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Abstract: The heat transfer characteristics of the working fluid passing through the absorber of a solar
parabolic trough collector (SPTC) can be enhanced by the creation of a turbulence effect. Therefore, a
novel idea was implemented by introducing a corrugated tube (CT) absorber instead of a plain tube
absorber in a solar parabolic trough collector. The heat transfer enhancement was improved further
through the use of conical strip inserts inside the corrugated tube absorber of the SPTC. A corrugated
tube (CT) receiver with a pitch of 8 mm and corrugation height of 2 mm was used with three different
pitches of conical strip inserts (pitch pi = 20 mm, 30 mm and 50 mm) for the analysis of the thermal
performance of the SPTC. Initially, experiments were conducted in a plain tube and corrugated tube
receiver at different mass flow rates. The convective heat transfer rate was increased for all the
configurations of the conical strip inserts. The SPTC performance was good for the combination of
the corrugated tube (pc = 8 mm and hc = 2 mm) and the conical strip insert I3 (pi = 20 mm). The
experimental results showed that the maximum achieved Nu value, friction factor, instantaneous
efficiency and thermal efficiency of the CT-I3 were 177%, 38%, 26.92% and 9% compared to the plain
tube under the same working conditions.

Keywords: solar parabolic trough collector; plain tube receiver; corrugated tube receiver; transient
flow; conical strip inserts

