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ABSTRACT

" Performance Study of a Double Basin Solar Still "'
By
Akram Mahmoud Musa
Supervised by
Dr. Mohammed A. Hamdan

This thesis presented an experimental and theoretical investigation of three
basin solar stills, namely ; single, double and, triple basins under Jordanian

climatic conditions.

The three stills were constructed using 0.96 x 0.96 m2 base area. The
outer glass of the still was of pyramid shape and inclined at 45°, The middle and
lower glass of the double and triple stills were inclined at 7°. Experiments on the
system had been performed at different water depths in the lower basin. The
temperatures of water, glass and ambient together with solar intensity, wind
velocity and volume of distilled water were recorded on hourly basis during day
time. The theoretical part carried out using a computer program written in

FORTRAN language using iterative technique of Euler's equation.

The daily distilled water and efficiency were determined. The results
showed that the distilled water output of triple basin solar still was 36 % higher
than that of single basin and 7 % higher than the double basin , while the double
basin was 26 % higher than single basin output. The maximum daily efficiency
was about 44 % for the triple basin solar still followed by 41.8 % for double
basin, while it was about 31.9 % for single basin solar still and there was no

significant effect for water depth in the lower basin.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Solar distillation is strongly related to the general development in solar
technology as a whole. However, the rapid industrial growth and population
explosion all over the world has resulted in a large escalation of demand for fresh
water, the developments in the use of solar energy have demonstrated that it is

ideally suited in distillation when the demand for fresh water is not too large.

The wide variation of solar intensity, both daily and annually, requires that
any device for using solar energy to distill water must be capable of operating at
widely varying temperatures. The solar distillation process fluctuates with the
solar energy intensity, its production varying from zero for most of the night to a

maximum in the early afternoon of a sunny day.

The basin type is the only solar still which to date has been successfully
applied to water distillation [1]. It is the application of the natural hydrologic
cycle to a relatively small apparatus. The essential features of the natural
hydrologic cycle are the production of water vapor above the ocean water's
surface, the transportation of this vapor to cool regions by wind, and its
subsequent condensation. The basin type solar still reproduces this sequence of

events.
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1.2 PRESENT WORK CONTRIBUTION

The present research investigates the performance of various types of
basin solar stills under Jordan's climatic conditions, as well as some factors

affecting the performance of such stills.

Experimental and theoretical tests were done to investigate stills
performance. The experimental work includes the construction of three stills,
single, double and triple basin. A computer program is used to simulate the stills
performance and to compare the predicted results with the experimentally

obtained results.

1.3 IMPORTANCE QF THE WORK

Many arid and semi-arid countries face shortages of potable water
available from natural sources. The Arab World.is a representative of such
countries. To make matters worse, many aquifers in the Arab World are of high
salinity or suffer from increasing deterioration of water quality as aresult of

increased water abstraction.

The water resources in the Arab World in 1985 were estimated to be about
172 billion m3, while the water demand was estimated to be about 305 billion m3,

Asa'ad et al.[2].
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Moreover, Dabbagh and Al-saqabi [3] noted that the development of water
resources in Jordan will be far more difficult than in the other Arab Countries.
Which makes the research in water field especially with a free source of energy

of a considerable worth, so the solar distillation be in mind.

1.4 LAYOUT OF THE THESIS

The thesis is divided into six chapters, the first of which is this
introduction.  Literature review is presented in chapter two. Chapter three
describes the experimental setup and procedure of construction solar stills.
Chapter four presents the theoretical analysis of solar stills. The results obtained
and thetr discussion are presented in chapter five. Finally, chapter six lists the

general conclusions and recommendations reached by the present study.
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CHAPTER TwoO

LITERATURE SURVEY

Solar distillation has been in practice for a long time. The earliest
documented work is that of the Arab alchemists in 1551 [4]. Many works have
been reported about solar distillation after that using different types of solar stills,
the present review is dealing with the basin type solar stills either experimental or

theoretical tests.

Sodha et al. [5] analyzed the transient performance of a basin type
mounted still. They obtained explicit expressions for hourly variation of the glass
cover temperature and water temperature in the basin and a distillate output has

been obtained. Their results were in good agreement with experiment.

Also, Sodha et al. [6] presented a periodic analysis of a double basin solar

still (DBSS) mounted on a stand. The daily distillate production of such a still
was on the average 36 % higher than that of a single basin solar still (SBSS).

Sodha et al. [7] developed a transient model of the performance of a
DBSS and it was validated by experiments. On the other hand, they studied
analytically the dependence of the daily output of the distillate on wind velocity,
ambient temperature and daily irradiation. They found experimentally that the

presence of a black dye in the lower basin increases the distillate output by 10-15

%.
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Mahdi [13] studied the effect of number of basins on the daily
productivity of the still. The results indicated that the daily output is increased by

increasing the number of basins in the still.

Kumar et al. [14] presented a transient analysis of a double slope DBSS
incorporating the effects of water mass on the upper and lower basin, the initial
temperature in the lower basin, and heat transfer coefficient. A comparison was
carried out between SBSS and DBSS. The DBSS gave better performance than

single ones.

Tiwari et al. [15] derived an analytical expression for the daily yield as a
function of the system and climatic parameters based on energy balances for
different components of a DBSS under an active mode of operation ( i.e. feeding
of thermal energy into the basin from an external source) . They found that there
may be an increase of about 30 % in daily efficiency by using double effect

distillation if the flow rate is small.

Tiwari et al. [16] presented a transient analysis by incorporating the effect
of attenuation of solar flux with depth of water in the basin. They also studied
analytically the effects of concentrations of dye , water depth and absorptivity of
basin on the performance of the solar still. They observed that for large water
depth, no significant change is observed between their model and the theory

presented by Sodha et al. {5].

Kumar et al. [17] studied analytically the performance of a DBSS
integrated with a heat exchanger. They investigated the effects of water mass in
the upper and lower basins, heat exchanger length, inlet temperature, mass flow

rate, various heat transfer coefficients, as well as various meteorological
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parameters. They found that the use of heat exchanger increases the system

efficiency significantly.

Venkatesh and Chatravedi [18] built a small single-slope solar still in the
laboratory which was subjected to several tests on different days. The effects of
various parameters such as depth of water in the basin, moisture in the insulation
under the basin and the leakage through the sealant on the yield were

experimentally studied.

Gupta et al. [19] presented a transient analysis of a DBSS incorporating
the effect of intermittent flow of waste hot water into the lower basin at a
constant rate during off sunshine hours. They found that the yield increases with
flow rate if the inlet waste hot water temperature is above its optimum value.
They also found that the yield decreases with an increase of water mass in the
lower basin.

To summarize , the above literature review presented shows that the SBSS
and DBSS were designed and successfully tested to increase the amount of
distilled water. However, and to the best knowledge of the author the only
available work on the triple basin solar still (TBSS) is that by Tiwari [11] which
states that as the number of basins increase the amount of distilled water is
expected to increase. In this work the performance of a TBSS will be studied
theoretically and experimentally and will be compared to those of DBSS and
TBSS.
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CHAPTER THREE

EXPERIMENTAL SETUP AND
PROCEDURE

3.1 INTRODUCTION

There are many types of basin solar stills. The square base pyramid one
was used in this study for its simplicity in design and construction from the

locally available materials which gives an acceptable performance.

