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ABSTRACT                                  
A significant portion of energy is wasted within 

the evacuated tube collector due to the formation of 
an inactive zone at the bottom of the tube, resulting 
in decreased efficiency. The current study presents 
an experimental investigation of the energetic and 
exergetic analysis of an evacuated tube solar water 
heater associated with perforated wavy tubes. A 
comparative analysis of conventional solar water 
heater and water heater with three different thermal 
enhancement methods was carried out:  The use 
of wavy tape inserts (Plain WT), perforated wavy 
tape with 6 mm equilateral triangles (6 PWT), and 
perforated wavy tape with 9 mm equilateral triangles 
(9 PWT).

 The results showed that the insertion of wavy tapes improved the temperature of the ETC 
solar water heater’s tank water as well as the temperature of the evacuated tubes. The highest 
hourly efficiency was recorded as 83.33% for the ETSC with 6 PWT, followed by 81.8%, 78.3%, 
and 75.6% for the ETSC with 9 PWT, ETSC with plain WT, and ETSC without WT, respectively. 
The effect of perforated wavy tape ETSC (6 PWT) resulted in a daily energy efficiency of 49.3%, 
which is greater than without WT (38.7%), with plain WT (44.9%), and with 9 PWT (47.8%). The 
average exergy efficiency of ETSC with 6 PWT was higher by 70.1%, 35.1%, and 13.1% compared 
to without WT, with plain WT, and with 9 PWT, respectively. 
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ب تحسين أداء سخانات مياه الطاقة الشمسية ذات الأنبوب المفرغ باستخدام شريط مموج مُثقَّ

بونام كومار أغادي، نيتين دوبي، راهول أغراوال.

ملخ��ص: يُه��در ج��زءٌ كب��يٌر م��ن الطاق��ة في مجمع��ات الأنب��وب المف��رغ بس��بب تكوي��ن منطقة غير نش��طة في الجزء الس��فلي م��ن الأنبوب، 
مم��ا ي��ؤدي إلى انخف��اض الكف��اءة. تق��دم الدراس��ة الحالي��ة تحلي��ا تجريبيا لس��خان المي��اه الشمس��ي ذو الأنبوب المفرغ المرتب��ط بالأنابيب 
المتموج��ة المثقب��ة. كذل��ك أُجري��ت مقارن��ة لأداء س��خان مي��اه شمس��ي تقلي��دي وس��خان المي��اه م��ع ث��اث ط��رق مختلف��ة لتعزي��ز الاداء 
الح��راري: وذل��ك باس��تخدام ش��ريط مم��وج )Plain WT(، وباس��تخدام ش��ريط مم��وج بثق��وب عل��ى ش��كل مثلث��ات متس��اوية الأض��اع 
مق��اس 6 م��م )PWT 6(، وباس��تخدام ش��ريط مم��وج بثق��وب عل��ى ش��كل مثلث��ات متس��اوية الأض��اع مق��اس 9 م��م )PWT 9(. أظه��رت 
النتائ��ج أن إس��تخدام الأش��رطة المتموج��ة أدى إلى ارتف��اع في درج��ة ح��رارة م��اء س��خان المي��اه الشمس��ي، وكذل��ك درج��ة ح��رارة الأنابي��ب 
المفرغ��ة. وس��ج ل��ت أعل��ى كف��اءة حوال��ي %83.33 ل���لمجمع الشمس��ي بالش��ريط المم��وج ذو الثق��وب )PWT 6(، و %81.8 ل���لمجمع 
الشمس��ي بالش��ريط المم��وج م��ن ن��وع )PWT 9(، %78.3 ل���لمجمع الشمس��ي بالش��ريط المم��وج الغ��ير مثق��ب )Plain WT(، و 75.6% 
 )PWT6( للمجم��ع الشمس��ي التقلي��دي. كم��ا تم قي��اس متوس��ط الكف��اءة اليومي��ة للمجمعات المدروس��ة وكان��ت، للمجمع الشمس��ي
حوال��ي %49.3، وللمجم��ع الشمس��ي التقلي��دي حوال��ي %38.7، وبلغ��ت كف��اءة المحم��ع الشمس��ي )Plain WT( حوال��ي %44.9، و 
للمجمع الشمسي )PWT9(حوالي %47.8. وهو ما يمثل زيادة في الكفاءة عن المجمع الشمسي المسطح التقليدي بحوالي  %70.1و 

%35.1 و %13.1 للمجمع��ات الشمس��ية م��ن ن��وع )PWT6( وم��ن ن��وع )Plain WT( وم��ن ن��وع  )PWT 9(، عل��ى التوال��ي.

