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Source of clean drinkable water is a big problem in the world. Water purification 
processes consume the fuel which extremely effect on environment, economy, and 
human health. Solar parabolic trough collector (PTC) was built to meet the requirement 
of drinking water for the village members in desert areas without relying on fossil fuel. 
The PTC powered by solar energy is the most favourable compared to flat plate 
because higher temperature is obtained. The design, fabrication, and performance 
medium-scale of a stainless steel solar-powered parabolic trough collector (PTC) with 
a 90° rim angle and 3 m×1.314 m aperture area as a hot water generating system were 
investigated in this paper. Theoretical calculations and primary design were achieved 
with all possible evaluations that provide accuracy design able to produce 200 L/day of 
water with more than 80℃.  A certain amount of load equal to the force generated by 
34 m/s wind blowing was applied to the PTC and deformed the parabola within 
acceptable limits. The gravity-load- and thermal-expansion-induced deformation of 
the receiver tube was also investigated. Comparing such deformation with the width 
of the solar image in the focal plane revealed a maximum deformation of 1.43 mm in 
the mid length of the receiver tube that was within acceptable limits. The deformation 
of the receiver tube is an important new test to assess the thermal performance of 
PTC. The performance of PTC was assessed based on the ASHRAE Standard 93. The 
reflected energy distribution of parabolic surface errors showed a standard deviation 
of 0.009165 rad, which, according to ASHRAE Standard 93, indicates that the parabolic 
surface has a high reliability. The collector time constant was set to 75 s, while the 
slope and intercept tests of the collector efficiency equation were 0.2358 and 0.72987, 
respectively. The experimental results show that the maximum water obtained from 
system is more than 226 L/day with temperature ≥50℃ at flow rate of 0.00925 𝑘𝑔/𝑠, 
and at mentioned flow rate is 92℃. 
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1. Introduction 
 

Energy demand has been increasing with the population and the rising standard of living. The use 
of unclean energy sources adversely affects the economy, the environment, and human health. 
Therefore, many countries prefer to use renewable energy sources, such as wind and solar energy, 
to fulfill their energy requirements without depending on fossil fuels [1-3]. Solar energy is one of the 
most promising renewable energy sources available at present. Among different types of solar 
collectors, the parabolic trough collector (PTC) has been receiving considerable attention for a wide 
range of applications, particularly in hot water production [1, 4-5] and industrial steam generation 
Thomas [6-7]. PTCs are preferred for solar steam generation due to their capability to attain a 
temperature of 400 °C [2, 8]. 

A PTC is a promising solar collector technology that converts solar irradiation into thermal energy 
by collecting solar incident rays from the sun and then reflecting them onto a linear receiver tube 
that contains a heat transfer fluid (HTF) to produce heat [3, 9-10]. The accuracy of a parabolic surface 
is a crucial factor that affects the efficiency and performance of a PTC. PTC design should consider 
the capability of a PTC to carry its own weight and resist wind force. The accuracy of a parabolic 
trough surface is evaluated through a collector performance test according to the American Society 
of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) Standard 93 (1986; a test method 
for determining the thermal performance of solar collectors) Valan and Sornakumar [11].  

Jaramillo et al., [12] designed, constructed, evaluated, and tested five aluminum solar PTCs for 
hot water generation. Two of them were designed with a 45° rim angle and the other three with a 
90° rim angle. The thermal test for both designs was determined based on the Standard ASHRAE 93-
1986. Maximum efficiency was calculated for collectors with a rim angle of 90° is 67%, whereas 
maximum efficiency achieved for solar collectors with a rim angle of 45° is 35% [12].  

Several researchers [2,13-14] present comprehensive reviews of previous works on PTC 
performance improvement  with  novel  receiver  geometries including corrugated pipes [15-16], 
converging-diverging pipes [17], dimpled pipe [18], longitudinal vortex generators [19], helical fins 
[20],  metal foam [21], porous discs [22], perforated plate inserts [23], conical inserts [24], twisted 
tape inserts [25-26],  and wavy pipes [27].  Comprehensive description and review of the aforesaid 
and additional receiver arrangements are mentioned in References [13,28] and are not discussed 
further hither for brevity. Previous reviews discuss the variety of receiver geometries and 
improvement the overall collector performance by inducing turbulence for an enhanced mixing or 
increasing the heat transfer surface area with additional heat flow. However, literature review 
indicates that a deformation of receiver tube has not been studied yet.  

