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ABSTRACT

Both of a solar evaporator and a single slope solar
distiller were designed and constructed to present the
experimental and theoretical comparison between their
thermal behaviors. The thermal comparison showed that,
evaporation in both systems is the major heat loss and is
larger than the other three modes together (radiation,
convection and conduction). Also, the thermal results
showed that, the higher heat loss by convection of the solar
evaporator is due to the wind effect. The maximum
thermal efficiency of the solar evaporator and the solar
distiller was 72.3 and 64.6% respectively.

INTRODUCTION

Solar evaporation pan (solar evaporator) can be used
for roof ponds, swimming pools, salt production, etc.
Evaporation pan or free water surface are also names
related to the same system. Most existent works are of
experimental order deal with the estimation of the
evaporation rate (e.g. Chow and Chung, 1983; Brighton,
1985). These works, however, were preceded by Bowen
(1926), who related the convective to the evaporative
heat transfer rate from any water surface. Recently, with
the growing interest on solar energy engineering many
articles considering the heat balances on free water
surface in steady state and in transient heat transfer have
been published(e.g. Czarnecki, 1978; Govaer and Zarmi,
1981; 1983; Rakopoulos and Vazeos, 1987; Sartori,
1987a; 1990a; 1990b; 1991).

Hot-box, basin type, conventional solar still and
solar distiller are names of one the most ancient
application the solar energy field. Since a little more
than one century of its conception, several theoretical
and experimental efforts have been dedicated to its
development, mainly in the sixties and nowadays the
complex processes and effects of the combinations of
several parameters involved in solar distillation are well
known. Numerous publications are found in the
literature on the subject (e.g. El-Sebaii, 2004; Tripathi
and Tiwari, 2006 and Tsilingiris, 2011)

The main physical difference between solar
evaporator and solar distiller with equivalent condition
and construction is the existence of a cover in the
distiller system. The cover causes the free convection
process inside the distiller and the created greenhouse
effect considerably increases its water temperature. On
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the other hand, the solar evaporator remains open to the
atmosphere and its water layer suffers direct influence
from the wind velocity, relative humidity, ambient
temperature, etc. originating water temperatures lower
than those from solar distillers.

So those, the theoretical and experimental
comparison of the thermal performance between the
solar evaporator and solar distiller are the main goals of
this work.

MATERIALS AND METHODS
The experimental work was carried out through
June, July and August, 2010, under West of Alexandria
metrological conditions.
System setup:

The schematic configuration of the proposed solar
evaporator and single slope solar distiller are illustrated
in Figure 1(a and b). Basically (Fig. 1a), it is a direct
heated solar evaporation pan, which mainly comprises
an evaporation unit. It consists of a square wooden box
of 1.12 m x 1.12 m and depth of 0.16 m. Also, a square
steel box of 1.0 m x 1.0 m and 0.10 m depth was put
inside the wooden box. A fibber insulation of 0.04 m
thickness was put between the wooden and the steel. A
steel ruler was fixed on a side of steel for water leveling
(initial depth of salty water equal 0.05 m). The solar
distiller model (Fig. 1b) has the same format and
dimensional of the solar evaporator, but the glass cover
(4 mm thickness) was fixed over the wooden box at
inclined angle of 15° on the horizontal, as suitable for
the experimental location and date. The lower side of
the distiller was oriented to face the south direction. A
plastic channel was fixed under the lower side of the
cover glass to collect the distillation water in the
external vessel.

The ambient (T,, °C) and water tempe-ratures (Tw ,
°C) were recorded at each hour, using a digital
thermometer VE310 (with accuracy of + 0.10 C°). Solar
intensity (I, W/m?), wind velocity (v, m/s) and relative
humidity (Rh, %) were measured using MC11 digital
pyrometer (with accuracy of + 10 W/m?), Vane type
digital anemometer (with accuracy of + 0.1 m/s) and
digital hygrometer (with accuracy of =+ 0.1%),
respectively.
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Fig. 1la. Schematic drawing of a solar
evaporator and its heat balance

A salty sea water sample was taken to measure the
saline concentration. The electrical conductivity of salty
water sample was 48 mmohs/cm (48 ds/m) at 25 °C.

