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Two modifications of solar water distillers using cement and aluminum absorbers are presented 
experimentally. The first modification uses separated condenser to purge vapor from the cement 
absorber distiller to increase the condensation, while second modification uses a plate thermosyphon 
charged with acetone installed on the bottom of the water basin in the aluminum absorber distiller to 
increase input energy to the distiller, thus increasing water vaporization and condensation. The 
optimum tilted angle of the glazing surface calculated to between 10 to 20° at latitude angle of 30°. The 
daily productivity of the cement absorber distiller was 2.08 L/ (m

2
.day) and increased by percentage of 

18% using the separated condenser and the overall efficiency being increased from 35% to more than 
48%. For the aluminum absorber distiller the average daily productivity was 2.96 L/(m

2
.day) and 

increased to 3.49 L/(m
2
.day) using plate thermosyphon with the overall efficiency being increased from 

50% to more than 65%.   
 
Key words: Solar distiller, cement absorber, auxiliary condenser, aluminum absorber. 

 
 
INTRODUCTION 
 
Most human activities are intensively dependent on the 
water resources such as underground water, rains, lakes 
and rivers. However, rapid industrial growth and the 
population explosion all over the world have resulted in a 
large escalation of demand for fresh water. Add to this, 
the problems of pollution of rivers and lakes by industrial 
wastes and large amounts of sewage discharged 
(Kalogirou, 1997). While water covers about three-
quarters of the earth’ surface, only 3% of it is fresh water 
and not all of this limited quantity is suitable for drinking. 
Thus, water treatment is usually needed, and 
desalination is widely used for providing fresh water from 
brackish or seawater. Furthermore, supplying the 
required amount of potable water is already a problem in 
remote and arid areas which have limited supply of 
conventional energy, but have great potential for solar 
energy. Solar distillers based on renewable, safe, free 
and clean energy are a promising, cost effective solution. 
The production of fresh water using solar distillers has 
been presented in many studies (Abu-Jabal et al., 2001; 
John, 2003;  Ali et al.,   2005).   Several  types   of   solar 
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distillers exist, the simplest of which is the single-basin 
type, but the yield of this distiller is in the range of 2 to 4 
L/day per m

2
 of distiller area. This type of distiller has the 

advantage of low installation costs but disadvantages of 
low efficiency, salt accumulation, and short lifetime 
(Schwarzer et al., 2001; Mailk et al., 1992; Shawaqfeh 
and Farid, 1995). Many generations of solar systems and 
distillers have been developed but only a very small 
number have been put into practice because of low 
efficiency and small amount of distilled water produced. A 
new approaches to enhance performance of solar 
desalination system was presented by Schwarzer et al. 
(2001) whereby the productivity of 25 L/day per m

2
 was 

reached using such a system of heat recovery. Addition, 
solar distiller productivity was increased using a flat plate 
solar collector Zaki et al. (1983) and the maximum 
increase in the yield was up to 33% when the water is 
preheated in the collector. Tanaka and Nakataka (2004).  

There have been recent works that investigated similar 
solar distillation systems using heat-pipe solar collector 
(Tanaka and Nakataka, 2004; Tanaka et al., 2004; 2005). 
They theoretically predicted that the optimum angle of the 
solar collector, and performed parametric investigation of 
design and operation conditions. The distiller is predicted 
to produce  approximately  21.8 L/day  per m

2
  of  distilled  
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Figure 1.  Direct solar radiation and incident normal 

component on tilted surface.  
 
 
 

water, and the productivity is greater than that of bulky 
basin type distillers. Performance analysis of solar 
distiller coupled to a separated heat exchanger was 
presented (El-Bahi and Inan, 1999a). The separated 
condenser was used to purge water vapor to be 
condensed and the efficiency of the distiller was 
increased from 48% to more than 70%. The proposed 
solar distiller worked perfectly with daily yield of 7 L/day 
per m

2
.  