The design, fabrication, and performance of a solar-powered parabolic trough collector (PTC) as 
a hot water generating system were investigated in this paper. This collector comprises a parabola-
shaped reflective material (stainless steel), receiver tube, and support structures with manual 
tracking. The deformation of the receiver tube was also tested as a new important exam to assess 
the thermal performance of PTC. 
 
2. Methodology of PTC Design  
 

In designing a PTC system, the parabolic curve should be carefully considered to ensure that most 
incident radiation will be reflected to the focal point. The construction accuracy of a PTC surface is 
evaluated according to ASHRAE Standard 93 (1986) ASHRAE [29].  



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 67, Issue 2 (2020) 47-65 

49 
 

The current study used stainless steel to fabricate a PTC with a parabolic length of 3 m. The 
parabola curve was plotted with high accuracy on paper. The parabola drawing was then checked 
against the equations for a parabolic curve (y) [2, 30-32]:  

 

𝑦 =
𝑥2

4𝑓
               (1) 

 
The current study considered increasing the aperture area to achieve a more open curve by 

reducing the constant value (1/4f) in Eq. (1) [11] as shown in Figure 1. 
 

 
Fig. 1. Parabolic curve 

 
Therefore, the parabola curve function in this case is expressed as 
 

𝑦 = 0.0076 𝑥2             (2) 
 

where (f) represents the parabolic focal length, and the arc length (S) can be estimated based on 
the rim angle (∅𝑟) and the focal length using [2, 33], (see Figure 2). 

 

𝑆 =  2𝑓 [(sec
∅𝑟

2
 tan

∅𝑟

2
) + (ln (sec

∅𝑟

2
 tan

∅𝑟

2
))]         (3) 

 

 
Fig. 2. Basic design parameters of parabolic 
trough concentrator with image dimensions for a 
linear concentrator Abdulhamed et al., [2]. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 67, Issue 2 (2020) 47-65 

50 
 

 
According to dimensions that obtained from Eq. (2) and Eq. (3) with 90° of rim angle (∅𝑟), one rib 

model was fabricate as a template for the second piece. The rib width, depth and thickness that 
calculated from equations were 132.4 cm 32.8 cm and 2 cm respectively, as shown in Figure 3 

 

 
Fig. 3. Parabolic rib (all dimensions are in cm) 

 
Then, the two ribs are connected using five straight hollow square tubes with length of 3m to 

produce PTC structure as presented in Figure 4. 
 

 
Fig. 4. Parabolic trough structure 

 
A stainless-steel plate with a thickness of 1 mm was fixed with four bolts over the parabolic trough 

structure as shown in Figure 5. 
 

 
Fig. 5. Parabolic trough structure with plate 
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Then, the support structure with manual tracking which consist of three parts was built.  This 
structure enables the system to manually track the movement of the sun in two axis, as shown in 
Figure 6(a), (b) and (c). 

 

   
(a) (b) (c) 

Fig. 6. Stages manufacture of PTC system. (a). first part of support structure, (b). assemble first and second 
part of support structure with allow movement to left and right, (c). assemble three part of support 
structure with movement in two axis 

 
3. Result and Discussions  
3.1  Load Testing 

 
Gravity and wind loads are torque loads that affect PTCs. Gravity load is produced when the 

centre of gravity is not centred with the axis. Wind load on the trough was calculated using sand to 
simulate the load. Sand was measured with a weight balance machine before it was loaded into the 
trough. Sand was added gradually to the trough, which was maintained in a horizontal position. A 
dial gauge (Figure 7(a)) was placed below the stainless-steel parabolic trough to measure deflection, 
as shown in Figure 7(b). 

