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ABSTRACT

This work represents an experimental study of a desalination system based on humidification-dehu-
midification (HDH) using solar energy in the meteorological conditions of Bizerte, Tunisia. This sys-
tem is essentially composed of a humidifier integrated into a solar collector (solar evaporator) and
an underground condenser. The latter, in which moist air produced by the solar evaporator passed,
was buried at a depth of 1.25 m. The vapor in the air was transformed into water while reaching
the cold walls of the condenser pipe. Subsequently, water was collected at the ends of the pipe. The
desalination system was equipped with a measurement system in order to conduct the experimen-
tal study. The thermal performance of the HDH desalination unit and the fresh water production
were evaluated by measuring soil temperatures, liquid film in the evaporator, humidity and air
velocity. Measurements were taken in forced convection. The evolutions of the liquid film tempera-
ture along the humidifier plate, the evaporated and the condensate mass flow rates were measured
in this work. The influence of air velocity on the freshwater production by the desalination unit
was also examined this study. It is shown that, at a velocity of 4.79 m/s, the maximum production

capacity was equal to 9.38 kg/d and the maximum GOR of the desalination unit was 74%.
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1. Introduction

In recent years, the demand for fresh water has increased
considerably due to the growth of the world population as
well as the rapid urbanization and economic and industrial
development. In fact, the annual total water available per
capita has risen from 6,042 m® in 1947, to 1,545 m® in 2011.
Thus, meeting the growing water demand of humans and
environment has become one of the most important issues
that governments and decision-makers should deal with

* Corresponding author.

[1] (e.g., Middle East, North Africa (MENA) region and
particularly the Maghreb countries [2]).

Based on the statistical data, scientists assumed that,
by 2025, two-thirds of the population will not have enough
amount of fresh water [3]. Many countries will be unable
to satisfy their citizens” demand for fresh water (e.g., India
having almost 18% of the total world population and
only 4% of the water resources) [4].

To solve this problem, the desalination of brackish water
and seawater using desalination systems powered by solar
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energy can be a good alternative as, in the above-men-
tioned countries, solar energy resources are abundant and
most of the inhabitants live mainly in coastal areas [5].

The desalination of seawater ensures sustainable fresh
water production. In fact, every day, 23 x 10° m? are pro-
duced by reverse osmosis, multi-stage flash distillation
and multi-effect distillation. Most of these technologies use
fossil fuels in the desalination process, while only 0.02%
utilizes renewable energies [6]. In addition, they are very
expensive when employed to desalinate small amounts of
fresh water. Thus, the humidification-dehumidification
(HDH) desalination may satisfy low freshwater needs in
decentralized demand areas.

It is a low-temperature process where the total required
thermal energy can be obtained from solar energy. HDH
was investigated by several numerical and experimen-
tal works. Systems used in this process differ in terms of
the design of humidifiers and dehumidifiers, the nature
and number of the employed solar collectors as well as in
terms of their daily production.

For example, Yuan et al. [7] developed a mathemat-
ical model to examine the performance of a humidifi-
cation-dehumidification solar desalination system. The
latter is composed of two humidifiers, two condensers, a
solar collector, a water tank and other components such as
fans, pumps and cross valves. The profiles of the conden-
sate flow rate as well as those of the daily and menstrual
solar irradiation were determined in the conducted study.
The obtained results showed that the production of drink-
ing water increased by rising the flow rate of the cooling
water and decreasing its temperature. The authors demon-
strated also that the production of fresh water in the utilized
system was of the order of 5.2 L/m*d, in June, and of the
order of 2.7 L/m*d in December.

Orfi et al. [8] investigated numerically and experimen-
tally a solar desalination system based on humidification—
dehumidification. This system contains two solar air and
water collectors, a humidifier and a condenser. In the per-
formed experiments, the temperatures and humidity at the
inlet and outlet of the various components of the desalina-
tion system were measured and their change was depicted.
A global mathematical model relying on the thermal and
mass balances of air and water was also developed. The
numerical results revealed that the optimal mass flow ratio
corresponded to the maximum freshwater production.

Nafey et al. [9-21] studied numerically and experimen-
tally an HDH solar desalination system installed in Egypt.
The used experimental device is made up of a solar air collec-
tor, a solar water collector, a humidifier and a dehumidifier.
The experiments were conducted to measure the tempera-
ture of the ambient air, the supply of water in the humidi-
fier and that of the cooling water in the dehumidifier. The
numerical study was based on the resolution of the energy
and mass balances in the various components of the desali-
nation unit. It demonstrated that the flow rate of the distil-
late increased with the augmentation of the flow rate of air
and that of cooling water up to a maximum value equal to
0.05 kg/s. Beyond this value, the flow rate remained con-
stant. The authors also developed a correlation to predict
the unit productivity under different operating conditions.
The production of this distiller was 7 kg/d.

