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ABSTRACT

The use of "Solar Brine Evaporators" in the pro-
duction of‘natural sodium sulfate haé been investigated.
Three typesvof evaporators were used ; “"open" ,"closed"
and "closed with suction". Evaporation efficiencies for all
three types of evaporatorshave'been determined.

Experimental results based on small scale evapo-

" rators using thin film evaporation, have succeeded in in -
creasing brine concentrations from 5% to 30% . As a result
_ crystal production capacity increased by 55% .
For large scale applications due to ease Of opeF-
atlon " open " type evaporators must also be considered
although their evaporation efflclen01es were not as high as

the other two types.
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OZET

Bu calismada "Solar Brine Evaporator' larinin
.tabii sodyum siilfat iiretimindeki kullaniml tetkik edilmis-
tir. Ug tip evaporator kullanilmistir ; " agik " , " kapalil "
‘kapail ve'emisliﬁ Her {g tip evaporatdriin evaporasyon ran -.
dimanliari arastlrlimistlf.

Kiigiik deneysel evaporatorler ile filim tabakasi
v halinde buharlastlrma saglanarak tuzlu soliisyon konsantras-
'yohu 5%'deh 30% a kadar yikseltilebilmigtir.ve bu sayede
sodyum siilfat kristal ﬁretiﬁ kapasitesi 55% artmistar.

Biiyik gaptaki uygulamalarda randimanlari diger tip-

lere nazaran diisiik olmasina ragmen "agik" tip evaporatorler

kullanim kolayliklarindan 5tiiri tercih nedenidir.
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I} INTRODUCTION

_"Solar Brine Evaporation Process" is a continu-

ous brine evaporation system, which uses solar radiation
as the energy source. In this process the dilute brlne
solution flows ab0ve a tilted metal plate as film flow
"and during this flow‘period_fromvthe top to the bottom

~of the containér bfine evaporates and thé output conceh -

tration increases.

Brine evaporation is the most important process
in the production of natural sodium sUlfate(Naasoq),-
‘which is a raw material for the kraft paper and glass
industry and a filler for detergents., In Turkey natural
sodium sulfate exists in the form of dilute brine solution
and can be obtained from salt lakes in middle and south-
west of Anatoiia. Bolluk, Tersakan,and Ac1gol are some

of these lakes.

In the conventional natural sodium sulfate pro-
duction dilute lake solution is concentrated in large
ponds from about 5% to 15%, to produce sodium sulfate
crystal, But using "Solar Brine Evaporators" concentra-
tion can be increased up to 30% and the crystal produc-

tion capacity can be increased by 55%.



This work was mainly application oriented,
therefore the small scale experiments and their results

were very important for large scale applications.

Although the "closed" type and the " fan suctlon"
type evaporators gave higher efficiencies and better re-
sults, with around 1.2 liter/hr m2 evaporatlon rate the
"open" type evaporator with low initial cost and low
maintanance requirements may be preferred for large scale
applications. Furthermore, the efficienéy of the "open"
type evaporators increase sharply at low relative humidi-
ties and hlgh radiation intensities and the lakes are

located at such suitable areas,

The result of this work show that the use of
nSolar Brine Evaporators™ in the production of natural
sodium sulfate, will add many advantages to the classical

»approach used presently in the industry.
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|[; DESIGN CONSIDERATIONS

A) Goals of the design

In the design of " Solar Brine Evaporators " four basic

N 4 .
" objects were considered,

1) Film-fldw evaporation
2) Efficient evaporation, which means efficient utilizatior
of the solar radiation present at the placé of app-
lication »
3) Low initial and opefating cost
_4,) The desired concertration_ratios and temperatures of

the brine solution

The reason behind filmwise évaporation is the enlarged
contact area and the increased.evaporation rate. With this film
fiow system, the energy needed for water molecules impinging on the
evaporating surface is much less than with any other system.

To increase Fhe efficiency of the system losses should .
be reduced to a minimum and absorbtion of solar radiation should be
increased to a maximum.

The maximum absbrbtion of solar radiation can be obtained

by blackened surfaces and by transparent glass covers. The top sur -

face of the metal sheet can easily be painted to matt black or car -
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on black, but to find a transparent cover isn't so easy, further -
ore the condensation taking place on the inside surface of the

Jass cover reduces the transparency. (See FIG 2)

glass cover

condensation .
film flow

FIG 2

To prevent this undesired efféct the existing gas, due
to‘eVaporation should be removed before condensing on the glass cov.
er and this is done by sﬁction using an electrical fan.
Like all other 501ar_collectors conductive losses from
the bottom of the absorﬁing metal sheet can be prevented using good
insulating materials. In this work“styrophore”and a ﬁooden frame has
been used (See FIG 3) ' The greenhouse effect " (4 ) of the glass

cover decreases convective losses to a minimum



glass cover

metal sheet

isolation

wooden
frame

FIG 3

The fourth object, aydesiAed concertration of the output
solution, depends on the dimensions of the system. |

The width adjusts the volume output and the flow length
regulates the concertratidn‘of the brine solution,While changing the
flow length the film thickness must always 5e within appropriate‘liWu

its. : |

To increase output volume by keeping film flow all the -
time a special system must be constrﬁcted. |

'The“triangulgf{design is a simple solution.(FIG L)

In this figure the output of the first evaporator is the
input of the second one and the output volume is less than the input
volume, because of the evaporation. Therefore the width of the second
evaporator should be 1ess than the first one to maintain film flow,

As an example if 20% of the solutianeVaporates in the first evapo-
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~ator, then the width of the next one should bé 20% less than the

irst one.,
f;f-- input
|
' |
l et
- T ] top -
, ' I ' \\ container
| : bottom
( == == ] container
o ‘ evaporator
TOP VIEW )
_ E ‘
Lo output

SIDE VIEW

FIG L

EVAPORATOR WIDTH CALCULATION
Win+t ) = W(_n) x E()

“nere W(n) : Width of the nth evaporator

E(n) : v : Evaporation ratio
OutT of the nthevapora-
tor.
A n
- IN
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The film thickness is also dependent on percent evapora-

on. Thg thickness reduces while evaporation continues (See FIG 5)

film flow

fmetal sheet

FIG 5
ILM THICKNESS CALCULATION :

<Jo-w ~ \/LOUT ___Et‘(n)
din Viw i

"Film thickness at inlet , outlet

.t

where J,‘N ’ Jom
Viw

%?wr: Output volurme at a distance L from

Input'volume of the nth evaporator

the inlet of the nth evaporator.

The input” brine concentration depends on the salt concen-

tration in the lake and atmospheric conditions. It changes from 5%

to 8% by weight at the lake " ACIGOL ". On the other hand the de -
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ired output concentration is between 25% — 28% salt by weight,
t higher concentrations precipitations occurs, around 30% — 32%.
hérefore the output solution should be sent to the drying system
efore any salt pr901p1tatlon occurs. |
The last and the most important object of the evaporators
re their cost, Cost is the main problem of all solar collectors, heal
ers and}other systems, converting solar energy into heat energy.
he low flux density of the solar radiationm, requires the use of large
~ size evaporators, to absorb enough energy -; and cost is mainly
lependent on the size of those evaporators. |
The choice for the correct, evapogator dimensions then re-
juires a Study of the available solar radiation at thé site and it's
performance characteristics. This will then lead to a cost and feas-

4
El

ibility analysis.

3) Availability of solar radiation

Every hour the earth receives 173><1012kWh of energy from
the sun. Over a year, thls corrésponds to 5180 Q (s), more then

20.000 times the current energy used by men, Not all of this energy
reaches the surféce of the earth. Some is reflected by clouds, by the
land aﬁd by the sea.}1570 Q is approx. reflected and 1120 Q 1is
used in evaporation of water from - seas, lakes and rivers. The remain-
der 2490 Q is converted into heat. We can intercept some of this:
energy and can convert it to our own porposes. The potential solar
energy supply available foruse by man is in the neighborhood of 1100

G , This is over 4500 times the current energy use of the entire

human race.
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The solar input power ‘P is 1.07 kW/hf. This condition

implies a vertical orientation for the sun and a horizontal orien-—
tation for the collectors. The earth rotates with an axis angle of

23,5° and therefore the available solar power P is,

Q : The fundamental unit of energy.
1 Q= 10 Btu= 2,93x 10" kWh it is the amount
of energy fequired to bring Lake Michigan to a
boil, |

P= o< (¢) cosVY

where o (y) : 1.07 kW/m2

y : normal angle.

In general o is a function of Y . The greater the angle
with the ndrmal, the greater the length of atmoSpheré which must be
traversed and the mofe 1ighf is scattered and absorbed. Thus the in-
tegrated value of ot is always less than e (0) . ( See FIG 6 ; TA:-

B 1) | |

The total solar energy reaching the earth is made up of
two parts 1) energy in the direct beam |

2) diffuse energy from sky,clouds etc.

