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ABSTRACT

This study includes an experimental and numerical analysis of the performances of a parabolic trough collector
(PTC) with and without cylindrical turbulators. The PTC is designed with dimensions of 2.00 m in length and
1.00 m in width. The related reflector is made of lined sheets of aluminum, and the tubes are made of stainless
steel used for the absorption of heat. They have an outer diameter of 0.051 m and a wall thickness of 0.002 m.
Water, used as a heat transfer fluid (HTF), flows through the absorber tube at a mass flow rate of 0.7 kg/s. The
dimensions of cylindrical turbulators are 0.04 m in length and 0.047 m in diameter. Simulations are performed
using the ANSYS Fluent 2020 R2 software. The PTC performance is evaluated by comparing the experimental
and numerical outcomes, namely, the outlet temperature, useful heat, and thermal efficiency for a modified tube
(MT) (tube with novel cylindrical turbulators) and a plain tube (PT) (tube without novel cylindrical turbulators).
According to the results, the experimental outlet temperatures recorded 63.2°C and 50.5°C for the MT and PT,
respectively. The heat gain reaches 1137.5 W in the MT and 685.8 W in the PT. Compared to the PT collector, the
PTC exhibited a (1.64 times) higher efficiency.
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Nomenclature
Aa Area of reflector (m2)
AL The altitude of location above mean sea level (km)
a0 Constant
a1 Constant
cp Specific heat capacity of fluid (J/Kg.°C)
DS-E The mean distance between the sun and earth (m)
do Outer diameter of the tube (m)
fL Focal length of receiver tube (m)
I0 Extraterrestrial solar radiation (W/m2)
Ib Beam radiation (W/m2)
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ISC Solar constant (W/m2)
k Constant
L Length of parabola (m)
Larc Arc length of the aperture (m)
_m Mass flow rate (kg/s)
N Number of day
P Pressure (Pa)
Qinc Incident solar radiation (W)
Quse Useful heat (W)
Tfi Inlet fluid temperature (K)
Tfo Outlet fluid temperature (K)
v Velocity of fluid (m/s)
Wa Diameter of aperture (m)

Greek Symbols
µ Viscosity of fluid (kg/m.s)
ρ Density of fluid (kg/m3)
ηth Thermal efficiency (%)
θr Rim angle (degree)
θz Zenith angle (degree)

1 Introduction

One of the renewable energy sources is solar energy, which is used in two processes: the optical process
and the thermal process, depending on the application used. The parabolic trough collector (PTC) is used in
the thermal process, as it converts solar energy reflected from its reflector into thermal energy absorbed from
the absorbing tube that transfers thermal energy to the heat transfer fluid (HTF). The reflector of the PTC is
often made of aluminum panels, which are characterized by good reflectivity and a light weight for the
purpose of bending them precisely. The parabolic trough collector tube (PTCT) is usually made of
stainless steel, which is characterized by its lack of chemical interaction with the HTF and the air of the
environment surrounding it.

To improve a base fluid’s thermal conductivity, such as thermal oil or water, nanoparticles with sizes of a
few nanometers are dispersed inside the fluid [1]. It has been discovered that these fluids produce positive
outcomes with improved PTC performance. However, there are several issues associated with using
nanofluids, including their high cost and stability issues brought on by agglomeration [2]. Therefore, their
current use in commercial applications is well-established.

However, another method that makes use of flow inserts in the PTCTor different geometric alterations in
the inner absorber region is the use of turbulators. The objective is to generate passive vortexes to increase the
flow’s rate of mixing [3]. The improved heat transfer rate and increased PTC performance are the end results.
There are no significant restrictions on the application of these strategies in the real system. One drawback is
that the amount of pumping effort increases, which is also the case with the nanofluids.

