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EVACUATED SOLAR COLLECTOR SYSTEM
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ABSTRACT 
The experimental work was carried out in Faculty ofAgriculture. Tanta 
University. cropt, which located at latitude and longitude angle of 
30A9°N and 30.59°£. respectively. dl/ring winter and .wmmer seasoll!; 
20J5. The experiments were designed to evaluate the thermal 
pel/ormance of evacuated tube solar water collector ETC with 20 
evacuated tubes. tank capacity 150 liters and net sw/ace area of 1.5 m]. 

The thermal efficiency for-evacuated tube solar collector depends on the 
solal' radiation. ambient temperature fl"Om sunrise to sunset. The obtained 
results showed that the maximum outlet water temperatures were 63 and 
85.7°e during winter and summer seasons. respectively. Also. the 
differences between olltlet water temperatures and ambient air 
temperatures were -16.2 and 50. 1°C, and the temperatllre differences 
between outlet water temperature and inlet water temperature from 
sunrise to sunset were 17.09 and 17.300e during tll'O different seasons. 

'''''hile, the overall efficiency values were 77.20 and 79.90% In addition. 
the linear regression aDalysis showed that the absorbed solar energy (Q,J 
was a function in available solar radiation (Q). Therefore. can be 
estimated the vailles of absorbed solar energy froll1 the following 
equation: Qa = 0.818 Q,( R] = 0.999). 

INTRODUCUTION 

Solar water heaters use the solar energy from the sun to generate 
heat which can then be used to heat water. The evacuated tube and 
heat pipe technology provides very efficient and reliable solar 

thermal production in an easy to install, low maintenance design. 
.Evacuated tube collectors tube consist of glass vacuum sealed tubes with 
absorber surface located in the inner glass tube having different shapes. 
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Gunerhan (2007 ) noted that, the optimum collector orientation is south 
facing and the optimum tilt depends upon the latitude and the day of the 
year. In winter months, the optimum tilt is greater (usually latitude + 15°), 
whilst in summer months, the optimum ti It is less (usually latitude -15°). 
Zhang and Yamaguchi (2008) Indicated that, investigations have been 
conducted to characterize the overall performance of water-in-glass 
evacuated tube collectors and the results show that the overall efficiency 
is in the range of 50 to 60%. Budihardjo and Morrison (2009) showed 
that, the performance of a typical 30 tube evacuated tube array was lower 
than a typical 2 panel flat plate array for domestic water heating in 
Sydney. Also found that. the annual solar fraction of the water-in-glass 
system with 45 ° collector inclination was only 1.5% higher than the solar 
fraction with a standard 22 ° collector inclination. Grigonien~ and 
Karnauskas (2009) noted that in Lithuania, the optimal angle of tilt of a 
solar collector is determined experimentally is 15° to 60° for the whole 
year, where, ISOto 45° in winter and 300 to 60° in summer. Hayek et al. 
(2011) used that, two kinds of evacuated tube solar collectors, namely, the 
water-in-glass tubes and the heat-pipe designs. The experiments were 
carried out during the period of November to January. The results show 
that the heat-pipe-based collectors are better than the water-in-glass 
designs and their efficiency is almost 15 to 20% higher. REN21.(2012). 
noted that, the solar thermal technologies significantly contribute to hot 
water production in several countries. In fact, the global solar hot water 
installed capacity at the end of 20 II was estimated in 232 GWth with an 
increase in the last year (2010-11) of 44.3 GWth of which 42.4GWth were 
due to glazed systems and the rest to unglazed systems. Muzioa et 
81.(2014) stated that, characterization of an evacuated 1.3 m long, tubular 
solar collector are presented. The higher thermal expansion coefficient of 
the steel tube as compared to the glass jacket. Also the collector can 
develop an efficiency of 50% at 150°C, with a concentration factor of 6.5. 
Nogueira et al. (201S) used that, solar collector dimensions 1.6 x 2.6 m. 