But as mentioned before clouds, dust, fog and other local
climatic conditions change the solar radiation greatly from time to

time. The safest way to predict average solar radiation is to refer
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.0 measurements made at the location. |

/ | AN
N\
\
\\
]
N
FIG 6 ¢
. v ° ,20 7 30 40 45 50 5
KW/ > e !1'07 1,06 ,1:05 1.03 1.99 0.96 0.95 O.
TABLE 1 o - ‘

C) Solar radiation measurements

~ The most common instrument to measure the energy in in-
cident solar radiation is the " PYRANOMETER " It is able to meas -
ure the total radiation withiﬁ its hemisphericgl field of view. (See
FIG 7 ) o |
It cahlbe éimply modified to measure only diffuse radia-
tion by using on occulting disk which blbcks beam radiation to the
sensbr éurface. Pyronometers are calibrated saperately. The energy
output in mV should be turned to W/'m2 by using the calibration

factor of the pyronometer. Tf tilted or inverted, the free convection
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_regine within the glass dome may change and errors may be intro-

1ced .
hemispherical
shell
~ sensor
surface voltmeter

pyranometer —\
|
¢

A2
_FIG 7
1.00 P .; | |
ogsl— & 4L —_|CMC Note: CMC; PSP
[ P AR P are pyranometer
096f—— A R types

T M S N
0805 557 30° 4o° 50° €0 70° €0 90°
TILT EFFECT DIAGRAM (7)
GRAPH 1

From the tilt effect diagram ( Solar Energy Vol 31/3 ) (7)

it can be observed that for small tilt angles, upto 10°, the tilt
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ffect isn't much important, For larger tilt angles the effect causes

important errors in some'pyronometers.
) Radiation availability at the place of application

In our country the places of application of WSOLAR BRINE
EVAPORATORS." will be in middle ANATOLIA where the salt lakes exist,
ABLE 2. shows the solar radiation near DENiZLI (near salt lake ACIGOL)

But experiments have been made in Istanbul and between AP-
i1 & September Istanbul has 10% lover mean irradiance.than in

1iddle ANATOLIA and also 28% higher cloudness ratioc.(See TABLE 3)



DENTZLI LATITUDE 37.78° ALTITUDE 428.0m  (2)

JONTHS AVARAGE SUN  CLOUDINESS RELATIVE TOTAL

OF THET MAX  SHINE HUMIDITY  RADIATLON

YEAR  TEMP, ‘ ESTIMATED
°¢ -(hours)  (1-10) (%) (cal/cmaday)

JAN 10.3 3.9 . 5.8 72,0 1749

FEB 11.6 4.0 5.7 . 69.0 220,7

MAR 14,9 5.6 5.7 65.0 327.6

APR 20.1 7.6 5.2 61,0 450.3

MAY 25,0 8.6 4.5 60.0 529.1

JUN 30.5 10.8 2.7 49.0 620.7

JUL  3h.2 11.9 1.1 42,0 648.3

 AUG 34,2 11.4 0.7 41.0 589.9.
SEP 29.4 9.é 1.7 48.0 4604
ocT  2h.2 7.8 3.2 © 55,0 315.8
NOV 17.8 5.5 holy 68.0 . 21h ol
DEC 2.7 3.2 5.9 73,0 150.8

TABLE 2



FLORYA LATITUDE : 40,98° ALTITUDE 34.0m  (2)

e

ONTHS  AVARAGE ~ SUN  CLOUDINESS RELATIVE TOTAL

OF THE ~ MAX.  SHINE HUMIDITY  RADIATION
YEAR TEMP, ESTIMATED
' °c (hours) (1-10) (%) (cal/ cn®day)
bEQN 8.0 2.8 7.3 ;fsb.o 1348
b*FEB 8.l 3.6 7.1 79.0 192.0 -
~MAFP 10.4 b6 | 6.6 77.0 - 277.9
bAPR - 15.4 B 6.5 5.7 | 76.0 29043
;MAY 20.5 8.7 49 77.0 501.9
o 25.5 0.8 3.6 - 72.0 5814.7
o . 28.7 1.8 2.b 168.0 60l.1
AUG 28.8 1.1 2.3 69v.0 53743
SEP 25.0 8.3 3.5 73.0 389.5
ocT  19.8 6.2 5.0 770 262.0
NOV.  15.2 4.0 6.5 79.0 ~ 163.8
DEC 10.8 2‘8. 7.2 80.0 | 122,5 |

TABLE 3
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III: EXPERIMENTAL SETUP

A) Evaporators
1) Early studies

The first experiments have been started in the summer
of 1982 with narrow but long evaporators. (See FIG 8 ). Black
painted métal sheets of 15cm width and 4m length were weli iso-
1ated from the bottom with 2cm thick styrophore and covered with -

a glass of 3mm thickness.

film flow

glass cover
metal sheet__

isolation

FIG . 8

To obtain film flow a piece of jute is placed along the

metal sheet and the capillary suction of the jute from‘the‘tOp con-



CONDENSATION
PROBLEM IN

LONG CHANNEL
TYPE

EVARORATORS
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iner ensures a continious feed of brine_soiution to the system.
2 fesults were partially sﬁccesfull. |

With this evaporator design the brine concentration in -
ased from 5% to 24% in Lm and an evaporation rate of G;5
/hr mwas obtained (between June-August)
.'But the main difficulty waé the preciyitation of sait close
to the output end of the plates due to the decreasing feed rates.

See FIG 9 )

film flow

-30°/. concentration
‘ precipitations

metal sheet

The precipitation caused by concentrations reaching the

ritical value (30%-32%) forced the brine. solution to flow irreg-

ulary. (See FIG 9)

To overcome this precipitation'problem input feedrates
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>re increased, but this reduced the film flow effect in the first
e and two meters of the evaporator'length. In this way precipita‘e
ion was avoided at the lower end of the evaporators but total evap-
oration rate.decreased due to the disturbed film flow at the inlet
nd.,
| A second difficulty was caused by the dripping condensate

ollected at the inside of the glass cbvers. _

| Back dripping was-prevented with distillate collecting pipes,

but condensation was still a problem decreasing the transparen-

y of the covers, ( See FIG 10 )

distillate
collectors

condensation

glass cover

FIG 10

The third problem was the width of the system.
Although the system was well isolated the temperature, Tc , at the

center’of the evaporator was much higher than the temperature of the
two sides, T_ . Nearly 60% of the total flow area was affected

directly by the conduction and infiltration losses. (See FIG 11)

-



FLOW ON JUTE
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gasket

infiltration | | |
- glass cove

Tc T

metal
sheet

isolation

FIG 11

Z)Modified evaporators

With those experiences at hand a new evaporator was de ,[‘
signed‘and experiments were carried from August 1983 to October
1983,

Evaporator length was decreased from four meﬁers to one
meter to obtain fllm flow through out the whole length.

The other improvement was made in the evaporating surface.

In the old evaporators pieces of jute were used to maintain the
'fi1m flow and area enlargements. But jute had many parameters which

influenced film flow and these parameters had to be studied very

well.( Capillary suction j; thickness ; paint etcy)



CAPILLARY SUCTION FROM TOP
CONTAINER
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- Instead the bottom of the evaporators were replaced by alb
yugh and wavey surface painted in black, thus improving evaporator

»rformance and reducing its cost,

=03

. i ! ) \ . !
H ; . ¢ : H
H i . : B H H i
: : : ! :
f ; i ! : § SRS RN
. . T :
- [ . i R
g !
| !

i

0 P S TN S

07 10° 20° 30° 40° 50° 60° 70° 80° 90°
incidence angle (6)
FIG 12 - -

~Sance the film thicknesé Cr is propartional to percent

vaporation " e " with the one meter evaporator length the
hange in " d;" was minihal. For such a case the " Triangular de -
;igni" should be used. |

The width of the evaporators were increased from'15cm to
.ObcmAso thé’efféct‘of side losses and infiltrations were decreased
rom 60% to 10%.

Condensation at the bottom sides of glass covers was total-

1y eliminated by suction of the brine vapor with the help of on

BOGAZIC! DNIVERSITES! KUTOPHANES!
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slectrical fan (FIG 1), This way the transparency of the cover was
ot affected and the "'greénhouse effect " still continued, since
only the vapor inside was exousted and no outside air waspermitted
to’enﬁer the evaporator.:As a result the inside humidity, ¢in is
reduced, componed with the no suction system and evaporation accel -
rated. | ‘
| Tilt angle of 10-12° was enough to maintain film flow
and the reflection losses from the glass cover was not much (See FIG

12). ‘ . .

percentevaporation e ¥ ——=p-== x100 =~ -.’.".’.’.‘J.‘QQ.T,]O()

B) Measurement setup

The two "‘Solar Brine Evaporators " prepared as mentioned
in the previous section, wére placed on the roof of the engineering
building. They were placed so that each faced south and the absorb -~

ing surfaces made an angle of iZo with the horizontal and none

of them shaded one other at any time of the day.

