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ABSTRACT

The present work deals with an experimental study of a solar desalination unit using the
humidification-dehumidification (HDH) process. A bench-scale desalination unit was designed and
tested in Bizerte, Tunisia. Humidification is achieved through a humidifier with saline water falling on
its absorber plate, and dehumidification is realized by means of a tubular heat-exchanger condenser. The
desalination unit operates with open-water and open-air cycles. Thermal performances as well as fresh
water production of the HDH desalination unit were evaluated via measurements of air and water tem-
peratures and flow rates. Measurements were conducted in free and forced convection. Special attention
was focused on the influence of air velocity on the fresh water production of the desalination unit. The
optimal air velocity, corresponding to the maximum of fresh water production, was found to be 3.34 m/s.

Keywords: Solar energy; Desalination; Humidification; Dehumidification; Water film; Free convection;

Forced convection

1. Introduction

Resources in fresh water in the world are facing the
demographic growth and the increase of the needs more
and more insufficient, and they are increasingly threat-
ened by any sort of pollution [1]. This is particularly the
case in MENA region and especially in Maghreb countries
(Tunisia, Morocco, Mauritania, Libya and Algeria) [2-4]. On
the other hand, in these countries, solar energy resources
are abundantly available, and people live mostly in coastal
areas. Thus, solar energy powered desalination systems are
suitable there [5].

* Corresponding author.

Membrane and distillation processes, such reverse
osmosis (RO) or multi-stage flash (MSF), are interesting
for large and medium capacity fresh water production [5],
as these technologies are expensive, are energy intensive
and require high-quality maintenance. Energy consump-
tion of these standards technologies are around 10 kWh/m?
for MSF and 3 kWh/m® for RO [6]. On the other hand, the
humidification-dehumidification (HDH) desalination pro-
cess is a suitable choice for low fresh water needs and areas
with decentralized demand. HDH is a low-temperature pro-
cess where total required thermal energy can be obtained
from solar. Capacity production of HDH desalination units
is between membrane/distillation units and solar stills. It
should be noted that the predecessor of the HDH cycle is
the simple solar still. The main drawback of the solar still is
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that the processes of solar absorption, evaporation, conden-
sation and heat recovery occur within a single component.
This leads to low efficiency (gained output ratio [GOR] less
than 0.5), which is primarily the result of the immediate loss
of the latent heat of condensation through the glass cover of
the still.

In the HDH system, solar absorption, evaporation, con-
densation and heat recovery processes are separated into
distinct components. This separation is the essential charac-
teristic of the HDH system, which operates using air as a car-
rier gas to shuttle vapor and energy between the evaporation
and condensation processes. The simplest HDH desalination
unit consists of three subsystems: (a) the air and/or the water
heater, which can be solar thermal energy powered; (b) the
humidifier and (c) the dehumidifier or the condenser. HDH
systems may be classified based on the form of energy used,
the cycle configuration or the type of heating used. Energy
source in HDH units is a low-grade one, which can be pro-
vided by renewable resources (solar thermal, geothermal
etc.). Air cycle in a HDH system may be open or closed. In
open-air cycle, air is heated, humidified and partially dehu-
midified and let out in an open cycle. In the opposite, air is
circulated in a closed loop between the humidifier and the
dehumidifier in a closed-air cycle. The type of heating used
in HDH unit is water or air heating systems. The perfor-
mance of the system depends greatly on whether air or water
is heated [7].

Many studies, both theoretical and experimental, are
available in the literature on HDH desalination. Narayan
et al. [7] reviewed recent studies on HDH desalination
systems. Comparison of thermal performance as well as fresh
water production of these systems was performed by the
authors. Narayan et al. [8] conducted an experimental inves-
tigation for the optimization of a pilot-scale HDH desalina-
tion unit with a peak production capacity of 700 1/d. The
authors concluded that mass extraction from the humidifier
to the dehumidifier increases the GOR of the water-heated,
closed-air, open-water HDH system by up to 55%. The
authors claim that their pilot unit achieves a maximum GOR
of 4, by means of this mass extraction. Nawayseh et al. [9,10]
conducted numerical and experimental investigations on a
solar HDH desalination system. Three units of different sizes
(two pilot-scales and one bench) were constructed and tested
by the authors in Jordan and Malaysia. Each unit is consti-
tuted by a flat solar water collector, an air closed loop with
wooden slats cooling tower humidifier and a condenser. Two
configurations of the condenser were tested. The three units
were also operated in a steady state mode using an electrical
water heater in order to perform well-controlled measure-
ments and study heat and mass transfer in the units. Air was
circulated in the closed loop either by natural draft or forced
convection. Authors derived heat and mass transfer coeffi-
cients from experiments for both the humidifier and the con-
denser [9]. Through computer resources, authors studied the
effect of the feed water and air flow rates [10]. Their results
showed a weak effect of air flow rate on mass transfer coeffi-
cients in the wooden slats cooling tower humidifier, in con-
trast to a significant effect of the feeding water flow rate. The
optimal value of the latter was found to be 0.01 kg.s™, which
yields to 2.75 kg.m™/d of fresh water production [10]. This is
explained by the two opposite effects of increasing feed water