Basin type solar still performance depends to a great extent, on the number
of basins in the still. In this study, three stills, single, double and triple basin were

designed and manufactured.

This chapter is devoted to describe the different components that were
selected to construct the stills, and to describe the manufacturing processes that

are followed to build them.

3.2 COMPONENTS OF BASIN TYPE SOLAR STILLS

The following are the main parameters considered for the design of solar

stills :
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2.2.1 Absorber plate:

The absorber plate is the major part of the solar still. It absorbs the
coming insulation which is transmitted through the transparent cover. The
absorber plate should be of maximum absorptivity, and is this why it painted
with a special or ordinary non-reflective black painting. The absorber plates used
in the present stills were made of black steel of 1.25 mm thickness with
dimensions of (960x960) mm , this value of thickness was selected to stand arc

welding .

2.2.2 Transparent Cover
442425

Transparent covers may be of glass or plastic, arranged in single, double
or multiple layers. The transparent cover should have high transmissivity and
minimum absorptivity and reflectivity. Ordinary window glass of 4.0 mm
thickness with an average transmissivity of 0.87 was used in this study, fig (3.1
). Four glass sheets were used to form the shape of the pyramid. The transparent
cover was sealed around the edges to prevent vapor loss and must be sloped at an
angle sufficiently large to ensure that condensate formed on it will flow by

gravity to the condensate troughs, rather than to drip back into the basin.
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Fig (3.1) : Square base pyramid outer glass cover for the three stills.

2.9 3 [nsulatine Material

The reduction of heat losses from the solar stills, has a considerable effect
on the overall efficiency of the solar still. So, the insulating material should be

selected carefully. It should be of minimum cost, durable and non-toxic.

A rtock wool of 30 mm and 0.0346 W/m °C thermal conductivity
coefficient covered with aluminum foil of (7 - 9 microns) was used to insulate the

lower plate and the outer sides of the three stills.

32.2.4 Condensate Troughs

The condensate troughs must be so arranged that they collect all of the

condensate dripping from the lower edges and convey this condensate to the
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outside of the enclosure. In order to collect the distilled water a troughs of V-
shape were designed with slope of 1.5 % from the black steel of 1.25 mm
thickness.

3.3 MANUFACTURING PROCESS

The feasibility of the solar still depends to a great extent on the

manufacturing process. The solar still components should be properly

manufactured in order to meet the design requirements. In addition, the

manufacturing process of the solar still must be easy, simple and relatively cheap.
A large portion of building the stills was accomplished at the workshop of the

industrial engineering department.

3.3 7 Building The Still

Building of the solar still is simple and relatively cheap, the following

steps were followed in building the stills :

1- A steel box of dimensions ( 960x960x100 } mm was constructed as shown in
fig (3.2) . This box is used as the lower basin for the three types of stills. This
box was bend from two sides and the other two sides was sealed by arc welding,

and supplied by an outlet tube used for discharging the stills and for measuring

water depth in the lower basin.
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Fig (3.2) : The lower basin of the three stills

FILLING

f——— 960 —/)—jJ
Co/m

DISCHARGE

Fig (3.3) : a schematic diagram of the steel frame used to form the upper and middle basins in the DBSS
and TBSS.
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2- Three frame boxes were constructed, two for triple basin and the other one for
double basin. These sides were made of the same steel sheet of 1.25 mm with
dimensions of ( 960x960x200 ) mm. A V - shape flange is supplied in the lower
edges of these sides to fix them on the lower box in the DBSS , and on the lower
and middle basins in the TBSS. Also a V - shape trough was made to collect the
distilled water from the inclined glass which was fixed on a steel frame. This
frame was fixed with spot welding with an inclination of 7°. Filling and

discharging tubes were supplied in each frame as shown in fig (3.3 ).

3- Three frames of a V - flange and a V - trough were constructed for each still
used to support the upper square base pyramid glass cover and for collecting the
distilled water from these covers. These frames were made from a steel sheet of
1.25 mm by using a bending machine. Each frame is supplied by a right angle

tube for the upper basin output.

4- The surfaces of steel were cleaned and polished using emery paper and the

surfaces were painted by red - oxide paint and then by an ordinary black paint.

5- The glass sheets were fixed using silicon paste in the lower and middle basins,
while the upper glass covers were assembled to a square base pyramid using
silicon paste and then fixed to the upper steel frame as shown infig (3.4). A

Cross-sectional view of the TBSS is shown in fig (3.5).

6- Finally, the lower and outer surfaces of the three stills were insulated by
using a rock wool felts with 30 mm thickness having thermal conductivity of

0.0346 W/m °C to minimize the heat losses to the ambient.
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3 4.1 Incident Solar Radiation M.

Incident solar radiation is measured by a Kipp and Zenon pyranometer
(type CMS5). It was fixed on a horizontal plane near the solar stills. A solar
integrator (type CC11) is employed to record the incident solar radiation in

Wh/m2 . The incident solar radiation was measured on hourly bases.

3.4.2 Temperature Measurement

The temperatures at various locations within the stills were measured by
means of Copper Constantan thermocouples. Thirty thermocouple wires were
used to measure the plate, water and glass temperatures of each basin in the three
stills. Ambient temperature was measured by a thermocouple positioned in the
shaded region below the stiils. All the thermocouple wires were connected to a

data logger.

3.4.3 Wind Speed Measurement

The wind speed in front of the test stills was measured by a digital
anemometer (type Edra 5). The wind speed was recorded every hour at a selected
location near the stills at the same height of the still cover. These readings were

used to estimate the heat transfer loss coefficient to ambient ( h¢p).
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3.5 EXPERIMENTAL PROCEDURE

The daily experimental test of the three stills was carried during the
period between 9 am. and 6 p.m., while the distilled water collected over a 24

hour. The parameters measured are :

1- Plate, water and glass temperature for each basin in the three stills.
2- Ambient temperature (Tp).

3- Solar incident radiation on the horizontal surface ( Hg ).

4- Wind speed (Vi ).

5- Distilled water from each basin.
The experimental procedure is summarized in the following points :

1- The thermocouple wires were connected to the data logger with thirty
channels.

2- The lower basin of the three stills were filled with water to the required height,
while the middle and the upper basins were filled until the inclined glass
completely covered. |

3- The water and glass temperatures together with the output distilled water,
solar intensity and wind speed are measured and recorded on hourly basis.

4- The experiment continue with the same procedure until 6 p.m., after that the
distilled water during night is collected at 9 a.m. next day for each basin in the

three stills.
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CHAPTER FOUR:

THEORETICAL ANALYSIS

4.1 INTRODUCTION

The main objective of the present studyisto test the three solar stills
under Jordanian climatic conditions experimentally and compare them with
theoretical results. In this chapter the theoretical analysis and the basic
mathematical model is used to evaluate the performance parameters of these stills

are outlined.

4.2 MopEet,

The present analysis follows that of the model proposed by Sodha et al. [5],
which assumes the following :

1- Evaporation have been assumed to be small compared to the basin water mass,
so that the water mass may be assumed to be constant. For a large water depth
this assumption is quite justified, or constant mass of water is maintained by
continuos addition of water to keep a constant level in the basin, so that the rate
of addition of water is the same as that of evaporation. It is further assumed that

the heat required to heat the water from the ambient ( before addition to the basin
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) temperature to the temperature of water in the basin is negligible as compared to

that required to evaporate the same mass i.e.:

Cy(Ty-Ty) << h,,

2- There is no vapor leakage in the still.