Following measurements were made :

Solar radiation : The pyronometer connected with a Voltme-
ter measures the hemispherical global ra-

diation (Outputs,mV,were taken every 15

minutes)
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Temperature : The flowing brine temperature and inside‘air.»
temperatures ( inside the system ) were meas_

ured every 15 minutes with thermometers.

Concentration: Concentrations of the input and output brine
solutions were calculated by measuring

their densities using bomometers. ( everyhour)

H midity : The inside and out side relative humidities
‘were measured with a hygrometer(every 15 mi-

nutes) '

Solution volume :_To'calculate evaporation rates volumes
of the input and‘ output solutions were meds

sured (every Hour)

<

Also the outside wind directdéns and velocities were measureJ.
using simple methods, They didn't directly enter fhe calculations

but give an idea for the convective heat transfer coefficient, ho.
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1V : Experiments

This work is mainly application oriented therefbre, small
scalé'experiments and their accurasies are important since resulis

will later be applied in the design of large scale equipment.

Construction of experimental evaporators

3
H

The construction is shown below shematically

Obtadin two metal sheets ( Size (1.0 1.0 0,001m)x 2 )

Construct two wooden bases (size(1.2 1.0 0.02m)x2).

" Construct two wooden side frames(size(1.0 0.15 0.02m)xl )

Obtain styrophore (size 2m® ; 2cm thickness)

Construct two containers for each system
Sizes Top (1.0 0.2 0O.lm)x2
Buttom (1.0 0,1 0.lm)x2

'




1 ‘ » -
Put styrophore on wooden base and metal,sheet'on styrophore.
Fasten the two sides of the system with wooden frames. Put -

the two containers to the top and bottom sides. Do a rough
surface by scatterlng small metal pieces on to the metalsheet

and paint it with matt black,Put a jute piece from tOp contain.

er to metal sheet for suction.

e

Obtain glass covers,size (1.02 1.0m ) %2 3mm thickness

—

Block the input and output openings of the evaporator with

styrophore

Connect an electrical fan to one side of the wooden frame

Ti1% the whole system by 12° (south facing)
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S

Fill the top container with salt solation. Place the glass
cover on the system. The set up is ready.Now the brine can

“be allowed to enter the evapdrator with the fan operating.

——
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V: Evaluation of data

A ) Volume calculations

To find the input volume VIN specific gravities of

input and output solutions and also the volume of the output so-

lution should be measured,

From the mass balance equation

Mass of input solution = Mass of output solution+ mass

of the evaporated water

1
b

Vi X/O,N = Vour xfour + (\/N - VOUT)/sz

_\/m = Vour (/OUT_ — 1)
w1

To calculate the input and output densities the Be

conversion equations should be used.

145

Specific gravity ~for Sp.gr.>1

145 - By

130

Specific gravity for Sp.gr.<1l

W

150 - B,
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The table below givesaléo the conversion from Be sca-

1e to specific gravity. (3)‘

Salt concentration

_?? Sp.gr. Bé Sp.gr. B& Sp.gTre.
o 0.9991 10 1.074 20 1,160

W:L 1,006 11 - 1..082 21 1.169

2 1.013 12 1,090 22 1.179
3 1,020 13 1,098 23 . 1.189
A 1.028 1k 1.106 2k 1,199

5 1.035 15 1,115 b5, ‘1.209

6 10w 16 1,124 26 1.219
8§  1.058 18 1.2 28 1.240
9 1,066 19 1.151 29 1.250

TABLE 4

The table below gives the guantities of sodiumsulfate

( Na SO ) and Glaubert salt
"

2.

on for different density values.

( Na SO 170 H 0 ) in 100 ccm soluti-
2 L 2
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0 . '

B& NaasoulOHZQ Na, S0,
10 23,02 | 8.92
15 37,20 1442
20 | 46.66 18.20
2l | 58.68 2283
30 785 30.61

“tj
{ TABLE 5

B) Calculation of incident energy

During the experimentation period solar radiation was
measure& by using a pyronometer. The ,mV , outputs of the pyrono-
meter were converted to cal/cm’min using the conversion factor of

the pyronometer

mV __ 0,137 cal/cn’ min

The incident energy diagrams of each experiment day can
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be seen in the Appendix

C) Calculation of evaporation rates

The difference between the water content of the input
solution and the water content of the output solution is the amount
of evaporation, The quantity of salt remain unchanged throughout

the whole process,

To calculate the evaporationfnétés densities and volumes

of the input and output solutions should'bé’measured.

£
L

Evaporation volume = Input volume - Output volume

Ve

VCN — \/bUT

Il
é?Q
-~
X
=
S

Y

Ve = > ’E_Qsz‘z;q \/()Q;

Evaporation fate é = kéir

our

D) Calculation of evaporation energy

Evaporation energy = mass of evaporated water X heat

of = evaporization
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QE‘ = mH20 X Al’]IT
E

mH,_O =’ﬁ'20 X \/E

Te
ALITE = ‘qginr - hJosm

Te

Te
E) Calculation of efficiency
From the definition of efficieqcy,'37

}Energy,needed for the amount 6f H20 evéporated'

7 =

Incident energy absorbed by the evaporators

The numerator can be calculated using equations in part

d; and the denominator can be calculated as mentioned in part b).

F) Calculation of absorbed energy

During the evaporation process some of the penetrating.

energy is stored as heat in the flowing brine solution., The heat stor-

~age in solution can be found by the following equation,
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Q%s_ = Mgsp X Cs>o:."‘ (7r-n - To)

Coo = 0.95 kca%%,,c o 7 B

() Evaluation of 1osse§

Before doing energy'balaﬁce calculation and going into
the evaluation of results , it should be considered again what hap-
pened to that portion of solar energy which could not be utlllzed
In other words losses should be evaluated in more detail. The losses

can be divided into three‘parts.
Heat transfer losses
Réflection losses

In filtration losses

Heat transfér losses

There are three types of heat transfer losses

1) Conductive losses
?2) Convective losses

'3) Radiative losses
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Conductive and convective losses

Before going into detailed analyzes some assumptions should

. be made (See FIG 13)

glass cover

isolation
wooden
frame

FIG 13

Assumptions:

1) The bottom temperature, Ty, of the wooden frame is the

samc as the ambient temperature, To

| 2). The values for convective heat'transfer coefficient, ho

and air space conductivity, C are taken from "Threlkeld™.

2) Homogeneous air temperature distribution inside the sys- .

tem,

‘The outside heat transfer coefficient depends sfrongly on

the wind speed., " Threlkeld " gives this dependance in graphical form
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' FIG 14 ). An average value of 5,0 Btu / hr ft2 F is considered

n calculations. (6)

8 —
,/
,/
’/
7
6 A -
./,
U_ //
.O I A
?: //’
| . L /l -
L //
S
2 7 A
o |
2 ——
- :
i
0 . .
0 5 10 ; 15 - 20

wind speed miles/hr

FIG 14

The conductivity of air spaces depends on the width and
mean temperatures of air. This dependence is given in graphical
form (See FIG 15) by Brown and Macco . (4)e - . Here C,

is taken as 1l.4 Dbecause the width of air space exceeds 0.8 inc:

es (it is ~ 1.5 inches) (&)
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As seen from FIGURE 16 the heat traﬁsfer losses to the

irrounding must be considered in two parts

Qropar, = 9pgronT +  BACK

RONT LOSSES

SprONT 4‘ Uy A(Ti- Ta)
1 ‘ 1 X, ‘1

where - N a s,

h

UF hi . ¢ kG o}
hi = 2.8 * VW/me o no fan
hy = 56 oon one fan
h, =11.2 n two fans
. S

k= 0.78 %/mC ; A = 1.2m?

>
=<
(A
n
o
o
O
W
=4

3ACK LOSSES

where 1 _ s + Axs . B
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Losses due to radiation are not important for systems
working with low temperature differences. In this case the maximum

temperature of the system was around 50°C while the surounding

temperature was 25° C,

Reflection and infiltration losses

‘In—filtration is the leakage of outside air into the
syStem through cracksd and 0peﬁings caused by a pressﬁre difference
across thé boundary surface, But the estimation of the rate of in—
filfration is often very cr de and‘approximate. For the experimen-
tal " Solar Brine Evaporators " the influence area of the infiltra

ftién losses are less than 10% of the total evaporatof areﬁ( see
Fie JT ), therefore they have little influence on the total energy f

baléhcé;’

The reflected portion of the incident energy is calcu -

lated from the table below.