flow rate, as it leads to a higher solar collector efficiency but
lowers evaporation efficiency. Dai and Zhang [11] studied a
solar HDH desalination system experimentally. Their exper-
imental device is composed mainly of a water solar collector,
a honeycomb packed material humidifier and a tubular con-
denser with open-air and closed-water cycles. The experi-
mental tests have been made in forced convection. The
authors noted that the performance of the system depends
strongly on the feeding water temperature and flow rate. The
optimal value of air flow rate was determined at two differ-
ent salt water temperature at the humidifier inlet. The authors
showed that thermal efficiency of the system defined by the
ratio of the amount of useful energy to total heat input per
unit time per unit surface to receive solar irradiation is of
about 85% in the optimum operating conditions. Nafey et al.
[12,13] examined experimentally the effects of the flow rate of
feed water in the humidifier, the air velocity, the flow rate of
cooling water in the dehumidifier and the solar flux on a
solar HDH desalination system in Egypt. The device is con-
stituted by two solar air and water collectors, a humidifier
and a dehumidifier. The authors developed a correlation to
predict the production of the unit under different operating
conditions. Orfi et al. [14] conducted a numerical and experi-
mental study of a solar-driven HDH desalination system
composed by two solar water and air flat collectors. The
experimental study was taken place in Monastir (Tunisia)
and involves measurements of temperature and humidity at
the inlet and the outlet of different components of the desali-
nation system. The theoretical results show that the fresh
water production vs. feed airflow exhibits an optimum value.
Yamale and Solmus [15] conducted series of measurements
on a solar HDH desalination system in Turkey. The device is
constituted by a solar air collector, a humidifier and a dehu-
midifier. The results of the experimental study showed that
under some conditions of exploitation, the system produc-
tion decreases by about 15% if the air solar collector is not
used. A significant improvement in the system production is
achieved by increasing the temperature of the water inside
the storage tank and the cooling water flow rate. The results
obtained from this study were compared with the theoretical
investigation and good concordance was observed.
Marmouch et al. [16] carried out a theoretical study to test a
cooling tower as humidifier on the production of a solar
HDH desalination. The device is the same as in [14] except
for the humidifier. The numerical results show that the stud-
ied unit can produce fresh water at high rates of 37 .m?/d by
introducing the cooling tower while the production of the
system is too close to 15 1.m?/d otherwise. Wang et al. [17]
conducted an experimental study on a solar-driven HDH
desalination system in China. The authors showed that the
system yield is improved by forced convection. They also
noted that the desalination unit production increases as the
temperature of the cooling water decreases and the tempera-
ture of the feed water increases. Recently, Kabeel et al. [18]
conducted an experimental investigation of a closed-air and
open-water cycles solar HDH desalination unit in Egypt.
Brackish water is heated through a solar collector and
sprayed on cellulose paper packing material at the top of the
humidifier. The closed-air cycle consists of saturated air, cir-
culated by either natural or forced convection, which leaves
the humidifier from its top and enters a cylindrical shell heat
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exchanger condenser unit from its top. The cooling fluid is
cold brackish water, which is circulated inside copper coil
with corrugated fins. The authors studied the effects of four
parameters on the desalination unit performance: water tem-
perature at the humidifier inlet (T, ), the mass flow rates
ratio of cooling to hot water (C/H), the cellulose paper pack-
ing material and three positions of the fan in the case of
forced convection (up, down and up-down). The authors
found that the best performance corresponds to forced con-
vection from down (fan at the humidifier entrance), with
T,..=90°C, C/H=2and 4 kg.min™ for hot water flow rate. The
optimum production obtained was 23.6 kg.h™ of distillated
water. One of the interesting results is that the production of
the desalination unit running in up-down forced convection
mode (2 fans, one at the humidifier entrance and the other at
its exit) is similar to the buoyancy-driven convection. Yildirim
etal. [19] studied experimentally a HDH desalination system
that functions in open-air and open-water loops. It is com-
posed by a humidifier and a condenser. Measurements were
devoted to the determination of the inlet and outlet tempera-
tures of the condenser, the production and the coefficient of
performance (COP) during the day. The study showed that
the maximum daily production of the system is of 143.6 g and
the maximum value of the COP is of 0.78. The authors
explained that the fresh water production is rather weak
because of the low value of the inlet water temperature at the
humidifier and the weak exchange surface of the condenser
(0.192 m?). Tahri et al. [20] studied numerically a condenser of
a solar desalination unit HDH. The condenser used is com-
posed of 302 parallel tubes disposed vertically. The resolu-
tion of the energy and mass balances has allowed to test the
influence of operating parameters on the production system.
They showed that the production increases with the relative
humidity and air flow rate. On the other hand, the increase of
the cooling water temperature and the water flow rate in the
humidifier has a negative effect on the production.
Niroomand et al. [21] studied numerically a desalination sys-
tem by HDH, which is composed by a humidifier and a
dehumidifier. In the system, the air is dehumidified by pul-
verization cold water into the hot humid airflow. The mathe-
matical model used is based on energy and mass balances.
The authors studied the effects of temperatures and flow
rates of hot and cold water and droplet diameters on the sys-
tem production. They showed that the system production
increases with the increase in the flow and the diameters of
the droplets in the dehumidifier and the water temperature
in the humidifier and decreases with the increase of the cool-
ing water temperature. The increase of the air flow rate
improves the evaporation but has a negative effect on
condensation.

