K-Type (−40) − 1200   K ±0.5 0K 
Flowmeter Fluid flow rate Rota Meter 0 − 5   L/min ±0.1 L/min 

Pyrheliometer Direct normal irradiation TES 132 0 − 2000   W/m2 ±0.1 W/m2 
Anemometer Wind velocity GM89901 0 − 45   m/s ±0.1 m/s 

 
3. MODELING AND SIMULATION 

Based on the experimental facilities and experimental design 
tests, this study presented a precise analytical model using 
MATLAB software to compare not only the analytical model 
with experimental results but also predict further conditions 
applying different input dates on PTC. Based on the 
environmental conditions, physical and geometrical 
parameters of the PTC, the fluid outlet temperature, Glass 
cover temperature, receiver tube temperature, optical 
efficiency, and thermal efficiency are obtained. Figure 3 
depicts the flowchart of the modeling and simulation 
procedure. As was mentioned earlier, in order to validate the 
analytical model first, the experimental investigation was 
conducted and implemented in the Matlab code. The results of 
the validation are represented in the next section. Another 
essential aim of analytical modeling is to extract further result 
data, which is very time-consuming and costly with the 
experimental investigation approach. In the following, hence, 
the influence of fluid temperature parameter, HTF type, and 
its flow rate on PTC thermal efficiency is also objective of 
analytical modeling.  

Figure 3. Modeling and simulation algorithm flow diagram 
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3.1. The governing equations 

To obtain the part of solar radiation energy absorbed via the 
collector receiver and the heat dissipated to the environment, 
precise governing equations are implemented [21]. Thereby, 
using this data, the accurate thermal efficiency of the solar 
collector is achieved. Figure 4a demonstrates a schematic of 
the heat transfer model in the receiver of the PTC system. 
Furthermore, the detail of the thermal resistances network of 
the component from the HTF core to the environment is 
shown in Figure 4b. 

 

 
a) Receiver tube heat transfer 

 

 
b) Receiver tube resistance network 

Figure 4. 2D heat transfer modeling of receiver tube 
 
   To measure the useful heat transferred, appropriate 
relationships for the collector efficiency factor F′, heat loss 
factor UL, and the heat removal factor FR must be derived. 
The heat removal coefficient in PTC, FR, is calculated in the 
following [9]. 

(1) FR =
Mf × Cpf
Ar × UL

�1 − exp�
−Ar × UL × F′

Mf × Cpf
�� 

   Ar is the absorbent area (m2) and F′ is the efficiency factor 
obtained using Eq. 2 [22]. 

(2) F′ =

1
UL

�1
UL

+ Dro
hcf×Dri

+ Dro ×
ln�DroDri

�

2×Kr
�

 

where Dri and Dro are the inner and outer diameters of the 
absorber tube, respectively, and hcf is the heat transfer 

coefficient. The UL, known as heat loss factor, can be 
calculated for two types of receivers: when the space between 
the absorber tube and the glass cover is vacuumed, UL is 
calculated from Eq. 3; and when there is gas in this gap, UL is 
calculated using Eq. 4 [9, 23]. 

(3) UL =
1

 hr,r→c + Ar
Ac

× �hc,c→am + hr,c→am�
 

(4) UL =
1

hr,r→c + 2×kgas_eff

Dci×ln�
Dci
Dco

�
+ Ar

Ac
× �hc,c→am + hr,c→am�

 

   Here, Ac is the cover area, Ar is the area of absorber tube, 
hc,c→am is the heat transfer coefficient between glass cover 
and environment, hr,c→am is the radiative heat transfer 
coefficient between cover and environment, hr,r→c is the 
radiant heat transfer coefficient between the adsorbent and the 
cover, and kgas_eff  is the effective heat transfer coefficient 
between the adsorbent and the glass cover. 
   Note, the heat transfer coefficient of displacement between 
the cover and the environment, hc,c→am, is obtained as follow: 

(5) hc,c→am =
Nuair × Kair

Dco
 

where Nuair is Nusselt number of air, which is calculated 
through the following equation [24]. 