In this study, two modifications of solar water distiller 
using cement and aluminum absorber are presented 
experimentally. The first modification uses a separated 
condenser to purge water vapor from the cement 
absorber distiller to increase the condensation, while the 
second modification uses a plate thermosyphon charge 
with acetone installed on the bottom of the water basin in 
the aluminum absorber distiller to increase input energy 
to the distiller, thus increasing water vaporization and 
condensation. The effects of glazing surface tilted angle 
and orientation towards the south or the sun on the 
incident solar energy are also carried out. 
 
 
Mathematical approach of solar radiation 
 
The performance of a solar distiller is related to the surface azimuth 

angle or orientation, , and surface tilt angle, . To clarify the 
optimum tilt angle of solar collector at a certain site, the ASHRAE 
model (1981) has been used to estimate the normal direct solar 
radiation, IND, the normal component on the tilted surface INS, and 

solar incident angle , which is between the normal direct solar 
radiation and the normal component on the tilted surface as shown 
in Figure 1: 
 

sin/ B

ND eAI                                                      (1) 

 

cosNDNS II                                                               (2) 

 

)sincoscoscos(sincos 1                    (3)   
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where the solar plane azimuth angle   , and  solar 

azimuth angle . Thus, the global solar radiation IG on the 

horizontal surface (=0) is considered to be the sum of vertical 
components of the direct solar radiation and diffuse: 

 

)(sin CII NDG                                                    (4) 

 

Total solar radiation incident on the tilted surface with angle  is 
defined as,  
 

RgDsNSTS IIII                                                (5) 

 
where the diffused radiation IDs and the reflection from the earth 
surface IRg are defined as,  
 

SSNDDs FCII                                                            (6) 

 

)(sin CIFI NDSggRg                                           (7) 

 
Where:  
 

2/)cos1( ΣFSS                                                             (8) 

 

2/)cos1(1 ΣFF SSSg                                       (9) 

 
Incorporating Equations 2 and 6-9 into Equation 5 yields: 

 

)](sin [cos CFFCII SggSSNDTS               (10) 

 
The solar radiation outside the atmosphere A, the constants, B, and 
C, and formulas of solar angles are explained in Appendix B, as 
illustrated in ASHRAE model (1981). A computer program was 

developed to implement Equations 1 to 10 with the formulas of 
solar angles to estimate the normal direct solar radiation IND, the 
total solar radiation incident on the tilted surface at various tilt 

angle, and surface azimuth angle. To validate the accuracy of 
the program, the global solar radiation was measured at Menoufiya 
University, Shebin El-kom, Egypt with EPPLEY radiometer (PSP) 
with data being taken every 15 min as shown in Figures 2 and 3. It 
can be seen that there is a regular variation from sunrise to sunset 

with peak radiation at noon, and the estimated values of global 
radiation are closed to the recorded data. It can be seen that the 
agreement in general is fairly good and the difference between 

measured and estimated global radiation, 


GI  
can be expressed by 

the following relation: 

 

MeasuredMeasuredEstimated GGGG IIII )( 
          (11) 

 
The standard deviation or root mean square (RMS) deviation was 

employed to estimate the relative error of 


GI  as the following: 

 

nISD
ni

i iG





1

2

, )(                                             (12) 

 
The percentage of deviation between the estimated global solar  
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Figure 2.  Shebin El-kom at N 30° 33

\
  E 31°, March 27, 2007.
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Figure 3. Shebin El-kom at N 30° 33

\
  E 31°, April 11, 2007. 

 
 
 

radiations relative to the measured radiation is illustrated in Figure 4 
It is observed that the agreement is satisfactory from 0900 to 1500. 
The percentage of deviation from sunrise to 0900 was positive (0 to 

17%) because the estimated radiation was higher than the 
measured due to the effect of relative humidity in the morning. 
However, the  percentage  of  deviation  from  1500  to  sunset  was 

Ts (h) 
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Figure 4.  Percentage of deviation between estimated global solar 
radiation relative to the measured relation. 