As far as Tunisian experimental work is concerned, in
addition to references [14,16], many other researchers con-
ducted investigations on different configurations of solar-
driven HDH desalination systems. One of these interesting
studies is that carried out by Zhani et al. in Sfax (Tunisia) [22—
24]. The studied system is composed of solar air and water
flat collectors, a cooling tower type evaporator and a plate
heat exchanger condenser. The experimental investigation
concerns the dynamic behavior of the solar desalination unit
during summer. Measurements concern time evolution of
air and water temperature and relative humidity at the inlet

and the outlet of each component of the system. The authors
show that the maximum fresh water production obtained
was 20.5 kg/d on 16th July 2009 for a 16 and 12 m? solar air
and water collectors, respectively [22].

In light of the above literature review, a HDH solar
powered desalination bench-scale unit was constructed
and tested in the Bizerte group of the LETTM Laboratory
located in the city of Bizerte, Tunisia (37.3° latitude, 9.9°
longitude). It is constituted of a humidifier in addition to a
tubular condenser. In a previous paper [25], we investigated
the performance of the humidifier. In this paper, we stud-
ied experimentally the complete desalination unit composed
by a humidifier connected to a tubular condenser. The main
objective of the present study is to test the desalination unit
in real conditions. Specifically, the effect of some parameters
such as the type of air draft (natural or forced), air velocity
and the climate parameters on the desalination fresh water
production is investigated. The optimal air velocity, cor-
responding to the maximum of fresh water production, is
determined in this study.

2. Experimental setup and procedure

Figs. 1 and 2 show the desalination unit. Its main com-
ponents are a humidifier and a tubular condenser. The
desalination unit consists of three independent open-air and
open-water loops. Two of them are for the cooling water and
the salt water, and the third is for air. Air is circulated either
by natural or by forced flow. Airflow goes up through the
humidifier, where it is in direct contact with a falling water
film. Air is then simultaneously heated and humidified fol-
lowing the evaporation of the film subject to solar radiation.
Humidified air then goes to the condenser where water vapor
is condensed in contact with the cooling water circulating
through parallel tubes. The condensed water (fresh water) is
collected at the bottom of the condenser, while brine leaves
the humidifier at the bottom (Fig. 3).

2.1. Humidifier

Fig. 2(a) shows a photo of the humidifier. It is of 2 m length
and 1 m width. It is composed by a 2-m? metal flat plate, act-
ing as the absorber, glued on an medium density fiberboard

Fig. 1. Photo of the desalination unit and the experimental setup:
1 - humidifier; 2 — condenser; 3 — air suction pipe; and 4 — stand.
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Flat plate coverd with
fabric tissue ey

Copperpipe

Fig. 3. Sketch of the experimental setup.

(MDF) panel. This panel is back and lateral insulated by 5 cm
cork and covered by 4 cm of wooden frame. The whole is sus-
tained by a metallic frame. A 6-mm thickness glass covers the
metal plate. The distance between the plate and the glass cover
was is 12 cm. Saline water is supplied to the humidifier by a con-
stant level reservoir, which is connected to a copper pipe glued
above the metal plate. This pipe is pierced with small diameter
holes, which let water to fall on the plate to form a thin film. To
uniformly wet the plate and avoid dry areas, a porous fabric is
pasted on it, to support the liquid film. The humidifier is placed
on a stand making an adjustable inclination. This inclination
was set to 35°, during the experiments reported here.