3- Temperature gradients along the glass cover thickness and water depth have

been assumed to be absent.

4- The area of cover glass, still and surface area of water are considered to be

equal.

4.3 ENERGY BALANCE

A schematic diagram of the basic configuration of a SBSS is shown in fig
(4.1) . The figure also shows the basic heat flux components at various surfaces.

The energy balance conditions at the top cover, the saline water surface and the

absorbing surface may be written as:

dr,
Mx! d: = aI:H.r + (qrw +4.. + qew)_qa (41)
M,, % =0y, H, +q, ~ (g + o + 20 (4.2)

aBsHs = QW +qiru (43)
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The heat transfer rates, Q, Qews Qew aNd Qry, are defined by the following
equations :
Qa'_' QIa'{' qca (44)

Scler Radiation

/9
p

Hs

P
Transparent Cover

pue 1 Gor Qv G
ayavi
Water —= qu L/ HS
wsissn—77 777 7 G VR T 7

Fig (4.1) : A schematic diagram of the basic configuration of SBSS with basic heat flux components

the external radiation and convection losses from the glass cover to outside

atmosphere can be expressed as :

Qra = € . [( Tgs )* - Ty )*1 4.5)
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and

Gea = Dol Teg - Ta ) (4.6)

Ty is the apparent sky temperature for long wave radiation exchange, assumed

to be 12° C below ambient. The external convection coefficient h, is a function

of wind velocity [20] and is given by :
he,= 5.7+3.8Vy 4.7
s0, the heat transfer rate outside the still may be written as:

Qa = hp (T -Ty) (4.8)

where

() -]
h,=h, +eso'[——i_-—:—}_—]

g a

(4.9)

The convective and evaporative heat transfer rates are given by Dunkel’s
relation [21] :
13
(Pw: - I:;: )(Tws)

q.,=0.884 T, T, + 68.6%10°~F.) (r.,-1,) (4.10)

4., =h(T,,-T,) (4.11)

2

and
q..=16.273x10”h, (P, - P,) (4.12)

the radiation heat transfer rate is given by :
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_o{rt-1})

o =
i.;.i._]
£

(4.13)

Under normal operating conditions the rise in temperature of the top
cover and the saline water in the still is small and within this temperature range
the vapor pressure inside the still may be approximately written as a linear

function of temperature [22] :
P=R1T +R2 (4.14)
where the constants R1 and R2 may be evaluated by fitting the saturation vapor

pressure data in the temperature range of interest to a straight line. So, the heat

transfer rates inside the still become :

Gon =b(T,, - T,,) (4.15)
g =hy(T,,-T,) (4.16)
40 =h(T,,-T,) | @4.17)

where the heat transfer coefficients h.y, hes, and hy, are written as [4] :

s o RUT,-1.)T) |

ew = Y- Tws - Tgs + 3 (4°18)
(268.9%10° = R2—RI1(T,.))

h, =16.273x107h R1 (4.19)

" EG[(Tw )4 - (T;:)‘] (4 20)
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and the total heat transfer coefficient is the sum of radiation, convection and

evaporative coefficients which is given by :
hy=h,+h,+h; 4.21)
Energy transfer from the absorbing surface to the saline water can be written as :
g, =h. (8, ~T..) (4.22)

the energy balance at the outer surface of the insulation separating the still from

the atmosphere is given by :

-K(%)thb(em-n) | (4.23)

substituting the above heat transfer rates in eq. (4.1) to (4.3), then these equations

are reduced to :

dT,,
M, = = o H, o+ (T, =T) = (T, =T) (4.24)
Mw.t _dj;._:: = aZ.s'H.r - hls(Tws - 1;!)+ hsw(eba: - Tws) (4'25)
0, H, = (040 =To) + 1 (81 = T.) (4.26)

where

L 171
P 4.27
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substituting the values of 8y, from eq. (4.26) into eq. (4.25) then:

My, Bt =, 1, -, (1., ~T,)-U,(T.,~T) (428
where

Q, =0, +U, (£+-1—}x3, (4.29)

By
1 1Y

U, =j—+— 4,

’ [h,w h,,] 439
4,3.2 Double Basin

The energy balance at the top glass cover, the upper basin water, the lower

glass cover, the lower basin water and the absorbing surface may be written as:

drT.
My =2 =yl + g ( Ty = Ta) = s = T.) (4.31)
dTwld
M, o = H, + 1y Ty —Topa) — hy(Toa — T,4) (4.32)
dT 4
M, 4 = Oy H, + 0y (T = Tppa) — s (Tps — T, (4.33)
dTw!d
wd T =0, H, +h,, (0, = T0) —biy(Tza = Te2a) (4.34)

o, H, =h, (0, —T,,)+hO,,-T) | (4.35)
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substituting the value of 8y, from eq. (4.35) , eq. (4.34) reduces to :

aT
M, dtd"adH =Uy(Tpy = T)~hyy(T0s — T2) (4.36)
where
&, =(“4d+£”_zs‘;"} 4.37)
fad b

Energy balance for the upper glass cover, the upper basin water, the

middle glass cover, the middle basin water, the lower glass cover, the lower basin

water and the absorbing surface, may be written as :

My =2 =, H, (T, =Ty ) =P (T ) (4.38)
Mo, 2= 1,y (T =T} (T~ o) (439
M,, % = oty H, + Ay (T = T} = (T = Tots) (4.40)

- d—g& =ty H, = hy (T =T )+ b (T~ To) (4.41)
M, 5‘%— = 0 H, +hg (T = T ) =15 (T = 1) (4.42)
M, i%% = 0 H, = o (T = Ty )+ 1o (830, = Tose) (4.43)

Ot H, = Iy (840 = Tz )+ 1 (65, —T,) (4.44)
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substitute the value of 6y, from eq. (4.44) ,eq. (4.43) reduces to :

dT.,,
w3rd_wt3= (I‘HS _Ub(TwJ: _n)_hst(Ter _1;3:) (445)
where
a: = a6: +ﬁ (446)
h, +h,
4.4 HouRLYy AND DAILY EFFICIENCY

As 1s clear from the above analysis , these differential equations are solved
to calculate the water and glass temperatures for each basin in order to calculate
the heat flux from the water to the cover, involved in the evaporation process for
each still as given below:

For SBSS :

0.,=h,(T,-T,) (4.47)

.4

The amount of water distillate per unit time per unit basin area is given by:

i =-%«'-x3aoo (kg/m?hr ) (4.48)

ws
w

The hourly efficiency of the SBSS is given by :

n, =%x100% (4.49)

E
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The daily efficiency of the still is given by :

up =%x100 (4.50)

where Q, (in J/m2 day ) is the amount of solar energy incident on the glass cover

of the still and Q. ( in J/m? day ) is the energy utilized in vaporizing water in
the still.

The distilled water and efficiencies for the other basins in the DBSS and
TBSS are calculated in the same way using the above equations with prdper

temperatures and evaporative heat coefficients.

4.5 COMPUTER PROGRAM

A computer program was written in order to compare the experimental
results with the theoretical ones. The program was written in FORTRAN 77
using Euler's iterative method for solving ordinary differential equations. The

program is presented in Appendix A
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CHAPTER FIVE

RESULT AND DISCUSSION

Throughout the measurement made to establish the data presented in this
work, care was taken to note possible sources of error and an error analysis based
on the method of Kline and McClintock [23] was carried out. The error analysis
indicated a *1% in temperature, +3% in condensate and %3 in the efficiency of
the stills. As previously mentioned the main objective of this work is to study the
performance of three types of basin stills. This chapter is divided into two
sections in which the present section is included. Section (5.2) deals with the

results obtained in this study and their discussion .