 
 

 

negative (in the range of -8 8 0%) because the measured radiation 
is higher than estimated radiation due to the increase of diffuse 
radiation. The low value of RMS deviation (5.02 to 7.85%) clearly 
proves that the proposed mathematical approach can be used for 
estimation of global solar radiation on horizontal and tilted surfaces 
at any location with a high level of confidence.   

Based on this validation, the prepared computer program is 

considered an effective tool to study the effect of surface azimuth 
and tilt angle on the solar radiation incident on the tilted surface. 

The effect of tilt angle was investigated from horizontal (  = 0°) to 

vertical ( = 90°) surfaces, and surface azimuth from east to west in 
clock -wise step of 15° as shown in Figure 1. The optimum tilt angle 
was found to be 10 to 20° facing south, while the total solar incident 

on the tilted surface was maximum at noon, with  = 20° as shown 
in Figure 5. Thus, tilted surface angle of 20° was used for the 

glazing surface of the solar distillers in this study. 
 
 
Experimental apparatus 

  
The experimental apparatus was constructed from two models as 
shown in Figures 6 to 7. The first model (Figure 6) was made using 
a wood basin with dimension of 1×1 ×0.15 m and 1.2 cm thickness. 
The inside faces of the wood basin were covered with cement layer 
of about 1.5 cm and divided into small channels of 4 cm depth and 
8 cm width using a ceramic slab of 5 mm thickness. The channels 
were formed to decrease the amount of water deep in the basin and 
the thermal capacity of the distiller, and to increase the surface area 
of heat and mass transfer. The auxiliary condenser was made from 
galvanized steel of 0.25 mm thickness formed as a rectangular 
shape of 30 × 30 × 90 cm to increase the heat transfer area to 
accelerate the condensation of water vapor. 

The second model (Figure 7) was made from aluminum sheet of 
1 mm thickness and consists of a plate thermosyphon and a glazing 
solar distiller. The thermosyphon was constructed from two plates 

of aluminum of 1 × 2 m and the space between two plates was kept 
at 2 to 3 mm by making small webs on the upper plate. The four 
edges of the two plates welded together and examined before 
being charge with acetone. The dimensions of the glazing solar 
distiller are 1 × 1 × 0.15 m and it was fixed on the upper half of the 
thermosyphon. Parallel channels of 4 × 8 cm were formed in 
amphitheater shape to keep the water on the tilted surface and to 

decrease the thermal capacity of the distiller. The transparent 
surface was a white glass of 1×1 m and 3 mm thickness, which was 
sealed to prevent the escape of water vapor. The two models were 
inclined 20° to the horizontal surface, and all insides surfaces and 
channels were painted with a heavy black color to absorb solar 
radiation. Each model was mounted on a wooden frame, and the 
base and all side were thermally insulated. 

The solar radiation incident on the tilted surface was measured 

using the EPPLEY radiometer which was fixed at the same level 
and tilt angle as the glazing surface. The yields or productivity of 
fresh water was measured by scale over 1 h. The thermosyphon 
was evacuated from the air and charged with one litter of acetone, 
which is equal to three quarter of the evaporator volume. The 
acetone was used as the working fluid because its boiling 
temperature is 57°C at atmospheric pressure and hence, is suitable 
for this application. Photos of the two models and solar radiometer 
are shown in Figure 8. 

 
 
Thermal analysis of solar distiller  

 
For each model, solar radiation hits the glazing surface of the solar 
distiller and the unglazed surface of the heat pipe plate. The solar 
radiation is transmitted through the glazing surface, and is 
absorbed by the black surfaces of the distiller. The black surfaces 
re-radiate long wave radiation that is directly absorbed by the water. 
The upper black surface of heat pipe plate absorbs solar radiation. 
A part of the heat is transferred  to  the  surrounding  by  convection 
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Figure 5.  Effect of surface tilted angle on incident solar radiation to the south. 