2.2. Condenser

A sketch of the condenser is shown in Fig. 2(b). The con-
denser is a tubular heat exchanger. It is constituted by 21 cop-
per tubes of 12 mm outside diameter, 2 mm thickness and
0.5 m length. Cooling water circulates inside these tubes.
Three 4 mm thickness baffle galvanized steel plates force the
passage of humid air around the copper tubes. The tubes are

arranged in parallel using two breakthroughs ordinary steel
plates of 4 mm thickness, which support the tubes at their
ends. These plates are held securely in place using four steel
rods of 0.5 m length. The outer structure of the condenser
is constituted mainly of a galvanized steel shell. The shell is
equipped by two pipes for the entry and exit of air stream.
The shell is closed by two lids of the same material. The cool-
ing water enters through the first cover and exits through the
other. The fresh water condensate is recovered via the recu-
peration pipe using a recipient placed below the shell. Forced
airflow in the desalination system is driven by a centrifugal
fan, which is connected to the condenser outlet and operates
in suction mode.

2.3. Measurement equipments

The monitoring of the solar desalination unit is achieved
via a measurement system of temperature, flow rate, humid-
ity, solar radiation and air velocity. Ten K type thermocou-
ples are placed along the porous fabric covering the absorber
plate to measure the temperature of the dripping liquid
film (Fig. 2(a)). The sensors of these thermocouples are sun
protected. Three other thermocouples are placed inside
the condenser, to measure the inlet and the outlet cooling
water temperature and humid air temperature at the inlet
of the condenser. The thermocouples are connected to a data
acquisition system, which store data every 5 min. Humidity
and air velocity are measured using a digital multifunction
device TESTO445 with capacitance and hot wire probes. An
electronic balance and a stopwatch are used to measure the
flow rates of feed water, brine and the condensate.

To measure the feed water flow rate 71, in the humidifier,
we begin primarily by fixing the level of water in the constant
level reservoir, and then we open the valve of regulation of
flow placed just at the inlet of the humidifier. We wait that the
surface of the fabric is wetted homogeneously. We proceed
then to the feed water flow rate measurement by directing
the output of the water in a beaker placed on an electronic
balance. We note the mass of the beaker, which fills during
the time. Thus, in absence of evaporation, the feed water flow
rate merges with the brine flow rate 7z,. For the measurement
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of the feed water flow rate, we begin the experiment early
before the solar radiation reaches the humidifier.

The evaporated water flow rate is calculated by the dif-
ference between the feed water and the brine flow rates:

mevp = mf

1, O

A weather station, installed at 3 m height near the exper-
imental setup, records the climate parameters at every half
hour: global solar radiation, ambient temperature, ambient
relative humidity and wind air velocity.

Table 1 presents the technical specifications of the used
sensors and probes. Air velocity is measured at the inlet of
the humidifier at different positions using a hot wire ane-
mometer. Air flow rate is then deduced from the mean veloc-
ity. Condensed fresh water and brine flow rate are indirectly
measured by weighting a given mass during an interval of
time. Mass is measured by an electronic balance. In order to
ensure accuracy and reproducibility of the measurements, it
was done at least three times during 1 h time interval. The
resulting error in flow rate was found less than 0.03%.

2.4. Experimental procedure

A rigorous procedure has been followed to ensure the
exactitude of the tests, especially regarding the humidifier
and the measurements system. Each experiment starts early
in the morning before sun radiations reach the humidifier.
First, the feed water flow rate is adjusted to the desired value,
which allows well wettability of the fabric that covers the
humidifier absorber plate. In the case of forced air circula-
tion, the air flow rate is adjusted to the desired value. Airflow
is then measured after some minutes to ensure that steady
state flow conditions are reached. Then, manual measure-
ments are started once sun radiations reach the humidifier.
These measurements concern air velocity, humidity and tem-
perature at the humidifier entrance, as well as the liquid film
temperature, brine and fresh water production. The mea-
surements are done many times during 1 h time interval.