 

  
(a) (b) 

Fig. 7. (a) dial gauge, (b) PTC with dial gauge 
 

The maximum weight of the sand added to the trough was 72 kg, which represented a wind 
velocity of 34 m/s. A wind force of 72 kg for the design wind velocity of 34 m/s was estimated for the 
parabolic trough in the work of Randall (1981) by using the method prescribed in “the code of 
practice for design loads for buildings and structures” IS: 875–Part 3 (1987) Valan and Sornakumar 
[11]. It is worth noting that the maximum wind velocity recorded in Julay and Auguast 2019 where 
the system tested was 34 m/s [34]. 
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The experimental test showed that the deflection at the center of the parabolic trough with a full 
load was only 0.86 mm, which is within acceptable limits. The load starts exerting an effect after a 
weight of 15 kg is reached, as shown in Figure 8. 

 

 
Fig. 8. Deflection versus load 

 
3.2 System Description 

 
The solar-powered PTC system is utilized to generate hot water. The system consists of a PTC, a 

hot water accumulative tank, and a cold water source. The length of system (parabolic collector or 
receiver tube) is limited according to available space, then according literature review the optimum 
rim angle is 90°. The parabola built according to the characteristics and dimensions of the newly 
developed PTC that obtained from theoretical equations from Eqs. (1) to  (3) are provided in Table 1. 
The PTC comprises a flexible material for the solar reflector with a reflectance of 0.947. The receiver 
tube which placed in a focal line at distance of 32.8 cm, was fabricated from a stainless-steel material. 
Water from the cold water source flows through the stainless steel tube, where it is heated, and then 
it flows back into the hot water accumulative tank. The dimensions of stainless-steel tube were 
estimated from receiver tube designed in previous work for authors  as listed in Table 1 [34].  

 
Table 1 
The dimensions of parabola trough with receiver tube 
Description Dimensions 

Parabola length (L) 300 (cm) 
Parabola aperture (W𝑎) 131.4 (cm) 

Focal distance (f) 32.8 (cm) 
Rim angle (∅𝑟) 90° 
Thickness of parabolic steel plate  1 (mm) 
Inside receiver tube diameter (𝐷𝑖) 50 (mm) 
Outside receiver tube diameter (𝐷𝑜) 51 (mm) 
Parabola height (ℎ𝑝) 32.8 (cm) 

 
The PTC rotates manually in two axes to track the sun as it moves across the sky during the day. 

Type K thermocouple wires and readers were used to record the temperature in the inlet (𝑇𝑖𝑛) and 
the outlet (𝑇𝑜𝑢𝑡) of the receiver tube. The experiments were conducted on various days from 8:00 
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a.m. to 5:00 p.m. in Baghdad, Iraq with a mean solar beam radiation (𝐼𝑏) within the range of 1800–
2200 W m2⁄  and a mean ambient temperature (𝑇𝑎𝑚𝑏.) within the range of 45°C –52°C. The maximum 
hot water at the receiver outlet was measured as 82 °C. 

 
3.3 Deformation of the Receiver Tube (𝛿𝑅) 

 
The deflection of the receiver tube was compared with the width of the solar image in the focal 

plane. To guarantee non-disparity, the width of the solar image must be larger than the diameter of 
the receiver tube. Otherwise, the radiation reflected on the receiver tube will be poorly distributed, 
thereby reducing the thermal efficiency of the PTC. 

As shown in Figure 2, the width of the focal zone was measured based on the radiation reflected 
from the rim of the parabola. The width of the solar image in the focal plane increases along with the 
rim angle. The solar radiation incident beam has a cone shape with an angular width of 2𝜑 =
0.53°and half-angle (𝜑) width of 0.267°. The incident beam is radiated on the concentrator at a 
direction parallel to the central plane of the parabola [35-36].  

Solar radiation falls on the solar reflector at point B, the angle (AFB) represent the rim angle (∅𝑟) 
and was used to estimate the maximum mirror radius (𝑟𝑟) as shown in Figure 2. 

The diameter of a semicircular receiver (Figure 2) can represent the width (𝑤) of the flat receiver 
on the focal plane of the parabola. This width can be defined as Rabl [36] 

 

𝑤 =
𝑊𝑎 𝑠𝑖𝑛 0.267

𝑠𝑖𝑛 ∅𝑟 𝑐𝑜𝑠(∅𝑟+0.267)
            (4) 

 
Based on this equation, w is equal to 56.4 mm. As shown in Figure 9, the deflection of the receiver 

was measured by placing a dial gauge in the mid length of the receiver tube on which the highest 
deformation was observed. 