الكلمات المفتاحية - مجمعات الأنابيب المفرغة، الشريط المتموج، الطاقة، الكفاءة، الاكسيرجي، التثقيب، درجة حرارة الماء.

1. INTRODUCTION

The quest for energy is continually increasing each day due to growing consumption across 
domestic and industrial sectors [1,2]. Due to global economic and technological advancements, 
energy consumption has recently increased by 44.2% overall for the 2006–2030 projected period 
[1]. Energy is essential for various purposes such as heating, transportation, and lightening in our 
daily lives. Research by Reddy et al. [3] reveals that approximately half of the global energy demand 
is attributed to heat production for many purposes [4]. The continued utilization of traditional 
resources like fossil fuels to fulfill excess energy needs results in their eventual depletion. Rooftop 
solar systems are now the market’s most distinctive, cutting-edge, and lucrative options.  A 
detailed life cycle analysis study concluded that rooftop solar systems are more environmentally 
friendly than utility-scale solar installations [Mustafa Aslan 5]. Most rooftop photovoltaic (PV) 
systems are grid-connected power systems. Residential rooftop PV setups typically have a capacity 
ranging from 5 to 20 kilowatts (kW), while commercial installations often range from 100 kW 
to 1 megawatt (MW). As of 2022, approximately 25 million households worldwide depend on 
rooftop solar power [Ahlem Zegueur 6]. Currently, 15% of Chinese households use solar water 
heaters to heat water effectively. [7]. Hot water is an essential necessity in households, industries, 
hospitals, and hotels for various purposes. Previously, conventional heaters fueled by natural gas, 
propane, fuel oil, and electricity (primarily sourced from fossil fuels) met these demands.  Due 
to this rise in consumption, studies predict that oil consumption will exceed 120 million barrels/
day by 2025 [8]. However, widespread reliance on these conventional energy sources globally has 
resulted in environmental degradation and resource depletion. Furthermore, the combustion of 
these fuels contributes  greenhouse gases such as carbon dioxide (CO₂) and nitrous oxide (N₂O) 
into the atmosphere, which amplify the greenhouse effect by trapping and re-radiating heat. 
This process contributes to an increase in the Earth’s average air temperature. These greenhouse 
gases can persist in the atmosphere for decades to centuries, exacerbating their long-term 
impact on the climate. There is a pressing need to shift our energy-intensive practices towards 
sustainable alternatives like renewable energy. Thus, there is a growing push for the adoption 
and advancement of highly efficient renewable energy systems worldwide [9,10]. As a result, 
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in order to maintain energy security and lessen the negative effects of global warming, modern 
economies are increasingly relying on renewable energy sources like solar and wind power. Solar 
energy, due to its abundant availability, can be effectively harnessed by solar water heaters to raise 
the temperature of water. The fundamental elements of a solar water heating system include the 
collector, heat exchanger, and insulated storage tank. Solar collectors exist in three main types: 
flat-plate collectors (FPC), evacuated-tube collectors (ETC), and concentrated solar collector 
(CSC), and are used to harness solar radiation to heat water, which is then circulated through 
them. Among these components, the solar collector stands out as crucial within the solar water 
heater [11]. FPCs and ETCs are commonly employed to generate heat up to 60 °C, serving direct 
hot water supply and space heating needs in residential or commercial buildings [12]. 
This classification is depicted in figure 1.

Figure 1. Classification of solar water heating systems [13].

Evacuated tube solar water collector (ETSWC) offers an advantage over flat plate solar water 
collector (FPSWC) in its ability to absorb heat from all directions owing to its shape, resulting in 
high water temperature, enhanced efficiency, and reduced heat loss coefficient [14]. ETSWC can 
heat the heat transfer fluid up to 150°C. Shukla et al. [15] provided an extensive discussion on 
solar water heating (SWH) systems, focusing on various types of solar collectors and illustrating 
the top 12 countries, including China and India, utilising solar water heating (SWH) systems in 
figure 2. 