In order to enhance the PTC’s performance, various ways have been presented and investigated by
researchers. Reddy et al. [4] did an experimental investigation into the development of the thermal
performance of a PTCT using a porous disc. They found these discs enhanced the daily thermal
efficiency to record in the range of 63.9%–66.7%. Kaood et al. [5] presented a new way to improve the
thermal-hydraulic efficiency of PTCT using a conical absorber. The results showed that a conical

1280 FDMP, 2024, vol.20, no.6



absorber enhances the heat transfer rate up to 65%. The use of helical coils had been studied by Okour et al.
[6] and Chakraborty et al. [7]. The first group found that the thermal efficiency of a PTC by using these
turbulators reached up to 64.7%, whereas the second group found that the maximal increase in useful
thermal energy output for tubes with these turbulators is 32.37%. Some researchers had explored a lot of
information about improving the hydrothermal performance of a PTCT using twisted tape. Jaramillo et al.
[8] and Stanek et al. [9] studied effected twisted ratios; they observed that thermal efficiency increased as
the twisted ratio decreased. Isravel et al. [10] explained the influences of rings attached to twisted tape;
the modified inserts showed an increase in thermal efficiency of 24% compared with the plain tube
compared with a PT case. In addition, Singh et al. [11] used conical strip inserts with malty pitch ratios,
and they found there was a significant enhancement in Nusselt number (Nu) and friction factor (f ) by
4.26 and 7.29 times as compared to the PT case, respectively. The PTC’s performance with a corrugated
absorber and conical strip inserts was studied by Venkatesaperumal et al. [12], and they found the highest
value of thermal efficiency of PTC is 61% in this method. The effects of longitudinal fins were presented
by Bellos et al. [13] and Zaboli et al. [14]. In the first work, the effect of lengths and thicknesses of fins
was studied, and it was found that increasing these parameters led to higher thermal enhancement. The
second study studied the effect of longitudinal helical axial fins with different pitches on the thermal
performance of a PTCT, which increased by 23.1% compared with a PT case. Kutbudeen et al. [15]
examined a conical strip insert in a PTCT, and they found the maximum enhancements in Nu and f are
2.23% and 1.89%, respectively. Yilmaz et al. [16] presented a method to improve the performance of
PTCs by using wire coil inserts in the absorber tube. The findings showed significant improvements in
absorber thermal performance, including improved thermal efficiency between 0.4% and 1.4%. Abed
et al. [17] numerically designed four models of tubes to study the effect of addition swirl generator
inserts attached to a central rod on the PTC’s thermal performance. Results showed that the small conical
strips led to a maximum thermal efficiency that reached 55.72%. Allam et al. [18] conducted an
experimental investigation of the PTCT with rotating helical shifts. Their findings demonstrated a
significant improvement in thermal efficiency, reaching 46.5% compared with the PT case.

From the literature survey, it can be concluded that there is a lack of data on the performance of
cylindrical turbulators inserted in the PTCs. In this work, the contribution of the cylindrical turbulators
inside the absorber tube of the PTC is experimentally and numerically investigated. The geometry of the
parabolic reflector section used solar flux of high reflectivity applied over the 2 m long stainless steel in
the reflector rigid surface, 1 m aperture width, and 90° of rim angle, which results in focusing all incident
solar radiation into the focal line and a heat collection element (stainless steel tube) through which HTF
flows. The tube is placed on the focal line of the collector, which is also parallel to its axis of rotation.

2 Theoretical Part

2.1 The Beam Solar Radiation
Experimentally, there was no device available to measure the beam solar radiation falling on the PTC

system at the work location, so the radiation values were calculated theoretically. Solar radiation is a
constant and simultaneous flow of energy outward from the sun in all directions. Solar radiation can be
divided into two types: extraterrestrial solar radiation (ESR) and terrestrial solar radiation (TSR). The
ESR represents the solar radiation outside the earth’s atmosphere. The ESR depends on many factors,
such as the distance and orientation of the work location; it varies by the inverse square law, as shown in
the following equation [6,19]:

I0 ¼ Isc
�DS�E

DS�E

� �2
(1)
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The distance between the sun and earth changes with the earth’s orbital position around the sun, so it is
related to the days of the year. Usually, the ESR is calculated from the following empirical equation [19,20]:

I0 ¼ Isc 1þ 0:033 cos
360

365
N

� �� �
(2)

The TSR represents the amount of solar radiation that actually reaches the earth’s surface. The total
radiation incident on a surface (at the earth’s surface) is comprised of two forms: the first is beam
radiation (Ib), and the second is diffuse radiation (Id). The reflection of the PTC receives the beam
radiation, so we focused on calculating its value. The beam radiation is given by the following equation
[6,19]:

Ib ¼ I0 a0 þ a1 exp � k

cos hz

� �� �
(3)

where:

a0 ¼ 0:94 0:4237� 0:00821ð6� ALÞ2
h i

(4)

a1 ¼ 0:98 0:5055� 0:00595ð6:5� ALÞ2
h i

(5)

k ¼ 1:02 0:2711� 0:01858ð2:5� ALÞ2
h i

(6)

To calculate the altitude of any location (AL), we can use a GPS device (which equals to 0.033 km for
college of Engineering/Al-Mussaib).

2.2 Thermal Performance of the PTC
The useful heat of the absorber tube of PTC is obtained by the HTF when its flow between the inlet and

outlet of the absorber and it can be calculated from [9,13,21]:

Quse ¼ _mcpðTfo � TfiÞ (7)

The total incident solar radiation can be obtained from [9,21]:

Qinc ¼ AaIb (8)

The area of aperture is given as [19]:

Aa ¼ ðWa � doÞL (9)

Finally, the thermal efficiency of a PTC can be defined as the ratio of heat useful by the absorber tube, to the
total incident solar radiation. The thermal efficiency can be calculated using the following equation [13,17,21]:

gth ¼
Quse

Qinc
(10)

3 Numerical Analysis

A simulation study was performed on the absorber tube with and without cylindrical turbulators using
the ANSYS Fluent 2020 R2 software. A parabolic arc was drawn using Parabola Calculator 2.0 (as shown in
Fig. 1) according to the following equation [17,18]:

y ¼ x2

4fL
(11)
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The focal length that is assumed has value of 25 cm in this study. Therefore, the parabola curve function
in this case is expressed as:

y ¼ 0:01x2 (12)

Table 1 lists the dimensions of the reflector of PTC that were entered into the Parabola Calculator 2.0 in
order to draw this reflector as shown in the Fig. 1.

The arc length can be estimated based on the rim angle and the focal length using (see Fig. 2) [22]:

Larc ¼ 2fL secð0:5hrÞ tan ð0:5hÞr
� �þ ln secð0:5hrÞ tanð0:5hrÞð Þð Þ� 	

(13)

In order to choose the best absorber tube design that heats water with a temperature exceeding 80°C, six
models in three-dimensional were designed using ANSYS software according to the characteristics of the
horizontal circle tube heat exchanger as stated in Table 2. Fig. 3 presents the image and detailed diagram
of the geometry and cross section of the cylindrical turbulators in the CFD.

The Navier-Stokes equations regulate the phenomena under investigation, and the k-ε realizable model
is the suitable turbulence model, since it has been selected in several analogous investigations and was
created by Patankar et al. [23].

The continuity:

@ðq�uiÞ
@xi

¼ 0 (14)

Table 1: Reflector dimensions of PTC entering into Parabola Calculator 2.0

Parameter Value Unit

Collector aperture diameter (width) 100 cm

Depth (focal length) 25 cm

Figure 1: The dimensions of reflector of the PTC in the parabola calculator
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Figure 2: Basic design parameters of PTC

Table 2: Input parameters for the plain tube and cylindrical turbulators tube

Parameter Value/type Unit

Collector length 200 cm

Collector width 100 cm

Collector material Aluminum

Outside absorber diameter 5.1 cm

Inner absorber diameter 4.7 cm

Absorber length 200 cm

Absorber material Stainless steel =

Central round rod length 200 cm

Central round rod diameter 1 cm

Cylindrical turbulators length 4 cm

Cylindrical turbulators distance 7.5 cm

Cylindrical turbulators diameter 4.7 cm

Cylindrical turbulators material Stainless steel =

Figure 3: The CFD images of cylindrical turbulators tube (a) frontward view, and (b) cross section
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The momentum:

@ðq�ui�ujÞ
@xi

¼ @

@xj
l

@�ui
@xj

þ @�uj
@xi

� �
� 2

3
l
@�ui
@xi

dij � q�ui�uj

� �
� @�P

@xi
(15)

The energy:

@ðq�ujcp�TÞ
@xj

¼ @

@xj
k
@�T

@xj
þ lT
dh;T

@ðcp�TÞ
@xj

� �
þ �lj

@P

@xj
þ l

@�ui
@xj

þ @�uj
@xi

� �
� 2

3
l
@�ui
@xi

di;j � q�ui�uj

� �
@�ui
@xj

(16)

3.1 Boundary Conditions
The boundary conditions of this model are listed below:

(1) The inlet water temperature is selected to be 300 K.
(2) The mass flow rate is selected to be 0.7 kg/s.
(3) The beam solar radiation is selected at 1000 W/m2.

3.2 Grid Independence Test
CFD tools are also used to construct the computational mesh. To construct an appropriate mesh, several

criteria, such as the number of starting cells and the amount of refinement in fluid, partial, and solid cells, are
appropriately adjusted. A variety of meshes are evaluated, and Tables 3 and 4 provide a detailed report of the
test findings. For both tubes (PT and cylindrical turbulators tube), five distinct mesh instances are looked at.
In these scenarios, the input temperature was set at 300 K, and the mass flow rate was chosen at 0.7 kg/s. In
both tubes, mesh 4 was chosen because it is clear that the output fluid temperature has converged in this
mesh. The meshes for the PT (Fig. 4a) and cylindrical turbulators tube (Fig. 4b), measuring 40 mm in
length, 2 mm in thickness, and 15 cylindrical turbulators, are evaluated.

4 Model Validation

In this section, the accuracy of the developed model is presented through a validation test. More
specifically, the model results of the present study are compared with the experimental correlations by
Dittuse et al. [24]. The model results are examined for various Reynolds numbers by examining different
mass flow rates from 0.6 to 1.0 kg/s, and the inlet temperature is 300 K.

Table 3: Grid independence tests for PT

Properties Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Million cells 0.215 0.423 0.605 1.212 1.532

Tfo (K) 308 316 325 325.5 325.6

Error (%) – 2.5 1.9 0.15 0.03

Table 4: Grid independence tests for cylindrical turbulators tube

Properties Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Million cells 0.512 0.806 1.422 1.977 2.656

Tfo (K) 315 331 338.8 339.7 339.8

Error (%) – 5.1 2.4 0.27 0.03

FDMP, 2024, vol.20, no.6 1285



According to Fig. 5, the results of the Nusselt number value of the PT showed a mean negative deviation
of 2.6% from [24]. In addition, the minimum deviation is 0.1% at a mass flow rate of 0.7 kg/s, whereas the
maximum deviation is 3.0% at a mass flow rate of 0.9 kg/s.

The next test is associated with the friction factor. The results of the presented model are compared with
the results taken from [24], shown in Fig. 6.

This test is for the PT, for various mass flow rates, and at a constant inlet temperature. The mean
deviation between the results of this model and [24] is 1.5%. The minimum deviation is 0.4% at a mass
flow rate of 0.7 kg/s, whereas the maximum deviation is 4.3% at a mass flow rate of 0.9 kg/s.

The observed variances were found to be negligible; suggesting that the data obtained from the plain
tube exhibits a high level of dependability. Hence, the collected data may be used as a point of reference
for assessing the performance of the tube when including the cylindrical turbulators.