(6) Nuair  = C × ReairM × PrairN × �
Prair
PrW

�
0.25

 

   The Prandtl number PrW was calculated at the outer surface 
temperature of the cover, and the other parameters of Relation 
5 can be computed at the average temperature of the boundary 
layer between the cover and the air. The values of M, N, C are 
obtained from Table 5 [24]. 

 
Table 5. Constant for Eq. 6 

Re C M N 
𝟏𝟏 − 𝟒𝟒𝟒𝟒 0.75 0.4 Pr<10 Pr>10 

𝟒𝟒𝟒𝟒 − 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 0.51 0.5 
0.37 0.36 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 − 𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟓𝟓 0.26 0.6 

𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟓𝟓 − 𝟏𝟏𝟎𝟎𝟕𝟕 0.076 0.7 
 

   The radiative heat transfer coefficient between the cover and 
the environment hr,c→am is obtained from the following 
relation. 

(7) hr,c→am  = ϵc × σ × �Tc2 + Tsky2 � × (Tc + Tsky) 

where  σ is Stephen Boltzmann's constant (5.67 × 10-8 W
m2×K4

), 
Tsky denotes the sky temperature, and TC relates to the cover 
surface temperature with or without vacuum, which can be 
calculated through Relations 8 [25] and 9 [26], respectively. 

(8) Tsky = 0.05532 × Tamb1.5  
  

(9) 

Tcvac =
Arhr,r→c × Tr + Ac�hr,c→am + hc,c→am�Tamb

Arhr,r→c + Ac�hr,c→am + hc,c→am�
 

Tcno−Vac =
Arhr,r→c + (

2×kgaseff
Dci×ln�

Dci
Dco

�
Tr) + Ac�hr,c→am + hc,c→am�Tamb

Arhr,r→c + 2×kgas_eff

Dci×ln�
Dci
Dco

�
+ Ac�hr,c→am + hc,c→am�
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The value of the radiant heat transfer coefficient between the 
absorber tube and the cover hr,r→c is obtained from Equation 
10 as follows: 

(10) hr,r→c =
σ × (Tr2 + Tc2) × (Tr + Tc)

1
ϵr

+ (�1
ϵc
− 1� × �Ar

Ac
�)

 

where Tr represents the surface temperature of the adsorbent 
tube which can be calculated using Equation 11 [26]. 

(11) Tr = Tin +
Qu

Ar × UL × FR
× (1 − FR) 

where Qu is the useful heat transferred to the HTF. The 
effective heat transfer coefficient between the absorber tube 
and its cover, kgas_eff, is as follows [23]: 

(12) kgas_eff = 0.386 × k × �
Prr→c

0.861 + Prr→c
�
0.25

× Racy0.25 

where kgas is the conductivity heat transfer coefficient of the 
fluid between the absorber tube and the cover, and the Prandtl 
number Prr→c is obtained by considering the average 
temperature of the gas. 
   Further, the value of Racy is obtained from Eq. 13 [23]. 

(13) Racy =
ln �Dci

Dro
�
4

× Ra

Lc3 × �Dci
−0.6 + Dro

−0.6�5
 

where Lc represents the effective length and Ra represents the 
Riley dimensionless number. The last parameter needed to 
calculate the FR is the heat transfer coefficient of the fluid hcf 
and it can be obtained from the following relation [27]. 

(14) hcf =
Nuf × Kf

Dri
 

   The value of Nuf can also be calculated from Eq. 15 [28]. 

(15) 
Nuf = 3.66 +

0.0667 × Ref × Prf × Dri

L × �1 + 0.04 × �Ref×Prf×Dri
L

�
2
3�

 

Re < 2300 Nuf = 0.023 × Re0.8 × Pr0.4 

   In Equation 15, parameter L represents the collector tube 
length and Prf is the Prandtl number of the fluid in the tube. In 
consequence, after calculating the heat removal factor, FR, the 
useful heat transferred to the HTF can be obtained in the 
following [29]: 

(16) Qu = FR��G × ηopt × Aa� − �ArUL(Ti − Tamb)�� 

where the parameter G is the solar radiation intensity, Aa is 
area, and  ηopt is the optical efficiency of the collector. 
Assuming that the solar radiation is perpendicular to the 
reflector span at any moment, the optical efficiency can be 
computed as follows: 

(17) ηopt = ρref × τ × α × ϒ 

where α, τ, ϒ and ρref are the absorption coefficient, the cover 
transmittance, the intercept factor, and the collector 
reflectance, respectively. Meanwhile, the thermal efficiency is 
obtained from  Equation 18 [9]. 