"Inside the system ~ Outside the systen
totally condensation ‘

L|'05 £ ' 308 —Q
Ll’°8 "n‘ ) L)-ol —n—
6.3 | 5.5 0

TABLE 6
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In the energy balance calculation the infiltration and

reflection losses are assumed such that ;

Reflection losses :

For open system ‘ 5% of incident Energy

For closed systems:

No fan case .15% of incident Energy

One fan case 10% © "o "

Twe fan case 8% " " w
‘Infiltration losses y
For all cases ?5% of incident Energy

H) Energy balance calculation .
Input Energy = Output Energy

Input Energy: Penetrating'energy

Output Energy: Evaporation energy + losses + Absorbed
energy.
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N
TEMPERATURE

\oc
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N

2 13 14 15 16
System 1 : Glass covered + 2 fan suction
System 11: Glass covered (no fan suction)
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I . TABLE IIa

TOTAL INCIDENT
ENERGY

p 4 TOTAL TIME

——

AVG, PLATE
TEMP,

AVG, VAPOR.

TEMP,

- hours kcal

¢

2440

I ’ L 2160 -
2718

40.5/259
36.6/25,5
41,8/25.3

o¢c

3505/"
32/-
3441/~

46

TOTAL

JAPORATION

liters-
2.5/2.6

2.4/2.3
3.8/3.6

Kp#

Avg. AIR TEMP, Avg Rel. Humidity

.

EVAPORATION e

ENERGY TOTAL OUTPUT  OUTPUT Be EFFICIENCY

keal liters °Be %

59/62
64/61
80/77

- 14,9/17.2
15.6/12.5 °

1463/1514
1384/1339
2179/2097

: 509/507
5.9/6.2
6.4/6'3

WIND VELOCITY INPUT °Be

¢ %( AIR) ' BEF./DIRECTION Opy

IT
IT

22,9

2-3/NE 5
3/NE
1-2/NE 5

. 53.9
51.8

2347
2343

NOTE: (closed system/open system)

Baged on DATA TABLES I a/b

" II a/b
n III a/b
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TABLE IIb

ENERGY BALANCE TABLE

PENETRATING ENERGY
TOTAL

Exp. # (INCIDENT - REFLECTION) (INFILTRATION+HEAT tr.loss
kcal 4 kcal |
I 2074/2318 122+91/184
II 1836/2052 108+60/110
- III 2310/2582 135+76/122
TOTAL ABSORBED ENERGY REMAINED ENERGY EFFICTENCY
FOR EVAPORATION
K&al ‘keal %
259/51 1 1602/2083 65/85
1 201/23 1467/1979 67/88
244 /21 1855/2436 68/89



TOTAL INCIDENT

TABLE IIIa -

R Avg. PLATE  Avg.VAPOR
ixp #  TOTAL TIME ENERGY TEMP. TEMP.
- hours kcal °c °c
Iv 3655 36/47 - 29.9/42.0
v b 2648 35/51  29.0/36.0
VI 5 - 3496 36.5/45.2 30.2/39.7
TOTAL EVAPORATION | ol
EVAPORATION ENERGY  TOTAL OUTPUT OUTPUT °B&  EFFICIENCY
liters " keal liters °Bd %
6.1/3.9 3516/2226 16/17.9 7.0/6.0 96/60
4.0/3.2 2308/1836  12.7/12.6  5.2/5.0 87/69
6.1/l7 3519/2686  10.5/12.8  7.1/6.8

Exp § Avg.AIR TEMP.(°C) Avg REL,HUMITY(%) WIND VELOCITY INPUT OB

101/76

48

v 23.8
v 2514
VI

" 24.9

k3.2
50.0

4L4.0

2/E
1-2/SE
1/SE

NOTE: (covefed +‘fansu¢tion/covered)

Based on DATA TABLES

n

IV a/b

v a/b

VI a/b
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TABLE IIIb

ENERGY BALANCE TABLE

__TOTAL
PENETRATING ENERGY

Exp g (INCIDENT - REFLECTION) (INFILTRATION+HEAT tr. LOSSES)
- keal - kcal

v 3289 / 3106 182+63 / 182-130

v | 2383 / 2250 132+37 / 132-75

VI 3146 / 2971 | 174455 / 174-105

RRMAINED ENERGY

TOTAL ABSORBED ENERGY  FOR EVAPORATION  EFFICIENCY
kcal | kcal . %
195 / 415 . 2849 / 2379 77/65
121 / 196 2093 / 1847 79/69

121 7 259 | 2796 / 2433  79/69
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TABLE IVa

TOTAL INCIDENT Avg., PLATE  Avg., VAPOR

Exp 4  TOTAL TIME ENERGY TEMP, TEMP.
hours : kcal O . 0

VI 5 3201 C 30/45 2L/39

VIII 5 3681 32/47 ' 27/40
TOTAL EVAPORATION | 5

EVAPORATION ENERGY TOTAL, OUTPUT OUTPUT “B& EFFICIENCY
liters kecal liters Be %
5.6/3.5  3253/2000 16.1/16.5  6.8/6.0 102/62

5.5/5.9  3184/222 |, 13.5/16.5  5.6/.9 86/60

Exp 4  Avg. AIR TEMP. Avg, REL, HUMIDITY WIND VELDUTY INPUT®Bs

¢ % BEF/DIR Ope
VII 2.5 54 2/NE 5
VIII 25,4 47 2/NE

NOTE: (covered 2 FAN/covered)
| Based on DATA TABLES VII a/b
" VIII a/b
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TABLE IVb

_ ENERGY BALANCE TABLE

XD # (INCIDENT - REFLETION) (INFILTRATION + HEAT TR. losses)
kcal kcal

VII 294l / 2720 160+24 / 160-124
11T 3386 / 3128 | 184417 / 184-103
'OTAL ABSORBED ENERGY  REMAINED ENERGY EFFICIENCY

| FOR EVAPORATION '

kcal - kcal - %
136 / 387 2615 / 2049 - 81/64

95 / 356 | 3086 / 2485 B83/67
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VIl ¢ EVALUATION OF RESULTS

A) General

During the experimentation period three types of " Solar
Brine Evaporators " (1 open - ii : glass covered -~ iii glass
covered with fan suction ) arehcompared with each other and sam -

-

IT ITI

le results from each type are shown in tables ( I, II,, a ?

IVa )

Thg results of encrgy balance calculations are also given

in tables ( I , IL ., IIL. . IV

b?* b ? b ? b )

Experimental results were carried under similar Weather ~
conditions ( cloudiness, humidity, wind etc. ) and therefore it is
possible to get a general conclussion about the types of " Solar

Brine Evaporators " using the data obtained.

B) Calculations
| | The evaporation rates and energies were-calculeted as ex-~
plained in chaptér IV part b £c.

Incident energy was obtained from pyronometer readings and |
efficiéncies were aiso calculated as explained in part d of chapter
v, | |

The déta were taken from the tables in the Appendix- (Stale

table)



53

‘ The evaPOration_aréa in the experimental-setup was 1.0 m@
but the collector area ( evaporator total area ) was 1.2 m2. There-

fore incident energy was taken as the energy per plate ( Chapfer v

part a )

The total energy is the sum of the incident energies during |

the experimentation period.

The reflected portion is 8% of the incident energy for clear

glass case ; only in two fan suction system See FIG 17

glass

FIG 17

Depending on condensation at the bottom surface of the
glass cover, the reflected portionvincreased to 10% with one suc -

tion fan and to 15% with no‘fahs.

Infiltration losses were assumecd to be 5% of the incident

energy.

The constants of back heat transfer losses were the same

for all types of evaporators.



54

The heat transfer losses were considered as follows

en case : No glass cover

e ————

UF'/ ho hi ;s C do not enter the caléulations.

osed case’ i) Glass covered no fan suction

UF’ calculated as in chapter V

hi::1/10 ho - assumed

£

£

ii) Glass covered with one suction fan

Uz calculated as’ in chapter; V

’hi: 1/5 ho assumed

i1i) Glass covered with two suction fans

UF celculated as in chapter 'V
h, = 2/5 ho ' A assumed.
emperature difference = T - T
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The cost of the materials used in the construction of the

experimental - evaporators are given below with

aterials

=

Size and Costcalculation

s

December 1983 values

Total cost (TL)

letal plate

lass cover

aint

'ooden frame

Conta{ners

i

1.0m 1.,0m 0.001m

LengthxWidth«Thicknessx8x130
(m) (m) (mm) (TL)

4

1 % 1 % 1 x 8 x 130

1.0m 1.2m 0.003m

matt black  grey
100 TL/kg matal

1,0m 1.2m 0.02m -bottom

2%x(1,0m 0,15m 0,02m) side
Till frames

1.0m 0,2m O.1lm - top
1.0m O,1m O.1lm buttom

1040

2000

800

2000

500

1000
750

Above materials are for one evaporator only.