Figure 2. Implementation of SWH systems in major countries of world [16].
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According to the Renewable Energy Policy Report 2019, data spanning from 2008 to 2019 
indicate that China is at the forefront of SWH technology adoption.
Sokhansefat et al. [17] investigate the effectiveness of ETSC and FPSC in a cold environment 
condition. They found that the ETSC system outperforms the FPSC system by 41%. Additionally, 
they observed that weather conditions and initial temperature have a more pronounced effect on 
the effectiveness of FPSC compared to ETSC. Additionally, they observed that the usable energy 
gain for both systems diminishes with increasing input temperature, with FPSC seeing a greater 
decline. In cold climates, ETSC demonstrates a 30% higher annual useful energy gain compared 
to FPSC. Its popularity has surged due to its uncomplicated design and superior efficiency. 
Evacuated tube solar collectors are available in various designs, such as plain evacuated tubes, 
evacuated tubes equipped with heat pipes, and others. Among these, the simple and unadorned 
evacuated tubes are currently the most prevalent configuration. Despite their basic nature, plain 
evacuated tubes have been extensively employed in passively circulating solar water heating 
systems due to their affordability and easy installation [18,19]. To address inherent drawbacks 
like low performance and heat losses when not exposed to sunlight, modern solar thermal plates 
have undergone enhancements involving the integration of phase-changing substances and 
structural modifications. These improvements aim to enhance overall efficiency and mitigate 
inefficiencies during periods without sunlight [20,21]. Enhancing thermal efficiency typically 
occurs as heat transfer area and flow velocity increase, driven by higher frictional pressure drop 
[22].  There are many ways to enhance the performance of solar collectors. The most frequently 
employed strategy for improving thermal efficiency is optimising the device’s structure, as 
shown in figure 3. The implementation of twisted and wavy tape inserts stands out as the most 
effective approach for enhancing the effectiveness of solar collectors across various applications, 
primarily because of its straightforward and cost-effective application [23]. Numerous studies 
have explored the impact of incorporating twisted and wavy tape into tubes on both thermal and 
hydraulic performance, undertaken by researchers in the field [24,25].

Figure 3. Different types of tapes used in previous experimental work [26].

Sundar et al. [27] utilized twisted tape (TT) inserts with varying twist ratios of 5, 10, and 15 in 
an FSTC. Their experiments showed that using a twist ratio of 5 resulted in an improvement 
of heat transfer by around 32%. Jaisankar et al. [28] conducted an experimental investigation 
into the impact of inserting helical twisted tapes on thermal performance and pressure drop 
in a water heating system that included an FSTC. Morrison et al. [29] investigated the flow of 
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heat transfer fluid circulating within an all-glass evacuated tube (ET), resulting in disruptions to 
thermal inversion inside the collector tank. Additionally, they noted the presence of an inactive 
area towards the lower portion of the tube that adversely affects the heat collection efficiency of 
the water collector. Abnish et al. [14] investigated the effect of wavy and perforated wavy tapes in 
the flat plate collector. They found that the nusselt number is enhanced by 21% by the application 
of perforated wavy tape. Further, the value of maximum efficiencies obtained is 38, 50, and 55% 
for plain FPC, FPC with wavy tape, and FPC with perforated wavy tape, respectively.
On the other hand, Dinesh et al. [30] and Gunasekaran et al. [31] demonstrated that the effectiveness 
of direct flow ETSWC can be enhanced through the use of different geometric configurations, 
such as hetero-fused reflecting surfaces and twisted strips. They also highlighted the benefits of 
employing appropriate phase change materials (PCM) and absorption film coatings on the inner 
wall of the ET to enhance the efficiency of ETSC. Suri et al. [32] conducted a study on improving 
heat transfer and reducing friction in a heat exchanger tube by using twisted tape with square 
shaped perforation, observing a notable rise in heat transfer efficiency with this setup. On the 
other hand, Nanan et al. [33] examined how twisted tape with helically perforations affects heat 
transfer and friction loss, finding that it decreases both compared to standard helical twisted 
tape. However, Ponnada et al. [34] found contradictory results, stating that the use of perforated 
twisted tape increases both heat exchange and roughness factor in comparison to regular twisted 
tape. Eiamsa-Ard et al. [35] researched the impact of three distinct helical twisted tape designs 
on collector efficiency, establishing that the single helical twisted tape demonstrated superior 
performance compared to other arrangements.
Al-Fahed et al. [36] conducted an experiment in which they investigated the drop in pressure and 
heat transmission rate in a plain tube, micro-fine tubes, and a tube with a twist turbulator when 
the tube was exposed to a fluid moving laminarly. The results suggest that the highest heat transfer 
rate might be achieved by decreasing the twist tape ratio. Kumar et al. [37] conducted experiments 
to examine the effects of a performance-rated twisting tube with periphery circumferences on 
singles and dual V-cut forms, as well as the pressure drop and rate of heat transfer in a circular 
channel. They showed that the thermal performance factor increases from 1.69 to 2 when these 
twisted turbulators are used. Piryarungrod et al. [38] demonstrated that using taper twisted tape 
improves heat transmission rate, pressure variation, and overall thermal stability. Their findings 
indicated that a taper twisted tape with a 0.9° taper angle and a twisting ratio (3) achieved the 
highest thermal characteristics. Wongcharee and Eiamsa-ard [39] conducted experiments using 
both clockwise and counter-clockwise twisted tapes alternately in a round tube. They found that 
a smaller twist ratio of 3 resulted in the greatest improvement in heat transfer. Similarly, Jouybari, 
N. F [40] carried out a numerical analysis on fluid flow within a solar heater that included a 
porous substrate. They observed that increasing the thickness of the porous layer and decreasing 
the Darcy number led to higher fluid flow, enhanced heat transfer, and greater pressure drop.
However, another difficulty is their inability to consistently match demand and supply, largely 
due to their dependence on sunlight availability and heat losses. [41-43] According to recent 
studies [44], this problem may be successfully resolved by including an appropriate thermal 
storage material in the system. Phase change materials (PCMs) have many advantages, but before 
using any PCM in an application, important concerns including thermophysical properties, 
stability, and poor thermal conduction must be resolved. The major limitation observed from 
previous studies reveals that employing tape inserts as turbulators offers significant benefits in 
augmenting heat transfer rates, leading to improvements in thermal efficiency. However, research 
on different types of twisted and wavy tapes (WT) is lacking, despite their comparable thermo-
hydraulic performance. It is also noted that the design parameters of these inserts play a crucial 
role in achieving optimal performance while minimising pumping power. Previous research 
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in the field of thermal enhancement methods for evacuated tube solar collectors (ETSC) has 
explored various ideas in both thermal and hydraulic studies. Typically, each study has focused 
on investigating a single method, with only a few conducting comparative analyses involving 
two inserts. In this context, the objective of the current study presents a comparative analysis 
of three common thermal enhancement methods: the use of wavy tape inserts, perforated wavy 
tape with 6 mm equilateral triangles, and perforated wavy tape with 9 mm equilateral triangles. 
Swirl flow devices like twisted and wavy tapes are believed to enhance heat transfer through 
several mechanisms: (i) partitioning and obstructing the tube’s section, resulting in increased 
flow velocity; (ii) reducing hydraulic dimensions, influencing the coefficient of heat transfer; and 
(iii) generating secondary fluid motion through twist mixing, enhancing convection heat transfer 
[14]. This unique turbulator shape significantly accelerates the heat transmission rate. As far as 
we are aware, there haven’t been any other studies that compare these thermal augmentation 
techniques in the literature, and there aren’t many comparison studies overall. Therefore, this 
work is innovative in systematically presenting a comparison among these three commonly used 
thermal enhancement methods. Table 1. shows the outcomes of previous research carried to 
enhance the performance of the collector by using various techniques.