 
 

 

 
 

Figure 6. Layout of cement model solar distiller with auxiliary condenser. 

 
 
and radiation, while the other part is transferred through the heat 
pipe plate. The liquid refrigerant absorbs heat, with evaporates, 
moving up to the upper half of heat pipe plate. The vapor refrigerant 
condenses at the inner surface and condensation heat is 
transferred by conduction to the water. The condensed refrigerant 

moves down, under gravity, to the lower part of the heat pipe plate, 
in order to repeat cycle. The water inside the passages of solar 
distiller warms and evaporates. The water vapor, which consists of 
moisture and dry air, moves freely up to the condensing surfaces. 
The temperature difference between water surface and condensing 
surfaces causes buoyancy force due to variation of partial vapor 
pressure. 
 
 

Transmitted radiation and water heat gain 
 

For a short time interval, a quasi-steady state condition could be  

considered for heat balance. The water heat gain in the distiller is 
the sum of transmitted solar radiation through the glazing surface 
and heat transferred through the heat pipe plate. The radiation 
transmitted through the glazing surface is dependent on the 

incident angle . As the base of the solar distiller and sides of the 

well are thermally insulated, the heat losses can be negligible, so 
the water heat gain can be estimated as: 

 

)( PaTSPPTSglwglw qIAIAH              (13) 

 
where qPa, is the sum of heat loss from the unglazed surface of the 
heat pipe plate to surrounding air by convection and radiation to the 
sky due to the following equations (Fath et al., 2003; Zeinab et al., 
 2005; Anil and Tiwari, 2006; Dunkle , 1961): 
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Figure 7.  Layout of aluminum model solar distiller with thermosyphon. 

 
 
 

 
 

Figure 8.  Photos of the cement and aluminum models. 
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 
                       (14) 

 

where 10 asky TT  

 
 
Water heat balance and distiller productivity 

 
The absorbed heat by water in the distiller, the heat transmitted by 

convection, evaporation, radiation, and heat requiring for distiller 
system and feeding water can be expressed as (El-Bahi and Inan, 
1999b; Duffie and Beckman, 1991): 

 

)()( awpw

w

sewrwcwww TTFC
dt

dT
CQqqAH              (15)  

 
Where: 

 

 
)(

69.2

)273)((
)(883.0

3

1

giw

wa

wwgiw

giwcw TT
PP

TPP
TTq 












           (16) 

 

)( 44

giwgwrw TTFq                                                         (17) 

 
For the heat balance of water in steady state for the insulated well 
thermal, neglecting the distiller thermal capacity and feed water, the  
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Figure 9.  Heat transfer area for dissipation of heat to the surrounding air.  

 
 
 
instantaneous productivity can be obtained as: 
 

 wgiewt LQD /                                                                (18)                                                                                               

 

where Lwgi, is the latent heat of evaporation at inner glazing surface 
temperature, while Qew is the transmitted heat by evaporation, 
which can be approximately calculated as (Elsayed et al., 1994): 
 

 

  wwgiw

wa

wwgiw

giwew LPP
PP

TPP
TTq 












  )(

69.2

)273)((
)(101.6

3

1

9
                (19) 

 
where Lww, is the latent heat of evaporation at water temperature in 

Jkg
-1

 and Pa is the atmospheric pressure. Pw and Pwgi are the 
saturation vapor pressure at water temperature and inner glazing 
surface temperature in Nm

-2
 respectively. 

 
 
Glazing surface heat balance 
  
The heat transfer from the glazing surface area to the surrounding 

is the sum of convection and radiation, which is equivalent to the 
water heat gain in the distiller and the absorbed heat in glazing 
surface. 

