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Design and performance analysis of a new evacuated tube solar
air heaters equipped with fins and coils
Tareq Abu Hameda and Salem Alkharabshehb

aThe Dead Sea and Arava Science Center, Arava Institute for Environmental Studies, Tamar Regional Council, Israel;
bArava Institute for Environmental Studies, Tamar Regional Council, Israel

ABSTRACT
Evacuated tube solar air heaters (ETSH) are efficient, easy to maintain, and
have low energy losses due to the vacuum between the absorber and the
outer tubes. In this study, a new ETSH with various configurations was built
and experimentally tested to determine the best configuration with the
highest thermal performance. The ETSH equipped with two different
high thermal conductivity metal fins and coils to enhance the heat
transfer between the fluid and the copper tube heat exchanger. The
efficiency and temperature difference were experimentally investigated
at different flow rates. It was observed that the system with aluminum
fins has the highest air temperature difference at the lowest flow rate
and the highest efficiency at the highest flow rate. At the highest solar
irradiation of 1000 W/m2, the maximum obtained temperature difference
was 88°C at a flow rate of 0.6m3/min, while the highest obtained
efficiency was 37% at a flow rate of 1.25 m3/min. For the three systems,
the temperature difference decreased and the efficiency increased with
the increase in the flow rate.
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1. Introduction

Air conditioning for heating and cooling is one of the major energy consumer sectors in the world
(Zeng et al. 2011; Enteria, Yoshino, and Sataki 2016; Enteria et al. 2015; Chen, Yang, and Luo 2018;
Tian et al. 2019; Bellos et al. 2016; Wan et al. 2011; Caliskana, Hongb, and Jangb 2019). In the European
Union, the building sector is responsible for almost 40% of total energy consumption (European Com-
mission, Buildings – European Commission 2018), space and water heating use 80% of the energy con-
sumed in buildings (European Commission, Heating and cooling – European Commission 2016) and
only 16% of this energy is generated using renewable energy sources (Fernández et al. 2016). In Israel,
households account for about 32% of the economy’s total electricity consumption. The number of
households that own an air conditioner is expected to reach close to 100% by the beginning of the
next decade (Long-Term Trends in the Supply and Demand of Electricity in Israel, Bank of Israel
2016). In the United States, 42% of the energy used in homes is used for space heating, while in Cali-
fornia, 27% of the energy is used for space heating (EIA, Residential Energy Consumption Survey 2009).

The use of renewable energy sources brings social and economic benefits and increases energy
security (Abu Hamed and Bressler 2019). Israel and Jordan have one of the highest solar radiation
in the world, in the Arava Valley, solar radiation can reach 1100 W/m2 in the summer (Abu Hamed,
Alshare, and El Khalil 2019). Israel, Cyprus, Palestine and Jordan efficiently utilise solar radiation for
water heating. However, the development of solar air heating methods is slow compared to water
heating methods, mainly due to lower thermal efficiency.
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The solar air heaters utilise the sun’s energy for air heating, space heating, crop drying, and for var-
ious industrial applications (Gill, Bhushan, and Mahajan 2016). Solar heaters are cost-effective and
simple in design compared to other renewable energy systems (Sabiha et al. 2015; Liu et al. 2013;
Yadav and Bhagoria 2013). The most common fluids used in solar heaters are water, oil and air (Sabiha
et al. 2015; Saxena, Varun, and El-Sebaii 2015; Abdullahi 2015). The use of air among various working
fluids has the benefit of being free, non-corrosive, and does not require freezing or boiling protection.
Moreover, air has a high pressure-bearing capacity which makes it suitable for high-temperature sys-
tems (Liang et al. 2011). Compared with other solar heating systems, solar air heaters are compact and
less complicated, easier to manufacture with cheaper materials and easier to use.

The most commonly used types of stationary solar air heaters are divided into flat plates and evac-
uated tube solar air heaters (ETSH) (Wang et al. 2014; Ferdous, Sarker, and Beg 2018; Ayompe et al.
2011). Flat plate air heaters are commonly used for low-temperature applications up to 100°C
(Abdullahi 2015), while ETSHs are designed for moderate temperature applications ranging between
50°C and 200°C (Sabiha et al. 2015; Abdullahi 2015; Wang et al. 2014).