Theoretical heat balance of the evaporator:

The steady state energy balance around the overall
solar evaporation pan is given by:
dty

Aaw'{: qr+ qc+ qa+qk+cay E(l)

Where, A (m?) is the plan area of evaporator, ay is
the water solar absorbance, C., is the thermal capacity
(kJ/m?K), Or, 0, Qe and gk are heat transfer rates by
radiation, convection, evaporation and conduction,
respectively (W/m?).

The first term in the previous equation is the solar
radiation absorbed by the water, which is equal to the
input energy to the evaporation pan. The right hand side
shows the radiation, convective, evaporation and
conduction and the thermal capacity of the pan as a
function of time, where the heat transfer terms are given
by Sartori, (1987a), in Sl units:

qr €Wo' (Tw — sky4) ..................................... (2)

Where, €y is the water emittance, o is Stefan-
Boltzmann constant (56.7 x 10°° W/m?K*) and Ty is
given by Duffie and Beckman (1991),

Tsky = (Ta +273.15) [(Tq + 200)/250]*

C 27315 oo (3)
e =3.9183 V05 (Ty = Ta) veeeeeeeeeeeeee e (4)
qk= kb (TW - Ta) .............................................. (5)
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Fig. 1b. Schematic drawing of a solar
distiller and its heat balance

Where, k, (W/m?K) for a soil elevated pan as
considered here, and is determined through the over-all
heat transfer coefficient for a multi-layer wall.

Qe = 2.6639 VO° (Py— Pg) Ly / P._..

Where, P is atmospheric pressure (Pa) and water
vapor partial pressure at water Py, (Pa) and at dew point
Pq¢ (Pa) and latent heat Ly (kJ/kg) are calculated by
Fernandez and Chargoy (1990) as follows:

Pwd = EXp (25.317 — 5144/ Twd) «euvveveneenininiennenne (7)
Lw=(2501.67 —2.389 Tw) X 10%.......ceovniiiniin, ®)
The hourly evaporation rate is obtained through;
8
= fD . dB, fL i (9)

The thermal efficiency (7ev) of the solar evaporator
can be calculating as follows:

HEv = qe / qe + qc + qr .................................... (10)
Theoretical heat balance of the distiller:

The solar distiller operation is similar to that of the
solar evaporator, but with transient cover. Excluding
cover interferences, the processes of heating the water
and loss of heat from the system are the same as that for
the evaporator. Figure 1b shows the main thermal
processes involved in the solar distiller.

The energy balance for the solar distiller can be
expressed by:

a, I-I-DC“II—ngA-I-qk-I-CRdE ~(11)

Where, oy is the glass absorbance, 14 glass
transmittance, Cy is the thermal capacity, (kJ/m?K).
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The heat transfer between the water and the glass is
given by the heat transfer rates by radiation, convection
and evaporation whereas the heat flux to the ambient is
the summation of such quantities plus the solar energy
absorbed by the cover, i.e.

The internal heat transfer rates expressed in Sl units
by (Sartori, 1987b) as follows:

r =090 (Tw* = Tg") oeee oo e (13)
Qe = 0.884 [Ty-Ty + (Pw— Py/267.7 x 10° —Py)

Tw B3 (Tw—Ty)]... ...(14)
0e = 60.78 x 107 x [TW T, +(PW g/267 7x 103 PW)
TwB(PwPg).Lw ceeve et e ....(15)

Where Ty is the glass cover temperature °C, and Py
is the water vapor partial pressure at glass temperature,
Pa.

The heat dissipation (gga) from the glass to the
surroundings is given by the radiation plus the
convective heat transfer is:

qga = Cg o (Tg4' Tsky4) + hca (Tg'Ta) (16)
Ty calculated as eq. 3.
gk calculated as eq. 5.

The thermal efficiency (ns) of the solar distiller can
be calculating as;

Numerical calculations:

Both of The solar evaporation pan and the solar
distiller described in the previous section were simulated
at steady state using excel spread sheet software on an
IBM personal computer. The considered system used for
experimental tests (Sartori, 1987a & 1987b). Besides the
hourly environmental parameters I, Ta, Tq, v and Rh, the
following physical properties are used as input data; A =
1.0 m? Ce&=167.60 kJ/m?’K, Cyq= 174.44 kI/m?K,
aw=0.90, 0g=0.05, 740.90, €5 =0.94, and €, = 0.95.