 

TSglglwgat IAHqA                                              (20) 

 
Where: 

grgcga qqq                                                                   (21) 

 

)( agogcgc TThq                                          (22) 

 

 )( 44

skygosggr TTFq                                  (23) 

 
The heat transfer area At from Equation 20 is required for heat 
dissipation to environment from the distiller to maximize 
productivity. The computer program was modified with the assumed 
clear sky solar radiation model to predict the distiller’s 
instantaneous productivity for various wind speeds. Appendix A 
shows some important physical properties and parameters that 
were used to conduct the thermal analysis and calculation. 
 
 
Theoretical dissipating heat transfer area and maximum 
productivity 

 
The solar distiller thermal analysis in terms of heat transmitted to 
the distiller or water heat gain, wind speed, and temperature 
difference between the glazing surface to the surrounding air are 

illustrated in Figure 9. The calculations were made for glazing 
surface area of 1 m

2
, surrounding air temperature of 20 to 40°C and 

wind speed of 0 to 4 m/s. The results showed that when the 
surrounding air temperature increased from 20 to 40°C, simulating 
air temperature change through daytime, the deviation range 
between 3 to 11%. In addition, the heat transfer area is dependent 
on the temperature difference between basin water and inner 
glazing surface and it decreases with increasing temperature 

difference between the water and glazing surfaces. A systematic 
decrease of heat transfer area with increasing wind speed and 
temperature differences between glazing surface and surrounding  
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air is observed, as illustrated in Figure 9. The dashed line in the 
graph at heat transfer area of 1 m

2
 distinguishes the requirement for 

using an auxiliary surface. It can be seen that, towards left of 
dashed line, the glazing surface area is not sufficient for dissipating 
heat that is transmitted to the distiller and an auxiliary surface 
should be required. On the other hand, towards the right of the 
dashed line, the glazing surface area is sufficient for dissipating 
heat and obtaining maximum productivity. Figure 10 shows the 
maximum daily productivity for glazing surface area of 1 m

2
, with 

the 21st day of each month being used as a reference. The 
calculation for the maximum daily productivity neglected radiation 
and convection from the water surface in the basin and losses from 
the basin’s sides and base.  

 
 
RESULTS AND DISCUSSION 
 
The experimental program was conducted using both 
solar distiller models. The first model is the cement 
absorber distiller without and with the separated 
condenser which was orientated to the south, with the 
hourly productivities obtained as shown in Figure 11. It 
can be seen that the productivity increased gradually until 
noon, reaching the maximum thermal capacity of the 
distiller at about 1400. The experiments were repeated 
for 3 to 4 days to examine the data accuracy, with the 
measured values shown in Table 1. The daily productivity 
of the model was 2.08 L/ (m

2
.day) without the condenser 

and 2.388 L/ (m
2
.day) with the condenser, with a 

percentage increase about 18%. The surface area of the 
condenser used was 0.95 m

2
. From the data in Figure 9, 

the measured wind velocity was less than 1 m/s and for 

Tga=15 K, the surface area of the condenser should be 
three times the glazing surface to increase the daily 
productivity for up to 90%. It is very important to note that 
the cement absorber model was used in this study 
because it is very cheep and easy to construct without 
any previous experience. Furthermore, it is easy to build 
using local materials such as bricks, cement and glass, 
besides wells, rivers, lakes and beaches to serve the 
people in arid and remote areas. 

The second model was the aluminum absorber distiller, 
with the experiments conducted without the 
thermosyphon which orientated to south. Thereafter, the 
distiller was rotated every 30 min facing the sun until its 
shadow was underneath itself. In these experiments, the 
thermosyphon section was not charged with acetone and 
covered with thermal insulation to prevent solar energy 
from striking this section as shown in Table 2. The hourly 
productivities of the model are illustrated in Figure 12. 
The daily productivity was 2.96 L/ (m

2
.day) when 

orientated to south and 4.39 L/ (m
2
.day) when rotated to 

face the sun, with a percentage increase of 48.6%. The 
daily productivity of aluminum absorber facing the south 
is higher than the cement absorber by about 43.69%, 
because the aluminum absorber is allows the 
temperature of black surfaces and basin water is to be 
homogenous, resulting in accelerated water evaporation.     