Table 1. Shows the outcomes of previous research carried to enhance the performance of collector by using various 
techniques.

Authors Modification Working fluid Finding

Esmail and Abughadra [45] ETC with heat pipe Methanol

The outcomes reveal that 
the ETC with heat pipe 
had increased efficiency 

than conventional 
collector.

Jafaryar et al. [46] Twisted tapes with 
helical fins

Water-alumina 
grapheme

The increment of heat 
transfer rate is up to 

70.52%

Rajan et al. [47] Hyperbolic TT Water
The maximum thermal 
performance factor is 

1.171

Ebrahim et al. [48] ETC with fin and 
heat pipe

Water and 
methanol

The ETC with water 
shows better results as 

compared to methanol as 
working fluid. Moreover 
addition of fin enhances 
the performances of the 

system.

Jin-joo [49] Twisted tapes Water Thermal performance was 
increased by 7.7%

Murugesan et al. [50]
Wire-nails in the 
twisted tape with 

several twist ratios
Water

Thermal performance was 
increased up to 1.13 times 

compared with plain 
twisted tape

Chaurasia et al. [51]
Single and double 
strip helical screw 

tape inserts
Water

Nusselt number attained 
maximum enhancement 
of 112% with double strip 
helical screw insert than 

plain tube
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2. EXPERIMENTAL SET UP

The installed solar water heating system consisted of an evacuated tube solar collector (ETSC) 
designed as a passively operated flow-through collector with eight evacuated tubes and an 
integrated water reservoir capable of holding 150 litres. Cold water from the storage tank enters 
the evacuated tubes from the upper portion, where it is evenly distributed among all tubes; the 
heated water is subsequently collected in the upper header and stored in the tank until equilibrium 
is reached between the inlet and outlet temperatures. The storage tank is constructed from steel 
to prevent corrosion and is insulated with polyurethane foam to minimise heat loss and maintain 
a constant water temperature. The tank is designed with a top lid for easy access to integrate and 
remove wavy tapes as shown in figures 4 and 5. 