1. Introduction

Non-conventional sources of energy are broadly used in a variety of sectors such
as domestic and commercial buildings for space heating and hot water generation [1,2].
Uncovered solar collectors are mainly used to heat swimming pools in summer [3–5].
Katsaprakkis et al. [6] used solar-combi systems to meet the thermal energy needs for
hot water production and swimming pool heating. Katsaprakkis et al. [7] investigated
the hybrid power plants used for thermal energy production for indoor space heating
load coverage. The proposed solar-combi system was able to provide 100% of the annual
heating load coverage of the examined building, with an annual contribution from the solar
collectors higher than 45%. Arnaoutakis et al. [8] reviewed the technological advances in
concentrating solar power systems. A comprehensive, systematic approach was applied
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regarding the highly specialized developments which have taken place in all aspects of the
technology. Advances in geometric optics for the enhancement of solar concentration and
temperature were reviewed, along with receiver configurations for efficient heat transfer.
In this way, the article focused on the need for technical and efficient solar energy use to
achieve a green energy revolution. Numerous investigational works have been carried out
on the augmentation of the thermal performance of solar parabolic trough collectors (SPTC)
using different techniques. Atwarirawani et al. [9] analyzed a PTC with twisted inserts
of plain, square cut, oblique delta-winglet and serrated forms. The observations showed
that the serrated twisted tape produced the best results among the studied models. George
et al. [10] conducted experiments on two PTCs, one with a black color coated aluminum
receiver and the other without coating. The result showed that the coated receiver increased
the thermal performance by 10%. Evangelosbellos et al. [11] analyzed the effect of the central
cylindrical insert in a SPTC and concluded that the use of a higher diameter increased the
pumping work and thermal efficiency. Ketantiwan et al. [12] investigated the different pitch
values of inserts of the wire coil and achieved an increased turbulence effect inside the tube.
The Reynolds number and Nu number were also increased. The value of the Nu number
was increased by 330% with the increased value of the convective heat transfer coefficient.
Çaglar et al. [13] investigated a PTC with two different reflective surfaces (chrome plated
and an Al composite panel) and concluded that the composite aluminum reflector achieved
better performance due to its higher reflectivity. The absorber tube with and without a
glass cover was also studied. The absorber tube with a glass cover showed minimum
thermal losses. Kalidasan et al. [14] analyzed a PTC using hinged blades in the absorber
tube and found highly efficient performance compared to that of a conventional tube; the
average instantaneous thermal efficiency was 69.33%. Yousif et al. [15] investigated a PTC
receiver using twisted tape inserts and observed a high friction factor. A passive technique
produced the turbulent flow inside the absorber tube. Abad et al. [16] enhanced the PTC
performance using copper foam in the receiver. The pressure drop and Nu number were
shown to increase during experimentation. A performance enhancement was also observed
with a higher Re number. Younas et al. [17] enhanced the collector efficiency using incident
solar radiation with the help of an automatic tracking system. Aravind et al. [18] conducted
experimental work on a PTC using a cavity absorber. A performance enhancement was
achieved with a glass cover. Aldulaimi et al. [19] conducted experiments, changing the
diameter of single, dual and triple twisted tubes. The maximum heat transfer was achieved
using TTT. Norouzi et al. [20] increased the solar energy absorption by rotating the absorber
tube. Al2O3-therminol oil was used as a heat-carrying fluid. The Al absorber efficiency was
25% greater than that obtained using a steel tube, and 15% thermal efficiency was achieved
by the selection of the optimal rotational speed. Anbu et al. [21] conducted experiments on
a heat exchanger using spiraled rod inserts in the corrugated tubes. It was found that the
Nu number and friction factor value increased by 75.66% and 79.81%, respectively, when
using the maximum corrugation and minimum pitch (hc = 1 mm, Pc = 8 mm) compared to a
conventional tube with DI water. Mohammed Almeshaal et al. [22] conducted experimental
work on a thermosyphon solar water heating system with fully twisted tape (Y = 3), twisted
up to a length of 1 m with spaces at the leading edge of 150 mm, 300 mm, 450 mm in
length. The heat transfer rate reduction for the L-R screw with a rod for a spacer length
of 300 mm and 450 mm was 24% and 33%, respectively. The friction factor decreased by
53% and 56%, respectively. Yilmaz et al. [23] conducted experiments using a wire coil
insert with therminol oil as the working fluid. The Nu number was increased by 183%, the
thermal efficiency was increased by 1% and the average friction factor was increased by
14.41 times compared to the plain tube with water. Kumar et al. [24] analyzed the effect
on the PTC performance of using a metal foam insert to change the mass flow rate; those
authors reported that with their approach, the Nu number was increased 10 fold, the energy
efficiency increased by 3.71% and thermal efficiency was increased 5 fold when compared
to the conventional type. Wong et al. [25] investigated a corrugated tube receiver with
a twisted tape insert in a PTC. CuO/water nanofluids were used as a HTF. The authors
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noticed that the heat transfer rate increased by increasing the nanofluid concentration and
decreasing the twist ratio. Several researchers have concentrated on various geometrical
configurations of inserts and nanofluids to enhance the collector performance in SPTC. To
date, no study has reported the effect of the use of a combination of a corrugated tube and
conical strip inserts on various mass flow rates. Therefore, the present study analyzes the
effect of combining a corrugated tube receiver (pc = 8 mm and hc = 2 mm) with conical
strip inserts (pitch pi = 20 mm, 30 mm and 50 mm) under turbulent flow in a SPTC. Figure 1
shows the flow of the heat transfer fluid from the hot water storage tank (HWST) to the
plain tube absorber of the SPTC through the pump and flow meter.
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Figure 1. Schematic diagram of the solar PTC (plain tube).