The plate thermosyphon was evacuated and charged 
with acetone. The daily productivity was 3.49 L/ (m

2
.day)  
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Figure 11. Hourly productivity of the cement model: (a) without and (b) 

with the condenser. 
 

 
 

when orientated to south as shown in Figure 13. The 
daily productivity increased by about 18% compared to 
the distiller without thermosyphon. If the thermosyphon 
distiller was orientated facing the sun and its position 
changed every 30 min so that its shadow underneath 

itself, it possible that the daily productivity will increase up 
to 5.2 L/ (m

2
.day).       

Each distillers’ overall efficiency is dependent on 
incident solar energy and is the ratio between solar 
energy utilized for water evaporation  and  solar  radiation  
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Table 1. Hourly and daily productivities of the cement absorber model with and without the condenser.  

 

Cement absorber Date 2007 Daily productivity L/(m
2
.day) Average productivity L/(m

2
.day) Percentage increase (%) 

Facing south 

without condenser 

Jun 23 2.06  

2.077 

 

 

_ 
Jun 24 2.10 

Jun 25 2.07 

     

Facing south 

with condenser 

Jun 27 2.44 

 

2.388 

 

18.7 % 

Jun 28 2.42 

Jun 30 2.34 

July 01 2.35 
 
 
 

Table 2. Hourly and daily productivities of the aluminum absorber model without and with the thermosyphon.  
 

Aluminum absorber Date 2007 Daily productivity L/(m
2
.day) 

Average productivity 
L/(m

2
.day) 

Percentage increase 

 

Facing south without thermosyphon 

 

Jun 30 2.97 
 

2.955 

 

 

_ 

July 01 2.95 

July 02 2.98 

July 03 2.92 
     

Facing the sun without thermosyphon 

 

July 04 4.46 
4.39 48.6  

July 05 4.32 
     

Facing south with thermosyphon 

 

July 07 3.46 
 

3.487 

 

18  
July 08 3.48 

July 09 3.52 
 
 
 

incident on the glazing surface as, 
 

s

w

H

LTm 



                             (24) 

 

The overall efficiencies of the studied cases are 
compared in Figures 14 to 16.  Obviously, the 
distillers’ efficiency increased with increasing solar 
energy until noon, but continued to increase 
because of the thermal capacity of the distiller and 
energy stored in the black surfaces and basin 

water. It is found that the efficiency of the cement 
absorber with condenser is higher than without 
condenser by about 5%, as shown in Figure 14. 
For the aluminum absorber, the efficiency is 
higher than cement absorber by about of 15%, as 
shown in Figure 15. For the aluminum absorber, 
the efficiency when using the thermosyphon was 
higher by about 8% as illustrated in Figure 16. 
However, when the aluminum absorber is 
continuously rotated to face the sun, the efficiency 
was increased by about 18%. From these results, 

the two modifications of condenser in the cement 
absorber and the thermosyphon in the aluminum 
absorber, resulted in the productivity being 
increased by about 18% and overall efficiency by 
about 5 to 8%.    
 
 

Conclusions 
 

An experimental study was performed to investigate 
the productivity and efficiency of solar water distiller 
using cement and aluminum absorbers.   
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Figure 12. Hourly productivity of the aluminum model without 

thermosyphon facing: (a) the south (b) the sun. 
 