- 56

faterials Size and costcalculation Total cost TL
Secrews,nails | 200
etc. _
isolation 1.0m 1.,2m 0.02m Styrophore . 240
Labour | . 600
¢ 9630
OtherSeeess 370

¥y

Total cOsSta.es..10.,000 TL,

4

Cost of one experimental evaporator with 1m2 surface is

about 10,000 TL,

long Term Cost Analysis

The daily average evaporation rates of the experimeﬁtal
' Solar Brine Evaporators " are 8 - 10 H/nf - in September (in
clear days). During May, Juneland July this value will be about
10 - 12 liter perday.because;bf the fBO% - LO% increase of the inci-

lent solar energy during that period.

And 10 liter/day is a good estimation for the total aver-

age between May and September,

One kg of fuel-o0il can give 10.500 kcal energy when burned
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with. 100% efficiency. Using steam boilers and heat exchangers

the energy of fuel -0il can be transformed to the evaporation sys-

tem with a maximum of 70% efficiency., Therefore only 7350 kcal/kg

can be used in the evaporation,

With these calculationsone kg of fuel - oil can evaporate*

12 11ters of water (for one liter  580kcal)

- Using -a" Solar Brine Evaporator " with 1n® surface only

0,83 liter fuel-oil can be saved in one day. The cost of fuel-oil
6OTL/liter, ' | ’

4
J.’»

, As a result 1m evaporator can save 50 TL perday, and in
200 worklng days the "“Solar Brine Evaporator“ of 1m®> surface can pay

its cost back (total cost 10. OOO TL)
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Application Availability

—

To increase the density of one liter solution from 5 °B&

to 28 Be 0.82 liter of water should be evaporated from that so—

lution.

Based on that calculation the six-stage triangular design

below can evaporate-r 32,8 liters of water is one hour, when the input'

feed is 40 liter/hour. | *

input 40 liter/hr  5°Be

< 10 m. ‘ —s

F23mw——*i

output 72 liter/hr 28°Be
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[X:RESULTS AND DISCUSSION

A) Comparision of "film flow" on "rough" vs "jute" surface

The 'rough" surface is obtained by scattering small metal
pieces on the metal sheet and then dying with natt-black paint., Brine

flows over this rough surface spreading out as film and evaporales.

A "jute" surface is made by plading a jute piece on the
metal sheet and dying it with black paint'
In both cases comparlsons are made with no glass cover at

the top of the evaporators.(open case)

Total Plate Temp  Total Evaporation.
Time Air Temp. lncndentEnergy Jute /Rough  Jute Rough

5 hours 22 °C 3230 keal  23°C/24°C  2.7liter /27 liter
(Data table 1Xa)

TABLE la

As it can be observed from table Ia , "jute" and "rough"

surfaces behave similerly for similar input feed rates ' 4-5 liter/hr .m
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Graph Ip explains the effect of input feed raté on the

vaporation rate,

EVAPORATION

.lt/Hr e RATE
1.5

_rough surface
101

0.5 ~jute surface

P

2 3 L 5 6 7 8
-~ t/hr m?.
INPUT FEED RATE

(Data table IXb)

GRAPH b

From graph I, it can be observed that.if the input feed

rate decreases below 3.5 1t/hr m@ then the evaporation rate from

"jute" reduces sharply. This can be expléined with the help of bound-

.ed and unbounded moisture concept. If the moisture percent in

"jute" reduces below "pounded moisture percent' then capillary ef-

fects inside "jute" decreasesevaporation rate,sharply. If the mois-

ture is above the bounded moisture percent then this unbounded water

can evaporate like a nyater film".
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But with rough surface systems evaporation rate is nearly

qual up to a certain input feed rate (upto 5 1t/hr ne ). Above .

this value evaporation rate decreases in both systems similary,

his is because of the disturbed "film flow " ffect.
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B) Comparison of ‘'open" 'and‘blosed"systems

In the "open" system brine flow is directly exposed to

the atmosphere and there is no glass cover at the top of the evap-

_orators.

But in "closed" systems direct convection to atmospliere

is prevented with a tfanSparent glass cover ; s0 a "greenhouse" af-

fect is obtained inside this enclosure and the distillate outlet pipes
prevent back dripping of the condensed water.

In both cases brine flows over "fpugh" surfaces éﬁ L5

2

1t/hr n input feed raﬁes.

The three days averaged efficiencies (See table II a in
Appendix) of both systems are similar. 67% for "closed" and 66% for‘
open system. In the "Open"~system the evaporation is directly aepen-
dent on convection and air-humidity, An increaée in convection, in -

creases the mass of the circulated dry air, which increases evaporation,

In "covered" system the plate temperature is 12°¢- 15°C
more than the ‘"open" case, s0 less energy is needed for evaporation

in "closed' systems,

The average efficiency of the 'closed" system (See energy
balance table IIb )_was around 67%, which was very close to the

experimental results.

But for the "open" case the efficiency come out as  87%
based on energy balsnce calculations, which was much more than the
Observed value,

This difference comes from the air—humidity; which was

not fakeﬁ into.account in the energy balance calculations and from
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he reflectivity calculations,
In the glass covered systcm the air inside the enclosure
ecomes nearly saturated and so condensation starts on the glass cov.

er, This shows itself in the energy balance calculations as the re-

iction of penetrating energy.

Penetrating energy = Total incident energy ~ Reflected

NETEY .

RELATIVE
UMIDITY
lo

301

101

0

10) ' \\\7>\*\%~;_;y/y/

~— outside

T
1

00 00 N I;O 1 00 ° o0 r;OUf’S A
11 12 13 14 IS 16 TIME |

GRAPH llc
(Data table Ilab)
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Although the temperature of “closed" system is 50%-60%
igher than the open casé, due to condensation and air sat@ration
roblems (See Graph IIc) the evaporation rates in both systems be-

ome nearly equal, (See table IIa)
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C) Comparison of glass covered evaporators with and without suction

In the fan suction system a small electrical fan, attach-
ed ‘to the side of the evaporator (See FIG I) suchs out the vapors
11n51de (due to change from liquid to gas phase)., So the inside hu-

nidity is reduced and condensation is partially prevented in the. 70%

of the whole glass cover area,

.

The three day averaged efficiency of the "fan system" is

- 38% better than the "no fon" case (See table IIIa)

RELATIVE o
HUMIDITY .
A
80+
70{ -
- +——~f\<#\\\\<:iigi?d+sucﬁon
504
outside

40. v y ' .0 . A0 Yo T Y

TolaR T 12 13" 15 16 hours

‘TIME
(Data table Va,b)
GRAPH llic

N
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The average plate temperature is reduced to 36°C,so ab-

sorbed energy decreases sharply (See table IIIb)

The heat transfer losses of the "suction system" are also.

deCreaséd, because of the reduced system vapor temperature.
- Using the energy balance calculations the efficiency of
the "suction system" was fouhd to be around 78%, which is lover than

the observed value (observed 93%) . The difference should be in the

estimation of infiltration and reflection losses.

Graph - IIIc shows the difference in system humidities,
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D)_Comparlson of two ﬁan system with glass covered systemkwithout

suction

In "two fan suction" system the number of connected fans
re increased to two. So the condensation is totally prevented and

he inside humidity is reduced to 51% on the average(See graph IVc)

The two day averaged efficiencies of the two fan system

5 54% better than the closed case without suction,(See table IVa)

Plate and, vapor temperatures are reduced to 31°C  and

o
25°C respectively., Heat transfer and absorbed energy losses are

lecreased to a minimum.

ELATIVE
UMIDITY :
,,01
30- \
101

f\\:losedQW
SO- ~ o l + + % : T

_ -

outside
0 - . — . . — .
B | A 12°° 139 14°° 15°° 16°° 17°°hours -

(Data table Vllab) TIME
GRAPH IVc
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X : CONCLUSTIONS AND RECOMMENDATIONS

Best efficiencies were observed with closed evaporators
with'fanysuctions. ( 90%-95% ). The cost of such an evéporator
is arouﬁd 10.000 TL/m® (See chapter VII). But like every solar
collector the glass cover becomes an important disadvantage in long
time use. Dirt, dust and high maintanence cosfs.maké the huge glass
covers an undesired part of solar collectors. Here for the glass

covered '"Solar Brine Evaporators" same d&sadVantages exist, But .

such an open evaporatdr.is 7000 TL/m , So cost and efficiency de -
rease by the same amouﬁt ( 30% in both). But for an open evaporator
near Dénizli, where the salt lakes are located and salt prodﬁction‘
facilities are built, the weather conditions are much more suitable
thaﬁ ih Istanbul, because of the inﬁreased'radiation and reduced air

humidity, which affect evaporation directly.

The average humidity in Istanbul between May and Septem-
bef is - 72% where in Denizli it decreases to ‘48% on fhe.average.
(See tables 2 and 3)

The.reduction of average humidity from 52¢% to 45% increases

the efficiency from 61% to 77% (See result table IIa)
Therefore near Denizli (ACIGGL) an open evaporator can work '
with 70%~ 80% efficiency.‘
As a conclusion open "Solar Brine Evaporator's" with low cost

without glass cover the efficiency was around 65% and the cost of ‘
low maintenance and easy application are a necessary and suitable stage
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sulfate..
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SAMPLE‘CALCULATION

- Based on :

Table of results

IV a,b E ViI

Total Incident Energy .