2. Experimental Setup

The SPTC was prepared according to the specifications listed in Table 1 and shown in
Figure 2. Experiments were carried out in Dharmapuri (12.1211◦ N, 78.1582◦ E), TN, India.
The SPTC experimental setup used a corrugated tube absorber with a conical strip insert
for the analysis of the friction factor, heat transfer and overall performance at different mass
flow rates. The system consisted of a stainless-steel parabolic collector which focused solar
radiation on a focal line through the reflective mechanism, a sun tracking system to focus
the incident solar radiation, a hot water storage tank, a circulating pump, a flow measuring
device and supporting and controlling devices. The conical strip insert was fitted with a
corrugated tube and positioned at a 90◦ angle relative to the rim. It was enclosed using
a glass cover to maximize the performance of the receiver. It received the focused solar
radiation and transferred it to the working fluid. The pump circulated the water through
the receiver in the circuit. The storage tank and pipeline were well insulated with glass
wool. The SPTC was placed in the north–south direction to optimize its performance, i.e.,
to receive as much solar energy as possible [26,27]. The storage tank was filled to 70%
capacity. Initially, the experiments were carried out using a plain tube copper receiver.
Then, the experiments were continued with a corrugated tube as shown in Figure 3, and its
specifications are listed in Table 2. Three different pitches of conical strip inserts were used
with both the plain tube and corrugated tube are shown in Figure 4, and their specifications
are listed in Table 3 (pc = 8mm and hc = 2mm). The results were tabulated and compared.
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Table 1. SPTC Specifications.

Length of the collector (L) 2 m
Width of the Collector (w) 1 m

Focal distance (f) 0.25 m
Receiver inner diameter 18 mm
Receiver outer diameter 20 mm

Envelope cover inner diameter 22 mm
Envelope cover outer diameter 26 mm

Concentration ratio (C) 25.46
Absorptance of the receiver (α) 0.97
Emissivity of the receiver (åa) 0.25
Envelope tube emissivity (åe) 0.94

Tracking mechanism Electronic type
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Figure 3. Photographic view of the corrugated tube.

Table 2. Geometrical specifications of the corrugated tube.

No. Inner Diameter/Outer Diameter (mm) Pitch pc (mm) Height hc (mm)

CT 14/20 8 2

Two RTD PT 100 sensors were connected to the digital indicator (with 0.1◦C accuracy),
which measured the water temperature at the entry and exit of the receiver. A rotameter
with an accuracy of ±1% measured the flow rate. An Eppley Pyrheliometer measured the
intensity of solar radiation. A U-tube manometer measured the pressure of water at the
entry and exit of the receiver. The reflectance of the stainless-steel material was enhanced
to 0.974 by attaching solarflex foil on it. The black paint coated corrugated copper tube had
an absorptance of 0.97, as tested using a double beam UV-VIS-NIR spectrophotometer at
CECRI, Karaikudi, Tamil Nadu, India.
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Table 3. Geometrical specifications of conical strip inserts.

No. Diameter of Test Section
(mm)

Pitch
(mm)

The Angle of Inclination
of the Strip

I1 10 50 20◦

I2 10 30 20◦

I3 10 20 20◦

3. Uncertainty Analysis

Uncertainty in the measured parameters affected the values of Re, Nu and f. Uncer-
tainties in the measurements were estimated based on the procedure given by Holman [28].
In this study, the diameter of the tube (D), length of the tube (L), manometer readings (∆p),
flow meter readings (ṁ) and thermometer readings (T1, T2) were noted. To determine the
uncertainties in the experimental data, possible errors in the parameters were estimated.
The uncertainty of the current study was determined as follows:

by WR =

√√√√( ∂R
∂x .

1

· Wx1

)2

+

(
∂R
∂x .

2
· Wx2

)2

+ · ∂R
∂x .

n
· Wxn (1)

R = f (X1, X2, . . . Xn) (2)

where X1, X2, . . . Xn are independent variables and Wx1, Wx2, . . . Wxn are the absolute
uncertainties of X1, X2, . . . Xn.

4. Heat Transfer and Pressure Drop Calculations

The experiments were conducted both in laminar and turbulent flow conditions. The
overall heat transfer coefficient, friction factor and Nusselt number were determined based
on the observed data during experimentation using the following expressions.

