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ABSTRACT 
The following work deals with an experimental study of a solar air collector utilizing evacuated glass tubes. The collector consists 
of 5 evacuated tubes, a distributing air manifold, an air blower, a Phase Change Material PCM storage unit and the connecting 
piping system with the necessary valves. The system was tested during two days from 9 a.m. till 2 p.m. The experiments of the first 
day excluded the storage unit which was accounted for in the experiments of the second day. The measured parameters include 
the air temperatures at the collector inlet and exit, and at the PCM storage unit inlet and exit, in addition to the ambient 
temperature and solar radiation intensity. All parameters are recorded each 15 minute during the test period. Results showed that 
the temperature rise across the collector follows a pattern similar to that of solar radiation intensity. The maximum temperature 
reached was 77.4oC for the case of non-storage, and 83.8oC when PCM storage unit was included. The maximum collector efficiency 
reached in the case of non-storage was 36%, but it was decreased to 15% when the storage unit was included due to the decrease 

in air mass flow rate and the increase of pipe resistance. The efficiency of the storage unit alone reached a 
 maximum value of 20%. 
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INTRODUCTION 

 

The use of Evacuated Tube Solar Collectors (ETSCs) increased dramatically in the recent years replacing 

the traditional flat-plate types. These evacuated tubes are highly efficient and suitable for a variety of 

applications. The early use of ETSCs was to furnish hot water for residential applications. Other applications 

appeared later like the use of ETSC as air heaters of air HVAC systems and steam generators in pilot power 

plants [1]. 

The research work in ETSCs started with the thesis work of Eberlein [2] who conducted a theoretical 

formulation of evacuated tubular solar collectors. The mathematical models proposed were useful in the design 

of air collectors. However, the work was not validated experimentally. Other endeavors appeared later and 

employed a variety of designs and working fluids like the work of Rahman et al. [3]who theoretically studied an 

evacuated tube with thin absorber plate inserted in its cavity. The working fluid (water) flows in a pipe attached 

to the back side of the absorber plate. A two-dimensional model was proposed to represent the absorber plate 

and a separate optical model was employed for the enclosing evacuated tube. The proposed model was 

compared with the traditional Hottel-Whillier model. A similar theoretical study was done by Ghoneim et al. [4] 

who used dynamical models to study and compare the thermal performance of four different types of evacuated 

tube solar collectors. The models were also compared with steady state formulations and with experimental 

measurements. Budihardjo et al. [5] employed the transient simulation program TRNSYS to study the thermal 
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performance of an evacuated tube solar water pre-heater. The experimental and numerical techniques used to 

find the solar contribution were outlined in the climatic conditions of Sydney. The estimated annual saving was 

45%. Morrison et al. [6] numerically simulated the natural mass flow rate generated in a single evacuated tube 

coupled with a solar water storage tank. The effect of mass flow rate and solar irradiance on the temperature 

stratification in the tank was numerically studied and validated by Particle Image Velocimetry PIV 

measurements. The natural circulation mass flow rate was high enough to de-stratify the temperature 

stratification in the tank. Optimum tilt angle above the horizon was also accounted for by many researchers like 

the work of Tang et al. [7]. They developed a detailed mathematical model to estimate the optimum tilt angle of 

a single-tube evacuated solar collector based on solar geometry and two-dimensional consideration of the falling 

solar radiation. The important finding of this study is that the optimum tilt angle of evacuated tubes should be 

less than the values of the location latitude by about 10
o
. This case is different than flat-plate solar collectors 

where optimum tilt value is generally equals the latitude value. Similar results were found experimentally by 

Dabra et al. [8] with air as the working fluid. 

Numerous studies appeared in the last ten years that tackled variety of aspects of evacuated tube solar 

collectors working on either water or air as working fluids. Kumar et al. [9] experimentally studied the 

performance of an evacuated tube solar air collector consisting of fifteen tubes. The system was enhanced by 

placing a reflecting surface behind the tubes. The collector outlet temperature was measured for various air mass 

flow rates. Air is introduced to the tubes cavities via a square manifold that distributes the air among the fifteen 

tubes via fifteen concentric aluminum pipes. A blower is used to circulate the air in the collector. Maximum 

outlet temperature of 97.4
o
C was reached at a mass flow rate of 6.7 kg/hr. The pipe that penetrates the evacuated 

tube cavity may take a U shape. Al-Tabbakh and Mohammed [10] experimentally employed a U shape through 

flow pipe in an evacuated tube solar collector. Water is circulated in the through flow pipe to transfer the 

collected heat from the tube cavities. Engine oil was used as a heat transfer medium between evacuated tube 

inner surface and the through flow pipe. 