Total incident energy = (Platesurface)x(mV)x(calibration

factdr)x (Exp.period)
plate surface : 1.2, m?

Avg, Pyronometer i;eadings: 6.5 mV

Calibrationfactor: . 1 mVE 821 kcthrmz
Experimentation period : § h

Total incident energy = 3201 kcal

Avg, Plate'Temperature :

Geometrical avg. of the platé temps., divaing the whole

exp.period. (from table VIIb)

30°C for two fancase 45°C for closed case no suc-
' ’ tion, '
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Avg Vapor Temperature :

Gemetrical avg, of the enclosure vapor temp. during

the whole exp period. (from table VIIDb)

24 C for two fan case 39  for closed case nosuction

Total Evaporation

between 112 = Ve = Vour

e :
: VIN s Bem X%UT

OBéN , P
Viw= 5.7x3.4 = 3.8
5 7
V@,: 0.457 liter S

| 3.5 IiTer ’fqr c'os_eJ sgsirem

for 5 hours Ve

Ve = 5.6 lfee for closed + 2an suchion eyslem

1]

Evaporation Energy

Qe = Ve fu*

Te

Lro= 10 L%AMBI o
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I’)@l - A\nl ;5‘80.8 _kcaVk%

30°¢
(Thre”(eu)
\/E = 56 l\'t@r | assume | ll'ltéf H20g7 l‘ﬁ'
Qe =5.6x17« 58048

Qe

3253 l(ca‘ £Or Two (aq suc‘how ﬁ%sfem

Total Output

P

VzUT . Sum of the output volumes of every hour
. 16,1 lifer  for two fancase
16.5 lifer  for closed case no suction;from table

"VII a in App.

Output ©OBe

Geometrical avg of the hourdy output Ope
use table VII a in App.

[+ .
6.8 B¢ for two fan case

° -
6.0 B for closed case no suction
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Efficiency ¥

. EVéPORnrmN Everey 3 _ 1
. = 100 — 2S3 — 0
? ~ Toml Incioeni EneReY > _ 3_2—5“700 702 /o |

Avg. Air Temp , Avg Relative Humidity , Avg Wand velocity =

Geometrical averages of the measured data use Data

Table VIIa

Inpﬁt OBe

°
Bome of the input solution here 5 Be

!

Total Penetrating Energy

penetrating energy:;Ihcident energy—reflected energy

-Reflected energy: for no fan case 15'%4 of incident energy
" one fan " 10 "L " n ' "
" two fon " g % " "

for no fan case 73 Z is experimentally
observed using photo resistance measure-

ments. in the summer of 1982 (Thgie §)

for two fom case (),9) x32071 = 2‘3[;[; keal

Total Heat losses

Infiltration losses+ heat transfer losses = total losses
(Assumption) - infiltration losses are 5% of incident

energy



Q = ‘QFEONT + QBQCK
_ 'QFRONT = UF » A« (:rvnp -'fgm) Tvﬁp = 2‘/ "(,

Tawr = 215
A 1,7 mt

1

where ho 2728,y W/t
(wind speeJ ~ 10 m.’es/kr)
C =335 w/w(
hi =2 s
Ur= 3.43  kalfhet
Qe = 3.U43x12 <25 - 10 q keal

. ®gack = UB xAx (T'pm; -7}9/R) Tower = 30°C
QB = 7.32?‘1.2 * 2.5 = 73.5 kCa[

Q: 10:[{ + 73:5
@ = 23.9 kCal

Ug <« 1.32 kcal/;,,"c

75



eat transfer losses Infiltration loss

70,4+ 135 = 23.9 kel | 95%3207 =160 keal

Total heat losses = 23.9 + 160

'z 183.9 kel
'otal Absorbed Energy

e

Absorbed energy = Voqr %foor x Csou » ('T'ems _?nre)
Tewre = 30 T
‘7-19.1'2: = 21:5 °C

’CgSOL = 0435 Lca‘Agoc

four =105 kg [life,
(Togee ¢)

VOUT = 16,1 /ffCr.

 Absorbed energy = 736,5 keal

Remained Energy for Evaporation

—

QE = Penetrating ‘energy - Heat losses - Absorbed energy

2618 {or two (f)&n suction xgs Tem

2049 (for closed sgsfem

76
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sfficiency

e

%

7 = Remained energy for evaporation

Total incident energy

= 2615 . 81.6% for fwo Pan suct
Z '3201/0 -F o{n.\:cwnv

~3
",

2049 o = 64,09 or closeJ $ }'em
3201/".« 7 ‘f o



Datei 23.8.1983'

Note: Closed vs open system

iﬂE AIR TEMP WIND VEL/DIR PYRONOMETER POSOMETER

( No fan suction)

DATA TABLE Ia

78

AIR HUMIDITY

ours  °c BEF/DIR mV 100 ASA. %
- 21 DIN

10°° 21,0 1-2/NE b2 15.8 64

10%2 41 15,7

1009 21,5 2/NE 3.5 15.5 62

104 | 4.0 15.8

1200 22,0 2-3/NE 5,1 15.9 63

1112 bl ‘.16.0 |

1179 22,5 2-3ME 3.1 15.8 60

12142 | 2.6 15.7

1290 22,5 3/NE 3.1 15.8 57

1210 | 2.8 ©15.8 o

1230 22.5  3-4/NE 6.1 16.2 5

247 | 8.1 16.6

399 235 3-4/NE 6.9 16,1 50

312 8.0 16,7

1350 24,0 3-4/NE 8.3 16.8 48

1342 | 8.2 16.5 ‘

1590 24,5 3/NE 8.5 16.9 47

TR 8.7 17.1

170 2.5 3/NE 8.7 17.0 48

1442 | 8.k 16.6

1500 23,5 3/NE 8.3 16.5 47

1542 8.0 16.2

1550 23,0 2-3/NE 8.0 16.0_. 50

1542 7.9 16.1



Date: 23.8.1983

DATA TABLE 1Ib

Note: Closed vs open system

Evaporator I closed; (I/II)

Evaporator II open

IME = SYST. HUMIDITY

INPUT °Be: 5.0

26/~

EVAPORATOR I = EVAPORATOR II OUTPUT °Be OUTPUT
: ‘ VOLUME

ours) I/11 plate Temp/ plate Temp/ I/II I/1I

Vapor . Temp .Vapor Temp o
_ (%) (°C) (°c) (°Be) (1iters)
N |
0% 69/- 34/29.5 2/~ - -
10 - 37/33.5 25/~ . 5.6/5.5  2.5/2.7
110 75/- 39/3k 26/-, - -
210 75/- 41/35 25/~ 5.5/5.5  3.5/3.6
220 76/~ 42/36 25/- - -
320 95/- 42/37 ‘27/- 5.6/5.5  h.O/kuls
330 96/~ 43/38 27/- - -
1,30 76/~ 43/38 27/~ 6.4/5.8  2.5/3.5
;40 75/- 43/38 27/~ - -
540 73/- y1/36 6.4/6.3  2.4/3.0



“Date: 25.8.1983

DATA TABLE Ila

Note: CloSed vs Open system

[IME

(No fan suction)

80

AIR TEMP WIND VEL/DIR PYRONOMETER POSOMETER - ATR HUMIDITY
urs ¢ BEF/DIR -V 100 ASA %
| . -21DIN ,
030 22.0 2-3/NE 13 15.6 58
10+ | - 43 15.9
190 22,5 2-3/N bl ' 16.0 55
1112 | 3.1 15.9
1150 22,5 3/ 6.1 16.3 5k
1 7.1 :16.1
1290 22,0 3/NE 7.5 165 52
1212 | 6,0 ¢ «  16.4
1250 23.5 3/NE 3.5 16.0 50
1242 | 4.0 16.2
1300 24,0 3/NE 8.4 16.9 50
1312 | | 3.0 15.9
1330 2.5 3/NE 2.8 15.8 50
1349 | 3.4 16.0
1400 2L.5 3-4/NE’ 8.7 17.0 51
1415 | 8.4 17.0
1429 25.0 3/NE 6.8 16.2 51
14 8.0 16.3
150 25,0 3_L/NE 6.5 . 16.2 52
1515 | 3,1 15.7 |
159 2.0 3.7 116.0 53

3-4/NE
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Date: 25.8.1983 DATA TABLE ITb
: . . : . 0 .
Note: Closed vs open system Evaporator I closed INPUT "B&: 5.0