Compared to flat plate heaters, the ETSHs are more efficient, easier to maintain, transport, install
and the energy losses are minimised due to the vacuum between the absorber surface and the outer
tube (Sabiha et al. 2015; Liu et al. 2013; Tang et al. 2006; Yuan, Li, and Dai 2010; Wang, Li, and Liu
2015; Abdullah and Bassiouny 2014; Zhu et al. 2015). Moreover, ETSHs offers excellent thermal per-
formance in various climates. Even in extremely cold conditions such as −18°, ETSHs efficiency is
satisfactory (Wang et al. 2014; Ferdous, Sarker, and Beg 2018). Also, ETSHs are faster in heat gen-
eration and highly capable of collecting both direct and diffused radiations.

Over the past few years, several studies have investigated the optimal operating conditions, mani-
fold designs, optical designs (Sabiha et al. 2015; Liang et al. 2011; Budihardjo and Morrison 2009),
solar collector tubes array, performance evaluations of ETSHs (Liang et al. 2011; Ma et al. 2010; Qi
2007), and improving heat transport in solar collector tubes. However, the main difficulty is in the
heat extraction from the single-ended absorber (Liang et al. 2011). Recently, several methods for
enhancing heat extraction have been developed by introducing metal rods (Sabiha et al. 2015;
Nkwetta et al. 2012; Hayek, Assaf, and Lteif 2011), U-tube heat exchangers (Sabiha et al. 2015;
Ma et al. 2010; Morrison, Budihardjo, and Behnia 2005; Tang, Yang, and Gao 2011), and intermedi-
ate conduction mediums (Ma et al. 2010; Yadav and Bajpai 2012) filled in the tube.

In order to achieve better ETSH collection performances, it is crucial to enhance the heat trans-
port between the working fluid and the metal heat exchanger (Wang et al. 2014). The main goal of
this work is to use fins and coil as passive elements to increase the heat transfer area and thus
enhance the heat transfer rates. Studying the impact of different conductive materials on the thermal
performance of ETSH will assist us to determine the best ETSH configuration with the highest
efficiency. The novelty of this work lies in the following two aspects: first, high air flow rates are
used and second, fins and coil are used to enhance the heat transfer rates.

2. Experiment system and method

2.1. Experiment setup

The ETSH system consists of ten glass evacuated tubes. The cross-sections of the evacuated tubes are
shown in Figure 1(a,b). Each tube is made up of two concentric borosilicate glass pipes, the vacuum
between the two glass pipes minimises heat losses. The external tube is transparent, and the interior
tube is coated with a (Al-N/Al) cover to increase the solar radiation absorption. The length, outer
diameter of the external glass tube and diameter of the absorber tube is 1.8, 0.058, and 0.042 m
respectively. The evacuated tube has a surface area of 3.28 m2. The evacuated tubes are connected
to a 1.6 m manifold channel. The manifold channel is a square box (0.15 × 0.15 m) made of alumi-
num and a circular inner iron tube with a closed end in the middle of the channel with a length of
1.5 m and a diameter of 0.06 m. The aluminum outer box covered by a Rockwool insulation to
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minimise heat losses to the atmosphere. The inner iron circular tube is vertically connected with ten
copper tubes. The copper tube has a diameter and length of 0.02 and 1.5 m, respectively. All the cop-
per tubes are inserted inside the glass evacuated solar tubes. A blower is used to feed the evacuated
tubes with air via the copper tubes. The inlet air flow was controlled by using a valve connected
between the air blower and glass evacuated solar tubes.

Three systems were set up; the first system is the control system and had a copper tube without
fins neither coils attached to it as shown in Figure 2(a). The second system with copper coil spiraled
on the copper tube as shown in Figure 2(b), while, the third system had a copper tube with aluminum
fins attached to it as shown in Figure 2(c). The mass of the copper wire and the aluminum fins were
similar and equal to 300 ± 5 g in all the evacuated tubes. The length of the copper wire is 6 m and the
length of the aluminum fin is 1.5 m (with edges of 0.005 m).

2.2. Measured parameter

The air temperature was measured using TP-01 K type temperature probe made of copper with
temperature range of −50–204 C∘ ± 0.75% rdg connected to BTM-4208SD 12 channels temperature
recorder (Lutron company, Taiwan) with a resolution ranging between 0.1°C and 1°C. The air

Figure 1. Cross section of the evacuated tube.