(18) ηth =
Qu

G × Aa
× 100 

where Qu is the transferred useful heat to the HTF. 
Consequently, the HTF temperature difference is obtained 
from Eq. 18 below: 

(19) ΔT = (
Aa × ηth
ṁ × cp

) × G 

 
3.2. Validation 
To show the robustness of the simulation, the validation 
process is a mandatory step. For this purpose, the obtained 
results from the experimental investigation should be 
compared with the analytical simulation. The experimental 
results obtained for a wide range of inlet temperatures and 
velocities are presented in Table 6. The fluid output 
temperature of the collector and its thermal efficiency in the 
experimental and numerical modeling are compared to 
confirm the accuracy of the modeling performance. 

 
Table 6. Comparison between experimental result and numerical model 

HTF flow rate = 0.06717 kg/s 

Date 𝐆𝐆𝐛𝐛 
(𝐖𝐖/𝐦𝐦𝟐𝟐) 

𝐓𝐓𝐚𝐚𝐚𝐚𝐚𝐚 
(𝐨𝐨𝐂𝐂) 

𝐓𝐓𝐢𝐢𝐢𝐢 
(𝐨𝐨𝐂𝐂) 

𝐕𝐕𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 
(𝐦𝐦/𝐬𝐬) 

𝐓𝐓𝐨𝐨𝐨𝐨𝐨𝐨 (𝐨𝐨𝐂𝐂)  𝛈𝛈𝐭𝐭𝐭𝐭 (%) 
𝐄𝐄𝐄𝐄𝐄𝐄 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 (%) 𝐄𝐄𝐄𝐄𝐄𝐄 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 (%) 

2018/10/21 667 21.6 47.80 1.7 59.86 60.39 0.89 70.55 73.69 4.45 
2018/10/21 676 22.9 54.50 2 66.81 67.03 0.33 71.91 73.21 1.82 
2018/10/21 685 24.5 45.39 1.4 58.10 58.43 0.56 72.17 74.04 2.60 
2018/10/21 767 25.5 42.73 0.9 58.29 57.43 1.47 76.67 74.29 -5.58 
2018/10/21 882 25.6 46.62 1.4 62.99 63.23 0.39 72.56 73.67 1.53 
2018/10/22 450 23.7 54.35 0.7 62.81 62.78 0.05 74.01 73.73 -0.37 
2018/10/22 557 24.3 50.79 2.2 60.84 61.25 0.66 70.69 73.56 4.06 
2018/10/22 414 24.15 44.88 0.5 53.09 52.87 0.41 76.72 74.67 -2.67 
2018/10/22 587 24.15 45.74 2.3 56.89 56.91 0.03 73.77 73.89 0.16 
2018/10/22 617 24.5 38.29 1.9 50.11 50.27 0.32 73.48 74.47 1.35 
2018/10/23 613 17.5 39.84 0.9 51.65 51.70 0.09 74.08 74.39 0.42 
2018/10/23 674 21.75 52.10 1.3 64.93 64.70 0.36 74.93 73.54 -1.85 
2018/10/23 663 24.05 47.07 0.8 59.36 59.68 0.54 72.28 74.18 2.63 
2018/10/23 715 24.45 48.59 1.2 62.42 62.08 0.54 75.71 73.86 -2.45 
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2018/10/23 874 23.75 49.10 1.6 65.79 65.44 0.53 75.02 73.43 -2.12 
2018/10/24 758 22.70 39.67 1.9 53.95 54.23 0.52 72.63 74.06 1.97 
2018/10/24 717 23.00 48.79 1.5 62.10 62.28 0.30 72.67 73.69 1.41 
2018/10/24 790 24.55 49.02 0.5 64.51 63.94 0.88 76.92 74.07 -3.71 
2018/10/24 852 25.20 50.36 1 66.73 66.31 0.63 75.62 73.65 -2.60 
2018/10/24 888 24.90 47.75 0.8 64.68 64.47 0.32 74.75 73.81 -1.26 