 

 
Fig. 9. Dial gauge on the mid length of the receiver tube 

 
Four tests were performed on a (1) plain tube, (2) a plain tube with full load water flow, (3) a tube 

with insert rings, and (4) a tube with insert rings and full load water flow to estimate the extent of 
deformation of the receiver tube. The loads applied in (2) and (4) were 8.75 kg and 10.5 kg, 
respectively. A weight balance machine was used to measure the load of the receiver tube before 
installing this tube into a PTC. The thermal-expansion-induced deformation was measured at 30-
minute intervals. As shown in Figure 10, a maximum deformation of 1.43 mm was recorded in (2). 
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Fig. 10. Deflection of the receiver plain tube against the tube wall temperature 

 
Meanwhile, as shown in Figure 11, a maximum deformation of 1.13 mm was recorded in (4). 

Given that using insert rings in (3) and (4) can support the tube, therefore, the maximum deformation 
in (1) was higher than that in (3). 

 

 
Fig. 11. Deflection of the receiver tube equipped with insert rings against the tube wall temperature 

 
A 1.43 mm maximum deformation was recorded in the mid length of the receiver tube and was 

attributed to both gravity load and thermal expansion. As shown in Figure 12, this deformation is 
within acceptable limits when compared with the width of the solar image in the focal plane. 
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Fig. 12. Deformation of the receiver tube 

 
3.4 Parabolic Surface Error 

 
The parabolic surface should be carefully constructed because it affects the shape and direction 

of the reflecting surface. Parabolic surface errors have two types: random and nonrandom [19, 20]. 
The former is modeled statistically by the standard deviations of the total reflected energy 
distribution at normal incidence (𝜎𝑡𝑜𝑡𝑎𝑙), which is expressed as [30, 38] 

 

𝜎𝑡𝑜𝑡𝑎𝑙 =  √𝜎𝑠𝑢𝑛
2 + 4𝜎𝑠𝑙𝑜𝑝

2 + 𝜎𝑚𝑖𝑟𝑟𝑜𝑟
2            (5) 

 
The deformation of the parabola (𝜎𝑠𝑙𝑜𝑝), which occurs as a result of wind loading random error, 

is the most important because the (𝜎𝑠𝑙𝑜𝑝) term in Eq. (5) is multiplied by a factor of 4. Therefore, 

considerable caution should be taken when building the parabolic surface. Treadwell (1976) 
explained that tracking and slope errors are less evident with a 90° rim angle because the mean focus 
to reflector distance, and consequently, the reflected beam spread, is minimized Treadwell [39]. 
Accordingly, the current work considered a rim angle of 90°. The parabolic surface error is 0.009165 
rad according to ASHRAE Standard 93 (1986); this value indicates that the surface is accurately built. 

Nonrandom errors appear during PTC assembly, fabrication, or operation. They can be identified 
as reflector profile, receiver location, and misalignment errors via physical measurement Güven and 
Richard [38]. 

 
3.4.1 Evaluation of parabolic surface error 

 
The experimental thermal efficiency of a PTC can be defined as the ratio of the heat received by 

the working fluid to the normal solar irradiance energy that is incident to the aperture [2, 31, 40-42] 
 

𝜂𝑐 =
𝑚̇ ×𝐶𝑝 ×(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)̇

𝐴𝑎  ×𝐼𝑏
             (6) 

 
where (𝑚̇) is the water mass flow rate in the receiver tube,  (𝐶𝑝 ) is the specific heat capacity 

(J/kg, °C), (𝐴𝑎) is the aperture area, (𝐼𝑏) is the solar beam radiation (𝑊 𝑚2⁄ ), and (𝑇𝑜𝑢𝑡), (𝑇𝑖𝑛) is the 
outlet and inlet temperature of the receiver tube respectively. 

In addition, the thermal efficiency of a PTC that is operating under steady state conditions may 
be defined as follows according to ASHRAE Standard 93 (1986) ASHRAE [29]: 

 

𝜂𝑐 = 𝐹𝑅 𝜂𝜊 −  
𝐹𝑅 𝑈𝐿

𝐶
(

𝑇𝑖𝑛−𝑇𝑎𝑚𝑏.