RESULTS AND DISCUSSIONS

Results of the solar evaporator:

Figure 2 presents the general behavior of
metrological parameters affecting evaporation rate of
solar evaporator during the experimental period (June,
July and August 2010 as an average values). In general,
it is clear that, the evaporation rate increases with
increasing of both of solar intensity and ambient air
temperature, and decreases with decreasing the relative
humidity and wind velocity.

Results also showed that, increasing of evaporation
rate from 2.20 to 2.90 L/m?.day (32% increasing) as
decreasing relative humidity from 62.1 to 48.3% and
decreasing the wind velocity from 3.7 to 1.5 m/s, while

increasing of solar radiation from 400 to 700 W/m?.day,
and with increasing of water temperature from 30 to 40
°C (33% increasing). Also, it shows that increasing of
water temperature with increasing of ambient
temperature in parallel trend as solar radiation intensity
increases. The following showing has more details about
the parameters affected on evaporation rate.
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Fig. 2. Behavior of solar radiation, ambient &
water temperatures, relative humidity and
wind velocity with evaporation rate

Figures 3 & 4 present the corresponding properties
from the solar evaporator during the solar time, together
with the air temperature, solar radiation intensity and the
dew point temperature. The major important parameter
affecting the evaporation rate is the intensity of solar
radiation. The evaporation rate increases by increasing
of solar radiation intensity and vice versa, as shown in
Figure 3. Also, it showed that, the behavior trend of
water temperature increases by increasing the solar
radiation and ambient temperature and vice versa. There
is a little effect of dew point appeared through the solar
time as shown in Figure 4.
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Figure 5 shows the simulation results of the system
hourly heat transfer rates by evaporation, radiation and
convection. It is clear that, the evaporation is the major
heat loss and is greater than the other two modes
together. gk was negligible, where it has a very small
value due to the insolation, so its curve disappeared
from Figure 5. Also, it is clear that, the increasing of
solar evaporator efficiency as heat transfer of

evaporation increases, and vice versa.
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Fig. 5. Heat transfer rates and evaporator
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Results of the solar distiller:

Fig. 6 shows the water temperature (Tw)and the glass
cover temperature (Tg) from the solar distiller together
with the ambient temperature (T) and the solar radiation
(1) during the solar time. It is clear that, increasing the
water temperature as solar radiation increases, as
expected, that the solar distiller operation has the same

general nature to that of the solar evaporator (and vice
versa), irrespective of the existence of transparent cover.

Fig. 7 presents the simulated results of the distiller
hourly heat transfer rates by evaporation, radiation and
convection. As expected, that the evaporation heat
transfer rate has the maximum values and it is greater
than the radiation and convection heat transfer together.
Also, it shows that, the increasing of solar distiller
efficiency as heat transfer of evaporation increases, and
vice versa.
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Thermal comparison between the solar evaporator
and the solar distiller:

Fig. 8 shows the water temperature behavior inside
the solar evaporator and the solar distiller. It showed
that, for the same environmental conditions, the solar
distiller reaches water temperatures higher than those the
solar evaporator, caused by the greenhouse effect inside
the distiller. Although evaporation is a strong function
of the water temperature, the rate of evaporation in the
solar distiller is much less than that in the open
evaporation as can be seen in Fig. 9.
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Fig. 10 shows the thermal comparison between the
heat transfer of the solar evaporator and the solar
distiller. It is clear that, the success of heat loss by
evaporation from the evaporator on the solar distiller, so
that the vapor productivity of the evaporator is higher
than the solar distiller. Also, the higher heat loss by
convection of the evaporator is due to the wind effect.
On the other hand, there are an approximately behavior
and values of radiation heat losses from the solar
evaporator and the solar distiller.
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Fig. 10. Heat transfer rates from the solar
evaporator and the solar distiller

CONCLUSION

It is shown that, the evaporation in solar distiller is
much less than that in open evaporation despite the
higher water temperatures in the former system. This is
also true even when the water temperature of both
systems is same. Evaporation in both systems is the
major heat loss and larger than the other three modes
together (radiation, convection and conduction). There
is a little effect of dew point appeared through the solar
time in evaporator system, and there is zero effect for
distiller system. The heat loss by convection of the
evaporator is higher than the distiller due to the wind
effect.

