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ABSTRACT - In the present work, a sclar desalination-heating system
with heat recovery 1is proposed. The system includes a solar
collector, humidifier, storage tank and a water-cooled <condenser.
The thermal design of a typical unit is presented. Both latent heat
of the condensed vapour and the sensible heat of the circulating air
are recovered, and added as a sensible heat to the inlet water in
the condenser. The system is simple in construction, operation and
control. Therefore, it is a suitable option for remote areas where
only the ground water, or wells are available. The thermal
performance of the system is also studied under different operating
conditions. Results have shown that this system is highly
recommended for practical application.

INTRODUCTIOCN

The conventional-type solar still has been subjected to
intensive weork in both theoretical and practical fields {1-4]. Also,
various designs for a solar still have been proposed and
investigated. The target of these researches was to enhance and
maximize the distillate output from the still. The still output can
be enhanced by increasing the evaporating surface, either by wusing
the inclined-try concept [51, or by replacing the basin by an
inclined surface covered by wet cleth [6,7). The rate of energy
absorbed mayalso be increased by employing a black dye in the basin
water [8]). The rate of evapcration can be enhanced by bubbling dry
air in the basin water, which also leads to cooling of +the glass
cover [9].

On the other hand, Assouad et 2l [10] have proposed a system
with latent heat recovery. The system consists of a humidifier
through which atmospheric air is blown to a conventional-type solar
still. The wet air from the still flows to a seawater-cooled
condenser from which the condensate is collected. The warm water
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from the condenser is collected in a pond to supply the still basin
and the humidifier. Rlthough the system analysis has shown a good
efficiency and productivity with respect to the conventional 3olar
still, it seems to have a considerable amount of operation control.
Also, the air entering the solar still is saturated with moisture
{from the humidifier). Therefore, one can expect that its ability to
pick vapour from the still will be reduced.

However, the present sgystem utilizes both latent heat of
condensing vapour, and the sensible heat of circulating air. But it
differs from that of Assouad et 21 [10] in both function and theory
of operation. In the system. solar radiation is converted to thermal
energy for heating the raw water. Some of this water is evaporated
and then condensed to supply the drinking water demand.

SYSTEM DESCRIFTION AND OPERATION

The system main components are shown in Fig. 1. Raw water is
supplied through the conden=er, and circulates between +the 3storage
tank, collector and the humidifier. The water absorbs latent heat of
condensed vapour and the sensible heat of the circulating air in the
condenser, and solar radiation in the collector. In the humidifier.
the descending hot water mixes with the ascending air stream from
the condenser (or atmosphere). Ther=fore, a part of this water is
evaporated and carried away by the circulating air. This hot moist
air flows back to the condenser where both latent heat of the
condensed vapour and its sensible heat are given to the raw water.
The humidifier output water is mixed with that from the condenser in
the storage tank from which the hot water demand is supplied. Also,
this tank accommodates any sudden variations in the flow rates and
temperatures. The air circulation between the humidifier and
condenser is performed by a suitable fan.

The system capacity may be enhanced by employing an auxiliarvy
electric heater in parallel with the solar collector. This heatex
can be manually or automatically switched on to operate +the systen
at night and off-sunshine pericds. If the distilled water is
required to be increased, the hot water output can be totally or
partially recirculated back t¢ the humidifier through the auxiliary
heater. The system contains also some ordinary and nonreturn valves
which are useful in controlling water flow in different lines.

STMULATION PROCEDURE

The system performance is simulated under the following
conditions:

1. Single glass cover flat-plate collector with ordinary black pain=

absorber.

The collector hgs the following values : o
Tilt angle = 30 Scouth facing (y = 0) Latitude = 30" N
U =6 Wm (ar) = 0.8 F = 0.9

2. Relative humidity of air entering the humidifier = 0.4
and the absolute pressure = 1.02 bar
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3. Pressure drop in the humidifier = 0.02 bar
The following assumptions are made to simplify calculations:

a) Heat capacitance of the system components are neglected with
respect to that of water.

b} The air leaving humidifier is saturated, with a temperature egqual
to that of entering water.

¢) Water leaves the humidifier at a temperature equal +to that of
entering air

d) Ideal heat exchange in the condenser.

e) Heat losses from the humidifier, c¢ondenser and pipes are
neglected.

E£) Steady state operation.

According to these assumptions, the energy balance egquation for
a unit collector area is given by :

®oep (T -TU3:=F'[s—UL(T-T11, (1)

wd = a
Where, M is the mass flow rate per unit collector area,
Tp iz the absorber plate mean temperature,
and Ta is the ambient air temperature.
In the calculations, Tpis approximated by (TH3+TV‘)/2 for simplicity.

The humidifier energy balance equation for 1 Kg water entering is
given by :

h!’4 + wlmdahvi = mqupq{ Taz- Ta.:.} M wzmdahvz M mc hfs ’ (2}
and the mass balance equation :
1 - m = mda( w, - wi) . (3]
where, w = {0.622P Y/ ULP -P ) ;
1 v ai W

w, = { 0.622 P9 HEV A | Paz- PB) H
and m = ﬁo / h = Hot water output ratio,

m,.= mdu/ h = Dry air ratio.
The condenser heat and mass balance equations ( for 1 Kg water
circulated } are given by :
CPU( Tvz - THIJ = mdacpa( ng_ Ta.l.) M mv hl'g?_ ' (%)
m, = mda( W, T W, o, {5)
where, m, = mv / m = Condensate ratio.