Figure 4. Isometric view of experimental setup.

Figure 5. Image of experimental setup used in current work.

The evacuated tubes are positioned at a tilt angle of 30°, typically aligned with the local geographical 
latitude angle and facing south to maximise solar radiation exposure, as recommended in existing 
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literature [51]. 
Detailed technical specifications of the experimental setup can be found in Table 2.

Table 2. Physical dimension of experimental setup.
S. No. Design material/parameters Specification

1 Glass inclination angle 30° towards south
2 Aperture area 1.5 m2
3 Evacuated tube (8 No.s) Internal radius 38 mm & External 

radius 45 mm with 1500 mm height
4 Collection tank inner dimension 400 mm diameter & 1020 mm 

length
5 Collection tank outer dimension 500 mm diameter & 1120 mm 

length
6 Insulation material PUF of 50 mm thickness
7 Sealing Material Silicone gel and rubber
8 Evacuated tubes material Borosilicate glass
9 Absorptance 91 %

10 Transmittance 93% 93 %
11 Wavy tapes Strip having dimensions of 0.3 mm 

thickness, 16 mm width, and a 
length (l) of 1200 mm.

12 Thermocouple K type thermocouple
13 Solar radiation measurement device Solar power metre
14 Temperature measurement device Data logger

The copper strip used to create the wavy tapes measures 0.3 mm thick, 16 mm wide, and 1200 
mm long (l). These tapes are formed by folding the strip at 20 mm intervals, each fold angled 
at 60°. Additionally, two variations of perforated wavy tapes are made by punching equilateral 
triangles, with sides measuring 6 mm and 9 mm, onto the front face of each inclined side of the 
wavy tape. Figure 6 illustrates the perforated wavy tapes used in the experimental setup.

Figure 6. Perforated wavy tape used in the experimental work.

The experiments were conducted outdoors in the northern Indian climate conditions during 
February 2024. The experimental setup for the evacuated tube solar water heating system was 
installed on the flat roof of SISTec-R College in Madhya Pradesh, India (latitude 23.2599° N and 
longitude 77.4126° E). As discussed previously, the investigation involved four different scenarios 
within the ETSC. The first scenario was without any twisted tape in the tube (Without Tape), the 
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second scenario was with plain wavy tape in the tube (Plain WT), the third scenario involved 6 
mm perforated wavy tape (PWT 6), and the fourth scenario used 9 mm perforated wavy tape 
(PWT 9) in the tube. Figure 5 shows the actual image of the experimental setup used in current 
work.
Observations were recorded over a 10-hour period for each scenario, commencing at 8 a.m. and 
concluding at 6 p.m. (sunset). Since the flow within the tube is bi-filamental characterized by two 
distinct streams: one ascending with heated fluid and the other descending with colder fluid from 
the reservoir, as shown in figure 7. These opposing streams coexist with a shear layer separating 
them. Temperature readings were taken at three different positions inside the tank, as well as at 
the wavy tapes in the tubes, atmospheric temperature, and solar intensity, all measured hourly 
throughout the experiment. Subsequent calculations were conducted to perform energetic and 
exergetic analyses of the four scenarios.

Figure 7. Flow pattern in an evacuated tube heated [52].

A total of six K-type thermocouples were fitted to monitor temperatures in different places. The 
bulk water temperature was determined by averaging the readings from three thermocouples that 
were positioned within the water tank at the top, bottom, and halfway between the three points. 
One thermocouple was used outside to detect the ambient temperature, and two thermocouples 
were positioned within the evacuated tube to measure the temperature of the wavy tape. A data 
logger was used to record and store temperature measurements from these thermocouples.
Solar radiation was measured using a solar power metre with a reading accuracy of ±10.0 W/
m2. To assure measurement reproducibility, each experiment was run for at least 5 clear-sky 
solar days; subsequently, readings from similar solar days with comparable radiation patterns 
were analysed to estimate the efficiency of the ETSC. Uncertainties may arise in experiments due 
to various factors, such as inaccuracies in measurement tools, calibration, and data processing 
errors. In this particular experiment, thermocouples were employed to measure temperature 
with an uncertainty of 0.75, while a solar power metre, with a potential uncertainty of 4.0 as 
indicated in the instruction book, was used to monitor solar radiation. The standard uncertainty 
in the experiment can be calculated using the formula outlined by khan et al. [53].