 
According to the results of Table 6, the maximum error 
associated with the fluid outlet temperature in analytical 
modeling is 1.47 % and the maximum error of thermal 
efficiency is 5.58. The analytical and experimental results are 
compared in Figures 5 and 6 the error interval in each case is 
determined. 

 

 
Figure 5. Comparison of the outlet temperature in analytical and 

experimental results 
 
 

 
Figure 6. Comparison of the efficiency in analytical and 

experimental results 

Accordingly, the right consistency is obtained between 
analytical and experimental results. Moreover, to make a 
better comparison between the experimental and analytical 
data, Figure 7 shows the temperature difference between inlet 
and outlet temperatures against solar radiation in both 
analytical and experimental cases. 
   The linear trend equation for both analytical and 
experimental investigations is demonstrated in this figure. 
Upon comparing the slope values of the experimental and 
analytical data in Figure 7, there is only 0.53 % error which 
shows the good accuracy of the analytical modeling approach. 

 

 
Figure 7. Comparison of HTF temperature difference between 

experimental and analytical results 
 
4. RESULTS AND DISCUSSION 

4.1. Mass Flow Rate Effect 

The operating conditions of PTC influence thermal efficiency. 
Solar radiation, wind speed, and ambient temperature are the 
major affected factors. Calculation is carried out at a specified 
time interval, presuming that the wind speed and ambient 
temperature are constant. Figure 8 depicts the difference 
between the inlet and outlet HTF temperatures (ΔT) versus 
solar irradiation. According to Eq. 19, since ΔT is a function 
of PTC efficiency and HTF specific heat capacity, the slope of 
the fluid temperature diagram is fairly constant. Therefore, 
linear behavior for any HTF flow rate can be expected. In 
Figure 8, 8 different discharge flow rates are plotted. 
   According to Figure 8, as the HTF flow rate increased with 
the same solar irradiation ranges, the slope of the graph and, 
hence, the HTF temperature difference decrease. Furthermore, 
according to Figure 8, at specific solar irradiation, ΔT of HTF 
is more influential in the HTF flow rate. In other words, if 
more ΔT is targeted, the decrease of HTF flow rate is 
appreciated. For more clarity, Table 7 demonstrates the HTF 
mass flow rate with respect to the slope of the graphs in 
Figure 8. According to Eq. 19, the line slope is (Aa×ηth

ṁ×Cp
), 

called capacity factor. 



D. Borzuei et al. / JREE:  Vol. 8, No. 4, (Autumn 2021)   52-66 
 

59 

 
Figure 8. Effect of mass flow rate on the temperature difference for S2 

 
Table 7. Capacity factor values for different mass flow rates 

# Mass flow rate (𝐤𝐤𝐤𝐤/𝐬𝐬) (
𝐀𝐀𝐚𝐚 × 𝛈𝛈𝐭𝐭𝐭𝐭
𝐦̇𝐦 × 𝐂𝐂𝐩𝐩

) 

1 0.03717 0.0328 

2 0.04717 0.0263 

3 0.05717 0.0220 

4 0.06717 0.0189 

5 0.07717 0.0166 

6 0.08717 0.0148 

7 0.09717 0.0133 

8 0.10717 0.0121 

 
According to the data illustrated in Table 7, the increase of 
mass flow rate is consistent with the decreasing of the 
capacity factor values. Furthermore, according to Eq. 19, the 
slope of the linear trends in Figure 8 corresponds with the 
inverse of mass flow rate (1

ṁ
). Therefore, for clarity, if 

capacity factor is plotted against the reverse of mass flow rate, 
Figure 9 is formed. According to Figure 9, an excellent linear 
approximation can be obtained. It is inferred that the line 

slope is in fact related to PTC thermal efficiency and HTF 
heat capacity (ηth

Cp
). 