3. Results and discussion

3.1. Water film temperature

The temperature of the dripping liquid film in the humid-
ifier is an important factor to understand the evaporation

phenomena. Fig. 4 presents the evolution of the liquid film
temperature along the absorber plate of the humidifier for
different air velocities during several typical summer days at
12:00 p.m. The desalination unit runs in natural (V=0 m/s) or
forced convection (V =1.8-5.39 m/s). We have selected several
similar days in terms of meteorological conditions. y = 0 m
corresponds to the liquid film entrance, while air enters the
humidifier at y = 2 m. Two areas can be identified through
the falling film: a first area where the liquid temperature
increases. This area is a heating zone. The liquid film heats
up without evaporation, which explains the increase in its
temperature. This area extends over the surface from the top
of the evaporator to around y = 0.4 m. This location corre-
sponds to the maximum of the liquid film temperature. The
second zone is an evaporation one, where the temperature of
the liquid film decreases due to its evaporation. In this zone,
the heat supplied by solar radiation is transformed into latent
heat. The presence of these two zones has been reported by
other authors such as Ben Jabrallah et al. [26], who studied
the evaporation of a dripping water film along heated rectan-
gular cavity walls, and Cherif et al. [27], who conducted an
experimental and numerical study of water film evaporation
in an open-ended vertical channel. This result was also found
by Ben Radhia et al. [28] in the annular geometry.

100 —a—V=0 m/s (13/06/2013)
90l ——V=1.8 m/s (02/07/2013)
——V=2.78 m/s (03/07/2013)

sol ——V=3.34 m/s (05/07/2013)
—+—V=4.05 m/s (06/07/2013)

20k —8—V=4.79 m/s (08/07/2013)
—— V=539 m/s (09/07/2013)

T(°C)

10 I I I
0

0.5 1
y (m)

15 2

Fig. 4. Distribution of the dripping water film temperature along
the humidifier for different air velocities with similar climate
conditions (see Table 3 for the meteorological data).

Table 1

Technical characteristics of sensors used in the experimental setup
Sensor Reference Description Uncertainty
Thermocouple Ktype Temperature AT=0.5°C
Humidity TESTO445 capacitance probe Relative humidity AH=2%
Velocity TESTO445 hot wire probe Air velocity AV=0.05m.s™
Digital watch - Time At=02s
Pyranometer GL500 Global solar radiation AG=1%
Digital balance PB1501-T2202 Mass Am=01g

Mass flow rate ;
Am _ [Aﬁ +§j = 0.03%
m m t
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The increase of air velocity does not affect the shape of
the curves but allows the cooling of liquid film. Passing from
V =0 m/s (natural convection) to higher velocities up to V =
5.39 m/s, the liquid film cools more and more. Therefore, film
temperature maximum levels are lower in forced convection
(V =1.8-5.39 m/s) than in natural one (V' = 0 m/s). This may
be explained mainly by the increased film evaporation rate
in the case of forced convection, and secondarily, the cooling
effect of the liquid film induced by the forced airflow.

Fig. 5 shows time evolution of the liquid film tempera-
ture during the day for different air velocities at y = 0.4 m. The
profiles of liquid film temperatures during the day exhibit
the same shape in forced convection (V = 1.8-5.39 m/s) than
in natural one (V=0 m/s). In the beginning of the day, the film
temperature increases as a result of the increasing of solar
irradiation. For the remaining of the day, the liquid film tem-
perature decreases following the decrease in solar irradiation
in the afternoon. Fig. 6 confirms the result found in Fig. 4. The
liquid film temperatures during the day decreases increas-
ingly passing from natural (V = 0 m/s) to forced convection
(V=1.8-5.39 m/s).

3.2. Evaporated and condensed flow rate

Figs. 6 and 7 show the evolution of the water evaporated/
condensed flow rate and the global solar irradiation during
two similar summer days in natural and forced convection.
Time evolution of the evaporated/condensed water flow rate
has the same behavior than that of the solar irradiation with
1 h shift, due to the system thermal inertia. Indeed, its max-
imum occurs at 2:00 p.m. while that of the global solar irra-
diation occurs at 1:00 p.m. Comparison of evaporated water
flow rate profiles for natural and forced convection (Fig. 6)
and those corresponding to condensed flow rate (Fig. 7)
shows that forced convection increases film evaporation by
about 30% and condensation of water vapor inside the con-
denser by nearly 35%. Although, forced convection lowers
water film temperature, and then its evaporation rate, in
comparison with the buoyancy-driven airflow, as stated in

100
—a—V=0  m/s (13/06/2013)
g0l ——V=18 /s (02/07/2013)
——V=2.78 m/s (03/07/2013)
g0l —— V=334 m/s (05/07/2013)
—+—V=4.05 m/s (06/07/2013)
700 —=—V=4.79 m/s (08/07/2013)
—e— V=539 m/s (09/07/2013)
~ 60 e
5 /A/;EE::iz‘E::\‘\
= B e S T Y
307 B I SR L RN b S |
/éﬁf;d’jjkﬁ~** 3:::Ef:i:§§
A0gzZ KT -7 RS
— —y
30 R
20 R
10 L L L L 1 1 1
9 10 11 12 13 14 15 16 17

t (hour)

Fig. 5. Evolution of the liquid film temperature in the humidifier
during the day for different air velocities with similar climate
conditions (see Table 3 for the meteorological data).

the previous subsection (Figs. 4 and 5). Such results were also
reported by Wang et al. [17].