The vacuum presence makes the thermal losses from an evacuated tube mainly by radiation. This makes the 

type of the coating material and the vacuum pressure very influential on the performance. Arés-Muzio et al. [11] 

experimentally studied the thermal losses out of a single horizontal evacuated tube open at both ends. The tube 

length is 1.3 m long. The losses were characterized up to 200
o
C with and without a vacuum. 

Some endeavors were made to add storage units to the evacuated tubes to make up for the shortage in solar 

radiation during cloudy days or at night. Latent heat storage is more suitable than sensible heat storage as far as 

evacuated tubes are concerned. In latent heat storage a Phase Change Material PCM is integrated with the 

evacuated tube solar collector and receives part or all of the collected solar heat gain. PCM undergoes melting 

upon storing heat and solidification while delivering the stored heat. A variety of configurations were found in 

the literature to integrate PCM with evacuated tube solar collectors. Neeraj Mehla and Avadhesh Yadav [12] 

conducted an experimental study on a system consisting of 40 evacuated tubes. The tubes are arranged in two 

sides in an opposite manner where 20 tubes lie at each side. The tubes are all connected from their open end to a 

long rectangular box. This box contains the water that carries the collected heat from the tubes cavities. Another 

rectangular box is situated inside the water box and contains PCM which was Acetamide. A circular duct passes 

at the center of the PCM box where air are blown and heated by the PCM. A maximum temperature differential 

of 37
o
C and 20

o
C were measured between inlet and outlet air in the cases of incident and non-incident solar 

radiation, respectively. In another study by Papadimitratos et al. [13] the evacuated tubes are filled by the PCM 

material. Tritriacontane and Erythritol with melting temperatures of 72
o
C and 118

o
C respectively, were the 

PCMs used in the study. The PCM undergoes melting inside the cavities after a sufficient exposure to solar 

radiation. To extract the collected heat from the PCM a heat pipe made of copper was immersed inside the 

PCM. The heat pipe in turn was used to heat water of the solar water heater. This configuration gave better 

functionality during the hours of low radiation. The efficiency of the evacuated tube solar collector employing 

PCM was improved by 26% in the case of normal operation and 66% in stagnation mode. A recent innovative 

experimental study by Sobhansarbandi et al. [14] employed the concept of Carbon Nanotube CNT sheet coating 

on the absorber surface of an evacuated tube. The CNT was also integrated with a PCM so that it performs a 

double role of enhancing the absorptance of the coating and storing the collected solar radiation as a latent heat. 

It can be seen from the available literature that there is a shortage in dealing with an evacuated tube solar 

collector having a separate PCM storage unit. The present study endeavors to fill part of this research gap by 

experimentally studying an evacuated tube solar air collector of five tubes and employing a separate PCM 

storage unit utilizing paraffin wax. 

 

2. Experimental Rig: 

2.1 Solar Air Collector: 

The solar air collector under consideration consists of five evacuated tubes. Air which is the working fluid 

is circulated in the tubes cavities in parallel. A specially designed air manifold (made of PVC plastic) is used to 

distribute the inlet air equally among the five tubes and re-collect it to leave the collector in a unified stream 
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(figures 1 and 2). The unified air inlet and outlet ports are put in different sides of the collector to ensure equal 

air distribution among the tubes. However, a preliminary test of the flow of air inside the manifold alone 

(without the connection to the tubes) shows a slight difference of flow rates at each distributing branch of the 

manifold. This would not affect the overall performance of the collector since only the inlet and outlet 

temperatures of the unified collector stream is accounted for and measured. Each branch of the manifold is made 

of two concentric tubes of different lengths. The short tube has a diameter slightly larger than the evacuated tube 

outside diameter. This enables the evacuated tube open end to penetrate the short branch in a "sheath-like" form 

to ensure the complete passage of the air from the manifold to the evacuated tubes. A plastic ring is used to seal 

the clearance between the short tube inner surface and the evacuated tube outer surface to prevent any 

exfiltration of air to the outside. The long tube of the PVC branch penetrates the glass tube cavity up to one-

meter long. The incoming air enters each evacuated tube through the short PVC branch, flows in the annular 

space between the glass tube inner surface and the outside surface of the long PVC branch. Air is circulated in 

the system via a special blower of circular inlet and outlet ports. 

 

 
                                (a)                                              (b) 

Fig. 1: A front (a) and rear (b) views of the system under consideration. 
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Cold Air Inlet

Hot Air Exit
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Fig.2: Schematic cross sectional view of the evacuated tube solar air collector showing its air conduits. 