 

 
Figure 9. Variation in capacity factor against the inverse of mass 

flow rate 
 
4.2. Influence of HTF type 

To examine the influence of HTF type, a similar investigation 
is performed for two other fluids: Syltherm 800 and water. 
The results are obtained and illustrated in Figure 10. The HTF 
temperature difference at different solar irradiation and mass 
flow rates is depicted in this figure for two HTF types. 

 

 
a) Syltherm 800 
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b) water 

Figure 10. Effect of mass flow rate on the temperature difference 
 
Figure 10 reveals that in the same condition, the HTF 
temperature difference in Syltherm 800 oil is higher than 
water, which can be attributed to its lower thermal capacity 
than water. Meanwhile, the reduction of the capacity factor 
due to an increase in the HTF flow rate is shown for the three 
HTF types of S2 oil, Syltherm 800 oil, and water (Figure 11) 
to better elucidate the effect of the HTF types. According to 
Figue 12, the term capacity factor for the Syltherm 800 oil is 
more responsive to the reduction of the HTF flow rate 
(increasing 1 ṁ⁄ ) compared to S2 and water. It is shown that 
to reach a higher temperature at a constant flow rate and solar 
irradiation, Syltherm 800 oil is better than S2 oil and S2 oil is 
better than water. 

 

 
Figure 11. Variation in capacity factor against the inverse of mass 

flow rate for three different HTFs 
 
4.3. The effect of vacuum 

The effect of the vacuum in the gap between the glass cover 
and the absorber tube on the thermal performance is 
investigated. Thereby, the governing equations of the solar 
vacuum tube are implemented in the analytical model for 
different HTFs to obtain thermal factors. The results are 
depicted in Figure 12 for three HTF. As expected, 
implementing a vacuum tube will enhance the capacity factor 
more than the non-vacuumed tube (see Figure 11). This graph 
shows that the rates of the effectiveness of the evacuated tube 
in capacity factor for Syltherm 800 oil and S2 oil are 6.66 %, 

and 8.33 %, respectively, but it is negligible for the water. It 
can be attributed to the higher heat capacity of the water than 
other HTFs considered in this study. The high heat capacity of 
water causes a decrease in the absorber surface temperature, 
which has a high impact on the receiver heat loss. This 
outstanding result is discussed in the following. 

 

 
Figure 12. Effect of the vacuum on the variation of capacity factor 
with respect to the inverse of mass flow rate for three different HTF 

types 
 
4.4. Temperature distribution of PTC 

Furthermore, in the PTC system, another factor affecting the 
heat transfer rate and outlet HTF temperatures is the 
surrounding conditions of PTC such as the intensity of solar 
radiation, wind speed, and ambient and sky temperatures. 
These factors influence the temperature of various points of 
the receiver of PTC, such as the glass cover temperature as 
well as the surface temperature of the absorber tube, which 
affect the rate of heat transfer to the HTF. According to the 
model illustrated in Figure 5, the temperature distribution of 
the receiver can elucidate the heat transfer mechanism. In a 
specific surrounding condition listed in Table 8, use of 2D 
numerical model and simulation in the radial direction of the 
receiver is considered for three different HTF types for the 
receiver with & without vacuum. Accordingly, the 
temperature distribution in the radial direction is obtained and 
plotted in Figure 13 for three HTFs of Syltherm 800 oil, S2 oil 
and water. 
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Table 8. Governing condition of Figure 13 

Flow 
rate 

(kg/s) 

Ambient 
temperatur

e (°C) 

Wind 
speed 
(𝐦𝐦/𝐬𝐬) 

Solar 
irradiance 
(𝐖𝐖/𝐦𝐦𝟐𝟐) 

HTF inlet 
temperature 

(°C) 
0.067

17 21.6 1.7 667 47.8 

 
As can be seen in Figure 13, the highest temperature for the 
receiver in the PTC is the outer surface temperature of the 
absorber tube and the lowest temperature is the outer surface 
temperature of the glass cover. The smallest temperature 
difference between the absorber tube and the HTF occurs for 
the water, and the biggest one is in Syltherm 800 oil, which is 
owing to the HTF thermo-physical properties, especially the 
specific heat capacity. Furthermore, the impact of the vacuum 
on the temperature is demonstrated in Figure 13. As can be 

seen, the overall temperature in the vacuumed tube is higher 
than that in the unvacuumed tube. However, the level of 
temperature for the vacuumed tube is higher for the Sym800 
and S2 than that for the water. 
 