In order to point out the effect of ambient air humidity
on the HDH desalination unit production, many experiments
were conducted during several days of June 2013 with dif-
ferent ambient air humidity. Table 2 presents some meteoro-
logical data of these days. Fig. 8 shows the cumulative fresh
water production during these days, in the case of natural
convection operation mode. The overall fresh water produc-
tion of the desalination unit is 4.5 kg/d for 13th June with
ambient air humidity in the range of 43%-57%. Fresh water
production decreases to 3.8 kg in 12th June with ambient
air humidity ranging from 60% to 72%. This decreasing is
around 18%.

To study the influence of air velocity on the production of
the desalination system, experiments were conducted during
several days of June and July 2013 that are characterized by
similar climate conditions (Table 3). Fig. 9 shows the fresh
water production during the day for different air velocity.
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Fig. 6. Evolution of the evaporated flow rate and the global solar
irradiation in: (i) natural convection (NC: 13th June 2013, G =
760.6 Wm?, T =26°C-36°C, H_ = 43%-57%, m, = 4.1 kg.h)

and (ii) forced convection (FC: 5th July 2013, G, = 758.4 W.m?,
T,,,=24°C-35°C, H, =45%—61%, m, =4.1 kg.h, V=334 m.s™).
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Fig. 7. Evolution of the condensed water flow rate and the global
solarirradiationin: (i) natural convection (NC: 13th June 2013, G, =
760.6 Wm?, T  =26°C-36°C, H_ , =43%-57%, m =4.1kg.h™)and
(ii) forced convection (FC: 5th July 2013, G, =7584 W.m?>, T =
24°C-35°C, H, |, =45%-61%, m = 4.1kg.h™, V=3.34m.s™).
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Table 2
Weather conditions for different days of measurements
Day H (%) T . O G,, (Wm?)
12/06/2013 58-70 19-28 705.4
13/06/2013 43-57 26-36 760.6
15/06/2013 47-59 23-33 731.9
16/06/2013 49-60 21-31 728.1
17/06/2013 52-68 20-30 715.9
7
—+—43-57% (13/06/2013)
@ —*—47-59% (15/06/2013)
= 6f —+—49.61% (16/06/2013)
k5 —o—52-68% (17/06/2013)
B 5l —e—60-72% (12/06/2013)
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Fig. 8. Time evolution of the cumulative fresh water production
in natural convection during several days with different ambient
humidity (see Table 2 for the meteorological data).

Table 3

Weather data for different days of measurements with similar

climate conditions

Day H%) T, (0 G,, (W-m?)
13/06/2013 43-58 26-36 760.6
02/07/2013 43-59 25-36 759.1
03/07/2013 44-63 26-34 755.7
05/07/2013 45-61 24-35 758.4
06/07/2013 40-55 28-37 7715
08/07/2013 48-63 26-34 754.6
09/07/2013 44-62 25-34 756.8

The case of natural convection is also reported (V = 0). Fresh
water production increases up to V = 3.34 m/s. This increase
is due to the improved evaporation by the forced convection.
Beyond this value, daily cumulated fresh water production
decreases abruptly. In fact, as air velocity exceeds 3.34 m/s,
residence time of humid air inside the condenser drops and
water vapor has not enough time to exchange heat with the
cooling water even if they are abundant because they are
sucked. It is interesting to mention that daily fresh water
production at V =4.79 m.s™ is essentially similar to that of
free convection case, while for V'=5.79 m.s™, fresh water pro-
duction falls below that of the buoyancy-driven airflow. The

Air velocity (m/s)

Fig. 9. Effect of air velocity on the daily fresh water production of
the desalination system for similar climate conditions (see Table 3
for the meteorological data).