Figure 5: Nusselt number validation of this model

Figure 4: Mesh of: (a) PT, and (b) cylindrical turbulators tube
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5 Experimental Setup

The PTC model for the concentration of solar radiation has been fabricated to provide hot water, as
shown in Fig. 7. The experimental setup used in this study consists of locally fabricated parts of one PTC
with a total aperture area of 2.00 m2. The water gains heat gradually as it flows through the absorber tube
in a sequential manner. In addition, the PTC is continuously oriented directly toward the beam radiation
to achieve maximum efficiency. The PTC system mainly consists of a support structure, reflector,
stainless steel absorber tube, and other accessories.

5.1 The Support Structure
The support structure for this model contains two main mechanical groups: stationary and moving bases.

They represent a metal support frame and manual tracking for the model at the same time. The stationary
structure of this model is made of a rectangular steel tube with a diameter of 6.35 cm, a length of
220 cm, and a width of 70 cm, welded together in the form of a movable pyramid frame by wheels
welded from its lower end, as shown in Fig. 8.

Figure 6: Fraction factor validation of this model

Figure 7: PTC structure with plate
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The moving structure of this model consists of two parts: the base and the reflector. The base is made
from square steel pipes because it has maximum bending and shear stress. Square steel pipes have a diameter
of 2.54 cm, a height of 25 cm, and a width of 100 cm. Aluminum sheets of size 100 cm × 200 cm with 1 mm
thickness placed longitudinally on the PTC frame were used to form the reflector of the parabolic system
because they are characterized by their light weight, resistance to weather conditions, ease of formation,
and good reflectivity of solar radiation, as shown in Fig. 7. An aluminum sheet plate with a thickness of
1 mm was fixed with sixteen bolts over the structure of the PTC.

According to the dimensions obtained from Eqs. (12) and (13) with a rim angle of 90°, one rib model
was fabricated as a template for the second piece. The rib width and depth calculated from these equations
were 114.7 and 25 cm, respectively. Then, the two ribs are connected using five straight hollow square tubes
with a length of 200 cm to form the PTC structure. In order to efficiently benefit from most of the solar
reflected radiation, the sun rays must be highly concentrated on the absorber tube.

5.2 Absorber Tube
Several design factors are considered prior to the material selection of the absorber tube to be used.

Several factors need to be taken into account, namely: the components of the absorber tube material must
not react chemically with the water passing through it; the absorber tube material must withstand the
external conditions surrounding the PTC system location; and the absorber tube material must withstand
water temperatures that reach higher than 50°C. In addition, to ascertain the appropriate material and
thickness for the tube, it is important to possess an understanding of the maximum pressure of the
system. As a result, stainless steel was used in this experiment to effectively counteract chemical
reactions, survive the effects of weathering, and maintain its structural integrity at high temperatures, as
seen in Fig. 9. The selection of the size of the absorber tube was based on the parameters provided in Table 2.

5.3 Cylindrical Turbulators
The technical specifications for the cylindrical turbulators used in this study are given in Table 2. Fig. 10

shows the process of inserting the cylindrical turbulators inside the absorber tube.

Figure 8: The supported structure of PTC
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6 Results and Discussion

6.1 The Number of Cylindrical Turbulators
To determine the optimal number of cylindrical turbulators inside the absorber tube, six models are

created using ANSYS Fluent. The first model is a tube without any turbulators (plain tube), and the rest
are tubes with 5, 10, 15, 20, and 25 cylindrical turbulators, respectively. The cylindrical turbulators were
connected to gather using a central rod in the models from second to sixth. All these models were
simulated at an average inlet temperature of 300 K.

Table 5 lists the average outlet temperature of the water and the pressure drop inside the tube for each
model. As the number of cylindrical turbulators increases by more than fifteen, the required solar energy to
heat these turbulators will be greater than the required solar energy to heat the water; the heat loss by
conduction will be greater than the heat gained by convection. On the other hand, it was observed that
the pressure drop in the fifth and sixth models increases and the average outlet temperature of the water
decreases. Based on these results, the number of cylindrical turbulators inside the absorber tube was
selected to be fifteen cylindrical turbulators in the experimental part.