4.5. Thermal efficiency effect 

In consequence, this study calculated the thermal efficiency of 
the PTC for three different HTFs, flow rate ranging from 
0.0372 to 0.1072 kg/s, and solar radiation from 400 to 900 
W/m2. 
   To obtain the thermal efficiency, the environmental 
conditions demonstrated in Table 8 are applied for 8 different 
HTF flow rates and wide ranges of solar irradiations. The 
results are depicted in Figure 14 for three HTFs used in this 
study. 

 

 
Figure 13. Temperature profile of PTC for vacuumed & unvacuumed tubes and three HTF types 

 
 

 
a) Syltherm 800 
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b) S2 

 

 
c) Water 

Figure 14. Effect of mass flow rate and solar irradiation on thermal efficiency for three HTF types 
 
According to Figure 14, the thermal efficiency raises with an 
increase in the HTF flow rate and decreases following the 
growth of solar radiation for Syltherm 800 and S2. The 
opposite behavior is seen for water, which is explicitly 
discussed in the paragraph below. Further, with the increment 
of the HTF flow rate, the Reynold number increases in the 
absorber tube. Therefore, it leads to an increase in the heat 
transfer coefficient, which consequently results in thermal 
efficiency rise at a higher HTF flow rate. Moreover, according 
to Figure 14, the thermal efficiencies obtained for the lower 
HTF are more scattered around the fitted line than the higher 
flow rate. The R-square is given in Figure 14 for all trend 
lines. It can be confirmed that the model is excellent 
consistent with the high flow rate. 
   The behavior of decrement of thermal efficiency with the 
solar radiation for Syltherm 800 and S2 is attributed to the 
heat loss from the receiver to the environment due to the hot 
surface of the receiver at higher solar irradiation. According to 
Figure 15c, the behavior of water differs from the other two 

HTFs. To assess this behavior, heat loss is calculated based on 
the analytical model shown in Figure 4 for three different 
HTFs. The results are depicted in Figure 15. Accordingly, the 
heat loss for Syltherm 800 and S2 is much higher than that for 
the water. It can be attributed to the high temperature of the 
absorber tube of Syltherm 800 and S2, compared to water. 
Compared to the two other HTFs, water with higher specific 
thermal heat and heat transfer conductivity would diminish 
absorber tube temperature. The impact of solar intensity 
variations on the temperature distribution across the horizontal 
cross-section of the PTC is shown in Figure 16 for the three 
HTFs. This figure confirms that the same value of solar 
intensity could produce maximum temperature on the 
absorbent tube for Syltherm 800 as a working fluid compared 
to S2 and water as a working fluid. Therefore, based on the 
conditions examined in this study, it can be concluded that 
water can cool down the absorber to gain more solar heat than 
the two other HTFs. However, the HTF temperature is lower 
for the water. 
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a) Syltherm 800 

 

 
b) S2 

 

 
c) Water 

Figure 15. Heat loss in three HTFs with different flow rates and solar irradiations 
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Figure 16. Temperature distribution for three HTFs and three irradiations 

 
5. CONCLUSIONS 

This study managed to carry out an experiment with the aim 
of investigating different rates of thermal efficiency, 
temperature distribution of a PTC for varying mass flow rates, 
and solar intensities for three Heat Transfer Fluid (HTF) 
types. In addition, the results were validated using a 
developed numerical model. In this regard, the PTC was 
employed and an experimental rig was built to perform the 
experimental study. Moreover, the effect of the vacuum in the 
space among the glass cover and the adsorbent tube was 
examined for these three HTFs. The following results can be 
concluded through this research: 

-There was a linear relationship between the temperature 
change across the PTC and the variation of the HTF flow rate 
for constant solar radiation. The slope of these changes 
represents the sensitivity of these three HTFs. The results 
showed that the Syltherm 800 oil was more sensitive to the 
variation of the HTF flow rates than S2 oil and ordinary water. 
In other words, a higher temperature was available for a lower 
mass flow rate with a PTC and Syltherm 800. 