T—V=0ms (13/06/2013)
—+-V=18m/fs  (02/07/2013)
~4--V=2.78 m/s (03/07/2013)
=334 m/s (05/07/2013)
=4.05m/s (06/07/2013)
V=4.79 m/s (08/07/2013)
V=539 m/s (09/07/2013)

Cumulative fresh water production (kg)

13 14 15 16 17
t (hour)
Fig. 10. Time evolution of the cumulative fresh water production
for different air velocities with similar climate conditions (see
Table 3 for the meteorological data).

previous results are confirmed by Fig. 10, where the cumula-
tive fresh water production along the day is presented for dif-
ferent air velocities. The maximum production of the desali-
nation unit was reached on 5th July 2013, and it was 7.29 kg
of fresh water for air velocity 3.34 m/s. The production of this
unit is acceptable compared with desalination units by HDH
with small scale. For example, the maximum production of
Nafey et al. [13] in comparable climatic conditions is almost 8
kg/d and Nawayseh et al. [29] is of 7.5 kg/d.

3.3. Gained output ratio

One of the most important parameters for the evaluation
of the energy performance of the desalination units is the
GOR. It is defined as the ratio of the latent heat of conden-
sation of the distillate water produced to the total heat input
absorbed by the humidifier [7,8,23,30]. This parameter is an
index of the amount of heat recovery in the desalination unit.
GOR is given by the following expression [30]:
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m_-h
GOR = ——& 2)
where latent heat of condensation /i, is evaluated at the mean
temperature of the condensate as follows [31]:

h,, =2501.897149 —2.407064037T +1.192217 x 10°T?
-1.5863x10°T°
where Tis ink and /1 in k]/kg.
Q,, is the part ofg the global solar irradiation absorbed
by the water film (i.e., total solar irradiation received by the

humidifier glass minus thermal losses). It is given by the fol-
lowing equation:

®)

Q, =a,GS )
where «, is the apparent absorptivity of the water film [32]:
Q, =T.a, +7T. 7,0, (5)

where T, and t, are, respectively, the transmissivity of the
glazing and brme a, and a, are the absorptivity of the
absorber plate and brme, respectlvely With T, =0.9, 7,=0.68,
otp—095andon =0.3[33].

Fig. 11 presents time evolution of the GOR during the
two similar summer days as in Fig. 9, in natural and forced
convection. The global solar irradiation is also reported.
Comparison of GOR for natural and forced convection shows
that forced convection increases GOR by almost 39%. This is,
essentially, due the condensation increase mentioned above.
In the case of natural convection, the GOR changes between
0.3 at 9:00 a.m. and 0.39 at 2:00 p.m.; while for forced convec-
tion, it evolves between 0.55 and 0.65.

The GOR maxima achieved for different air velocities
are shown in Fig. 12. These values correspond to similar
meteorological conditions for selected days of June and
July 2013. Obviously, the best thermal performances are

1 T T T T T T 1000
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= N6 FO 300
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Fig. 11. Evolution of the gained output ratio (GOR) and the
global solar irradiation around a day in: (i) natural convection
(NC: 13th June 2013, G = 760.6 Wm?, T _ = 26°C-36°C,

amb
H_, = 43%-57 %, m, = 4 1 kg.h) and (ii) forced convection
(FC: 5th July 2013, G, = 7584 Wm? T . = 24°C-35°C,

amb

H_, =45%-61%, m 4.1 kg h7, V=334 m.s™).

reached for the optimal air velocity V' =3.34 m/s. The values
of GOR seems weak indicating that energy performances
of the desalination unit are somewhat poor, even if air is
circulated in a forced way with the optimal velocity. Indeed,
the maximum of GOR is 0.65, while the reported values of
GOR in the literature are 3 in [22] and 4 or 2.6, respectively,
with or without mass extraction in [8]. Narayan et al. [7]
discussed this point in their well-documented review paper.
It is of importance to mention that the studied desalination
unit is an open-air and open-water one without water heat-
ing, while the desalination units studied by Nayaran et al.
[8] and by Zhani and Ben Bacha [22] have closed-air and
open-water loops. In addition, in both these units, salt water
is preheated in the condenser (heat recovery) and then
heated in a solar water collector [22] or an electric heater [8].
On the other hand, as the humidifier works well (see next
section), it is believed that the main reason of the GOR weak
values is due to low performances of the condenser. Despite
the fact that heat recovery is not used here (latent heat of
condensation is lost in the open cooling water circuit), it
was observed during the experimental tests that some of the
desalination unit parameters are not at their optimal values.
The most important parameter is the feeding saline water
flow rate. Indeed, Zhani [23] reported that, in the cooling
tower type humidifier, there is an optimal value of this flow
rate. The author results display GOR = 0.5 for low feeding
water flow rates and GOR = 2 for high feeding water flow
rates, while the optimal value of GOR is 3. These points are
under consideration for future improvements of the desali-
nation unit.