 

2.2 Storage Unit: 

A storage unit incorporating latent heat storage concept is used to store thermal energy of the hot air after 

leaving the collector. Paraffin wax is the phase change material (PCM) used in the storage unit. The unit 

consists of a finned-type parallel-tube heat exchanger. Hot air enters the heat exchanger through the inlet header. 

The header is connected to a bundle of parallel circular tubes with rectangular external fins. Another header is 

connected to the tube bundle from the opposite direction to collect the air and return it back to the system. The 

PCM surrounds the heat exchanger from all directions and receives the heat from the hot air through the 

attached external fins. The heat exchanger and the PCM are packed in a metal casing and firmly insulated to 

minimize thermal losses to the ambient. 
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2.3 Piping Network: 

The solar collector, the storage unit and the air blower are connected through a network of pipes and valves 

to enable several modes of operation (figure 3). The collection of solar energy can be done with or without 

charging and discharging of the storage unit. The solar collector can be isolated from the storage unit to take 

ambient air and deliver hot air without passing the storage unit (valves: V1, V3 and V6 are open). Other mode 

can be achieved by circulating the air in a closed loop to charge the storage unit (valves: V1, V4 and V7 are 

open). In case of low solar radiation or during night, the storage unit can work independent of the solar collector 

to deliver hot air after taking it from the surroundings (valves: V1, V2, V5 and V7 are open). 
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Fig.3:Piping network of the present work showing the locations of thermocouple probes (T1 – T4) and the 

control valves (V1 – V7). 

 

2.4 Measuring Instruments: 

2.4.1 Temperature: 

The system is provided with 4 thermocouple probes (T1 – T4)(figure 3) of K-type. Two probes for 

measuring air temperature at the collectorinlet and outlet ports. The other two probes measure air temperature at 

the inlet and outlet of the PCM storage unit. A digital thermometer is used to measure ambient temperature. All 

probes were calibrated from 0
o
C to 100

o
C using water-ice mixture and boiling water, respectively. The 

maximum error of the probes was ±1
o
C. 

 

2.4.2 Air Mass Flow Rate: 

A digital anemometer is used to measure air velocity at the collector manifold inlet. The measured air 

velocity is used to determine air mass flow rate as:- ( mass flow rate = velocity * area * density ). 

 

2.4.3 Solar Radiation Intensity: 

Solar radiation intensity (irradiance) which is the sum of beam radiation and diffused radiation is measured 

by a digital solar meter in (W/m
2
). 

 

3. Experimental Procedure: 

Table (1) lists the specification of the system under consideration. Tests were carried out in two days (8
th

 

and 9
th

 of May) from 9 a.m till 2 p.m on each day. The tests on 8
th

 of May were carried out without the 

incorporation of the PCM storage unit. The air mass flow rate was kept constant at 18 kg/hr. A considerable 

increase of air temperature occurred through the blower. This increase in temperature was excluded from the 

calculations of collector efficiency since the collector inlet temperature was measured after the blower. The tests 

on the next day (9
th

 of May) were performed with inclusion of the PCM storage unit. Air undergoes further 

resistance while flowing inside the PCM storage unit pipes. The mass flow rate, thus, decreased to 13 kg/hr in 

the second test and remained constant all the test period. During the two days, the collector inlet and outlet air 

temperatures, the PCM unit inlet and outlet air temperatures (the second day only), the ambient temperature and 

the irradiance were all measured and recorded each 15 minutes. 
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Table 1: System Specifications 

No. Part Dimension 

1 Evacuated Tube Length 1.8 m 

2 Evacuated Tube Inner Diameter 4.7 cm 

3 Evacuated Tube Outer Diameter 5.8 cm 

4 Number of Evacuated Tubes 5 

5 Collector Effective Area 0.35 m2 

6 PCM (Paraffin Wax) Melting Temperature 55 – 60 oC 

7 PCM mass 9 kg 

 

RESULTS AND DISCUSSION 

 

Fig. (4) shows the variation of air temperature at the collector inlet and exit ports. Air is drawn from the 

atmosphere, passes through the bower and then enters the solar collector manifold. It can be seen from Fig. (4) 

that an increase of air temperature of about 15-20
o
C occurs across the blower. This is attributed to the 

compression effects by the blower which is accompanied by an increase in temperature. The temperature 

increase through the five evacuated tubes starts from 5
o
C at the start of the test and keeps increasing though the 

next five hours reaching about 20
o
C at 2 p.m. The pattern of collector exit temperature follows that of Irradiance 

(Fig. 6) with an increase in the morning hours and a decrease after the solar noon. The collector inlet 

temperature reaches a stable value of about 57
o
C after 11 a.m. while the exit temperature keeps increasing 

reaching a maximum value of 77.4
o
C at 1:15 p.m. 