 
 

Two modifications were used to enhance the productivity 
of the distillers. For the cement absorber, an auxiliary 
condenser was used to purge the water vapor to increase 
productivity. For the aluminum absorber, a thermosyphon 
charged with acetone was used to enhance the heat 
transfer underneath the water in the basin to increase 
evaporation and productivity. The results are summarized 
as: 

 
1) The optimum tilted angle was calculated and it was 
found between 10 to 20° at latitude angle of 30°. 
2) The average daily productivity of the cement absorber 
distiller orientated facing the south was 2.08 L/ (m

2
.day) 

with overall efficiency of 38%. The productivity was 
increased to 2.39 L/ (m

2
.day) with overall efficiency 

of45%  when  using   the    auxiliary   condenser,   with   a 
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Figure 13. Hourly productivity of the aluminum model with 

thermosyphon. 
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Figure 14. Cement absorber distillers’ efficiencies with and 
without the condenser. 

 
 

 

percentage of increase of 18% . 
3) For the aluminum absorber orientated facing the south,  
the average daily productivity was 2.96 L/ (m

2
.day) with 

overall efficiency of 50%. When the thermosyphon was 

used, the productivity obtained was 3.49 L/ (m
2
.day) with 

overall efficiency up to 65%, with a percentage of 
increase of 18%. 
4) For the aluminum absorber without  the  thermosyphon 
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Figure 15. Cement and aluminum absorber distillers’ efficiencies. 
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Figure 16. Aluminum distillers’ efficiencies facing south and sun. 
 
 
 

which was positioned with respect to the direction of the 
sun, the average daily productivity was attained to 4.39 L/ 
(m

2
.day) with overall efficiency of 65%. 

 
Nomenclature: A, Solar radiation intensity outside 
atmosphere (Wm

-2
); AP, Unglazed area of plate heat pipe 

to air (m
2
); Agl, Glazing surface area (m

2
); Aw, Water 

surface area (m
2
); At, Heat transfer area (m

2
); B, 

Weakness atmospheric factor of solar radiation (-);C 
Diffuse radiation factor (-);Cs Distiller thermal capacity 
(JK

-1
); Cpw Water specific heat (Jkg

-1
K

-1
); Dd Daily ditillate 

(Lm
-2

day
-1

); Dt distiller rate or productivity (kgs
-1

); F, Feed,  



 
 
 
 
water flow rate (Kgs

-1
); FSS, Angle factor between tilted 

surface and sky (-);FSg, Angle factor between tilted 
surface and ground surface (-);H, Solar hour angle

 
(
o
); Hs, 

Measured solar radiation incident on glazing surface 
(Wm

-2
); HW, Water heat gain (W); h, Heat transfer 

coefficient (Wm
-2
K); hcw, Convective heat transfer 

coefficient from water to glass (Wm
-2

K); hew, Evaporative 
heat transfer coefficient (Wm

-2
K); IG, Global solar 

radiation on horizontal surface (Wm
-2

); IND, Normal direct 
solar radiation intensity (Wm

-2
); INS, Normal component of 

solar radiation on the tilted surface (Wm
-2

); ITS, Total solar 
radiation incident on the tilted surface (Wm

-2
); L, Latitude 

angle of location
 
(
o
); Lg, Longitude angle of location

 
(
o
); 

LT, Latent heat of evaporation (Jkg
-1

); wm  Hourly 

productivity (kgm
-2

hr
-1

); n, Day number from first of 
January (-);Pa, Atmospheric pressure (Nm

-2
); Pw, 

Saturated vapor partial pressure at water temperature 
(Nm

-2
); Pwgi, Saturated vapor partial pressure at inner 

glass temperature (Nm
-2

); S, Solar beam angle to south
 

(
o
); T, Temperature (K); TS, Solar time (hr); TC, Local time 

of selected location (hr); TZN, Time zone longitude angle 
of selected location

 
(
o
); W, Solar beam angle to west

 
(
o
); 

WS, Wind speed (ms
-1

); Z, Solar beam angle with vertical
 

(
o
); , Tilted surface angle

 
(
o
); , Absorbtivity (-);, Solar 

altitude angle
 
(
o
); , Emissivity (-); , Solar declination 

angle
 
(
o
); , Solar azimuth angle

 
(
o
); , Solar plan azimuth 

angle
 
(
o
); , Distiller efficiency

 
(
o
); , Solar incident angle; 

g, Reflection factor form earth surface
 
(
o
); , Stefan –

Boltzmann constant (Wm
-2

K
-4

); , Transmitivity (-);, 
Surface azimuth angle. 