Tahri et al. [10] studied numerically a condenser of an
HDH solar desalination unit. The used condenser contains
vertically-arranged 302 parallel pipes. The resolution of the
energy and mass balances allowed testing the influence of
the operating parameters on the system production. The
authors revealed that the latter increased with the rise of
the relative humidity and air flow rate and decreased with
the increase in the temperature of the cooling water and
water flow rate in the humidifier.

Zhani et al. [11-13] investigated numerically and exper-
imentally an HDH solar desalination unit composed of two
flat water and air solar collectors, an evaporator and a plate
condenser. The aim of the research work was to monitor
the functioning of the system during summer. The tempo-
ral evolution of air and water temperatures and the rela-
tive humidity at the inlet and outlet of each component of
the employed system were also examined. The authors
demonstrated that the maximum production of fresh water
was 20.5 kg/d for surfaces of 16 and 12 m? of air and water
solar collectors, respectively.

Saidi et al. [14-16] studied numerically and experi-
mentally a solar desalination system based on humidifi-
cation—dehumidification (HDH). This system consists of a
humidifier integrated into a solar collector and a tubular
dehumidifier. The experimental study allowed determin-
ing the profiles of water and temperature in the humidifier
and in the dehumidifier and those of the evaporated water
flows and condensate in natural and forced convection.
The experimental study proved that the production of the
desalination system increased with the air suction velocity.
This production reached its maximum at 3.34 m/s. Then,
it decreased to attain a value superior to 3.34. In order to
carry out the numerical study, a mathematical model based
on heat and mass balances was developed. The finite dif-
ference method was applied to discretize the equations
and the resolution was carried out on the MATLAB soft-
ware. The obtained results showed that the evaporated
water and condensate flow rates in the desalination unit
increased with the rise of air temperature and water sup-
ply in the humidifier. It was also observed that both flow
rates first rose with the feed flow rate increase in the humid-
ifier up to 5.5 kg/h. Then, they decreased beyond this
value.

As the major problem of the HDH process consists in
the condensation and, more precisely, in the choice of the
appropriate type of condenser. The performance of conden-
sation relying on a tubular condenser is low due to several
parameters: temperature of the cooling water, exchange sur-
face, corrosion of the pipes, thermal insulation of the walls
and sealing. Therefore, it is necessary to develop another
underground condensation system to solve the mentioned
problems and, subsequently, to improve the condensation
performance. This system was studied in several research
works.

For instance, Lindblom et al. [17,18] examined experi-
mentally and numerically a solar desalination system based
on underground condensation. The desalinated water was
employed for irrigation. It was obtained by evaporating
seawater, while the humidified air was condensed in a sys-
tem of underground pipes. In the numerical study, a global
model of heat and mass transfer was used in the system
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and MATLAB 6.5 software was utilized for the resolution.
The study analysed the capacity of the IC system (conden-
sation by irrigation) to produce drinking water. Numerical
results showed that this system has an average water
production capacity of 1.8 kg/d on a 50 m pipe.

The aim of the research work was to examine the
influence of several parameters (e.g., the air temperature
at the inlet of the condensing pipes, the solar radiation
and the depth and spacing of the condensate pipes, etc.)
on the production of the desalination unit. Experimental
results revealed that the rise of air temperature at the inlet
from 60°C to 72°C allowed obtaining a system production of
5.9 m/d that could be improved by increasing the depth and
spacing of the condensate pipes.

Ocati et al. [19,20] studied numerically a solar desali-
nation system based humidification-dehumidification. The
system is composed of a solar humidifier and an under-
ground condenser. The produced water was used for irri-
gation. The applied process consists, first, in vaporizing
seawater in a solar humidifier. Then, the humid air con-
densed when passing through a set of underground pipes.
Energy and mass balances were developed to describe the
phenomena of evaporation and condensation in the desali-
nation unit. The study was conducted to determine the pro-
files of the evaporated water and condensed flow rates as
well as the temperature and humidity of the air entering the
evaporator during the day.