. It was installed facing north, with a 28° inclination, of the type all glass is 
made up of 20 glass tubes, directly connected to thermal reservoir. The 
efficiency of the collector was, resulting in a mean value of 51 %. Wanget 
al. (2015) studied the thermal efficiency of evacuated tubes collector 
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under the: ambient temperature 14 to 20°C, solar irradiation 890 to 960 
W/m2

, wind speed less than 3 m/s. They found that average temperature 
of working fluid reached 150°C, the instantaneous solar thermal 
efficiency was still as high as 50.2%. Darwesh (2015) compared between 
evacuated tube and flat plate solar collector with two different tilt angles 
(30.5° and 45.3°). In addition, he found that the tilt angle of 45.3° 
increased the available solar energy, absorbed solar energy, useful heat 
gain and overall efficiency by 16.52%, 15.65%, 32.84% and 8.57%, 
respectively, as compared with 30.5° tilt angle. 
The main objectives of the present study were to investigate the effect of 
both solar radiation, anibient temperature from sunrise to sunset on the 
thermal efficiency for evacuated tube solar collector during winter and 
summer seasons. 

MATERIALS AND METHODS 
The experimental work was executed in, Egypt (latitude and longitude 
angles are 30.49°N and 30.59°E) during winter and summer 2015. The 
thermo-syphon evacuated tube solar collector was functioned during this 
experimental work. The solar collector is situated on the roof of the 
Faculty of Agriculture 
Evacuated tube collector (ETC) 
-Evacuated solar collector is consists of 20 evacuated tubes- made of 
borosilicate glass, 180 cm long mounted on a movable steel frame, and a 
horizontal tank (150 liters) as shown in Fig.( 1). 
-Evacuated tube is composed of two coaxial borosilicate glass tubes 
jointed at the top and sealed at the bottom which contain a vacuum, the 
outer of 58 mm diameter and the inner 47 mm diameter each tube of 
evacuated solar collector contains 2.6 liters of water. The inner tube 
contains the water to be heated and its exterior is coated with a suitably 
dark absorbing material (nitrite aluminum) for collecting the maximum 
possible incident solar radiation which converting into heat and 
transferring to working fluid (water). The space between the outer and 
inner tube is being evacuated and using as a thermal insulator to reduce 
convection and conduction heat losses. The cross sections of glass 
evacuated tube as shown in Fig.(2). 
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-The storage tank is equipped with an electrical heater to provide hot 

water at desired level for different applications when the intensity of solar 

radiation is insufficient to provide that level. 

Fig. (1). Photo of evacuated tube header collector 

vacu\m Ollt~r ll1he __ ~....:=-,!k==:,;, _
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Fig. (2). Schematic diagram ofcross-section of one ended evacuated tube. 

-Tilt angle was used in the present study 45.3° with horizontal surface. 

The solar collector was orientated to south direction and fixed 

Instruments 

-Thermocouples were employed to measure the inlet and outlet water 

temperatures of collector. 

-Data logger the sensors were connected with a data logger system, PC 

and software programs to display and record data 

-A digital solar power meter (TENMARS) TM-207 was used to 

measure the solar radiation flux incident with Accuracy: typically within ± 

10 W/m2 or ± 5%, whichever is greater in sunlight; additional temperature 

induced er~or ± 0.38 W/m2/oC, resolution 1 W/m2 and range 1999 W/m 2
• 
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-The thermal performance of evacuated solar collector 
The optimums tilt angle was calculated for the stationary non-tracking 
solar collector, using the following equation (Duffie and Beckmao t 

2006): 

Po = CJ) - at degree (I) 
Where: c1> is the latitude angle and 1> is the declination angle in degree. 
The parameters of the thermal performance test and the relationship 
between them were examined and tested by Duffie and Beckman (1991). 