Figure 2. Cross-section of the copper tube used for (a) control system, (b) system with copper coil, (c) system with aluminum fins.
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temperature was measured at both the inlet and the outlet of the system. A Kipp and Zonen CMP3
pyranometer was used to measure the global solar irradiation intensity. The temperature and radi-
ation data were recorded every 10 min.

Theoutlet airflowratewasmeasured three timesaday for each system.The airflowratewasmeasured
by an anemometer model AM-4233SD with a resolution of 0.001 m3/min. The anemometer provides
quick and precise measurements at different speeds because the vanes have a low friction ball bearing.

2.3. System performance

The ETSH’s thermal performance was evaluated by efficiency measurements. The ETSH efficiency is
defined as the ratio between gained and used energy. The gained or output energy is the heat gained
by the flowing air in the ETSH system and the used or input energy is the solar radiation energy
received by the evacuated tubes. The efficiency was measured using the following equation;

h = m.Cp(Tout − Tin)/I.Ap

where η is efficiency, m is the air mass flow rate (kg/s), Cp is the air specific heat (J/(Kg·°C)), Tout is
outlet air temperature (°C), Tin is inlet air temperature (°C), I is the solar irradiation (W/m2), Ap (Ap

= n.π.D.L) is the aperture area (m2) of the ETSH and calculated as: number of tubes × πDL, where D
is the outer diameter (m) of the external glass tube and L is the length of the evacuated tube (m).

2.4. System operation

The three solar air collector systems using one-ended evacuated tubes were experimentally investigated
at different flow rates (0.6, 0.9, and 1.25 m3/min). Figure 3 shows the ETSH schematic diagram. In this
process, the air flowed through the inner iron circular tube of themanifold channel with one closed end.
This airflows through circular copper tubes inbuilt with an iron circular tube into the bottomof the evac-
uated tubes. Then, the air flows back over the circular copper tubes to the outer square box of the mani-
fold channel. Therefore, the air gains heatwhile it isflowing inside the collector due to the solar radiation.

3. Results and discussion

3.1. Effect of flow rate on the temperature difference

Figure 4 shows the variation in temperature and solar irradiation with time at various flow rates. As
seen in Figure 4(a–c), the temperature of the air increases as soon as the solar radiation hits the

Figure 3. Schematic diagram of the ETSH.
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Figure 4. Temperature and solar irradiation with time for the three systems at various flow rates. (a) air flow rate of 0.6 m3/min, (b)
air flow rate of 0.9 m3/min, (c) air flow rate of 1.25 m3/min.
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systems. At the beginning of the day the temperature deference rises gradually for all the systems and
then at noon time it becomes relatively stable. Then, the temperature decreases at 15:30 pm due to
the low solar radiation intensity at that period of the day. Even though the solar intensity sharply
decreases in the afternoon hours, all systems kept heating the air due to the thermal mass of the
metal inner design which takes time to cool down. For all flow rates, the system with aluminum
fins showed the highest thermal performance (Figure 5). The maximum obtained temperature differ-
ence was 65, 75 and 88°C, at air flow rate of 0.6 m3/min for the control, copper coil and aluminum
fins systems respectively (Figure 5).

The system with aluminum fins (Figures 4 and 5) has the highest temperature difference com-
pared to the control and the system with a copper coil. Even though the copper has higher conduc-
tivity than aluminum, the difference in the shapes and surface area between aluminum fins and
copper coil lead to this result.

Figure 5 shows also that the temperature difference decreases with the increase in flow rate for all
systems. Similar trends were obtained by the experimental results of Li et al. (2014) and the simu-
lation conducted by Paradis et al. (2015), where they found that the air flow rate is the most influ-
ential parameter on the ETSH’s thermal performance. The temperature difference at a low air flow
rate is higher than the temperature difference at a high air flow rate, as at any given time, the same
amount of solar radiation was absorbed by a smaller quantity of air. This can be explained by the
increase in the air heat capacity at the same solar intensity. Thus, the desired air temperature can
be controlled by regulating the air flow rate. The maximum obtained temperature difference in
the system with aluminum fins at 1000 W/m2 was 88, 65 and 53°C for air flow rates of 0.6, 0.9
and 1.25 m3/min respectively.