Solar distillation is essentially based on two phenom-
ena: evaporation and condensation. The improvement of
these two phenomena allows enhancing the desalination
system production. In a previous work [15] carried out in
our laboratory, Saidi et al. [15] showed that when the sys-
tem operates under the usual conditions, the condenser has
a low energy performance, which limits the desalination
unit production. The present work, presents a continuation
of the previous study [15] in order to improving the effi-
ciency of condensation. In this study, we propose to replace
the tubular condenser used in Saidi et al. [15] by an under-
ground condenser. We deal with underground condensation
because it was not intensively examined in the literature
and also to lower the condensation temperature and keep it
stable all day long. In the present work, a solar desalination
system based on humidification-dehumidification (HDH)
by underground condensation was studied experimentally.
The experimental device consists essentially of a humidifier
integrated into a solar collector and an underground con-
denser (dehumidifier). The thermal performance and water
production of the HDH unit are determined.

2. Experimental study

The studied system is a solar desalination unit based
on humidification-dehumidification in the meteorological
conditions of Bizerte, Tunisia (37.3° south latitude and 9.9°
longitude). The unit comprises a solar evaporator and an
underground coil-shaped condenser made of reinforced
plastic. The evaporator was installed on a support forming
an angle 0 = 35° with the horizontal in order to capture the
maximum amount of solar radiation. Then, the condenser
was put underground, which allowed cooling its wall. The
gas flow from the steam-laden humidifier condensed as

it passed through the dehumidifier coil whose wall was
cooler than the humid air.

2.1. Solar evaporator

The solar evaporator (presented in Fig. 1) has a paral-
lel-piped shape with a length L =2 m, a width [ =1 m and
a height 1 = 0.22 m. It consists mainly of a flat sheet metal
plate acting as absorber. A film of water flowed on the exter-
nal wall of this plate thanks to a porous fabric that allowed
the uniform wetting of the plate and avoided the forma-
tion of dry areas. A glass cover, acting as a solar collec-
tor, was exposed to the solar radiation. It was placed on a
wooden frame that reduced the loss of steam. The sidewalls
of the evaporator were made of two plates of MDF which
is a pressed wood ensuring thermal insulation. In order
to minimize heat loss, a layer of cork and a layer of wood
were put on the backside of the absorber plate.

A fan allowed the circulation of a forced upward flow
of air in the humidifier where it was in direct contact with
the falling water film. The water supply in the evapora-
tor was ensured by a constant-volume tank placed at a
high position to make the water volume stable. This tank
was linked to a horizontal copper pipe put on the absorber
plate. The pipe was drilled by small-diameter holes allow-
ing water to pass over the plate to form the liquid film to
be evaporated. A valve was placed at the inlet of the evap-
orator to fix the feed water flow rate. To recover the brine,
a plastic pipe was put below the evaporator, allowing its
collection. The air was, then, humidified after the evapo-
ration of the film exposed to solar radiation. Subsequently,
the humidified air was directed towards the underground
condenser.

2.2. Condenser

The desalination unit dehumidifier (Fig. 2) is an under-
ground heat exchanger. The latter contains a condenser
inclined in a well of a depth equal to 0.8 m, on one side,
and 1.25 m on the other side. Its internal structure, having

Fig. 1. Image of the solar evaporator: 1-air inlet, 2-humid air out-
let, 3-water supply, 4-glass, 5-brine recovery.
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Fig. 2. Image of the underground condenser: 1-condensate collector, 2-pipe, 3-rods, 4-exit of dehumidified air.

the form of a coil, consists in a reinforced plastic pipe with
an external diameter of 25 mm, a thickness of 2 mm and a
length of 15 m. The inclination of the well bottom and coil
facilitated the collection of the water droplets formed after
condensation at the lower end of the pipe. Four aligned
metal and inclined rods were used to fix the coil.

Moist air released from the solar evaporator circulated
through the underground pipe that was in direct con-
tact with the cool soil, which made it cool and condensed.
The condensate was accumulated using a collector placed
at the lower end of the pipe.

The inclination of the condenser coil pipe that recovered
water droplets by easy circulation is presented in Fig. 3.
It was ensured as follows:

Point A, having a depth of 0.8 m, was fixed on the
high side of the well. Point B was inclined with respect
to point A with a depth of 3.5 cm. Point C was inclined
with respect to point B according to the inclination of
the well. However, point D was inclined with respect to
C, point F with respect to E and point H with respect to
G. These points had the same inclination conditions as
B with respect to A. Point E with respect to point D and
point G with respect to point F have the same inclination
as point C with respect to point B. Point H, having a depth
of 1.25 m and used to guarantee the condensate recovery,
was fixed on the low side of the well.