                                                                                         ( )
( )n mn

z

z z
UC

n
=

−
=

−
∑

Where UCz indicates uncertainty value, Zn and Zm are the individual and mean values of three 
readings, respectively, n is total number of measurements.
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3. DATA REDUCTION

3.1. Energy Analysis

The primary focus of the initial law examination revolves around quantifying the efficiency of 
energy conversion within a thermodynamic system. The efficiency, as expressed by the first law, 
is given below [54,55].

2                                                                                                                 ( )w
energy

in

Q
Q

η =

Where, Qw is the energy contained within the water and Qin represent the amount of solar energy 
acquired by the tubes.
Moreover, the energy contained within the water can be computed using the equations provided 
by Kumar and Mylsamy [56].

3, ( )                                                                                         ( )w w p w wout winQ m C T T= −

mw and Cp,w is the mass flow rate (kg/s) and specific heat values of water in the collection tank 
whereas TWout and TWin is the water temperature at outlet and inlet section in oC.
The thermal energy absorbed by evacuated tubes during a specific period has been derived from 
the below equation :

4                                                                                                                 ( )in c tQ A I= ×

Where Ac (m2) is the aperture area and It is the amount of solar radiation incident on the tubes 
in W/m2.

3.2. Exergy Analysis

The best way to measure the inefficiencies in a solar heating system induced by thermal 
irreversibility is to evaluate the system’s energetic and exergetic effectiveness. Exergy serves as 
a measure of the maximum potential performance achievable by any thermal system when it 
reaches thermal equilibrium conditions. 

5,

,

                                                                                                                  ( )x out
exe

x inp

E
E

η =

Ex,out stands for the water’s usable exergy and is computed as [57].

6, , ( ) ln( )                                                    ( )wout
x out w p w wout win a

winp

T
E m C T T T

T

 
= × − − 

  

The exergy absorbed is given by  [58].
4

1 41 7
3 3,                                                                  ( )a a

x inp c t
s s

T T
E A I

T T

     = × + × − ×           

Where Ts represents the sun’s temperature and equal to 5760 K.

4. RESULT AND DISCUSSION

In this present study, a comparative experimental investigation of the developed system has been 
conducted in four distinct cases within the ETSC. The first case was without any twisted tape in 
the tube (without tape), the second was with plain wavy tape in the tube (plain WT), the third 
involved 6 mm perforated wavy tape (PWT 6), and the fourth used 9 mm perforated wavy tape 
(PWT 9) in the tube. Utilizing experimental data, a thermal performance analysis of the developed 
system was performed using the equations previously discussed. This section delves into the 
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analysis of parameters such as inlet temperature, ambient temperature, outlet temperature, and 
variations in solar radiation across different scenarios. Additionally, this section also presents 
a comparative analysis of energy efficiency and exergy efficiency corresponding to the various 
scenarios.
Figure 8 shows the time wise fluctuation of solar radiation and ambient temperature at every 1 hr 
interval from 9th to 12th February 2024, in the city of Bhopal, Madhya Pradesh, India (latitude 
23.2599° N and longitude 77.4126° E). The four different cases of the experiment were carried out 
on four different days, starting from 9th February to 12th February 2024. Initially, solar radiation 
exhibited an upward trend over time, peaking at 960 W/m2 around 13 hours before gradually 
declining. The hourly variations in ambient temperature are also depicted, showing a range from 
17°C at 8 hours to a peak of 34°C at 16 hours.

Figure 8. Time wise fluctuation of solar radiation and ambient temperature.

4.1. Temperature variation

The graphical representation in figure 9 and figure 10 below illustrates the hourly changes in 
outlet temperature and temperature difference both with and without wavy tapes.

Figure 9. Time wise fluctuation of outlet water temperature of different tested cases.
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The tank water temperature exhibits a similar trend across all operational modes, including those 
without any wavy tapes (Without Tape), with plain wavy tape (Plain WT), and with perforated 
wavy tapes of two different perforation sizes (PWT 6 and PWT 9), as depicted in Figure 10. The 
temperature is measured at three different locations within the tank (top, centre, and bottom) 
during the testing. The average of these three temperatures is taken as the outlet in the analysis 
portion. The highest outlet water temperature was recorded in the ETSC with 6 PWT (77 °C), 
significantly surpassing the ETSC without WT (70 °C), ETSC with plain WT (73 °C), and the 
ETSC with 9 PWT (75 °C). This clearly indicates that the presence of wavy tapes induces turbulent 
flow within the ETC tubes, facilitating better mixing of the tube water to capture maximum solar 
energy as useful heat.