𝐼𝑏
)           (7) 

 

where (𝐹𝑅 𝜂𝜊) is the intercept; (
𝐹𝑅  𝑈𝐿

𝐶
) is the slope; and (𝐶) is the concentration ratio, which is 

defined as the rate of the collector aperture area (𝐴𝑎) to the ratio of the receiver area (𝐴𝑟). If the 
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collector thermal efficiency from Eq. (6) is plotted against (
𝑇𝑖𝑛−𝑇𝑎𝑚𝑏.

𝐼𝑏
), then the result is a straight 

line. This result indicates that the overall heat coefficient (𝑈𝐿) is constant and that the line equation 
represents collector thermal efficiency Jafar and Sivaraman [9], as shown in Figure 13. 

 

 
Fig. 13. Collector thermal efficiency curve 

 
The curve equation shows that the slope is 0.2358 and the intercept is 0.72987. Therefore, the 

experimental thermal efficiency equation can be expressed as 
 

𝜂𝑐 = 0.72987 −  0.2358 (
𝑇𝑖𝑛−𝑇𝑎𝑚𝑏.

𝐼𝑏
)           (8) 

 
Then, the comparison between the collector thermal efficiency in the current work according to 

Eq. (8) and those in other studies [9, 11, 43, 46] is presented in Table 2. 
 

Table 2 
Comparison of Collector Efficiency Equations 
Efficiency Equation References 

𝜂𝑐 = 0.6128 −  2.302 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Jaramillo et al., [23] 

𝜂𝑐 = 0.65 −  0.382 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Arasu and Sornakumar [44] 

𝜂𝑐 = 0.642 −  0.441 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Kalogirou et al., [45] 

𝜂𝑐 = 0.638 −  0.387 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Kalogirou [46] 

𝜂𝑐 = 0.6905 −  0.3865 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Valan and Sornakumar [11], Arasu and Sornakumar [44] 

𝜂𝑐 = 0.71 −  0.2454 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Jafar and Sivaraman [9]  

𝜂𝑐 = 0.72987 −  0.2358 (
𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏.

𝐼𝑏

) 
Current work 
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3.5 Theoretical Calculations   
 
The thermal efficiency of the collector was theoretically calculated to validate the experimental 

result. One of the most important PTC performance parameters is optical efficiency, which is defined 
as the ratio of the energy absorbed by the receiver tube to the energy incident on the aperture of 
the concentrator. In mathematical of primary design of optical efficiency, the optical efficiency 
considered to be 𝜂𝑜 = 0.7at angle of incidence (𝑖 = 0°) as commonly [12]. Optical efficiency depends 
on the optical properties of the involved materials and collector geometry. Optical efficiency can be 
expressed as Jaramillo et al., [43] 

 
𝜂𝜊 = 𝜌𝑚 . 𝜏𝑐  . 𝛼𝑟  . 𝛾. [(1 − 𝐴f tan 𝑖) cos 𝑖]          (9) 
 

Where (𝑖) is the angle of incidence that is represented by the angle between the radiation lines 
of the sun and the perpendicular aperture. Mirror reflectivity (𝜌𝑚), receiver absorptivity (𝛼𝑟), and 
cover material transmittance (𝜏𝑐) are recommended as (0.8), (0.9), and (0.95), respectively [17, 27-
30]. The intercept factor (𝛾) is defined as the ratio of the energy intercepted by the receiver to the 
energy reflected by the focusing device. This factor depends on receiver size and solar beam 
diffusion. Guven and Bannerot (1985) developed the expression for evaluating the intercept factor 
as follows Güven and Bannerot [37]: 

 

𝛾 =
1+cos ∅𝑟

2 sin ∅𝑟
   

× ∫ 𝐸𝑟𝑓 (
sin ∅𝑟(1+cos ∅)(1−2𝑑∗ sin ∅)−𝜋𝛽∗(1+cos ∅𝑟)

√2𝜋𝜎∗(1+cos ∅𝑟)
)

∅𝑟

0
−

        𝐸𝑟𝑓 (
sin ∅𝑟(1+cos ∅)(1+2𝑑∗ sin ∅)+𝜋𝛽∗(1+cos ∅𝑟)