5.2 BESULTS AND DiscussION

The experimental measured data and the theoretical results as calculated

by using the performance equation introduced in section (4.3) are tabulated in

Appendix B.

The hourly variation of experimental and theoretical plate temperature for

the three stills at two different water depths are presented in figures (5.1 - 5.2).

Experimental and theoretical variation of water and glass temperatures for each
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basin in the three stills were plotted in figures (5.3 - 5.5) and (5.6 - 5.10)

respectively, for the two values of the selected water depth in the lower basin.

A comparison between experimental water and glass temperatures for the
each still are plotted in figures (5.11 - 5.16). The experimental and theoretical
condensate within the period from 9 a.m.to 6 p.m.,, for each still are plotted in
figures (5.17 - 5.18). The total yield during the remaining interval of the day is
shown in tables (5.1) and (5.2).

The hourly experimental and theoretical efficiencies are shown in figures

- (5.19 -5.20), while the daily experimental and theoretical efficiencies are shown
in tables (5.3 - 5.4).

Figures (5.21 - 5.22) show hourly the experimental distilled water for the
three stills with time. The experimental efficiencies of the three stills are plotted
in figures (5.23 - 5.24). Finally the hourly ambient temperature and hourly solar

intensity are plotted in figures (3.25 - 3.26).
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Fig (5.1) : Variation of both experimental and theoretical plate temperature for SBSS, DBSS and TBSS
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Fig (5.2) : Variation of both experimental and theoretical plate ternperature for SBSS, DBSS and TBSS

at 4 cm water depth with hours of the day
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The variation of plate temperature for the three stills with time are shown
in figures (5.1-5.2). Inthese figures the lower water temperature was taken the
same as that of the plate temperature since it was assumed that there is no
temperature gradient across the water layer. Itis clear that the plate temperature
increases with time until it reaches a maximum value after the solar time for the
three stiils, and beyond this value the plate temperature decreases with time.
Also it is clear that the increase in SBSS plate temperature is higher than that of
DBSS and TBSS , the maximum temperature for SBSS is 65 °C at2 p.m., while
the maximum temperature for DBSS is 55.2 °C at 4 p.m., and for TBSS itis
about 49 °C at 5 p.m. This increase in plate temperature is due to the increase in
solar intensity and the fraction of energy absorbed by the absorber plate. The
difference between the stills plate temperatures is due to the variation of water
and glass quantities for each still. The second part of these graphs shows that
the decrease in SBSS plate temperature is higher than that of the other two stills
since the upper and middle basins act as an insulation covers for the lower basin.
From these figures, it may be noticed that both the experimental and theoretical

are in good agreement.
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Fig (5.3) : Variation of experimental and theoretical water temperature for DBSS at 2 and 4 cm water
depth in the lower basin with hours of the day

The hourly variation of water temperature for DBSS is shown in figure
(5.3). It is to be noted that in SBSS the basin water and plate temperatures are
assumed to be the same. It is clear that the water temperature increases with the
intensity of solar radiation, however there is no immediate drop in water
temperature when solar radiation starts to decrease due to the energy absorbed in

the still's water.
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Fig (5.4) : Variation of water temperature of TBSS at 2 cm water depth in the lower basin with hours of
the day

6 O t i ' 1 ! 1 ' I ! 1 T ] ! 1 2 1 ‘ 1 ! I X

wn
(]
T
I

Water Temperature (¢C)
&
T

3
R a  Twz2Exp. .
0 Twi Theor.
-=-~- Tw2 Theor. |
20 . ! i ! U : ! : ! i : ! ! l : 1
8 g 10 M 12 13 14 15 16 17 18 19
Time (nr)

Fig (5.5) : Variation of water temperature of TBSS at 4 cm water depth in the lower basin with hours of
the day
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Figures (5.4 - 5.5) show the hourly variation in water temperature of the
TBSS. As it may be seen, the upper basin water temperature is slightly higher
than that of the middle basin one especially within the interval near the solar
time. This behavior is explained by the fact that the upper and middle basins
contain the same amount of water and have the same absorptivity, but the fraction
of energy that reaches the middle basin is lower than that of the upper basin. As
shown in figures (5.3 - 5.5) there is a good agreement between experimental and

theoretical temperatures.
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Fig (5.6) : Variation of both experimental and theoretical glass temperature of SBSS at2 and 4 cm
water depth in the lower basin with hours of the day
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Fig (5.8) : Variation of glass temperature of DBSS at 4 cm water depth in the lower basin with hours of
the day
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Fig(5.10) : Variation of glass temperature of TBS3S at 4 cm water depth in the lower basin with hours of
the day
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Experimental and theoretical variation of the hourly glass temperature for
the three stills are shown in figures (5.6 - 5.10). It is noticed that the upper glass
temperature in the three stills increase and then decrease with time, in the same
trend as that of solar intensity and ambient temperature, since it is exposed to
ambient directly, while for the DBSS it is observed that initially the lower and
upper glass temperature is slightly the same, however the lower glass cover
temperature begin to increase since it is in contact with water of the upper basin.
In the TBSS the middle and lower glass temperatures are close to each other,

since they are nearly under the same conditions.
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Fig(5.11) : Variation of water and glass temperatures of SBSS at 2 cm water depth with hours of the day
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: Variation of water and glass temperatures of DBSS at 4 cm water depth in the lower basin

with hours of the day
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Fig(5.15) : Variation of water and glass temperatures of TBSS at 2 cm water depth in the lower basin
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Fig(5.16) : Variation of water and glass temperatures of TBSS at 4 cm water depth in the lower basin
with hours of the day

A comparison between the hourly water and glass temperature for each
basin in the three stills is presented in figures (5.11 - 5.16). It is clear from these
figures that the water temperature is higher than the glass temperature for the
measuring period except within the first hour for SBSS, and within the first three
hours for DBSS and the first four hours for the TBSS where the glass temperature
is slightly higher. Since the heat capacity of glas.s is lower than of water so it's
temmperature increases rapidly in the first hours. The difference between water
and glass temperature is the driving force for evaporation of water. This
difference is increasing gradually starting from morning until it reaches a
maximum value for SBSS at 3 p.m., while for the DBSS and TBSS it is
maximum at the end of experimentation period, resulting in a higher distilled

water output.
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Fig(5.17) : Variation of experimental and theoretical distilled water for SBSS, DBSS and TBSS at 2
c¢m water depth in the lower basin with hours of the day
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Fig(5.18) : Vanation of experimental and theoretical distilled water for SBSS, DBSS and TBSS at 4 cm
water depth in the lower basin with hours of the day
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The theoretical and experimental quantities of distilled water from the

three stills are shown in tables (5.1) and (5.2) for two water depths. Also the
variation of output yield with time of the day are plotted in figures (5.17 - 5.18) .

These figures represents the hourly output during the working period, while the

output of other period of the day is shown in tables (5.1) and (5.2).