(/1) Evaporator II open

TIME SYST. HUMIDITY EVAPORATOR I EVAPORATOR II OUTPUT®Bé OUTPUT

: VOLUME
(I/11) Plate Temp., Plate Temp. I/11 1/1I
' Vapor . Temp., /Vapor Temp. o\ o
‘hours) (%) (°c) (°c) ("Bé) (1liters)
n%®° 63/- 35/31 25/- - -
1290 6L/~ 34/31 25/-  5.2/5.4 6.5/5.0
1210 o/ 35/510 25/ - -
1310 65/~ 30/28  C 7, 25/-  5.5/6.1 3.3/2.3
1320 73/~ 35/50 25/- - -
14,20 78/~ : 40/35 26/- 6.2/5.9 3.0/3.
1,30 80/- 43/37 26/~ - -

1590 _78/- 41/33 ° 26/- 6.7/7.0 2.8/1.
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Date: 26.8.83 - DATA TABLE IIla
Note: Closed vs open system

(No fan suction)

[IME ~ AIR TEMPL WIND VEL/DIR PYRONOMETER POSOMETER _AIR HUMIDITY
— )

1ours) c BEF/DIR .\ 100ASA-21DIN . % i
0% 21,0 2/E 41 15.8 68 1
1100 21.0 2/E 42t 157 67 j
212 | . 6.0 16.0 |
1130 21,5 2/NE b3 1507 65 1
1242 - | 5.1 15.8 | 1
1200 22,0 2/NE 643 16,0 50 i
1217 - 6.5 16.1 1
1250 22,5 2/E 6.9 16.3 48 |
1245 - 6.6 . 16.0 ‘
1300 23.5 2/E 7.0 16.4 38 1
1312 7.0 16.4 o 1
1350 24.5. 2/E 7.5 16.5 35 (
1312 | | 7.9 1644 | ]
14,90 25.0 1/NE 8.5 6.7 35

1,12 : 8.l 1646 |
14>0 25,0 1/NE 8.5 16.6 37 1
TR | 8.2 16.5 |

1500 245 1/E 8.1 16.5 40

1515 - 8.0 16.4

1550 24,0 2/NE 77 | 6.2 43
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Date: 26.8.83 DATA TABLE IIIb :
\ | . INPUT °Bé: 5.0
Note: Closed vs open system Evaporator I closed

(I/11) - Evaporator II open

TIME = SYSTEM HUMDITY EVAPORATOR I EVAPORATOR II -OUTPUT °Ba OUTPUT

VOLUME
¢hours) I/11 Plate Temp. Plate T, I/1T I/11 |
/Vapor Temp. /Vapor- T.

(%) , °c) (°c) (°B8) (1iters
1% - 95/- 33/28 25/- - -
1200 80/- 37/30 25/-. 6.1/6.1 3.5/3.0
1219 s1/e 38/32 25/- - -
1310 78/- ¥1/34  26/- | 6.8/6u4  2.5/3.1
1320 75/- 46/38 26/- - -
1420 79/- 19/39 26/- 6.7/6.6  3.2/3.0
1 go/- 49/39  25/- - -

150 . 79/~ o 42/33 21/ 6.2/6.  L.1/3.



DATA TABLE IVa 84

DATE: 7,9.1983

Note: closed vs closed + fan suction

TIME AIR TEMP WIND VEL/DIR PYRONOMETER POSOMETER AIR HUMIDITY

hours ¢ BEF/DIR mV 100 ASA- %
21 DIN .

10”0 22,0 2/E 6.3 15,3 55
1045 6.1 15.5 |
1190 22.5 2/E 6l 15,6 52
1112 6.5 15.6

1150 22,5 2/E 6.5. 15.6 ' 50
1145 | 6.7 . 15.9

129 23,0 2-3/E 6.8 16,0 48
1215 R | 7.1 16,1

1220 23,5 2-3/E %k 16.2 45
LR | 7.5 16.3

13 2.0 2/E 7.8 16.5 12
135 - 7.9 16,5 |
1320 2.5 2-3/E 8.1 16.6 37
1342 | 8.2 16.6

190 25,5 2-3/E 8.3 16.7 37
1412 . 8.3 16.7

1,0 25,5 2/E 8.2 16.6 37
1442 8.1 16.5

1500 25.0 - 2/E - 8.0 16.5 - 38
1515 o 7.9 1644 |
1530 2.5 - 2/E 7.7 16,4 39
1545 o | o - 745 16.3 |

1690 24.0 -~ 1/E N 16.2 39



DATA TABLE IVb

85

55/77

Date: 7.9.1983 |
Note: Closed vs closed + fan suction Input °B&: 5.0
Evaporator I fan suction system
. Evaporator II closed (no fan)
TIME  SYSTEM HUMDITY EVAPORATOR I EVAPORATOR II OUTPUT ®B& OUTPUT
‘ ‘ | VOLUME |
‘I/11 Plate Temp., Plate Temp. I/11 I/11
/Vapgl:._- T, /Vapoy, T. o "
hours) (%) (Ce) (“c) B& (1iters)
— |
1070 60/65 36/30 40/35 - -
1130 60/68 35/30 K1/35 5.8/5.8  3.5/3.0
1140 © 58/69 37/31 43/38 - l
| l
1240 57/75 36/31 17/42 16.2/5.8  BaI/ha2
1220 58/78 37/32 8/ - - j
1370 56/80 © 36/30, 50/46 7.1/6.2 3.3/3.7]
14%° 57/81 37/30 51/47 - =
1590 56/80 36/29 50/47 8.3/6.1  2.4/3.4
1510 56/79 35/28 159/45 - -
1610 35/28 48/145 7.7/6.5  2.7/3.6
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Date: 12.9.1983 | DATA TABLE Va

Note: closed vs closed + fan suction

-TIME  AIR TEMP. WIND VEL/DIR PYRONOMETER POSOMETER AIR HUMIDITY

hours °¢ BEF/DIR mV 100 ASA- %
- 21 DIN

10°9 22.5 1/SE . 6.2 . 15.4 5l
104 | o 6.3 15.3
1190 23,0 = 1-2/SE 6oLt 15,5 . 57
111> | 6.2 s 15,2
1150 24,0 - 1/SE 6.3 .+ 153 50
1145 | 6, 15.3 |
1200 25,0 . 1-2/SE 6.6 15.9 47

1210 6.7 16,0

1250 - 25.0 1/SE 6.8 ° 16.1 45
1045 . 6.8 16,1 |
1300 25.5 0-1/SE 6.9 16.2 b
1315 IR 2 16.2

11350 26.0 0-1/SE ., - 649 16.2 15
134 | o 162 o
1,90 27.0. 1/E 7.7 16.3 50
1“_15 ' 6.9 , 16.0

1,70 27.0 1-2/SE 6.8 16.0 55
TR | | 647 16.1
1590 26.0 1-2/SE 6.5 6.1 56
1515 | | 6.3 15.8
15°° 25.5 2/5E 6.3 15.7 5l
1545 | 6.1 5.4

16%°  2u.5 2/SE 6.0  15.0 51




Date: 12.9.1983

DATA TABLE Vb

Note: Closed vs closed + fan suction

Evaporator I fan suction systen

Evaporator II closed system

INPUT °Be: 4.0

87

TIME SYST.,HUMIDITY EVAPORATOR I EVAPORATOR II OUTPUT pBé ouTPUT
| | | VOLUME.
I/11 Plate Temp, ﬁiate Temp. I/11 - I/11
’ /Vapgr - Temp. /vapgr T,

(hours) % : ?SG) %80) (°na) (1iters
1190 67/70 3L/28 36/31 - -
1290 g2 34/29 36/31 5.0/4.6 2.8/3.1
1210 64/73 35/29 36/31 - -
1310 62/78 35/28 40/34 4.9/5.3  3.7/2.4
1320 61/80 35/30 Lk /37 - -
12 /82 36/31 46/141 5.6/5.2 2.9/3.3
1450 61/81 | 36/30 18/43 - -
1520 60780 35/31 L/ 5.4/.9  3.3/3.
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Note: closed Vs. closed - fan suction

. TIME

AIR TEMP, WIND VEL/DIR PYRONOMETER POSOMETER ATIR HUMIDITY
hours °c BEF/DIR mV 100 ASA- %
| , 21 DIN

1090 22,0 o 6l 15.4 53
101° . 6l 15.5

10°° 22,0 0 6.3 15.1 . 52
1042 6.2  , 15.1

1% 22,5 1/SE 6.7  15.9 17
1t - 6.8 15.9

1150 22,5 1/SE 6.8 16,0 49
1142 | 6.9 16,1 |

1200 23,5 1/SE 7.0 16.2 15
1215 7.1 16.2

1230 24,5 1-2/SE 7.1 16.3 45
1245 7.2 16.2

1390 25,0  1-2/SE 7.0 . 16.1 40
1315 | 7.3 16.3

1320 - 25,5 1/SE 7.5 16.4 39
134 | T 16.4

14,90 26.5 1/SE 7.8 16.4 41
1,12 I 7.8 16 |
14,50 27.0 1/SE 7.7 1644 A
1t | 7.6 16.3

159 27,0 1/SE 7o 16.3 41
1550 26.5 7.2 16.2 41
1699 26.5 0-1/SE 6.8 15,7 146

161° 6.2 15.4 .