Figure 10. Time wise fluctuation of water temperature difference of different tested cases.

Figure 11 also illustrates the temperature variation at the central portion during the testing 
day of the evacuated tube under various operational modes, both with and without wavy tape 
arrangements. The water temperature at the tube’s center remains consistently higher, primarily 
because this part receives direct exposure to solar radiation throughout the day. 

Figure 11. Time wise fluctuation of water temperature in the central portion of the evacuated tube of different 
tested cases.

The incorporation of wavy tapes generates secondary flow compared to FPC without WT, 
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thereby enhancing water temperature. Perforations in the tape intensify flow mixing, creating 
more intense turbulence and swirl flow than plain wavy tape [57]. Consequently, there is an 
increase in secondary flow velocity and improved mixing between the tube’s core and adjacent 
wall, enhancing convective heat transport.  However, larger perforation sizes may reduce 
turbulence, impacting system performance accordingly. Therefore, wavy tapes with smaller sizes 
are recommended for better heat transfer characteristics.

4.2. Hourly Energy Storage

Figure 12 depicts the amount of energy stored in the water tank of the ETC solar water heating 
system in the form of sensible heat. 

Figure 12. Hourly energy stored in water tank of ETSC with different wavy tapes.

The energy stored gradually increased in the morning and reached its highest point by the 
afternoon at 14:00 hours. The minimum stored energy was observed in the evening at 18:00 hours 
when solar insolation was at its lowest. It is evident that the maximum energy was recovered by 
14:00 hours, during all operational modes. The highest energy stored in the collection tank was 
recorded in the ETSC with 6 PWT (4410 KJ/hr), significantly surpassing the ETSC without WT 
(3570 KJ/hr), ETSC with plain WT (3696 KJ/hr), and ETSC with 9 PWT (4200 KJ/hr). It also 
reveals that the maximum energy storage of ETSC with 6 PWT was higher than that of ETSC 
without WT, ETSC with plain WT, and ETSC with 9 PWT by 24, 19.5, and 5.5%, respectively. 
This clearly indicates that the presence of wavy tapes induces turbulent flow within the ETC 
tubes, facilitating better mixing of the tube water to capture maximum solar energy as useful heat.

4.3. Energetic Analysis

Figure 13 illustrates the average change in energy efficiency of the water heating system with 
varying solar intensity at hourly intervals during simultaneous operation using wavy tape and 
perforated wavy tapes. 
The peak hourly efficiency was observed around 14:00 hours across all experimental cases. The 
highest hourly efficiency was recorded as 83.33% for the ETSC with 6 PWT, followed by 81.87%, 
78.31%, and 75.64% for the ETSC with 9 PWT, ETSC with plain WT, and ETSC without WT, 
respectively.
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Figure 13. Time wise fluctuation of energy efficiency of ETSC with different wavy tapes.

Moreover, it is evident that the water collector with perforated wavy tape consistently exhibits 
higher efficiency compared to a collector without wavy tape. This is because the generation of 
swirl flow in a wavy tape collector enhances convective heat transfer, thereby improving thermal 
performance. In contrast, without wavy tape, swirl flow is not generated in the collector, leading 
to reduced heat transfer and lower efficiency. Figure 14 demonstrates the daily energy efficiency 
achieved for the different cases of the experiment. Furthermore, it was noticed that the effect of 
perforated wavy tape ETSC (6 PWT) exhibits an average energy efficiency of 49.36%, which is 
higher than without WT (38.72%), with plain WT (44.93%), and with 9 PWT (47.82%). 

Figure 14. Daily energy efficiency for the different cases of the experiment.

It was observed that the average energy efficiency of ETSC with 6 PWT was higher by 27.5, 
9.84, and 3.5% compared to without WT, with plain WT, and with 9 PWT, respectively. The 
collector fitted with wavy tape having a 6 mm hole achieves the highest efficiency for the same 
solar radiation value because the most swirl production occurs in this situation, which would 
maximize heat transfer and hydraulic fluid travel distance. The swirl production diminishes with 
increasing perforated size, which would reduce heat transmission and thermal efficiency. The 
findings of the current study match the work carried out by Vijay et al. [58] which reveals that 
when combined with twisted tape, a flat-plate solar collector has an efficiency rating of 66% and 
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an efficiency rating of 48%. A similar work was also carried out by Gunasekaran et al. [27] in 
which the thermal efficiency of ETSC was increased by 6.8% incorporating twisted tape with a 
twist ratio of 2 and 4.6% with twist ratio of 3.