Figure 9: Photograph of the PT and cylindrical turbulators

Figure 10: Cylindrical turbulators inside the absorber tube
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6.2 The Outlet Temperature
The results for four days of measurements on 5th, 12th, 18th, and 19th October 2023, at the College of

Engineering/Al-Mussaib, Babil (32.77° N, 44.29° W), from 9:00 to 15:00 are presented in Tables 6–9.
Setting and positioning the PTC manually according to sunlight and running the system for 60 min prior
to recording the first reading. The time interval between each reading is set to 30 min. The temperatures
of the water were measured at the inlet and outlet of the absorber tube using the temperature
measurements. The data recording time lasted until 15:00 because, after this hour, the amount of the
beam solar radiation drops.

Table 5: The average outlet temperatures and pressure drop results of all models

Tube No. of model Tout (K) Dp (Pascal)

Plain 1st model 325.5 1110

5 cylindrical turbulators 2nd model 330.6 1180

10 cylindrical turbulators 3th model 337.5 1223

15 cylindrical turbulators 4th model 339.7 1310

20 cylindrical turbulators 5th model 339.1 1385

25 cylindrical turbulators 6th model 338.8 1408

Table 6: The experimental and theoretical data of selected day (5th October 2023)

Time Tfi (°C) Ib (W/m2) Tfo (°C) Quse (W) ηth (%)

PT MT PT MT PT MT

9:00 26.3 657 34.0 34.0 257.6 257.6 20% 20%

9:30 27.0 702 35.5 36.0 284.4 301.1 20% 21%

10:00 27.5 733 36.5 39.5 301.1 401.5 21% 27%

10:30 27.8 756 38.3 47.5 351.3 659.1 23% 44%

11:00 28.5 711 40.5 54.5 401.5 869.9 28% 61%

11:30 29.0 780 42.0 61.0 434.9 1070.6 28% 69%

12:00 29.4 783 46.3 61.5 565.4 1073.9 36% 69%

12:30 30.4 780 50.0 62.4 655.7 1070.6 42% 69%

13:00 30.0 711 50.0 62.0 669.1 1070.6 47% 75%

13:30 29.6 756 48.0 61.5 615.6 1067.2 41% 71%

14:00 29.2 733 44.2 59.5 501.8 1013.7 34% 69%

14:30 28.8 702 40.5 56.5 391.4 926.7 28% 66%

15:00 28.5 657 37.0 53.0 284.4 819.7 22% 62%
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Table 7: The experimental and theoretical data of selected day (12th October 2023)

Time Tfi (°C) Ib (W/m2) Tfo (°C) Quse (W) ηth (%)

PT MT PT MT PT MT

9:00 26 640 33.0 33.0 234.2 234.2 18% 18%

9:30 26.5 687 34.2 35.5 234.2 301.1 17% 23%

10:00 27.2 721 36.4 39.2 277.7 401.5 19% 30%

10:30 27.5 745 39.5 48.1 368.0 689.2 25% 48%

11:00 28 762 41.0 54.5 434.9 886.6 29% 61%

11:30 28.5 771 44.2 62.5 501.8 1137.5 33% 75%

12:00 29.5 774 49.3 63.0 618.9 1120.8 40% 75%

12:30 30 771 51.0 63.2 685.8 1110.7 44% 74%

13:00 29.8 762 49.4 62.5 608.9 1094.0 40% 74%

13:30 29.7 745 45.7 61.5 478.4 1063.9 32% 74%

14:00 29 721 41.2 59.2 384.7 1010.4 27% 72%

14:30 28.5 687 39.0 55.5 351.3 903.3 26% 69%

15:00 28 640 37.3 52.0 284.4 802.9 22% 64%

Table 8: The experimental and theoretical data of selected day (18th October 2023)

Time Tfi (°C) Ib (W/m2) Tfo (°C) Quse (W) ηth (%)