The heat balance equation for the storage tank, assuming complete
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mixing yields,

T, = (T,

+mT )V /{1 +m} 16)
w3 o [=]

3

Calculations are carried out for three different metecrologizal
cenditions;: namely summer, spring {(equinox) and winter. The total
solar radiation on a tilted surface was estimated by the clear day
model (for latitudes less than 45°) following Anderson [91,

H=2 [ Cos a 3in 13 Cos(rﬁ- ¥) 4+ S8ina Coa 3 1] + 0,532 R (1 + Cos 3!

+0.5 psz {1 -Cosp ) ( 8ina + B } , {7)
where, Z = Ho Exp{ A / Sin a )
The value of psis taken as 0.2, and constants Ho, A, B are given by,
H, W/m® A B
June 21, 10688.3 0.205 0.134
March 21, 1151.2 0,177 0.092
December 213, 1233.2 0.142 0.057

The ambient air temperature Ta, is calculated from,
T =0.5(T +7T 1 ~-0,5(T -T ) Cos{ mi(r-13) /121,
a (=% an ax an

where, Tan, Tmc are the minimum and maximum ambient air temperatures

respactively.

System of equations (1-7) are solved by iteration with a time step
of 30 minutes, from sunrise to sunset hours for the three selected
conditions (days).

RESULTS AND DI SCUSSTON

Figure 2. shows +the +total solar radiation on the tilted
collector surface, and the ambient temperature for the three days at
which calculations are performed.In order to generalize the results,
the system performance is obtained for a unit c¢ollector area, and
each flow rate is given as a ratio to that of circulated water. For
steady state operation, the amount of water in the storage tank
should be kept unchanged. Therefore, the water flow rates through
the collector and condenser are equal, while the amount of hot water
output is the same as that coming from the humidifier.

Figures 3, & and 5 show the variations in hot water temperature
and the condensate_ratio with time in the selected days, for a flow
rate of 10 Kg/hr.m", The dry air ratio and +thermal efficiency for
heating only = 1 ch(Tud—TUI)fH, are also given. Condensate ratio is

a good measure to the system efficiency for desalination. Tae

following observatiens can be seen from these figures :

1. The maximum temperature of hot water cutput ranges between 51 and
57°C depending on the time of the year, and occurs around 1 p.m,
This temperature is comparable +t¢ that of an ordinary solar
heating system.
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2. The condensate Tatio increases with time to a maximum wvalue at
1 p.m. This maximum occurs in equinox, sense the solar rTadiation
is normal to the collector surface at that time. Its value ranges
between about 0¢.11 in 21 December and 0.1% in 21 March.

3. Dry air ratioc, which is the minimum amount ¢f dry air Tequired
for 1 Kg water entering the humidifier, decreases with +time and
has a minimum wvalue at 1 p.m. It decreases as the water
temperature increases. Therefore, a minimum wvalue of about zero
is required on 21 March.

4. The change in thermal efficiency with time is marginal. It has an
average value of about 0.5 over the vear for this particular flow
rate.

On the other hand, the collecter flow rate strongly affects the

system performance up to about &0 Kg/hr.nf as shown in Fig.6. Hot
water temperature and condensate ratio decrease as the flow rate
increase, but the dry air ratio and thermal efficiency increase in
the same sense. In fact, a compromise between the hot and distillate
water demands is needed to decide the coperating flow rate. However,
a considerable value of condensate ratio, with a reasonable output
hot water temperature can be attained if +the operating flow rate

ranges between 10 and 2¢ Kg/hr.nf. At this range of flow rTate, the
dry air ratio is low {(which means a lower power consumption for air
circulation ), and the thermal efficiency is reasconable.

CONCLUSTION

A solar desalination-heating system with heat recovery is
proposed and theoretically investigated. Results have shown that the
system can operate all over the year, with a thermal efficiency of
40-50% , for water heating . The fresh water vield of the system can
reach about 15% of the input raw water, when the collector flow rate

is 10 Kg/hr.m®. Results of this work can be a suitable guide for
more theoretical and experimental study im this field. The system
which is simple and easy to controel, is highly recommended for
practical application.

NOMENCLATURE

Cp apacific heat at constant pressure.

F' collector plate efficiency factor.

H total solar radiation on a tilted surface.

h specific enthalpy.

i} mass flow rate.

m ratio of mass flow rate to that of the collector.
P absclute pressure.

vapour pressure.

absorbed solar energy by the collector absorher.
temperature.

collector overall heat loss coefficient.

<

r

absolute humidity.
solar altitude angle.

gL Qynd
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(ar}a collector effective absorption transmittance coefficient.

collector tilt angle.

=
local time in hours.
surrounding reflectivity.

T
¥a.r collector and azimuth zangles respectively.
r
g

Subscripts

a air

da dry air

£ liquid

o output

9 saturated condition
v vapour

W water

1,2, point location
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