Table (5.1) : Experimental and theoretical distilled water output for 2 cm water depth for the three

solar stills
Theoretical

DBSS TBSS

(g/m?) (g/m?
90 70
140 110
280 200
310 290
350 310
400 350
430 390
415 440
370 420
2350 2900
5135 5480
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Table (5.4) : Experimental and theoretical hourly and total efficiencies for 4 cm water depth for the

three solar stills
Time Experimental Theoretical
SBSS DBSS TBSS SBSS DBSS TBSS
Do % % % % %
10:00 3.1 4,14 4,71 7.89 6.77 7.33
11:00 4.67 3.6 - 3.73 10.02 6.68 7.52
12:00 11.54 3.93 7.42 15.82 12.38 9.63
13:00 13.69 11.16 9.37 18.91 13.24 11.97
14:00 26.68 18.78 15.8 23.65 18.64 16.71
15:00 30.53 22.53 19.7 30.62 24.06 21.87
16:00 3742 29.92 26.64 39.57 35.89 34.97
17:00 44.2 44.76 43.53 54.28 53.63 52.99
18:00 68.22 76.9 77.79 §2.79 84.81 88.86
Total 31.23 38.98 41.4 315 40.4 44.2
1 OO i T i 1 I T 1 i I 1 } H
90 e
80 o Exp.SBSS _ % .
r Theor. ;. .
- 70 2 Exp.DBSS ¢ il i
~ [ e Theor. s
o 607 a  Exp.TBSS :
g 50 Theor. " i
L i i
o 40 -
30 i
20 1
10 et G = N
g ]
O i . L i . : ' ' i 1
10 11 12 13 14 15 16 17 18 19
Time ( hr)

Fig(5.19) : Variation of hourly efficiency both experimental and theoretical for SBSS, DBSS and TBSS
at 2 cm water depth in the lower basin with hours of the day
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Fig(5.20) : Variation of hourly efficiency both experimental and theoretical for SBSS, DBSS and TBSS
at 4 cm water depth in the lower basin with hours of the day

For all types of stills the distilled water increases with time until it reaches
a maximum value and then decreases. In SBSS the maximum output was about
490 (g/m?2 hr) during the interval from 14:00 to 15:00 with a total daily output of
about 3.8 (kg/m2 day) . In DBSS the maximum yield was about 420 (g/m?2 hr)
during the interval from 16:00 to 17:00 with a total daily output of about 4.8
(kg/m? day). And for TBSS the maximum yield was about 420 (g/m? hr) during
the interval from 16:00 to 17:00 with a total daily output of about 5.15 (kg/m?
day). From these figures it is noticed that the oﬁtput of TBSS is higher than
SBSS by about 36 %, and higher than that of the DBSS by about 7 % , while
the DBSS yield is about 26 % higher than that of the SBSS. Also these figures
show that there is areasonable agreement between experimental and theoretical
results, but in general the performance of theoretical ones is higher than that of

experimental due to the assumptions introduced in the theoretical analysis.
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The variation of hourly efficiency for the each still is plotted in figures
(3.19 -5.20), while the daily efficiency which is calculated by using eq. (4.50) is
shown in tables (5.3) and (5.4), also the hourly efficiency of the three stills
compared with each other are plotted in figures (5.21 - 5.22) . From these figures
, it is clear that the hourly efficiency is very small in the first two or three hours,
and it increase at a lower rate before solar time, since most of the energy received
was used to heat up the basin water in the three stills, then it increase at higher

rate as shown.
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Fig(5.21) : Variation of hourly efficiency (experimentally) for SBSS, DBSS and TBSS at 2 cm water
depth in the lower basin with hours of the day
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Fig(5.22) : Variation of hourly efficiency (experimentally) for SBSS, DBSS and TBSS at 4 cm water
depth in the lower basin with hours of the day
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Fig(5.23) : Variation of hourly distilled water for SBSS, DBSS and TBSS at 2 cm water depth in the
lower basin with hours of the day
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Fig(5.24) : Variation of hourly distilled water for SBSS, DBSS and TBSS at 4 cm water depth in the

lower basin with hours of the day
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Fig (5.25) : Variation of hourly ambient temperature and solar intensity for 2 ¢cm water depth in the lower

basin.
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Fig (5.26) : Variation of hourly ambient temperanlljrc fmd solar intensity for 4 cm water depth in the lower
asin.

The performance of the three stills were compared to each other as shown
in figures (5.23 - 5.24), in these figures the distilled water of the three stills are
plotted against time. From these figures it is clear that the SBSS is the most
efficient one during most of the day, however late in the afternoon it becomes the
least efficient one. This is due to low masses in SBSS compared with the other

two stills, since the same amount of solar energy was received by the three still.

For SBSS the hourly efficiency varies between 3.1 % at 10 a.m. to 68.2 %
at 6:00 p.m., while for DBSS it has a maximum value of 76.9 % at 6:00 p.m.,
while for TBSS it is about 88 % at 6:00 p.m. This increase in hourly efficiency is

due to the stored energy in the basin water.

The daily efficiency which is the ratio between the amount of energy
used to evaporate water to the total incident solar intensity on the horizontal
absorber plate , are shown in tables (5.3) and (5.4). As shown in the tables the

daily efficiency of each solar still is independent of the water depth in the basin.
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Further the TBSS was found to be the most efficient still followed by the DBSS
and the SBSS which was the least efficient one. Finally and as shown in the
figures there is a good agreement between the theoretical and experimental

efficiencies of the three types of stills.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

From the results of this study, the following conclusions may be stated :

1- The daily distillate production of a TBSS is 36 % higher than thatof a
SBSS and 7 % higher than that of a DBSS, while the productivity of DBSS is 26
% higher than that of a SBSS.

2- There is a good agreement between the theoretical and experimental

efficiency of the three stills.

3- 26 % increase in the productivity was obtained when the number of basins
increased from one to two , while 2 7 % increase in it when the number of basins

increased from two to three.

4- During sunrise hours the productivity of SBSS is higher than the other two

stills, while it is lower during night.

5- The daily distillate yield is almost independent of the water height in the

lower basin.
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6.2 RECOMMENDATIONS

The following recommendations can be made based on this study which

require further investigation :

1- The effect of reducing the slope angle of the glass cover on the still output.
2- The effect of continuous supplying of saline water on the still output.

3- The effect of sides shading, by changing the ratio of side length to the

basin area.
4- The outer glass cover cooling.

5- Integrating this system with buildings.

6- Temperature gradient through glass and water layers should be taken into
consideration.

7- The effect of adding some volatile materials to increase the evaporation
rate.

8- Use of waste water in the lower basin. .
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c SINGLE! BASIN
CHARACTER*10 AFILE
REAL L KMW ,MGMDW,MDWO MDWT
DATA RG,AG.AW,AB/.02,.05,.02,.86/
PRINT* ENTER OUTPUT FILE NAME'
READ* AFILE
OPEN(UNIT=2 FILE=AFILE, STATUS=NEW')

PRINT*,ENTER STARTING TIME, PERIOD (HOURS)
READ* FTIME PERIOD

PRINT*,ENTER TIME STEP, TIME PRINT (SECONDS)'
READ* DT,IDT

PRINT*,ENTER INITIAL VALUES TGO, TWO'

READ* TGO, TWO

PRINT*,ENTER WATER DEPTH IN CM'

READ* WD

NITER=INT(PERIOD*3600./DT)

C THESE ARE TEMPORARY CONSTANTS

H1=16.07
H2=40.88

C  THESE ARE CONSTANTS
MW=41870.*WD
MG=7500.