PT MT PT MT PT MT

9:00 22.0 624 32.0 32.0 334.6 334.6 27% 27%

9:30 22.5 647 35.5 47.0 434.9 819.7 34% 63%

10:00 23.2 710 36.5 48.0 445.0 829.7 31% 58%

10:30 23.5 735 38.0 49.5 485.1 869.9 33% 59%

11:00 24.0 752 40.0 51.5 535.3 920.0 36% 61%

11:30 24.3 762 42.0 53.5 592.2 976.9 39% 64%

12:00 24.5 765 45.5 57.0 702.6 1087.3 46% 71%

12:30 24.5 762 45.0 56.5 685.8 1070.6 45% 70%

13:00 24.0 752 43.5 55.0 652.4 1037.1 43% 69%

13:30 23.2 735 40.0 51.5 562.1 946.8 38% 64%

14:00 22.5 710 38.5 50.0 535.3 920.0 38% 65%

14:30 22.0 647 37.0 48.5 501.8 886.6 39% 69%

15:00 21.6 624 35.0 46.5 448.3 833.1 36% 67%
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To solve the model, the measured data were taken experimentally for both cases: the plain tube (PT) and
the modified tube (MT) (tube with fifteen cylindrical turbulators), along with the parameters and variables
that were taken and applied to the model as inputs, including the inlet temperature, flow rate, absorber
area, reflector area, weather date, and time. Then, the model determined the outlet temperature and useful
heat. The modeled results are plotted for each case and compared with the experimental results on
12th October.

Fig. 11 shows the comparison between the experimental and numerical outlet temperatures of the water
during the test day for the PT and MT.

At 9:00, the outlet temperatures of the water recorded 33.0°C in all cases (numerical plain tube,
experimental plain tube, numerical modified tube, and experimental modified tube) when the inlet water
temperature was 26°C. Experimental results show that the outlet water temperatures for the PT case
gradually rise until reaching 50.5°C at 12:30, then gradually drop to record 36.5°C at 15:00 due to
decreasing the beam solar radiation. For the MT case, the experiments reveal that the outlet water
temperature was recorded to be 34.5°C at 9:30, and then it suddenly rose to 62.5°C at 11:30 due to the
presence of cylindrical turbulators. These turbulators enhance heat transfer exchange between the
absorber tube surface and the thermal fluid by providing a higher surface area for heat transfer, generating
a swirl flow, and increasing the residence time of the thermal fluid to gain more heat, but they also
increase the pressure drop through the tube length. These advantages result in reaching higher
temperatures in a short period of time, which in turn leads to an increase in the production of hot water
that is useful in water desalination processes.

Furthermore, it was noted that the outlet water temperature begins to gradually decrease as a result of
decreasing the beam solar radiation, but the drop in the outlet water temperature in the MT is relatively
less than in the PT due to the cylindrical turbulators retaining the amount of heat gained during the
daylight hours and gradually beginning to lose it to molecules of the water. In addition, the outlet water

Table 9: The experimental and theoretical data of selected day (19th October 2023)

Time Tfi (°C) Ib (W/m2) Tfo (°C) Quse (W) ηth (%)

PT MT PT MT PT MT

9:00 21.0 622 31.0 31.0 334.6 368.0 27% 30%

9:30 21.5 672 35.0 46.5 451.7 836.4 34% 62%

10:00 22.0 708 36.0 47.5 468.4 853.1 33% 60%

10:30 22.0 734 37.5 49.0 518.6 903.3 35% 62%

11:00 23.0 751 39.0 50.5 535.3 920.0 36% 61%

11:30 23.0 760 40.0 51.5 568.8 953.5 37% 63%

12:00 23.5 764 40.5 52.0 568.8 953.5 37% 62%

12:30 23.5 760 41.0 52.5 585.5 970.2 39% 64%

13:00 23.0 751 41.0 52.5 602.2 987.0 40% 66%

13:30 22.5 734 40.5 52.0 602.2 987.0 41% 67%

14:00 22.0 708 38.0 49.5 535.3 920.0 38% 65%

14:30 21.5 672 36.5 48.0 501.8 886.6 37% 66%

15:00 21.0 622 34.0 45.5 434.9 819.7 35% 66%
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temperature in the MT has a higher value than in the PT, which enhances the heat transfer between the wall of
the absorber tube and the water.