√2𝜋𝜎∗(1+cos ∅𝑟)
)

𝑑∅

(1+cos ∅𝑟)
                  (10) 

 
where (∅𝑟) is the collector rim angle in rad; and (𝜎∗) is the universal random error parameter, 

which can be calculated as Güven and Bannerot [37] 
 

𝜎∗ = 𝜎𝑡𝑜𝑡𝑎𝑙  . 𝐶                            (rad),                                (11) 
 

Where the standard deviation of the total reflected energy distribution at normal incidence 
(𝜎𝑡𝑜𝑡𝑎𝑙 ) is estimated using Eq. (5). The concentration ratio (C) varies from low values less than the 
unity to high values of 105 [2, 51]. 

 

𝐶 =
𝐴𝑎

𝐴𝑟
=

W𝑎  .  𝐿

𝜋 .  𝐷𝑜 .  𝐿
=

W𝑎

𝜋 .  𝐷𝑜
                      (12) 

 
The symbol  (𝑑∗) in Eq. (10) is the universal nonrandom error parameter caused by receiver 

mislocation and reflector profile errors. This variable can be determined as follows Güven and 

Bannerot [19]: 

 

(𝑑∗ =
𝑑𝑟

𝐷
)                      (13) 

 
Where (𝑑𝑟), which represents receiver displacement from the focus of the parabola, is assumed 

to be 2 mm Valan and Sornakumar [11]. 
Moreover, (𝛽∗) in Eq. (10) represents the universal nonrandom error parameter caused by 

angular errors; this variable can be determined as follows Güven and Bannerot [19, 37]: 
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(𝛽∗ = 𝛽𝐶)                                  (rad),                     (14) 
 

where (𝛽) is the surface slope, which can be determined according to Kalogirou (1996) as follows 
Kalogirou [46]: 
 

𝛽 = 𝛽𝑜 + 𝐾. 180°        𝐾 = {
0      if  𝛽𝑜 ≥ 0
1    otherwise 

},                   (15) 

 
Where  

 
tan 𝛽𝑜 = tan 𝜃𝑧  . cos(𝑎 − 𝑎𝑠)                      (16) 
 

Kalogirou (1996) reported that the surface azimuth (𝑎) is equal to the solar azimuth angle (𝑎𝑠) 
in two-axis tracking Kalogirou [46]. The azimuth angle can be determined by applying the law of sines 
to spherical triangle NPQ (Figure 14) to estimate the solar azimuth angle (𝑎𝑠), which is generally 
negative in the morning, zero at noon, and positive in the afternoon Braun and Mitchle [52]. 

 

 
Fig. 14. Earth-Sun geometry Braun and Mitchle [52] 

 

sin 𝑎𝑠 =
sin 𝜔 cos 𝛿

sin 𝜃𝑧
                       (17) 

 

The cosine of the zenith angle (𝜃𝑧) can be expressed as follows based on the law of cosines for 
spherical triangle NPQ (Figure 14) Braun and Mitchle [52]: 
 

cos 𝜃𝑧 = sin 𝛿 sin 𝐿 + cos 𝛿 cos 𝐿 cos 𝜔                    (18) 
 

The decline (𝛿) shown in Figure 14 can be expressed by the following equation using the day of 
the year (n) Cooper [53]: 

 

𝛿° = 23.45° sin [
360 (284+𝑛)

365
]                      (19) 

 

where (n) is a day in a year (l–365), such as n = 185 for July 4. 
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The hour angle (𝝎) in Eqs. (17) and (18) (Figure 14) is recorded from solar noon, with positive 
afternoons and negative mornings. It is based on the nominal time of 24 h that is required for the 
sun to move 360° around the Earth or 15° per hour (e.g., if the calculations are performed 2 h before 
solar noon, then 𝜔 = 15° × 2 = −30° (morning)) Braun and Mitchle [52]. 

The latitude angle (L) in Eq. (18) is the angle between the line from the centre of the Earth to the 
site and the equatorial plane. Latitude is considered negative south of the equator and positive north 
of the equator Braun and Mitchle [52]. 