. Date: 13.9.83

Note: closed vs closed - fan suction INPUT °Bé: 5.0

Evaporator I fan suction systém

Evaporator II closed system

ITME SYST. HUMIDITY

89
DATA TABLE VIb . !
EVAPORATOR I  EVAPORATOR II OUTPUT °B& OUTPUT |

VOLUME
I/I Plate Temp. Plate Temp. CI/1T I/1I
. /1t /Vngure%? /Vapour Temp.

hours) (%) (°c) (°c) - (°B8) (1iters) |
10°° 60/64 38/34 39/34, ° - - !
1130 58/69 39/32 11/37 6.5/6.6  1.9/2.1
nut®  57/70 36/32 . uO/35 - - 1
1210 56/75 38/32 " 15/39 6.8/6.8  2.9/2.k4
1250 56/75 38/31 © 145/39 - -
1370 s57/82 37/30 51/45 7.5/7.2 3.0/2.7
1% 57/80 37/30 50/45 - -
150 56/80 - 36/28 19/l 7.5/6.5 . 3.1/3.5
1510 55/78 36/26 ey - _
1610 56/76 32/25° 141s/140 7.5/6.9  2.6/2.1




Date: 27.9.1983 DATA TABLE VIIa 90

Note: Closed vs -closed~2fan suction

TIME = AIR TEMPY WIND VEL/DIR PYROMETER POSOMETER AIR HUMIDITY

fours o¢ BEF/DIR v 10045 A- %
- 21DIN |

?;loo 21.0 2/HE . 6.9 15.8 62
1t | L8 15.3 |
110 215 2/NE 7.6 16.2 60
11+ | 6.1 15.5

12%° 22.0 2/NE 4O # 15.1 60
1212 o | 7.8 16.2

1230 2200  emE b5 ¢ 151 60
1242 .8 1641

1300 22.0 2/NE 6,1 fﬁ 15.4 57
1312 g | | 7.9 16.0

1370 22.5  2/NE' 7.8 " 6.1 57
1345 ~ | | 748 16.0

1,90 22.5 2/NE 8.1 16.2 C55
LI el 15.1

120 22,5 2/NE 840 16.1 53
T o 7.8 16.1

1500 22,0  2/NE 7.7 16.0 48
1512 - | 7.6 16.0

1530 21.5 2/NE 7.2 15.9 47
1542 ol 15.2

1600 21.0 2/NE 5l 15.5 50
1670 20.5 2/NE 6l 15.6 . 51
1790 19.5 : 2/NE 4.6 15.1 54

1715 » b9 15.2




DATA TABLE VIIb 91

DATE: 27.9.1983 | - _INPUT ©B&: 5.0
Note: closed vs. closed-2fan suction
Evaporator I 2fan system

Evaporator II closed system

TIME SYST. HUMIDITY  EVAPORATOR I ~ EVAPORATOR II ouTPUT °B& OUTPUT

| ” VOLUME
I/11 plate Temp. plate Temp. I/1I 1/11
| | | /vapour T. /Vapour T, A
hours % - (%0 (°c) (°B8), (1iteEJ
1130 - s8/68 32/27 41/39 - -
1250 56/76 31/25 13/38 5.7/5.5 3.4/3.
1240 57/47 31/25 43/38 - -
1340 53/80 30/2l Sigam 9.6/6.6 2.6/3
1350 su/79 30723 48/41 - -
142° 54/82 31/24 ¢ 51/by 9.7/6.3 3.2/
1590 . 55/80 30/2k 50/Lk - -
1699 57777 30/23 46/11 9.2/6. 2.9/
1610 58/75 - 29/23 47/140 - -

1710 59/72 26/21 35/3%0  5.8/5.5 4.0/



DATE: 29.9.1983 - - DATA TABLE VIIIa - 92

Note: closed vs closed-2fan suction

.TIME - ATR TEMP, WIND VEL/DIR PYROMETER = POSOMETER  AIR HUMIDITY

HOURS °:  BEF/DIR mV  100ASA- %
| 21DIN |
100 22.5 1/NE 6.3 15.5 o5
10 bl 15.3 o
1290 23.0 1-2/NE 6.0 15.5 48
nt’ 6.9 15.8
1179 23,5 1-2/NE 545 ¢  15.5 48
u® ,6.9 . 15.8
1200 21445 . 2/E 7.2 16.0 46
1212 | - 7.6  16.0
1250 25.0 2/NE 7.8 16.1 i1
1242 7.1 16.0
1390 25.5 2/NE . 8.1 16.2 13
1315 c 4 B.2 16,2 |
1320 26.0 2/NE 8.2 16.1 45
T 8.1 6.1 -
1490 26.5 . 2/NE 8.3 16.2 L5
14+ - | 8.3 16.2
1420 26,0  omE 8.3 - 16.2 18
us N 8.1 16.0 | 1
1590 26,5 2-3/NE | 7.8 16.0 45 1
1512 * | 7.7 15.9 1
1530 2645 2-3/NE 7.6 15.9 -8 i
- 1690 7.2 15.8 |
1629 - 26.0 | 2/NE 7.1 15,7 50 j
|

1652 | 6.8 15.7




| DATA TABLE VIIIb o3
‘Date: 29.9.1983 :

,0- .
Note: closed vs. closed-2fan suction ’ "INPUT B&: L0
Evaporator I 2fan system

Evaporator II closed system

TIME SYST.: HUMIDITY EVAPORATOR I  EVAPORATOR II ouTpUT °Be .OUTPUT

| VOLUME
I/11 Plate temp.,  Plate temp. /11 I/1I
~ /vapouf temp., /vapour temp.
hours % ¢ ¢ (°B&)  (1liter
1100 55/68 30/25 38/32 - -
1290 52/78 33/28 45/38 4.8/b.3  2.0/3.
1210 52/77 33/27 46/38 B - -
1310 51/79 32/26 147/39 5.2/L.9  3.0/3.
1320 51/80 - 32/27 47/39 - -
1420 51/78 31,/28 59/143 6.0/5.0  3.0/3.
1470 51/79 31,/28 19/ iy - -
1570 -~ 50/80 33/27 - 50/16 6.4/5.3  2.5/2.
1540 50/79  33/28 uo/uh i} _

16H0 56/75 31/26 47/L0 5.6/5.0 3.0/3



- Date: 6.9.1983

DATA TABLE IXa

Note: Comparison of jute surface vs rough

surface; both are open evaporators.,

94

Input °B&: 4,0

System I jute surface System II rouh surfaée.

21.5 N 22.5/23.5

TIME ~ ATR TEMP, PYRONOMETER SURFACE TEMP, OUTPUT °B& OUT VOLUME
: Syst.I/Sys.II Sys.I/Sys.II Sys 1/Sys 1I

rours) (°c) mV, (aug) - - (°0) (°Be) (liters) B
1190 21 | 21.5/22.0 - <
- | 6.1
1200 21.5 22.,0/22.5 boi/lo3 3.1/3.3
1215 21.5 - 22,0/22.5 ° - -
1315 22.0 22.5/23.0 b/ 3 3.7/3.9
1320 22.0 23.0/23.0 - -
149 22,5 23.5/25.0 448/5.0 2.8/2.6
1440 23.0 23.5/25.5 - -

: 7.7 |
1540 23.0 | 214.5/27.5 5.1/5.1 3.1/3.5

, 4 1
1600 22.5 24,0/26.5 - - |

6.2

1799 5/4e3 3.9/4.1



DATA TABLE IXb - 95
Date: 8.9.1983
Note: Voriation of evaporation rate wrt. input INPBT °B&: 5.0
feed rate for jute surface system. Sys I

Sys II jute surfaces

TIME . INPUT FEED OUTPUT °B& OUTPUT VOLUME = EVAPORATION

' Sys 1./ Sys 1/ Sys I/Sys II ~Sys I/Sys II
hours  gys I1° . Sys II(°Be) (1iter) (liter)

(1iter)

1014'5 300/6.0 ’ - - -

‘.13

- 1000/505 105/5'5 105/005

1200 - _ _ | .

1390 2.5/7.0 8.3/5.1 1.5/6.:8 1,0/0.2

1320 - . - -

1430 1.0/4.0 ~ 10.0/7.2  0.5/2.75 0.5/1.25
Date: 9.9.1983 v |
Note: for rough surface system ‘ INPUT °B& : 5.0

1299 - | - - -

OO, 3.0/k40 8.3/7:14 1.8/2.7 1.2/1.3

1315 e . ) ' )

12 2,0/4.5 10.0/6.6 1.0/3.k 1.0/1.1

1540 6.0/7.0 5.4/5.1 5.5/6.9  0.5/- -
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