4.4. Exergetic Analysis

The efficiency based on the second law was determined by evaluating the exergy within the 
thermodynamic system concerning reference atmospheric conditions, reflecting the quality of 
energy availability. While energy remains conserved, exergy is accrued over time. A higher exergy 
efficiency signifies superior system performance at a higher level. Figure 15 illustrates the average 
change in exergy efficiency of the water heating system with varying solar intensity at hourly 
intervals during simultaneous operation using wavy tape and perforated wavy tapes. The peak 
hourly efficiency was observed around 14:00 hours across all experimental cases. The highest 
hourly efficiency was recorded as 83.33% for the ETSC with 6 PWT, followed by 9.83%, 8.34%, 
and 7.87% for the ETSC with 9 PWT, ETSC with plain WT, and ETSC without WT, respectively.

Figure 15. Time wise fluctuation of exergy efficiency of ETSC with different wavy tapes.

Figure 16 demonstrates the daily exergy efficiency achieved for the different cases of the 
experiment. 

Figure 16. Daily exergy efficiency for the different cases of the experiment.
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Furthermore, it was noticed that the effect of perforated wavy tape ETSC (6 PWT) exhibits an 
average exergy efficiency of 5.2%, which is higher than without WT (3.06%), with plain WT 
(3.84%), and with 9 PWT (4.59%). It was observed that the average exergy efficiency of ETSC 
with 6 PWT was higher by 70.18, 35.11, and 13.1% compared to without WT, with plain WT, and 
with 9 PWT, respectively.

5. CONCLUSION

The experimental study in cold climatic conditions is conducted to compare the effects of wavy 
tape and perforated wavy tapes on the energy and exergy analysis of an evacuated tube solar 
water heating (ETC) system. The purpose of this work is to assess the enhancement in thermal 
performance of the system. The association of wavy tapes is believed to enhance heat transfer 
through partitioning and obstructing the tube’s section, resulting in increased flow velocity, while 
the perforations boost turbulence and swirl in the evacuated tube. The first law of thermodynamics 
focuses on energy quantity and tracks changes in a system’s energy, without considering energy 
quality. Therefore, energy and exergy analyses are crucial tools for evaluating performance. The 
following conclusions were drawn from the experimental work:
• The tank water temperature was enhanced by 7 °C, 4 °C, and 2 °C by the incorporation of  wavy 
tape with 6 mm perforation,  wavy tape with 9 mm perforation, and plain wavy tape, respectively 
in the evacuated tube solar water heater.
• The solar energy recovery by the ETC solar water heaters was improved by the incorporation of 
wavy tapes, as the wavy tapes result in reducing hydraulic dimensions, influencing the coefficient 
of heat transfer, generating secondary fluid motion through twist mixing, and enhancing 
convection heat transfer.
• The highest energy stored in the collection tank was recorded in the ETSC with 6 PWT (4410 
KJ/hr), significantly surpassing the ETSC without WT (3570 KJ/hr), ETSC with plain WT (3696 
KJ/hr), and ETSC with 9 PWT (4200 KJ/hr). 
• The maximum energy storage of ETSC with 6 PWT was higher than that of ETSC without WT, 
ETSC with plain WT, and ETSC with 9 PWT by 24, 19.5, and 5.5%, respectively.
• The highest hourly efficiency was recorded as 83.33% for the ETSC with 6 PWT, followed by 
81.87%, 78.31%, and 75.64% for the ETSC with 9 PWT, ETSC with plain WT, and ETSC without 
WT, respectively.
• The effect of perforated wavy tape ETSC (6 PWT) exhibits an average energy efficiency of 
49.36%, which is higher than without WT (38.72%), with plain WT (44.93%), and with 9 PWT 
(47.82%). 
• The average energy efficiency of ETSC with 6 PWT was higher by 27.5, 9.84, and 3.5 % compared 
to without WT, with plain WT, and with 9 PWT, respectively. This shows that modifying the wavy 
tape, particularly by perforating it, increases turbulent kinetic energy, leading to a significant rise 
in water temperature and resulting in higher energy efficiency. 
• The average exergy efficiency of ETSC with 6 PWT was higher by 70.18, 35.11, and 13.1% 
compared to without WT, with plain WT, and with 9 PWT, respectively. 
• The performance of ETSC can also be improved by using wavy tapes of different configurations 
and perforations to generate more turbulence as the fluid flows through the tube. The integration 
of PCM in the storage tank can enhance the overall performance of the system.
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