From Eq. (15), the error of the tracking mechanism (surface slop 𝛽) is 0.2° and 0.16° at radiation 
levels of 1760.38 𝑊 𝑚2⁄  and 2130.6 𝑊 𝑚2⁄ , respectively, which were measured first on August 2017 
in Baghdad, Iraq. Thus, the maximum (worst) error of the tracking mechanism is 0.2°. 

The collector geometric factor (𝐴f) in Eq. (9) is the effective reduction of the aperture area due 
to abnormal incidence effects. This factor can be expressed as Jaramillo et al., [43]. 

 

𝐴f =

2

3
 W𝑎 ℎ𝑝+𝑓 W𝑎 (1+

W𝑎
2

48 𝑓2)

𝐴𝑎
                      (20) 

 

A simple MATLAB program was developed to evaluate the intercept factor (𝛾). This program 
mainly computes the two error functions and uses the Simpson integration method (SIM) to 
numerically integrate the integral. SIM uses the one-degree steps of the rim angle (∅) (for ∅ = 1° to 
∅𝑟 = 90°). The calculated values are added and then divided by the number of steps to finally obtain 
the intercept factor value. The flowchart of the intercept factor program is shown in Figure 15. 

The Angle of Incidence (𝑖) in Eq. (9) is the angle between the radiation lines of the sun and the 
perpendicular aperture. It is measured between a sun’s ray and the surface normal Braun and Mitchle 
[52]. 

 
cos 𝑖 = cos 𝜃𝑧 cos 𝛽 + sin 𝜃𝑧 sin 𝛽 cos(𝑎𝑠 − 𝑎)                   (21) 
 

The theoretical test involves calculating the heat removal factor (𝐹𝑅), which was presented by 
Kalogirou (2009). It represents the ratio of the actual useful energy gain that would result if the 
collector-absorbing surface had been at the local fluid temperature Kalogirou [54-55].  

 

𝐹𝑅 =
𝑚̇ 𝑐𝑝

𝐴𝑟 𝑈𝐿
(1 − 𝐸𝑥𝑝 [−

𝑈𝐿  𝐹́ 𝐴𝑟

𝑚̇ 𝑐𝑝
])                     (22) 

 

Where (𝐹́) is the collector efficiency factor, which was presented by Kalogirou (2009) as follows 

Kalogirou [54-55]: 
 

𝐹́  =

1

𝑈𝐿

1

𝑈𝐿
+

𝐷𝑜
ℎ .  𝐷𝑖

+(
𝐷𝑜

2 𝑘𝑓
ln

𝐷𝑜
𝐷𝑖

)

                      (23) 

 
where (ℎ) is the convection heat transfer coefficient (W/m. ℃), (𝑘𝑓) is the working fluid thermal 

conductivity (W/m. ℃), and (𝑈𝐿) is the thermal loss coefficient of the parabolic collector. (𝑈𝐿) 
depends on the magnitude of conductive, radiative, and convective losses, which in turn, depend on 
the operating temperature of the collector that is relative to the environment. The thermal loss 
coefficient can be expressed as [56-57]. 

𝑈𝐿 =
𝑄

𝜋 𝐷𝑜 𝐿 (𝑇𝑚−𝑇𝑎𝑚𝑏.)
                       (24) 
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where (𝑄) is the receiver heat transfer rate, (𝑇𝑎) is ambient temperature, and (𝑇𝑚) is the mean 
receiver surface temperature.  

Thus, the theoretical intercept test (𝐹𝑅 𝜂𝜊) and slope (
𝐹𝑅  𝑈𝐿

𝐶
) are calculated as 0.77947 and 

0.2257, respectively, by applying Eq. (9) and Eqs. (22) to (24). Table 3 presents the comparison 
between the theoretical calculations of the intercept and slope and the experimental values.  
 

 
Fig. 15. Intercept factor program flow chart 
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Table 3 
Collector Performance comparison 
Item Test Intercept (𝐹𝑅  𝜂𝜊) Test Slope (

𝐹𝑅 𝑈𝐿

𝐶
) 

Theoretical Performance (Current Work) 0.77947 0.2257 
Experimental Performance (Current Work) 0.72987 0.2358 
% Difference 6.36 4.28 

 

The comparison in Table 3, indicates a reasonable difference between the experimental and 
theoretical results, which further indicates that the newly designed and developed stainless steel PTC 
is accurately built. 