The solar energy avaUable (Q) could be calculated as a function of solar 
radiation flux incident (R) and solar heater surface area (Ae) as follows: 

Q =R ACt W (2) 

The absorbed solar radiation (Q.) could be computed in terms of 
transmittance of glass cover (T) and the absorptance of the absorber plate 
(n) as follows: Qa = T a Q, W ..••.••..........•.•....••..•.............••...(3) 

The absorption efficiency (1)a) could be determined as follows: 
I). = (Qa IQ) x 100,0/0 (4) 

The useful heat gain to storage (Q~) could be estimated as a function of 
the mass flow rate of water (Cp ), and temperature difference between 
outlet (Tfo) and inlet (Tfi) water temperatures as follows: 

Qc =m C p (Teo - Tn), W (5) 

The heat transfer efficiency (1)h) could be calculated as follows: 
1)h = (Q~ IQ.) xI00,o/0 ....•...•............••...••....••...........••......•(6) 

The overall thermal efficiency can be estimated from the following 
equation by Hayek (2011) 

'I =Q~ I Q (7) 
The normalized temperature rise (0,.) could be estimated in terms of 
the temperature difference between the inlet water (Tfi) and the ambient 
temperature (Ta) as follows: 0,- =(Tn - T.) IR, °C.mz/W (8) 

The solar energy stored in the storage tank (Q.) could be computed as 
a function of mass of water in the storage tank per unit time (ms), specific 
heat of water (Cp), and the temperature difference between mean tank at 
sunset time (T..d and sunrise time (Tkl ) as follows: 

Qs = ms Cp (Tk2 - T1<1), W (9) 

The storage system efficiency (I).) can be found as follows: 
11s= (QI/Q~) x I00, °/0 (10) 
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The same net power output can be written by (Duffie and Beckman, 
2006) ill terms of quantities representing the heat transfer mechanism, or 

the heat input minus the heat losses, as 

Qc = Ac FR I R - UL (Tm- T.)I·.·.· .. · ·· ······.·.· ·(II) 
Where FR is the collector heat removal factor and UL is the overall heat 

transfer coefficient, Tm is a mean temperature of the working fluid 

flowing inside the collector, generally taken as the average between the 

inlet and outlet temperatures of the collector. 

Combining the heat rate given by equation (II) with the definition of 

the efficiency, and nothing that UL is generally a function of temperature, 

leads to the following expression by Hayek (2011) 
'1 = 110 - a (Tm - Ta) I R - b (Tm - Tall R (12) 

in which, 110 is an intercept (maximum) efficiency or optical efficiency ­

Take from solar collector specification, a is a negative of first order loss 

coefficient in W/m2/K - Take from solar collector specification and b is a 

negative of second order loss coefficient in W/m 2/K - Took from solar 

collector specification as shown in Table ( I). 
Table ( I): Solar collector sDecification 

Parameters ETC 
Interceot (maximum) efficienc 0.819(a= 0.90, T = 0.91) 

Nellative of first order loss coefficient 1.7 W/m2/K 

Nellative of second order loss coefficient 0.008 WIm2/K 

Net collector area 1.5 m2 

RESULTS AND DISCUSSION 
Daily total solar radiation and available solar energy for two seasons. 
Solar radiation flux incident on tilted solar collector is the effective 

element uses to determine thermal perfonnance of evacuated solar 

collector. The data of solar radiation were collected in two different 

seasons (winter and summer). The daily average total solar radiation flux 

incidents on the tilled surface were 5.604 kW h/m2/day and 7.34 

kWhlm2/day during winter and summer seasons, respectively. The hourly 

averages measured were 701 W/m 2 and 918W/m2 during winter and 

summer seasons, respectively. The higher values for solar radiation 

observed (1247and 1299W/m2
) at noon. The previous result because solar 

Misr J. Ag. Eng., April 2016 - 594­



BIOLOGICAL ENGINEERlNG 

incidence angle at this time was lower than other times as shown in 
Fig.(3) The values of solar radiation in winter season nearly to the values 
of solar radiation in summer season. This result reveled that evacuated 
solar collector was fixed at 45°tiltangle. The difference between this angle 
and optimum tilt angle in February is 1.5°.mean whiles the difference 
between this angle and optimum tilt angle on Septemberl7°. 
Fig.(4) showed that, the hourly average solar energy available throughout 
daylight during two seasons. The daily average solar energy values of 
8.406 kWh /day and I 1.0 II kWh /day during winler and summer months, 
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Fig.(3 )Hourly average total solar radiation flux incident on the tilted 
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Fig. (4) Hourly average available solar energy on the tilted surfaces for 
two seasons 