Numerically, the behavior of the two tubes (MT and PT) is similar to what was observed experimentally,
but with higher values for the outlet water temperatures. Fig. 12 shows the agreement between the
experimental and numerical results, where there are some discrepancies with a maximum error of 2.68%
and 3.72% for the MT and PT, respectively.

The heat gain depends on the difference in the outlet and inlet temperatures of the water, according to
Eq. (7). Therefore, the experimental useful heat begins to rise gradually to record its highest values of
1137.5 W when the temperature difference between the outlet and inlet water temperatures is 34.0°C in
the MT and 685.8 W when the temperature difference is 20.5°C in the PT.

Figure 11: Comparison between the experimental and numerical outlet temperatures for the PT and MT

Figure 12: Comparison between the experimental and numerical useful heat for the MT and PT
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The useful heat in the MTcase reaches its maximum value faster (at 11:30) than in the PTcase (at 12:30).
The values of useful heat in the MT remain within the high range for a longer period, unlike in the PT, where
the values of useful heat are directly affected by the values of beam solar radiation. As in the outlet water
temperature case (Fig. 11), the drop in the values of useful heat in the MT case is gradually less than in
the PT case. All of these effects are attributed to the presence of cylindrical turbulators that retain heat,
which begins to be lost after the values of the beam solar radiation drop. A convergence between
numerical and practical results was observed with some contradictions, with a maximum error of 6.3%
and 10.6% for the MT and PT cases, respectively.

Fig. 13 illustrates the experimental values of the thermal efficiency of the MT and PT with the daylight
hours of the selected day. The thermal efficiency of the absorber tube gradually rose in the early hours of the
selected day, reaching its highest value of 75% at 11:30 for the MT case and 44% at 12:30 for the PT case.
Although the values of the beam solar radiation decrease after 12:30, the thermal efficiency remains within
the high range of 75%–70% due to the presence of cylindrical turbulators that begin to lose their acquired
heat to water molecules, in addition to the amount of the beam solar radiation. This feature shows the
benefit of the presence of turbulators inside the absorber tube of the PTC’s system.

Although the thermal efficiency is inversely proportional to the amount of solar radiation, as shown in
Eq. (10), its values are observed to increase even after the amount of solar radiation decreases, especially in
the afternoon. The reason is that the increase in the amount of useful heat is relatively large compared to the
amount of solar radiation.

Generally, the comparison between experimental and numerical findings is acceptable, although there
are some inconsistencies, and this is due to several reasons, including the fact that the theoretical
calculations in the ANSYS are ideal in terms of weather conditions, which in fact change instantaneously
and directly affect the values of water temperatures inside the tube and the accuracy of the thermo-
measurements, manufacturing errors in the reflector of the PTC and the center of the focal point of the
absorber tube, and errors in tracking the sun.

Figure 13: Experimental thermal efficiency and beam solar radiation during selected day for the MT and PT
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A comparison between the present work (cylindrical turbulators) and different types of inserts in terms
of thermal efficiency ratio is provided in Table 10. The comparison shows that the proposed turbulator design
has a positive effect on enhancing the thermal performance of the PTC.

7 Conclusions

(1) Experimental and numerical results have shown that the maximum thermal efficiency of the PTC
was recorded to be 75% for the PTC with cylindrical turbulators. The PTC with cylindrical
turbulators exhibited higher efficiency than the PTC without cylindrical turbulators by 1.96 times.

(2) The PTC that has been performed is suitable for water desalination because of the high temperature
of the outlet water, which exceeded 60°C.

(3) The outlet temperature, useful heat gain, and thermal efficiency in the absorber tube with cylindrical
turbulators remain high even after the value of the beam solar radiation decreases.

(4) There is good agreement between experimental and numerical results, so it is worth performing a
more in-depth investigation to enhance the performance of PTC, either by inserting new-designed
turbulators or studying their effect on the PTC’s thermal performance.
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