 
3.6 Collector Time Constant Test 

 
The collector time constant is the time required for the fluid that is leaving the collector to reach 

63.2% of its ultimate steady state value after a step change in incident radiation. In accordance with 
the ASHRAE standard, the collector time constant is the time required to change the quantity in Eq. 
(25) from 1.0 to 0.368 [29, 44]. 

 

(
𝑇(𝑜𝑢𝑡)𝑓−𝑇𝑜𝑢𝑡 (𝑡)

𝑇(𝑜𝑢𝑡)𝑓−𝑇𝑖𝑛
)                       (25) 

 

Where (𝑇(𝑜𝑢𝑡)𝑓) is the final outlet temperature of the collector fluid, and (𝑇𝑜𝑢𝑡 (𝑡)) is the outlet 

temperature of the collector fluid after time (t). 
The PTC time constant should be determined to evaluate the transient behaviour of the collector 

and select a suitable time for the steady state or quasi-steady state efficiency tests Jaramillo et al., 
[43]. To determine the time constant, a test was conducted directly after running the device, during 
which the collector was initially at the defocused position. Then, the collector moved to the focused 
position, and measurements were recorded every 10 s until steady state conditions were achieved. 
In the test, the water inlet temperature of the collector was maintained at ambient temperature. The 
time constant of the collector was determined as 75 s, as shown in Figure 16.  
 

 
Fig. 16. Collector time constant 
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3.7  PTC Evaluations 
 
The collector unit includes a reflective surface of the trough, receiver system, a storage tank, and 

manual tracking system as shown in Figure 17. The PTC collector installed at an open area of the solar 
energy on the roof of the house in Baghdad-Iraq (latitude 33.2° N) with strong sunshine insolation 
varied between (1600-2200 𝑊 𝑚2⁄ ) and the mean ambient temperature varied between (36-53℃). 
The maximum temperature of water production when PTC running was 129℃ for close system and 
92℃ for open system. 

 

 
Fig. 17. Parabolic trough collector 

 
4.   Conclusions  

 
The design, fabrication, and testing of a 90° rim angle medium-scale stainless steel parabolic 

trough for a solar- powered PTC is presented in this study according to ASHRAE Standard 93 (1986). 
Theoretical calculations and primary design were achieved with all possible evaluations that provide 
accuracy design. The experimental results show that the maximum water obtained from system is 
more than 226 L/day with temperature ≥50℃ at flow rate of 0.00925 𝑘𝑔/𝑠, and at mentioned flow 
rate is 92℃. The deviation at the parabola center is measured using a dial gauge. The maximum 
deflection of parabolic trough was obtained when loads are applied to represent wind force that 
corresponds to a wind velocity of 34 m/s is only 0.85 mm, which is considered suitable. The 50 mm 
diameter receiver tube of a 56.4 mm wide solar image in the focal plane showed a maximum 
deformation of 1.43 mm, which is within acceptable limits. The thermal performance test of the new 
PTC that was modelled and developed for hot water generation is achieved. The standard deviation 
of the distribution of parabolic surface errors is determined as 0.009165 rad from the collector 
performance test according to ASHRAE Standard 93 (1986), which indicates that the surface is 
accurately built. In the experimental test, a slope and test intercept of 0.2358 and 0.72987, 
respectively, are derived. The collector efficiency equation is comparable with those in other 
reported works and demonstrated improved collector efficiency. The maximum error of the tracking 
mechanism is ±0.2°. The theoretically calculated slope and intercept values are compared with the 
experimental results. The comparison indicates 4.28% and 6.36% differences among slopes and 
intercepts, respectively, which further show that the design steps followed in the current work are 
correct. The time constant for the new PTC is estimated as 75 s, which implies fast collector response 
for maintaining quasi-steady state conditions. The theoretical intercept test and slope are calculated 
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as 0.77947 and 0.2257, respectively. The comparison between the theoretical calculations of the 
intercept and slope and the experimental values indicates a reasonable difference between the two 
results, which further indicates that the newly designed and developed stainless steel PTC is 
accurately built. 
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