HI=22.7
L=.03

K=.04
H3=137.
H4=22.7
HE=8.55
HW=2372520

TAUI1=(1.-RG)*AG
TAU2=(1.-RG)*(1.-AG)*AW
TAU3=(1.-RG)*(1.-AG)*(1.-AW)*AB
PRINT*, TAU1,2,3=(.1,0,.7), TAU1,TAU2,TAU3
TAU1=0.1

TAU2=0.0

TAU3=0.7

EMIS=2

EMISG=.3

SIG=5.67E-8

R1=2933

R2=-84026.4

V=1.5

aana

HB=1./((1 /HIH(L/K))
UB=1./((1./H3)+(1/HB))
TAU4P=TAU2+UB*((L/K)+(1./H4))*TAU3

C PRINT*,'UB='UB,'HB="HB, TAU4P="TAU4P

C PRINT*,NITER='NITER
MDWO=0.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



DO 10 I=1,NITER

PTIME=REAL(I)*DT/3600.
TIME=FTIME+PTIME
HS=HSF(TIME)
TA=TAF(TIME)

C*** THE AMOUNT OF DISTILLATE WATER PER UNIT TIME PER UNIT AREA
MDW=(HE*(TWO-TGO)HW)*3600 '

TEMP=TWO-TGO+R1*TWO-TGOy*(TWO+273.))/(2.689E3-R2-R1*
+ (TWO4273.))
C PRINT*, " TEMP=',TEMP
IF(TEMP LT.0)THEN
TEMP=TEMP*(-1)
ENDIF
HCW=0.884*TEMP**(.33333333)

C PRINT*, HCW' HCW
HEFF=16.276E-3*HCW*R 1
HRW=EMIS*SIG*((TWO+273.)**4~T GO+273)**4)/(TWO-TGO)

HCA=5.7+3.3*V

C PRINT*,H1 H2' H1,H2
H1=HRW+HCW+HEFF
H2=HCA+EMISG*SIG*((TGO+273)**4-(TA+273)* *D/I(TGO-TA)

IF (MOD(INT(PTIME*3600.),IDT).EQ.0) THEN

C PRINT*,T='I %
C PRINT*, PTIME(HOURS)='PTIME
PRINT*' '

PRINT*, PTIME(SECONDS)="PTIME*3600.
PRINT*,"TIME="INT(TIME),:'(TIME-REAL(INT (TIME)))*60.
PRINT*,'TA='TA,HS='HS

PRINT*, TGN=", TGN, TWN="TWN

PRINT*'MDW (KG/M2.HR)=' MDW

MDWT=MDWO+MDW

PRINT*'MDWT=MDWT

WRITE(2,*)" '
WRITE(2,*)PTIME(SECONDS))="PTIME*3600. )
WRITE(2,*)TIME="INT (TIME),"",(TIME-REAL(INT(TIME)))*60.
WRITE(2,*)TA="TA, HS="HS

WRITE(2,*)TGN="TGN, TWN="TWN

WRITE(2,*YMDW (KG/M2.HR)="MDW

MDWT=MDWO+MDW

WRITEQ2,*YMDWT="MDWT

ENDIF

TGN=TGO+(DT/MG)*(TAU1*HS +H1 *(TWO-TGO)-H2*(TGO-TA))
TWN=TWO+DT/MW)*(TAU4P*HS-H1 *TWO-TGO)-UB*(TWO-TA))

TGO=TGN
TWO=TWN
MDWO=MDWT

60
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10 CONTINUE

STOP

END

REAL FUNCTION HSF(TIME)
C TIME IS IN HOURS

C INITIAL VALUES AT TDME=8:00AM

O aon o o0 0

Q0

TIME=(TIME/24.-REAL(INT(TIME/24.)))*24.
HSF=757.828*EXP(-0.5*((TIME-11.677)/2.366)**2)

SAT 23/1/1994 R=0.9816
HSF=1060.85*EXP(-0.5*((TIME-12.185)/3.10933)**2)

SUN 24/7/1994 R=0.98
HSF=1072.36*EXP(-0.5*((TIME-12.2213)/3.12107)**2)

MON 25/7/1994 R=0.982
HSF=1072.64*EXP(-0.5*((TIME-13.2434)/3.10278)**2)

TUE 26/7/1994 R=0.9825
HSF=1051.02*EXP(-0.5* (TIME-13.3182)/3.06114)**2)

WED 27/7/1994 R=0.9849
HSF=10535.68*EXP(-0.5*((TIME-13.197)/3.0651)**2)

PRINT* 'HSF=",HSF
RETURN
END

REAL FUNCTION TAF(TIME)

C TIME IS IN HOURS
C INITIAL VALUES AT TIME=8:00AM

C
c
Cc
C
C

Q OO0 o0

r

TIME=(TIME/24.-REAL(INT(TIME/24.)))* 24.

TAF=22.192-3.6337*TIME+0.7986* TIME**2-.048541 *TIME**3
+ +.00089405*TIME**4

SAT 23/7/1994 R=0.89
TAF=26.629-3.9023*TIME+0.71962*TIME **2-.04036 | *TIME**3
+ +.00069779*TIME**4

SUN 24/7/1994 R=0.93

TAF=27.369-5.327 1 *TIME+1.0242*TIME**2- 059544 * TIME**3
+ +.0010735*TIME**4

MON 25/7/1994 R=0.9553
TAF=27.81-3.9639*TIME+0.74641 *TIME**2- 0426 1 7*TIME**3
+ +.00075229*TIME**4

TUE 26/7/1994 R=0.93
TAF=25.803-6.263*TIME+1.251 1 *TIME**2- 07441 S*TIME**3
+ +.0013649+*TIME**4
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C
C
C

9]

WED 27/7/1994 R=0.9151
TAF=25.564-4.8904*TIME+0.8633 1 *TIME**2- 047922*TIME**3

+ +.00083406*TIME**4

PRINT*, TAF="TAF
RETURN
END

DOUBLE1 BASIN

REAL L K MW 1.MG1MW2MG2 MDWU MDWLMDWUOMDWUT,MDWLO MDWLT

CHARACTER*10 AFILE

PRINT* 'ENTER OUTPUT FILE NAME'
READ*,AFILE
OPEN(UNIT=2,FILE=AFILE,STATUS="NEW")

PRINT* ’ENTER STARTING TIME, PERIOD (HOURS)'
READ* FTIME PERIOD

PRINT*,ENTER TIME STEP, TIME PRINT (SECONDSY
READ* DT,IDT

PRINT* 'ENTER INITIAL VALUES TG10,TW10,TG20 TW20'
READ*TG10,TW10,TG20,TW20

PRINT*,ENTER WATER DEPTH IN CM'

READ* WD

NITER=INT(PERIOD*3600./DT)

C THESE ARE TEMPORARY CONSTANTS

Cc

2XeKe!

H1=16.17 4
H2=70.47
H4=15.97

THESE ARE CONSTANTS

MW1=251220.

MW2=41870.*WD

MGI1=7500.

MG2=7500.