Misr J. Ag. Eng., April 2016 - 595­



BIOLOGICAL ENGINEERJNG 

Dally absorbed solar entrgy and useful heat gain for two seasons. 
Fig.(5) illustrated that, the relationship between absorbed solar energy and 
time during two different seasons under experimental work. The daily 
average solar energy 6.885 and 9.017 kWh Iday. The hourly average 
values of useful heat gain to storage were 6.127 and 8.485 kWh Iday 
during two seasons. Also, the useful heat gain to storage values in winter 
season were greater than it s in summer as shown in Fig.6. The previous 
r~su~ re~ealed that the~mj>eratur~ di ffe~nce betwee~ __._ 
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Fig.(6) The relationship between useful heat gain to storage and time 
during two different seasons 
Solar collector heat losses and heat transfer efficiency for two 
seasons. 
The daily average solar collector heat losses vaJues were 0.757 and 0.532 
kWhl day in winter and summer seasons as shown in Fig.7. These losses 
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in winter greater than summer season more than winter season because 
ambient air temperature differs between two seasons. The heat losses from 
the solar collectors were highly affected by the water inlet temperature 
and ambient air temperature surrounding the collectors. Fig.(8) described 
the behavior of the heat transfer efficiency throughout daylight during 
winter and summer seasons. The maximum values of heat transfer 
efficiency were 82% and 93% during winter and summer seasons, 
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Fig.(8) The heat transfer efficiency in different two seasons 
Solar collector energy storage and thermal efficiency for two seasons. 
Fig.(9) illustrate the relationship the hourly average solar energy storage 
during daylight for both of summer and winter seasons. The daily average 
solar energy storage values of 0.776 kWh/day and 0.755 kWh/day during 
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winter and summer respectively. The daily average solar energy storage 
depend on the temperature difference between outlet water temperature 
and inlet water temperature. Fig.( 10) indicated the relationship between 
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Fig.(9). Solar energy stored during day light in different two seasons 
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Fig.( 10) The overall thermal efficiency throughout day light in different 
two seasons 

The daily average overall thermal efficiency values of 71 % and 
76o/oduring winter and summer respectively. Also, showed that, maximum 
values at noon were 76% and 78% during winter and summer season 
respectively. 

Solar collector temperature differences and outlet water temperature 
for two seasons. 
The hourly average temperature differences between water outlet 
temperature and water inlet temperature throughout daylight during two 
different seasons as shown in Fig.( 11) .The daily average temperature 
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differences values were 3.97°C and 1.785°C during winter and summer
 
respectively. The values of temperature differences in winter and summer
 
seasons at noon it nearly were 3.18°C and 3.28°Crespectively.
 
Fig.(12) indicated that the hourly average of outlet water temperature(Tfo)
 
from sunrise to sunset during winter and summer seasons. The daily
 
average of water outlet temperature values were 55.61°C and 60.557°C
 
during winter and summer respectively. Also, Fig.< 12) showed that, the
 
outlet water temperature increased during the operation of the system
 
from the beginning of operation of the syslem at 9:00 until the end of
 
operation of the system at 16:00pm . The values were from (49.3 °C to
 
61.7°C) and from (52.9 to 66.l 0c) during winter and summer
 
respectively.
 
The relationship between absorbed solar energy and solar energy
 
available
 
Fig.( 13) showed that the relationship between absorbed solar energy (Q.)
 

and solar energy available (Q). The relationship between absorbed solar
 
energy and solar energy available was relationship direct proportion
 
(I illear relation).
 

The following equation describes the relationship:
 

QII = 0.8/8 Q.( If = 0.99).
 

Where 0.82 is optical efficiency (at ).
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Fig.( 11 ).The hourly average of temperature differences for two seasons. 
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Fig.( 13): Absorbed solar radiation against solar energy available in 
different two seasons. 

CONCLUSION 
The obtained data of this experimental work can be summarized and 
concluded as follows: 

1- The amount of solar radiation flux incident on tilted solar 
collectors affecting on the items of thennal performance analysis 
during winter and summer seasons. 

2- The air temperature govemed of solar collector heat losses during 
different two seasons. 

3- The solar collector can be absorbed 82% from the solar energy 
available depend 'Upon the optical efficiency of the evacuated 
tube solar collector. 
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