2.3. Measurement tools

To conduct the experimental study, the solar desalina-
tion unit was equipped with a measuring system comprising
sensors of temperature, flow, humidity, solar radiation and
air velocity. Ten K-type thermocouples (Chromel/Alumel)
were put along the porous fabric covering the absorber plate
to measure the liquid film temperature. Four other thermo-
couples were put inside the condenser. Two of them were
used to measure the humid air temperature at the inlet and

Fig. 3. Inclination of the condenser coil.

the outlet of the condenser. The other ones, with a 25 cm
spacing, were utilized to measure the moist air temperature
inside the condenser. Six thermocouples were installed to
measure soil temperatures. All these thermocouples were
connected to a data acquisition system that stored data
every 20 min. Humidity and air velocity were measured
by a TESTO445 digital multifunction device. An electronic
scale and a stopwatch were employed to measure of feed
water, brine and condensate the flow rates. To calculate the
feed water flow rate in the humidifier, the water level was,
first, set in the constant-level tank and, then, the flow con-
trol valve placed at the inlet of the humidifier was opened.
Once the surface of the tissue was wetted, the water outlet
was directed towards a beaker put on the electronic scale.
These flow measurements were taken early in the
morning before sunlight reached the humidifier. The evap-
orated water flow rate was calculated by the difference
between the flow rate of feed water and that of brine:
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1, = 11 - 1, (1)
where 71, rr'zf and 1, are the evaporated, feed water and brine
mass flow rates.

Fig. 4 presents the image of the experimental device
fitted with the measurement tools.

The characteristics and uncertainties of the measure-
ment tools used in the experimental study are shown in

Table 1.
Preliminary tests were performed to check:

The adequate functioning of the feed water tank,
Tightness of the device to water and vapor,

The proper functioning of the measurement system,

The reliability of the system by varying the operating
parameters,

¢ The good wetting of the absorber plate.

3. Experimental results and discussions

3.1. Temperature variation

Fig. 5 shows the evolution of the earth surface tempera-
ture to a depth of 1.25 m. During 5 d of testing, the soil tem-
perature decreases with depth and remains constant from
(Z =1 m). Due to the solar radiation that heated the ground
surface, the highest temperature was recorded at (z = 0 m).
It varied from 28°C to 25°C. Fig. 5 reveals that temperature

decreases throughout the well and remains constant at a
depth z = 1 m. Because of the earth inertia power, the tem-
perature of the underground is more constant than that of
the soil. It should be noted that the temperature at the bot-
tom of the well remains the same (16°C). For this reason, the
ground at the depth of 1 m can be used to cool the moist
airflow coming from the evaporator and condense it. To
ensure the results accuracy, the experiments were carried out
on summer days during which the weather conditions were
almost similar. The meteorological data (relative humidity
H, ambient temperature T, and global solar irradiation G)
obtained during the measurement days are shown in Table 2.

30 T T T T T T T
= 20/07/2019
284 w & 21/07/2019
& A 23/07/2019
26 ™ w 24/07/2019
. ¢ 26/07/2019
244 * 1
P &«
5.) 22 4 ¢ 4
%2 s v
20 ]
L 3
18 4 L] b
F Y
16 1 ' 'Y .
14 - T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25
z(m)

Fig. 5. Soil temperature evolution according to the depth
during several days at 2 PM.

Table 2
Meteorological data obtained on different measurement days
having similar climatic conditions

Day Relative Ambient Global solar
humidity temperature irradiation
(%) Q) (kW/m?)
20/07/2019 44-59 25-36 0.52-0.93
21/07/2019 43-58 25-35 0.52-0.93
23/07/2019 46-61 24-35 0.55-0.93
24/07/2019 45-65 26-36 0.54-0.93
25/07/2019 48-62 26-34 0.54-0.93
Fig. 4. Image of the used desalination unit and the measur- 26/07/2019 45-63 2835 0.53-0.93
%ng deyice: 1—evap9rat0r, 2-pipe carrying humid air, 3-thermal 27/07/2019 46-68 2735 0.49-0.93
insulation of the pipe, 4-underground condenser, 5-condensate
recovery, 6-system acquisition of temperatures. 28/07/2019 53-64 25-34 0.48-0.93
Table 1
Characteristics of the measuring tools
Instruments Reference Description Accuracy
Thermocouple Type K Temperature +0.5°C
Hygrometer TESTO445 capacitance probe Relative humidity 2%
Air velocimeter TESTO445 hot wire probe Air velocity +0.05 m/s
Digital balance PB1501-T2202 Mass #0.1lg
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The results represented in Fig. 5 are confirmed by
Fig. 6 representing the evolution of the soil temperature
during 2 d at a depth of Im and 1.25 m. Obviously, the
two curves are merged and, on these 2 d, the temperature
profile remains constant and equal to16°C.