Hi=22.7

HEU=8.64

HEL=8.12

HW=2372520

L=.03

K=.04

H3=94.14

H5=111.9

DATA RG,AG,AW,AB/.02,05,.02,.86/
TAUI=(1.-RG)*AG
TAU2=(1.-RG)*(1.-AG)*AW
TAU3=(1.-RG)*(1.-AG)*(1.-AW)*AG
TAU4=(1.-RGY*(1.-AG)**2*(1 -AW)*AW
TAUS=(1.-RGY*(1.-AG)**2*(1.-AW)**2*AB

TAU1=0.1
TAU2=0.0
TAU3=0.1

62
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C TAU4=0.,

C TAUS=0.5
EMIS=.2
EMISG=23
S1G=5.67E-8
R1=293.3
R2=-84026.4
V=3

HB=1./(1./HI}+(L/K))
UB=1./((1./HB)+(1/H5))
TAU=(TAU4+(H5*TAUS)/(H5+HB))

Q PRINT*,'UB=',UB, HB="HB, TAU4P='TAU4P

Cc PRINT*'NITER='NITER
MDWUO=0.
MDWLO=0.

DO 10 I=1,NITER

PTIME=REAL(I)*DT/3600.
TIME=FTIME+PTIME
HS=HSF(TIME)
TA=TAF(TIME)

C*** THE AMOUNT OF DISTILLATE WATER PER UNIT TIME PER UNIT AREA
MDWU=(HEU*(TW 0-TG10)/HW)*3600
MDWL=(HEL*(TW20-TG20)/HW)*3600

rdan - Center of Thesis Deposit

TGIN=TG10+({DTMG1)*(TAU1*HS+H]1 *(TW10-TG10)-H2*(TG10-TA))
'I'W1N=TW10+(DT/MW1)*(TAU2*HS+H3*(TG20-TW10)-EII*(TWIO—TGIO))
TG2N=TG20+(DT/MG2)*(TAU3* HS+H4*(TW20-TG20)-H3*(TG20-TW1 Q)
TW2N=TW20+(DT/MW2)*(TAU*HS-UB* (TW20-TA)-H4*(TW20-TG20))

IF (MOD(INT (PTIME*3600.),IDT).EQ.0) THEN

C PRINT*,T="1

C PRINT*, PTIME(HOURS)='PTIME i
PRINT™*," i . :
PRINT*, PTIME(SECONDS)="PTIME*3600.
PRINT*, TIME="INT (TIME),"" (TIME-REAL(INT(TIME)))*60.
PRINT*, TA="TA,’ HS="HS
PRINT*,‘ TGIN="TGIN, TW IN=TWIN
PRINT*, ' TG2N=",TG2N, TW2N='TW2N
PRINT*'MDWU (KG/M2.HR)='MDWU
PRINT*'MDWL (KG/M2.HR)='MDWL
MDWUT=MDWUOQ+MDWU
MDWLT=MDWLO+MDWL,
PRINT*'MDWUT="MDWUT
PRINT*'MDWLT='MDWLT

WRITE(2,*)' '
WRI'I'E(Z,*)'P'I'IME(SECONDS)=',PTIME*3600.
WRITE(2,*yTIME="INT (TIME),":" (TIME-REAL(INT(TIME)))*60.
WRITE(2,*)TA="TA,'HS="HS

WRITE(2,*) TGIN=TGIN, TWIN="TWIN
WRITE(2,*)TG2N="TG2N, TW2N="TW2N

WRITE(2,*YMDWU (KG/M2 HR)=' MDWU

WRITE(2,*YMDWL (KG/M2.HR)=" MDWL




MDWUT=MDWUO+MDWU
MDWLT=MDWLO+MDWL
WRITE(2,*YMDWUT="MDWUT
WRITE(Z,*)MDWLT="MDWLT
ENDIF
TG10=TGIN
TG20=TG2N
TWI1O=TWIN
TW20=TW2N
MDWUO=MDWUT
MDWLO=MDWLT

10 CONTINUE

STOP
END

REAL FUNCTION HSF(TIME)
C TIME IS IN HOURS
C INITIAL VALUES AT TIME=8:00AM

TIME=(TIME/24 -REAL(INT(TIME/24.)})*24.

@]

HSF=757.828*EXP(-0.5*((TIME-11.677)/2.366)**2)

SAT 23/7/1994 R=0.9816
HSF=1060.85*EXP{-0.5* ((TIME-12.185)/3.10933y**2)

SUN 24/7/1994 R=0.93
HSF=1072.36*EXP(-0.5*((TIME-12.2213)/3.12107)**2)

MON 25/7/1994 R=0.582
HSF=1072.64*EXP(-0.5*((TIME-13.2434)/3.10278)**2)

TUE 2677/1994 R=0.9825 )
HSF=1051.02*EXP(-0.5*((TIME-13.3182)/3.06114)**2),

O o0 o0 o0 a0

WED 27/7/1994 R=0.9349
HSF=1055.68*EXP(-0.5*((TIME-13.197)/3.0651)**2)

C PRINT*,’HSF="HSF
RETURN
END
REAL FUNCTION TAF(TIME)

C TIME IS IN HOURS
C INITIAL VALUES AT TIME=8:00AM

TIME=(TIME/24.-REAL(INT(TIME/24.)))*24.

4 TAF=22.192-3.6337*TIME+0.7986*TIME**2-.04854 1* TIME**3
C + +.00089405*TIME**4

C SAT 23/7/1994 R=0.89
C TAF=26.629-3.9023*TIME+0.71962*TIME**2-.040361 *TIME**3
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+ +.00069779*TIME®**4

SUN 24/7/1994 R=0.93

TAF=27.369-5.3271*TIME+1.0242*TIME**2- 059 544*TIME**3
+ +.0010735*TIME**4

MON 25/7/1994 R=0.9553

TAF=27.81-3.9639*TIME+0.7464 1 *TIME **2-.0426 | 7*TIME**3
+ +.00075229*TIME**4

TUE 26/7/1994 R=0.93

TAF=25.803-6.263*TIME+1.251 1 *TIME**2-.07441 5*TIME**3
+ +.0013649*TIME**4

WED 27/7/1994 R=0.9151 :

TAF=25.564-4.8904*TIME+0.86331* TIME**2-.047922*TIME**3
+ +.00083406*TIME**4

PRINT*, TAF="TAF
RETURN

END

TRIPLE1 BASIN

REAL L KMW1 MG] MW2MG2MW3MG3IMDWUMDWMMDWL MDWUOMDWUT,

+ MDWMOMDWMT MDWLOMDWLT

CHARACTER*10 AFILE

PRINT* /ENTER OUTPUT FILE NAME'
READ* AFILE

OPEN(UNIT=2 FILE=AFILE,STATUS=NEW"
PRINT*,ENTER STARTING TIME, PERIOD (HOURS)  *
READ* FTIME,PERIOD

PRINT*,'ENTER TIME STEP, TIME PRINT (SECONDS)'
READ* DT, IDT

PRINT*,ENTER INITIAL VALUES TG10,TW10,TG20,TW20,TG30,TW30'
READ* TG10,TW10,TG20,TW20,TG30,TW30

PRINT*,ENTER WATER DEPTH IN CM'

READ* WD ’
NITER=INT(PERIOD*3600./DT)

C THESE ARE TEMPORARY CONSTANTS

c

H1=16.17
H2=70.47
H4=15.97

THESE ARE CONSTANTS

MW1=251220.
MW2=251220,
MW3=41870*WD
MG1=75C0.
MG2=7500.
MG3=7500.
HI=22.7
HEU=8.64
HEL=8.12
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HW=2372520
L=.03

K=.04
H3=94.14
H5=94.14
H6=15.97
H7=54.14

DATA RG,AG,AW AB/0,.05,.0,.86/
TAUI=(1.-RG)*AG
TAU2=(1.-RG)*(1.-AG)*AW
TAU3=(1.-RG)*(1.-AG*(1.-AW)*AG
TAU4=(1.-RG)*(1.-AG)**2*(1 - AW)*AW
TAUS=(1.-RA*(1.-AG)**2*(1.-AW)**2* AG
TAUG=(1.-RG)*(1.-AG)**3*(1.-AW)**2*AW
TAU7=(1.-RG)*(1.-AG)**3*(1.-AW)**3*AB
PRINT*,TI1-7\.TAUL,TAU1,TAU3 TAU4, TAUS, TAUS,TAUT
TAU1=0.1

TAU2=00

TAU3=0.1

TAU4=0.

