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Abstract

In this paper, the experimental design and computer simulation model of a multi-effect humidification/de-
humidification (MEH) solar desalination system has been presented. The pilot plant on MEH was designed, fabricated
and tested at the Center for Energy Studies, Indian Institute of Technology Delhi, India. The heat collection part has
been designed to provide continuously the hot water to the distillation unit. The distillation chamber consists of
humidifier and dehumidifier towers. The circulation of air in the two towers is being maintained by natural convection.
The system modeling is based on various heat and mass transfer equations and their numerical solutions. The
developed model is useful in the estimation of the distillation plant output and optimized various components of the
system viz. solar water heater, humidification chamber, and condensation chamber.
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1. Introduction needy. Conventional methods of water desalination

The underlying objective of this paper is to b a s e d on Mf ' ™h RO u s e high-energy sources
establish with a more objectivethan genuine requirement paperistoand require h e a v y investment and infrastructure.
for making available safe drinking water for the The process revolves around the treatment of

brackish/saline water in habitats with little or no
provision for conventional methods for water
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purification. Solar distillation represents one of
the oldest techniques and is successfully used for
the production of fresh water from brackish/saline
water, in many parts of the world including India.
A review of the vast literature available on solar
distillation has revealed many observations about
the design, performance and the limitations of this
technology. The key finding of literature has
included optimizing the process/efficiency [11.
Some design features have been customized in
accordance with a key consideration of reduced cost
requirements as well. Both the component selection
and its engineering are well in tune with the actual
resource availability at the site.

Solar desalination requires efficient method
of evaporation and condensation at relatively low
temperatures. Multi-effect solar still was suggested
[2] as an efficient method for the production of
desalinated water, initially for small quantity, as
in the earlier designs condenser is an integral part
of the system. Later, it was suggested [3,4] for
higher production, as it is better to use an external
collector for the heating requirement to the MEH
unit. In such a unit, the brackish water is preheated
in the condenser and further heated through the
collector before being fed to the evaporator. The
hot and humid air of the evaporator is partially
dehumidified in the condenser and recycled back
to the humidifier. However, the power requirement
of such a type of air circulation remains significant.
In this paper, the experimental design and the
computer simulation model of the multi-effect
humidification/dehumidification (MEH) solar
desalination system is highlighted. The pilot plant
on MEH was designed cum indigenously fabricated
at the Center for Energy Studies, Indian Institute
of Technology Delhi, India. The heat collection
part is geared to provide the hot water to the
distillation unit uninterruptedly. The distillation
chamber consists of humidifier and dehumidifier
towers. The circulation of air in the two towers is
by natural convection. Modeling is based on various
heat and mass transfer equations and their numerical
solutions by finite difference technique. The

developed model is useful in sizing associated
components of the system viz. solar water heater,
humidification chamber, and condensation chamber.

2. System design and operation

The present system has been mainly conceived
on the idea of multi-effect humidification and
dehumidification process, such systems are
showing a preferential emergence elsewhere too.
However, special emphasis has been laid on
incorporating the locally available materials and
the design fabrication expertise. Also, the emphasis
has been laid on the system functioning as an
independent unit, without any conventional power
source. Fig. 1 gives the schematic.

For this specific concept demonstration, the
whole system is segmented into two parts viz. (1)
solar collector and storage tank and (2) distillation
chamber. The heat collection section consists of
the collector and storage designed for continuous
feeding of the hot water to the distillation chamber,
at a desired range of temperature. The photograph
of the designed system at the Center for Energy
Studies, IIT Delhi, India is shown in Fig. 2.

In this case, a solar array comprises 5 standard
make flat plate collectors, each of 2 m* collector
area are used. The collectors are locally fabricated
and BIS approved. These are, in turn integrated
with a storage tank of about 5001 capacity, to provide
continuous hot water to the distillation chamber.
The tank is fabricated of a good quality galvanized
steel (GI) and is properly insulated from all the
sides using the standard insulating materials. The
storage tank provision was specially created to
ensure a regular supply of hot water for 24 h to
the distillation chamber. The heat collection unit
functions as an independent unit under natural
convection mode. The distillation chamber com-
prises the humidifier and the condensation towers
of following dimensions:

Evaporation tower: 1.50x0.50x 1.OO m;
Condensation tower: 1.50x0.50x0.50 m
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STORAGE-TANK

HEAT-EXCHANGER

BRINE 0IST1LATE Fig. 1. Multi-effect solar distillation system.

Fig. 2. Photograph of MEH solar distillation system, at IIT
Delhi, India.