The heat absorbed by the working fluid was estimated using the following equa-
tion [29]:

Qa = ṁCp(∆T) (3)

The collector efficiency was calculated as follows [29]:

ηc =

[
(T2 − T1)·mw·Cp

I·Aa

]
(4)

The overall heat transfer coefficient under steady state flow was calculated using the
following equation:

1
UoAo

=
1

hiAi
+ ln

(
do
di

)
2ΠKL

(5)



Sustainability 2023, 15, 378 6 of 16

The Nusselt number was calculated as follows:

Nu =
hidi

k
(6)

The pressure drop in the corrugated tube was found using manometer readings, and
the friction factor value is calculated using the following formula:

F =
∆p

1
2 ρv2

(
di
L

)
(7)

5. Results and Discussion

Experimental works were performed on the newly modified experimental setup.
Initially, the experiments were carried out in a plain tube absorber at different flow condi-
tions. The friction factor values were estimated and compared with the Darcy-Weisbach
Equation (8).

∆P/l = f
V2ρ

2Di
(8)

Both the experimental and theoretical values almost matched at regular intervals, as
shown in Figure 5.

N =
hiDi

k
(9)

Nu = 0.023 Re0.08 Prn (10)

The estimated values based on the experimental observations coincided almost per-
fectly with the theoretical findings. This indicated that the constructed experimental setup
and its working performance were good.

The estimated values of the Nusselt number for the different mass flow rates were
compared with the Dittus-Boelter Equation (10); the results matched well, as shown in
Figure 6. The increased Reynolds number enhanced the degree of turbulence and led to
an increased heat transfer rate, as shown in Figure 7. The corrugated tube changed the
direction of fluid flow which, in turn, increased the convective heat transfer. Increased
Nu values were achieved by decreasing the pitch of the conical strip insert (I3). The
inserts changed the direction of flow. The corrugated tube with I3 had the maximum
value of the Nusselt number due to the additional swirl effect resulting from the geometry
of the corrugations [30–32]. The increased Reynolds number enhanced the degree of
turbulence and led to an increased heat transfer rate, as shown in Figure 8. The corrugated
tube produced the turbulence effect in the water, which in turn increased the convective
heat transfer rate. The increased Nu values were achieved further due to the additional
turbulence effect caused by decreasing the pitch of the conical strip inserts. The plain tube
absorber temperature was high compared to a combination of different pitches of inserts in
the corrugated tube, as shown in Figure 9. It showed that water absorbed less heat from the
wall in the case of the plain tube. The corrugated tube fitted with I3 has a lower value of
absorber temperature due to the increased transfer of heat to the working fluid caused by
extra turbulence. Figure 10 showed that the friction factor values decreased gradually with
an increase in the Re number for all the configurations. A U-tube manometer measured
the pressure of water at the entry and exit of the receiver. The friction factor values are
calculated. The pressure drop was high for the combination of the corrugated tube with a
20-mm pitch of conical strip insert (I3) due to the maximum swirl effect achieved by the use
of a low-pitch insert. The plain tube has less instantaneous efficiency due to the minimum
utilization of solar energy, whereas the corrugated tubes have increased efficiency. It is
caused by the turbulence created by the geometry. The use of inserts in the corrugated
tube increased efficiency even further. The optimized corrugated tube CT3 with I3 provides
the maximum instantaneous efficiency due to the maximum absorption of heat energy by
water due to increased turbulence in the working fluid, which in turn increases the heat
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transfer as shown in Figure 11. The thermal efficiency of CT-I3 increased by 8% compared
with the plain tube, as shown in Figure 12.
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6. Linear Regression Model (Scikit-Learn)

The experimental observations, as shown in Table 4, were used to establish the ana-
lytical linear regression model using the Scikit-Learn library in the Python programming
language. Additionally, the output parameters such as friction factor and Nu number were
correlated with the continuous input of the Re number. A correlogram is presented in
Figure 13.
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Table 4. Data used for LR model.