REFERENCES

Bowen I. S. (1926). The ratio of heat losses by conduction and
by evaporation from any water surface. Phys. Rev. 27,
779-787.

Brighton P. W. M. (1985). Evaporation from a plane liquid
surface into a turbulent boundary layer. J. Fluid Mech.
159, 323-345.



ALEXANDRIA SCIENCE EXCHANGE JOURNAL, VOL.33, No.1JANUARY-MARCH 2012 16

Chow L. C. and J. N. Chung (1983). Evaporation of water into
a laminar stream of air and superheated steam. Int. J. Heat
Mass Transfer 26, 373-380.

Czarnecki J. T. (1978). Swimming pool heating by solar
energy. CSIRO Tech. Report TR-19, Highett, Australlia.
Duffie J. A., & Beckman W. A. 1991. Solar Engineering of
Thermal Processes. Jon Willy & Sons, Inc., New York.
El-Sebaii A. A (2004). Effect of wind speed on active and
passive solar stills. Energy Conversion and Management

45, 1187-1204.

Fernandez J. L and N. Chargoy (1990). Multi-stage indirectly
heated solar still. Solar Energy 44, 215-223.

Govaer D. and Y. Zarmi (1981). Analytical evaluation of
direct solarheating of swimming pools. Solar Energy 27,
529-933.

Rakopoulos C. D. and E. A. Vazeos (1987). A model of the
energy fluxes in a solar heated swimming pool and its
experimental validation. Energy Convers. Mgmt 27, 189-
195.

Sartori E. (1987a). A mathematical model for predicting heat
and mass transfer from a free water surface. Proc. ISES
Solar World transfer Congr., Hamburg, Germany, PP.
3160-3164.

Sartori E. (1987b). On the nocturnal production of a
conventional olar still using solar pre-heated water. Proc.
ISES Solar World transfer Congr., Hamburg, Germany,
PP. 1427-1431.

Sartori E. (1990a). Prediction of the heat and mass transfer
from a free water surface in the turbulent flow case. Proc.
ISES Solar World Congr., Kobe, Japan PP. 234-2347.

Sartori E. (1990b). The thermal inertia and the conduction
heat loss effects on the solar evaporator. Proc. World
Renewable Energy Congr., Reading, U.K., PP. 1110-
1114,

Sartori E. (1991). Evaporation from a free water surface with
salt concentration. Proc. ISES Solar World Congr.,
Denver, U.S.A., PP. 2347-2351.

Tripathi R. and Tiwari G. N. (2006). Thermal modeling of
passive and active solar stills for different depths of water
by using the concept of solar fraction. Solar Energy 80,
956-967.

Tsilingiris P. T. (2011). Prediction and measurement of mass
transport in experimental. Solar Energy 85, 2561-2570.



17 Ragab I. A. Murad: Theoretical and Experimental Comparison Between The Thermal Performance of A Solar Evaporator ...

c}.)’-“ ua.’dl\
el il gl o JSI 51 1 £13Y) O ey S Wyl

s da Lol Cox

LA A 15 Dl ol o il sl e (S0 o)l A
) A s USd o Jgadl GlISTy ¢ Jodly g laaYly gl
Ol oY (o)) A wad of il @ gbl Em dlagie JSU
5 el gdl WA B8 pe ppellad) ST 3 el
Al Jad b ) A Wl 5 S el eyl LS il
A A BT el g AT ellsy ) s
Byl A s USU ekl il Sbld o L s

c A e %1, VY kel sl

35 o b b sl pdsuial (2 Al eda oy

B A T L
W} ZQJ)Q_: aj)\j,a ;\f.-g g_‘,UJ) cg}u.\ﬁ\ CL>~J,S\ uﬁ ;Uﬂ.ﬁ
G 5U sy Bl iyl Eo g @) A N
B e CSr T Rpeetc [y QPRI NN
Byl edlyy g el el gl | WS el dee
o) e olele Ul el Jaee o sl 2bs 50~
IFY) g gt aadd 2l (Ug ) el g oo