 
Subscript: A, environment; ds, diffuse; cw, convective 
water; ew, evaporation water; gl, glass; gc, glass 
convection  to air; 
Gi, inner surface of glass; go, outer surface of glass; gr, 
radiation from out surface glass; o, environment; p,Plate; 
pa, plate to air; 
Pc, plate convection to air; pr, plate radiation to sky; Rg, 
reflection from earth surface; sky, sky temperature;W, 
water; cw, convection from water surface; ew, 
evaporation from water surface; rw, radiation from water 
surface. 
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Appendix A. Some physical properties and parameters used to conduct the thermal analysis (20 to 22).  
 

Agl  = 1 m
2
 AP = 1 m

2
                         Aw = 1.064 m

2
  = 5.66910

-8
 Wm

-2
K

-4
 

P = 0.97 w = 0.89 g = 0.89 p = 0.97 

w = 0.96 g  = 0.1   

hgc  = 5.61+3.924WS (Wind speed in m/s), Wm
-2

K
-1
 

hpc  = 6.18+4.284WS (Wind speed in m/s), Wm
-2

K
-1
 

 

111 ]1/1/1[,]/1/)1[(,]/1/)1[( 









  gwgwSSppspSSggsg FFFFF   

 oc  
1c  2c  3c  

4c  

  

f( ) 

4

4

3

3

2

21 , ,  cccccoglglgl  ,   in degree.     

gl  0.0389495 0.00138832 -6.9725610
-5 

1.3674510
-6
 -8.7569610

-9
 

gl  0.0833039 -0.00394181 2.9077110
-4
 -7.0100910

-6
 6.0402310

-8
 

gl  0.877747 0.00255349 -2.2104610
-4

 5.6426510
-6
 -5.1645410

-8
 

  

f(T) 
4

4

3

3

2

21 , TcTcTcTccPL ovw 	 , T in Kelvin. 

wL  11491.7 -105.76 0.47722
 

-9.7210110
-4

 7.3701910
-7
 

vP  5.9816710
6
 -83911.7 443.553 -1.04794 9.3458610

-4
 

 
 
 

Appendix B. Constant A, B and C at the 21 of every month from ASHRAE, (1981) (15). 
 

Date A (W/m
2
) B C Date A (W/m

2
) B C 

January 1230 0.142 0.058 July 1085 0.207 0.136 

February 1214 0.144 0.060 August 1107 0.201 0.122 

March 1185 0.156 0.071 September 1151 0.177 0.092 

April 1135 0.180 0.097 October 1192 0.160 0.073 

May 1103 0.196 0.121 November 1220 0.149 0.063 

June 1088 0.205 0.134 December 1233 0.142 0.057 
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Definition and formulas of sun and surface angles from ASHRAE, (1981) (15). 
   

Angle Formula 

Solar declination angle 






 


365

)284(
2sin

180
45.23

n



  

Solar beam angle with vertical )coscoscossin(sincos 1 LHLZ   
 

Solar altitude angle Z 2/  

Solar hour angle )12(
180

15  STH


 

Solar time )(
60

4
gznCS LTEtTT   

Time equation 
364/)1(2

sin5.1cos53.72sin87.9





n

Et




 

Solar beam angle to west 

Solar beam angle to south 

2/1221

1

)coscos1(cos

)sin(coscos

WZS

HW







 
 

Take the negative value of the root if, 

LH tan/tancos   

 

 

Solar azimuth angle 

If LH tan/tancos   

)]2/cos(/[cossin 1 ZW     

If LH tan/tancos   

)]2/cos(/[cossin 1 ZW     

Solar plan azimuth angle    

 
 
 
 
 
 
 

 

 