-The linear relationship between the capacity factor and the 
inverse of mass flow rate demonstrated that the PTC with 
Syltherm 800 had a greater degree of thermal efficiency than 
the other two HFTs with PTC. 

-The results for the presence of the vacuum between the glass 
cover and the adsorbent tube indicated that the existence of 
vacuum raised the thermal efficiency of PTC with Syltherm 
800 oil by about 6.7 %, about 8.3 % with S2 oil, and a 
negligible amount for ordinary water. 

-The temperature profile across the horizontal cross-section of 
the PTC with three working fluids (constant solar intensity 

and HTF mass flow rate) showed that maximum temperature 
was reached on the receiver tube and this maximum 
temperature for Syltherm 800 oil was 176 oC and for S2 oil 
and water were 161 oC and 61 oC, respectively. 

-The presence of the vacuum between the glass cover and the 
adsorbent tube changed the maximum temperature of the 
receiver tube with Syltherm 800 oil by about 2.84 % from  
176 oC to 181 oC, for S2 oil by about 3.72 % from 161 oC to 
167 oC, and by negligible amount for water. 

-The results for of the effects of solar intensity variation on 
the temperature profile across the horizontal cross-section of 
the PTC with three working fluids revealed that the maximum 
temperature still occurs on the receiver tube. However, the 
maximum temperature of the receiver tube with Syltherm 800 
oil working fluid increased by 35.1 % from 167 oC to 219 oC, 
since the solar intensity changed from 600 W/m2 to 900 
W/m2. This increase in the case of the same level of solar 
intensity variation for S2 working fluid was 32.7 % from    
153 oC to 203 oC. Again, this temperature rise for water as a 
working fluid was about 6.8 %, which is almost negligible in 
compassion with that for these two oils as working fluids. 

   In the end, it should be noted that despite the proof of the 
existing modeling, it is better to evaluate the results with 
experimental research in future research, for which special 
facilities and equipment are required that make these studies 
limited and difficult. 
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NOMENCLATURE 
A Area (m2) 
C Concentration 
Cp Specific heat at constant pressure (kJK-1kg-1) 
D Diameter (m) 
F Focal distance (m) 
FR Heat removal factor 
h Heat transfer coefficient (Wm-2K) 
G Solar radiation (Wm-2) 
K Thermal conductivity (WK-1m-1) 
Nu Nusselt number 
T Temperature (C) 
Pr Prandtl number 
Qu Useful energy (W) 
Re Reynolds number 
UL Collector loss coefficient (Wm-2K-1) 
Vair Air velocity (ms-1) 
W Width (m) 
L Tube length (m) 
Ra Rayleigh number 
Greek letters 
α Absorber absorbance 
ρref Collector reflectance 
𝛾𝛾 Intercept factor 
µ Dynamic viscosity (kgm-1s-1) 
ϵ Emittance 
η PTC efficiency 
ηopt Optical efficiency 
ρ Density (kgm-3) 
σ Stefan-Boltzmann constant (Wm-2K-4) 
τ Cover transmittance 
Subscripts 
sky Sky condition 
f Fluid inlet 
out Outlet 
in Inlet 
opt Optical 
c Cover 
r Receiver 
a Aperture 
i Inner 
o Outer 
amb Ambient 
L Loss 
Abbreviation 
CSP Concentrating Solar Power 
DNI Direct Normal Irradiance 
LS-2 Lus System 2 End Gen 
SNL Sandia National Laboratory 
PTC Parabolic Trough Collector 
SNL Sandia National Laboratory 
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