TAU5=0.3

TAU6=0,

TAU7=0.5

EMIS=2

EMISG=.3

SIG=5.67E-8

R1=2933

R2=-84026.4

V=3

OO0 nnn

HB=1./((1./HD+{1/K))
UB=1./((1./HB)+(1 /H7))
TAU=(TAU6+(H7*TAU7)/(H7+HB))

o PRINT*,'UB="UB, HB=",HB, TAU4P="TAU4P

C PRINT*,'NITER="NITER
MDWUO=0.
MDWMO=0.
MDWLO=0.

DO 10 I=1,NITER

PTIME=REAL(I)*DT/3600.
TIME=FTIME+PTIME
HS=HSF(TIME)
TA=TAF(TIME)

C*** THE AMOUNT OF DISTILLATE WATER PER UNIT TIME PER UNIT AREA
MDWU=HEU*(TW10-TG10)/HW)* 3600
MDWM=(HEL*(TW20-TG20)/HW)*3600

MDWL=(HEL*(TW30-TG30}/HW)*3600

TGIN=TG10+(DTMG1)*(TAUI*HS+H1 *(TW10O-TG10)}-H2*(TG1O-TA))
TWIN=TWI10O+DT/MW1)*(TAU2*HS+H3*(TG20-TW10)-H1*(TW10-TG10))
TG2N=TG20+(DTMG2y*(TAUI*HS+H4*(TW20-TG20)-H3*(TG20-TW10))
TW2N=TW20+HDT/MW2)*(TAU4*HS+H5*(TG30-TW20)-H4*(TW20-TG20))
TG3IN=TG30+DT/MG3)*(TAU5S*HS+H6*(TW30-TG30)-H5*(TG30-TW20))
TW3N=TW30+(DT/MW3}*(TAU*HS-UB*(TW30-TA)-H6*(TW30-TG30))
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IF (MOD(INT(PTIME*3600.),IDT).EQ.0) THEN

PRINT*,1="1
PRINT*, PTIME(HOURS)="PTIME
PRINT*,' 4
PRINT*, PTIME(SECONDS)=' PTIME*1500.
PRINT*,'I'IME:',INT(TIME),':',(TIME-REAL(INT('I'L\AE)))*60.
FRINT*, TA="TA, HS="HS
PRIN'I‘*,'I‘GIN=',TGIN,'TW1N=',TW1N
PRINT*, TG2N="TG2N, TW2N="TW2N
PRINT*, TG3N="TG3N, TW3N="TW3N
PRINT*,'MDWU (KG/M2.HR)=" MDWU
PRINT* MDWM (KG/M2.HR)=" MDWM
PRINT*,MDWL (KG/M2.HR)="MDWL
MDWUT=MDWUQO+MDWU
MDWMT=-MDWMO+MDWM
MDWLT=MDWLO+MDWL

PRINT* MDWUT='MDWUT

PRINT* 'MDWMT='MDWMT

PRINT*, MDWLT=""MDWLT

WRITE(2,*)’ '

WRITE(2,*) PTIME(SECONDS)=",PTIME*3600.
WRITE(2,*) TIME="INT(TIME),":",(TIME-REAL (INT(TIME)))*60.
WRITE(2,*)TA="TA, 'HS=' HS

WRITE(2,*)TGIN="TGIN, TWIN="TWIN
WRITE(2,*)TG2N="TG2N, TW2N="TW2N
WRITE(2,*)TG3N="TG3N, TW3N="TW3N
WRITE(2,*YMDWU (KG/M2 HR)=" MDWU
WRITE(2,*)MDWM (KG/M2.HR)=" MDWM .
WRITE(2,*)MDWL (KG/M2.HR)=" MDWL =
WRITE(2,*)MDWUT='MDWUT
WRITE(2,*)MDWMT='MDWMT
WRITE(2,*yMDWLT='MDWLT

ENDIF

TGI1O=TGIN
TG20=TG2N
TG30=TG3N
TWI0=TWIN
TW20=TW2N
TW30=TW3N
MDWUO=MDWUT
MDWMO=MDWMT
MDWLO=MDWLT
CONTINUE

STOP
END
REAL FUNCTION HSF(TIME)

CTIME IS IN HOURS
CINITIAL VALUES AT TIME=8:00AM

C

TIME=(TIME/24.-REAL(INT(TIME/24.)))*24.

HSF=757.828*EXP(-0.5*((TIME-11 6T7)2.366)*F*2)
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C SAT 23/7/1994 R=0.9816 1 CM
C HSF=1060.85*EXP(-0.5*((TIME-12.185)/3.10933)**2)
c SUN 24/7/1994 R=0.98 2 CM
C HSF=1072.36*EXP(-0.5*((TIME-12.2213)/3.12107)**2)
8 MON 25/7/1994 R=0.982 3 CM
o HSF=1072.64*EXP(-0.5*((TIME-13.2434)/3.10278)**2)
C TUE 26/7/1994 R=0.9825 4 CM
C HSF=1051.02*EXP(-0.5*((TIME-13.3182)/3.06114)**2)
C WED 27/7/1994 R=0.9849 5 CM
HSF=1055.68*EXP(-0.5* (TIME-13.197)/3.0651)**2)
& PRINT* HSF='HSF
RETURN
END
REAL FUNCTION TAF(TIME)
C TIME IS IN HOURS

C INITIAL VALUES AT TIME=8:00AM

aaon a0

0O aOoaonna oo

TIME=(TIME/24.-REAL(INT(TIME/24.)))*24.
TAF=22.192-3.6337*TIME+0.7986 *TIME **2-.04854 1 *TIME**3
+ +.00089405*TIME**4

SAT 237771994 R=089 1CM
TAF=26.629-3.9023*TIME+(.71962*TIME **2- 040361 * TIME**3
+ +.00069779*TIME**4 "
SUN2477/1994 R=093 2CM
TAF=27.369-5.3271*TIME+1.0242*TIME**2-,059544*TIME**3
+ +.0010735*TIME**4
MON 25/7/1994 R=0.9553 3CM
TAF=27.81-3.9639*TIME+0.7464 1 *TIME**2-.0426 17*TIME**3
+ +.00075229*TIME*#4 :
TUE 26/7/1964 R=093 4CM
TAF=25.803-6.263*TIME+1.251 1 *TIME**2-.074415*TIME**3
+ +.0013649*TIME**4

WED 27/7/1994 R=0.9151 5CM )
TAF=25.564-4.8904*TIME+0.8633 | *TIME**2-.047922*TIME**3

+ +.00083406*TIME**4

PRINT*, TAF="TAF
RETURN
END
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