Statistical Attributes Reynolds Number Nusselt Number Friction Factor

count 15 15 15

mean 5500 18.26 0.1158

std 2195.78 3.52 0.0075

min 2500 13 0.1

25% 4000 15.9 0.1115

50% 5500 18 0.115

75% 7000 21 0.122

max 8500 24.6 0.126
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A total of 15 entries of inputs, such as the Re number and various pitches of inserts,
were used for the prediction of the Nu number and friction factor, respectively. Among
the 15 data points, 12 were used for training and 3 were used for testing the developed
models. The LR algorithm is a very popular machine-learning modelling technique and
the performance evaluation of the model is shown in Table 5. The mathematical equation
of LR is as follows:

Y = C + mX (11)

Table 5. Performance evaluation of the model.

ML Model
Friction Factor Nusselt Number

R2 MSE RMSE MAE R2 MSE RMSE MAE

LR
algorithm 0.95 0.00002 0.00458 0.00374 0.94 0.99309 0.99658 0.87264

The experimental values were compared with the predicted output values and pre-
sented in graphical form, as shown in Figures 14 and 15.
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Figure 15. Actual and LR predicted Nu number.

The experimental friction factor values were plotted against the LR-predicted values.
It can be concluded that the model did a good job of predicting the FF, i.e., with almost 95%
accuracy. The Nusselt numbers were also predicted using the LR-developed models. The
actual and predicted values of the Nu number were plotted and are presented in Figure 15.
As shown, the LR predicted the Nu number with an accuracy of 93%. The actual and
predicted values of absorber temperature and heat transfer coefficient are presented in
Figures 16 and 17. The LR predicted the absorber temperature and heat transfer coefficient
with an accuracy of 94% and 98.5%, respectively.
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7. Conclusions

1. Experiments were carried out on a solar PTC using a corrugated tube absorber with
conical strip inserts; the following conclusions may be made.

2. The highest thermal performance, friction factor value, convective heat transfer and
Nusselt number value were achieved using a combination of CT with I3. The highest
friction factor value was achieved using CT-I3; it was 38% higher compared to that
obtained using a plain tube and 25% higher compared to that with CT without insert.
The Nusselt value increased to a maximum of 177% compared to that of the plain
tube and 78% compared to the CT.

3. The maximum convective heat transfer coefficient value of CT-I3 was 798W/m2K,
i.e.,84.72% higher than that obtained with the plain tube and 41.23% higher compared
to the CT without an insert.

4. The instantaneous efficiency of CT with I3was 26.92% higher than that obtained with
the plain tube and 13.79% compared to the CT under the same working conditions.

5. A maximum thermal efficiency of 59% was achieved using CT with I3, while 55% was
achieved while using the plain tube.
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6. The best results were achieved using the combination of corrugated tube CT (hc = 2
mm, pi = 8 mm) and conical strip insert I3 (20 mm).

7. The LR model was developed with the help of the experimental values obtained via
the Scikit-Learn library in the Python programming language. The friction factor and
the Nusselt number were predicted with an accuracy of 95% and 93%, respectively.
Therefore, the analytical model matched the performance of the experimental model
extremely well.

8. The friction factor, Nusselt number, absorber temperature and heat transfer coefficient
were predicted with accuracies of 95%, 93%, 94% and 98.5%, respectively. Therefore,
again, the analytical model matched the performance of the experimental model
extremely well.
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Nomenclature

Ao Outer surface area (m2)
Ai Inner surface area (m2)
Cp Specific heat of water (J/kgK)
di Absorber tube inner diameter (m)
do Absorber tube outer diameter (m)
f Friction factor
h Convective heat transfer coefficient (W/m2 K)
K Thermal conductivity (W/m K)
l Length of the absorber tube (m)
m Mass flow rate of fluid (kg/s)
Nu Nusselt number
ρ Density of fluid (kg/m3)
∆p Pressure drop (N/m2)
Q Heat transfer rate (W)
Re Reynolds number
Ti Fluid inlet temperature (◦K)
To Fluid outlet temperature (◦K)
U Overall heat transfer coefficient (W/m2K)
V Velocity (m/s)
Y Twist ratio
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