3.2. Effect of flow rate on the system efficiency

Figure 6 shows the efficiency and the solar irradiation change with time for the three systems at var-
ious flow rates. As seen in Figure 6(a–c), the efficiency hits its lowest values at the maximum solar
intensity values. In the first two hours, the efficiency increased for all the systems due to the sharp
increase in temperature and slightly low solar irradiation. Then, the efficiency slightly decreases until
10:00 am due to the increase in the temperature difference. Further, the efficiency value decreases
between 10:00 am and 12:00 h because of the small variation of outlet temperature. Then, the
efficiency increases gradually for the three systems and reaches maximum values in the evening at
16:30 pm because the solar irradiation intensity decreases faster than the decrease in the temperature
difference. A similar efficiency increase trend was observed by Tyagi et al. (2012) where they studied

Figure 5. The maximum temperature differences at various air flow rates for the three systems.
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Figure 6. Efficiency and solar irradiation intensity with time for the three systems at various air flow rates. (a) air flow rate of 0.6 m3/
min, (b) air flow rate of 0.9 m3/min, (c) air flow rate of 1.25 m3/min.
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the impact of phase-changing material on the solar air heater efficiency. Kumar et al. (2013) and,
Yadav and Bajpai (2012) found also that the efficiency is directly proportional to temperature differ-
ence and inversely proportional to solar intensity.

In Figure 6(c), the fluctuation in the efficiency between 6:30 and 9:00 is a result of the rabid
increase and fluctuation in the irradiation intensity. Where at the first hour and half the inlet temp-
erature was low (13–16°C) and the irradiation intensity was in the range of 16–200 W/m2. However,
at 8 am, the irradiation intensity doubled in less than 30 min and resulting in lowering the efficiency.

The system with aluminum fins (Figure 6(a) and Figure 7) has the highest thermal efficiency com-
pared to other systems for all flow rates. The efficiency at the highest solar radiation (around
1000 W/m2) and air flow rate of 1.25 m3/min was 24, 29 and 37% for the control, copper coil and
aluminum fins systems respectively.

Figure 7 also shows that the efficiency increases with the increase in flow rate for all systems. The
maximum efficiency in the system with aluminum fins at the maximum solar intensity was 25, 31 and
37% for air flow rate of 0.6. 0.9 and 1.25 m3/min respectively. The increase of efficiency with increasing
the flow rates was also observed by Wang, Li, and Liu (2015), Li et al. (2014), the simulation conducted
by Paradis et al. (2015), and the results of Delisle and Kummert (2012). These authors concluded that
air flow rate is the primary factor influencing the thermal performance of the ETSH.

3.3. Comparison with literature

Table 1 summarises the results of different thermal performance studies of ETSHs. To increase the
outlet temperature of the air, some of these studies used a parabolic trough or compound parabolic
concentrator. The number of evacuated tubes used in the studies varied from one study to another.
The efficiency of ETSH varies significantly and it depends on the flow rate and the number of used
tubes. It is clear from the table that using a parabolic concentrator significantly increases the air out-
let temperature. The temperature differences obtained by Bakry et al. (2018) were higher that the
temperature differences obtained in this study, this is due the very low flow rates (0.0003–
0.0006 Kg/s) used in that study. As seen from the table, and taking into consideration the high air
flow rates, the highest temperature difference between inlet and outlet were obtained in this study.

4. Conclusion

In this study, the thermal performance of three different designs of ETSH were experimentally inves-
tigated. The ETSH systems are made of one ended evacuated tube fed with air by a copper tubes. In

Figure 7. The efficiency of the three systems at the highest solar irradiation and at various air flow rates.
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order to achieve higher thermal performance, the copper tube was equipped with aluminum fins and
copper coil.

The three systems were tested under various air flow rates of 0.6, 0.9 and 1.25 m3/min. All systems
were able to significantly increase the air temperature during the daytime and even slightly during

Table 1. Summary of literature studies on performance analysis of one ended evacuated tube solar air heaters.