The collector efficiency can be calculated as the ratio of the collected heat in the collector to the amount of 

solar radiation reaching the absorber surface of the evacuated tube. The collected heat is calculated as the 

product of the temperature difference across the collector, air specific heat and air mass flow rate. The mass 

flow rate was measured implicitly by measuring the air velocity across a specified section in the air manifold 

and multiplying it by air density and cross sectional area. 

The collector efficiency follows a somewhat unfamiliar pattern as can be seen from Fig. (8). It undergoes a 

rapid increase at the morning till about 10:30 a.m. reaching about 32% then starts to decrease to about 24% at 

11:15 a.m. and remains constant for about 2 hours before it begins to increase again in the afternoon hours 

reaching its maximum value of 36% at 2 p.m. This behavior is unique for evacuated tubes since the increase in 

their absorber surface temperature is not accompanied by a serious increase in thermal losses due to the presence 

of the vacuum layer. The fluctuation in collector efficiency can be attributed to the fluctuations in air flow 

currents inside the evacuated tubes cavities. The inlet pipe delivering air to each evacuated tube does penetrate 

only to half of the tube length. So, it is expected that the blown air does not reach the bottom of the evacuated 

tube cavity leaving a pocket of air to heat and circulate naturally at the bottom of each evacuated tube. This 

would require a future study on the effect of the penetration length on the collector performance. 

The incorporation of the PCM storage unit caused a decrease in air mass flow rate from 18 kg/hr to 13 

kg/hr. this is due to the further resistance in piping system of the heat exchanger that is immersed inside the 

PCM material. So the collector exit temperature reached higher values than the case without PCM. The PCM 

material used is a commercial paraffin wax with melting temperature range of 55-60
o
C. It can be seen from Fig. 

5 that the commencement of melting causes a stabilizing effect on the temperatures after 10:30 a.m. The start of 

melting signifies the start of the latent heat storage where the stored energy is translated as a change of phase 

(from solid to liquid) rather than an increase in sensible temperature. The maximum exit temperature from 

collector was 83.8
o
C at 12 p.m. 

The fluctuation in collector efficiency is more pronounced with the inclusion of the PCM storage unit as 

can be seen from Fig. 9. The values of the collector efficiency are lower than the case of no PCM and ranging 

between 10-15% most of the test period. A storage efficiency can also be defined as the ratio of the stored heat 

in the PCM to that collected by the solar collector. It value is also comparable to the collector efficiency as it is 

seen from Fig. 9. 

 

5. Conclusions and Suggestions for Future Work: 

An experimental investigation was performed on a solar air collector utilizing evacuated glass tubes. A 

phase change storage unit was incorporated with the system and its effects were identified. The following 

conclusions can be drawn from the present study:- 

a. The increase in solar collector exit temperature follows a pattern resembling that of the solar radiation 

intensity. 

b. The temperature difference across the collector starts low at the morning and keeps increasing till the 

end of test. 

c. The collector efficiency exhibits fluctuations during the test period unlike the case with traditional flat-

plate collectors where the efficiency follows a decreasing manner with the increase in collector temperatures. 

d. The inclusion of the phase change storage unit increases the resistance in the piping system which 

yields a decrease in air mass flow rate and a decrease in collector efficiency. 
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The present work unveiled many aspects, which requires further studies. The following suggestions may 

trigger future investigations:- 

a. The effect of the penetration length of the delivery pipe to each evacuated tube requires further 

investigation. 

b. The effect of the diameters of the delivery and return pipes of the air may also affect the performance 

and requires further study. 

c. Incorporating other means of circulating the air in the system to avoid the unnecessary increase of air 

temperature across the blower. 

d. Using other types of PCMs with lower melting temperatures. 

 

 
Fig. 4: Variation of collector inlet and outlet temperatures for the case of no storage. 

 

 
Fig. 5: Variation of collector inlet and outlet temperatures for the case of PCM storage. 
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Fig. 6: Experimental solar radiation intensity profile on 8

th
 of May. 

 

 
Fig. 7: Experimental solar radiation intensity profile on 9

th
 of May. 
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Fig. 8: Variation of collector efficiency on the 8

th
 of May. 

 

 
Fig. 9: Variation of the storage efficiency on the 9

th
 of May. 
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