3.4. Thermal efficiency of the humidifier

The thermal efficiency of the humidifier was evaluated
by comparing the overall energy gained by the humidified
air and the falling water film with the total solar flux:

(man'cpmr + mm’r ((’)ont — O, ) Cr )'(T:liv,ant - Tair,m ) + mfcpf (T/,uut - Tf,in ) (6)

= GsS
0.7
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O 05 //’ \\ |
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Fig. 12. Variation of the GOR of the desalination system with air
velocities.
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Fig. 13. Time evolution of the thermal efficiency of the humidifier
during 2 d with similar climate conditions, in: (i) natural
(NC: 13th June 2013, G, = 760.6 Wm?> T . = 26°C-36°C,
H_, = 43%-57%, m, = 4.1 kg.h™) and (ii) forced convection

(FC: 5th July 2013, G, = 7584 W.m?, T, = 24°C-35°C,

amb

H__, =45%-61%, ri1f= 41kgh™, V=334 m.s™).

aml

Specific humidity of humid air is evaluated by using the
perfect gas assumption [23]:

0.622.P, (T)
- P - Pv_suf (T)

atm

@)

where P, is the atmospheric pressure, and P, is the satura-
tion pressure of water.

P . is computed from the following equation [28]:

v_sat

log(P, ) =28.590521 8.2 xlog(T) +2.4804.10° x T

3142.32
- 8
T ®)

where Tisin Kand P, , in atm.

Time variation of the humidifier thermal efficiency is
depicted in Fig. 13 for both free and forced convection during
two similar meteorological conditions days. It can be seen
that high efficiency is achieved mainly for forced convection.
Indeed, thermal efficiency changes during the day between
52% and 80% in the case of forced convection, while it evolves
between 40% and 63% in the case of free convection. It can
be concluded that the humidifier works well. Furthermore,
forced airflow improves thermal efficiency of the humidifier
by at least 25%. This improvement is due to the high water
film evaporation flow rate induced by forced convection as
mentioned in the previous sections (Fig. 6). As the considered
humidifier configuration is rare in the literature, it is difficult
to compare the present work with previous ones. However,
it is interesting to mention that Narayan et al. [7] performed
thermal performance comparison of solar air heaters used in
desalination systems through analysis of 13 papers.

4. Conclusion

An experimental study of a solar desalination bench-
scale unit that operates with the HDH process is performed.
The unit has been tested on real site of Bizerte (Tunisia), and
it was monitored during several days of summer 2013. The
existence of the heating and the evaporation zones along the
humidifier plate, which supports the salted water film, has
been pointed out either in natural and forced convection.

These results show improvements of the evaporated and
condensed water flow rates by forced convection compared
with natural convection. The optimal value of air velocity for
which the unit produces the maximum of fresh water has
been determined. It was stated as 3.34 m/s, which leads to
7.29 kg/d of fresh water for the climate conditions of the 5th
July 2013. Thermal performances of the desalination unit are
studied in terms of the GOR, which is an index of the amount
of the heat recovery in the desalination unit, and the humid-
ifier thermal efficiency. The air-water humidifier performs
well with 80% thermal efficiency in the case of forced convec-
tion, while the GOR of the studied unit exhibits low values
due to low energy performances of the condenser. This point
is under consideration for improvements.
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Symbols
Conir — Specific heat of dry air, J.kg™ K™
c — Specific heat of feeding water, J.kg.K™!

3

— Specific heat of water vapor, J.kg.K™!
Global solar irradiation, W.m™

O
|

H — Relative humidity, %

h, — Latent heat of vaporization, J.kg™

I — Width of the humidifier, m

L — Length of the humidifier, m

m — Mass flow rate, kg.s™

p, — Vapor pressure, Pa

0, — Solar power absorbed by water film, W
S — Glass surface of the humidifier, m?2
t — Time, s

T — Temperature, °C

Vv — Air velocity, m.s™

y — Coordinate in the flow direction, m
Greek

o — Absorptivity

0 — Inclination angle of the humidifier
® — Specific humidity, kg /kg,

T — Transmissivity )
Subscripts

air — Dry air

amb — Ambient

atm — Atmospheric

av — Average

b — Brine

c — Condensate

evap — Evaporated

f — Feed water

g — Glass

in — Inlet

out — Outlet

p — Absorber plate of humidifier.

sat — Saturation



S. Saidi et al. / Desalination and Water Treatment 62 (2017) 1-10

10

Acronyms

FC — Forced convection

GOR  — Gained output ratio (ratio of the total latent
heat of condensation of the produced
freshwater to the input thermal energy)

HDH — Humidification-dehumidification

NC — Natural convection
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