Number of tubes/type of
heat exchanger

Solar
irradiation
(W/m2) Air flow rate

Temperature
Difference between
inlet and outlet (°C) Efficiency Concentrator Reference

10 tubes equipped with
copper tube (control)

1000 0.6 m3/min 64.6 19 Without
parabolic
concentrator

This study
0.9 m3/min 49.8 23
1.25 m3/min 33.7 24

10 tubes equipped with
copper tube and
copper coil

1000 0.6 m3/min 75.1 22 Without
parabolic
concentrator

This study
0.9m3/min 57.5 27
1.25 m3/min 42.6 29

10 tubes equipped with
copper tube and
aluminum fins

1000 0.6 m3/min 87.5 25 Without
parabolic
concentrator

This study
0.9 m3/min 65.2 31
1.25 m3/min 52.7 37

One tube 700 0.0003 kg/s 118 – With parabolic
concentrator

Bakry et al.
(2018)

700 0.0003 kg/s 60 28 Without
parabolic
concentrator

800 0.0006 kg/s 130 – With parabolic
concentrator

800 0.0006 kg/s 85 65 Without
parabolic
concentrator

Performance analysis of a
single-pass both ends
open evacuated tube.
One tube

– 0.0077 m3/s 59.6 48 With compound
parabolic
concentrator

Li et al.
(2013)

– 0.0077 m3/s 3.4 66 With compound
parabolic
concentrator

One tube
Nitrogen gas used as a
working fluid.

916 0.0024 kg /s 358 °C (outlet
temperature)

44 With compound
parabolic
concentrator

Li and Wang
(2006)

950 0.0012 kg/s 463°C (outlet
temperature)

28 With compound
parabolic
concentrator

19 tubes equipped with
micro heat pipe arrays
as a heat transfer
element

654–804 320 m3/h 5.4–11.2 49–70 Without
concentrator

Zhu et al.
(2017)

580–837 180 m3/h 8.4–13.3 44–51.5 Without
concentrator

560–732 100 m3/h 9.1–17.4 30–31 Without
concentrator

One-ended evacuated
tube solar air heater
equipped with a micro-
heat pipe arrays.
10 tubes

900 160 m3/h 10 (outlet
temperature)

80 Without
concentrator

Wang et al.
(2019)

20 tube 800 140 m3/h 45 38 Without
concentrator

Li et al.
(2014)

30 linked collecting tubes 835 25 m3/h 45 52 With
concentrator

Wang, Li,
and Liu
(2015)

40 evacuated tubes 900 0.0268 kg/s 17 13 Without reflector Yadav and
Bajpai
(2012)

810 0.0576 kg/s 21 30 Without reflector
750 0.0576 kg/s 32 55 With CPC and

copper coil
15 tubes 900 6.7 kg/h 27 6 Without CPC Kumar et al.

(2013)800 13.28 kg/h 44 11 Without CPC
850 6.7 kg/h 70 10 With CPC
800 13.28 kg/h 50 15 With CPC

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1005



the early evening hours. The three systems showed similar thermal behaviour and efficiency trends
under the studied flow rates.

The highest temperature difference was 88°C and it was obtained by the system with aluminum
fins. Further, our research showed that the temperature difference decreased when flow rate
increased. The highest efficiency was 37% and it was obtained by the system with the aluminum
fin and the highest air flow rate. For all systems the efficiency decreased with decreasing in the air
flow rate.

During the morning hours, the three systems were very sensitive to variations in solar radiation
and showed high effectiveness and immediate response. During the afternoon and evening hours, the
temperature difference was almost stable, this can be explained by the continuation of both radiative
and convective heat transfer to the air by both solar radiation and the metals thermal.

The best thermal performance was obtained in the system with aluminum fins, next was the sys-
tem with copper coil and finally the control system. The system with aluminum fins showed a
superior thermal performance compared to the control, the copper coil systems and also compared
to the corresponding literature results. For the three systems and under the studied parameters, the
obtained efficiency and the temperature differences are significantly higher than those of the litera-
ture (Table 1).

The obtained results show that the air flow rate is the most influential parameter in controlling
both the thermal efficiency and the obtained temperature difference of the ETSH. The presented
design not only demonstrated excellent thermal performance but it is also simple, durable, reliable,
and cost-effective. This design can be used for heating buildings and other applications such as a heat
source for industrial dryers of vegetables and fruits. The findings of this study can serve as a tool to
advance the performance of ETSH by adding fins to the heat transfer (heat exchanger) elements. To
further increase the collector efficiency, the future work will investigate the impact of larger areas
aluminum fins and a simplified parabolic concentrator to the system. The larger fin areas will
enhance the heat transfer between the air and the copper tube. This enhancement in heat transfer
may lead into new technological development such as reduction in the future evacuated collector
areas.
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