An indigenous structure has been fabricated
in the humidifier to boost evaporation process in
the tower. Solar energy incident on the solar
collector arrays, heats up the water in the storage
tank. In the secondary loop, the brackish water is
preheated as it passes through the copper tube of
the condenser tower and further heated in the storage
tank, before feeding to the top of humidifier. The
humidified hot air from humidifier is drifted

towards the condensation tower by natural
convection. This is an important development in
favor of the present design that the system works
as an independent unit without any external power
source. The air gets partially dehumidified in the
condenser and recycled back to the humidifier.
The process is repeated several times during the
system operation. Therefore, a heat collection unit
and distillation unit are deemed as independent
units. For heat exchanger, a typical copper tube
of 12.7 mm diameter is used. The lengths of the
heat exchanger tube in the storage tank and
condensation tower are taken as 50 and 30 m res-
pectively. The performance of the system has been
monitored by continuous measurement of climatic
parameters (solar radiation, ambient temperature,
wind speed, etc) and unit output of distilled water.

3. Mathematical model development

We have developed a computer simulation
model for the prediction of long term performance
of the system based on the detailed heat and mass
transfer processes. The obvious objective is to find
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some correlation between the experimental and
theoretical sets of observed data.

As already mentioned, a solar water heater
essentially consists of a solar collector and storage
tank, and its performance has been estimated using
well known relations available in the literature
[5]. To optimize the length of the heat exchanger
in the storage tank, the temperature variations in
the storage tank were estimated for a range of heat
exchanger lengths, i.e. 20 to 60 m. The length of
the heat exchanger is optimized and was found
equal to 50 m.

The mathematical formulation of the humidifier
has been developed under the steady state con-
ditions. This formulation is based on the coupling
of heat and mass transfer balance enabling deter-
mination of the water temperature in addition to
the humid air temperature and the water content
inside the humidifier tower. The balance of heat and
mass is written for a small element dx, along the
height of the tower.

The respective equations for water phase, air
phase and air humidity are written as:

dT,_h,a(T,-r,)
dx LCL

dx
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where X, is the humidity at the water and air-
water interface. The set of equations presented
above help to determine the temperature and the
amount of water in the air at the outlet of the
humidifier, as a function of water temperature (top
of the tower) for a given tower height. These

equations have been solved by a numerical method
known as the forward step marching finite dif-
ference technique.

The steady state mathematical model with
thermal and mass balance established for humidifier
is extended through the coupling equations for
temperatures, humidity and water content for the
condensation tower. The developed heat and mass
transfer equations for the condensation tower are
written as follows.

The respective equations for water phase, air
phase and air humidity are written as:
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where X,c is the saturated humidity for condensation
tower. The mass of water balance in the con-
densation tower is obtained using

dFVC=K,A(X,-X,)dx (9)

The steady state mode1 using the above set of
equations allows us to gauge the influence of the
various parameters on the plant operation. Further,
these equations facilitate the monitoring of
cooling water temperature at the outlet of the
condenser pipe and the amount of distilled water
produced by the unit.

Also, the set of equations presented above have
been used to monitor different parameters in the
humidifier and condensation tower. These equations
help to determine the temperature and the amount
of water in the air at the outlet of the humidifier,
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as a function of water temperature (top of the tower)
for a given tower height. The equations corres-
ponding to the temperatures and humidity in the
humidification tower have been solved by a
numerical method known as the forward step
marching finite difference technique. The developed
set of Eqs. (l-B), with the help of finite difference
technique are rewritten as
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Fig. 3. Effect of water temperature at the inlet of humidifier
on the humidity at the top.

and experimental results, for the humidity at the
outlet of humidifier.

The humidity, Xg2 increases appreciably, with
the temperature of water,T,,, at the inlet of the
tower. Fig. 4 shows that the rate of distilled water
varies linearly as a function of the water temp-
erature at the humidifier inlet, TL2. This means
that the increase of the hot water temperature at
the entrance of the evaporation tower produces
more heat inside the installation.

The useful amounts of heat in the form of
vapor to the condensation pipe could be recovered
to preheat the brackish water in the tube before
its injection to the hot water storage tank. The
experimental results are also plotted along with
theoretical results, to examine the model validity.

1 -
AXK,A

T
AxK,A

(15)

4. Results and discussion

The feed water temperature TL, to humidifierTL,
is taken as a reference for the performance of a
desalination chamber and then it becomes easy to
calculate the air humidity at the top of humidifier
and the impact on the condensation rate in the
condensation tower. Fig. 3 shows both simulation

65 70 73

Fig. 4. Effect of water temperature at the inlet of humidifier
on the condensate rate in the condensation.
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The difference in the theoretical and experimental
values of Figs. 3 and 4 may be understood due to
the energy losses that increase with the temperature,
even though the process is assumed to be theore-
tically adiabatic. These are just preliminary results
to give some understanding of the plant perform-
ante, of ongoing work at the Center for Energy
Studies, Indian Institute of Technology, Delhi, India.
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