Fig. 7 shows the variation of the liquid film tempera-
ture along the absorber plate of the humidifier for differ-
ent air velocities V during several typical summer days at
1:00 P.M. The desalination unit operated in natural con-
vection (V = 0 m/s) or forced convection (V = 1.8-9.2 m/s).
During this study, several days having similar weather
conditions were selected. The inlet of the falling liquid film
corresponds to ¥y = 0 m, while the airflow is counter cur-
rent and enters the humidifier at y = 2 m. The tempera-
ture profile of the water film flowing along the humidifier
remains the same at different air velocities even in case
of natural convection. This figure also demonstrates that
the falling liquid film can be divided into two zones. In
the first one, called heating zone, the liquid temperature

20
' ' ' —=— 20/07/2019(Z=1m)
—e— 24/07/2019(Z=1.25m)

18 - -
:L; 16 L L L & & & &
=
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9 10 1 12 13 14 15 16 17
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Fig. 6. Soil temperature profile during 2 d at a depth of 1 and
1.25 m, respectively.
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Fig. 7. The distribution of the liquid film temperature along the
humidifier at 1 PM. at different air velocities.

increases and the liquid film is heated without evapora-
tion, which explains its temperature increase. This zone
extends over the surface from the top of the evaporator to
approximately y = 0.4 m which corresponds to the max-
imum liquid film temperature. The second zone is an
evaporation zone where the temperature of the liquid film
decreases due to its evaporation and the heat supplied
by solar radiation is transformed into latent heat. These
results were also obtained by [14,15,22-24].

Fig. 8 presents the liquid film temperature evolution
T, during the day at different positions y of the absorbing
plate and the solar irradiation variation G in forced convec-
tion at air flow velocity equal to 2.7 8 m/s. The profiles of
solar irradiation and that of the liquid film temperature are
almost similar. In fact, the latter is characterized by the exis-
tence of two periods. In the first one, the temperature rises
until around 1 PM. On the other hand, the second period,
which extends over the rest of the day, is marked by the
decrease in the liquid film temperature due to the decrease
of the solar radiation in the afternoon. It should be noted
that the highest temperature profile was obtained at posi-
tion y = 0.4 m where the maximum liquid film tempera-
ture falling along the humidifier was attained, as revealed
in Fig. 7.

3.2. Evolution of evaporated and condensate mass flow rates

Fig. 9 shows the variation of the evaporated mass flow
rate and the global solar irradiation during 2 d character-
ized by almost similar climatic conditions and at two air
suction velocities. The solar flux is the core of the evapo-
ration phenomenon, hence the quantity of water evap-
orated on the liquid film streaming over the evaporation
plate depends primarily on the solar flux absorbed. The
obtained results demonstrate that the behaviour of the
evaporated mass flow rate is similar to that of the solar
irradiation with 1-h shift caused by the system thermal
inertia. In the performed experiments, its maximum was
reached at 2:00 p.m. as the maximum of solar irradiation
was attained between 12:00 and 1:00 pm. It should be noted

100 T T T T T T —=—T(v=om) 1200
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~ ~ s e . =
Eap g e g O
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Fig. 8. Evolution of the liquid film temperature and the solar
irradiation at V' =2.78 m/s during 21, July, 2019.
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that the evaporated mass flow rate at a velocity of 3.34 m/s
is lower than that obtained at a velocity equal to 4.79 m/s.
Thus, forced convection improved the evaporation of the
liquid film by about 10% between the two mentioned
velocities. This result was confirmed by Saidi et al. [14,15]
as well as by Wang et al. [25].

Fig. 10 depicts the evolution of the condensed mass
flow rate iz, and the global solar irradiation during the day
at an air flow velocity equal to 4.79 m/s. Since the conden-
sate mass flow rate depends on the evaporated flow, its
behaviour is the same as that of the evaporated mass flow
rate of the water and solar radiation Indeed, its maximum
was reached at 2:00 PM., while that of global solar irra-
diation was attained at 1:00 p.m.

3.3. Air velocity effect on the cumulative fresh water production

To study the influence of air velocity on the cumulative
fresh water production, experiments were carried out for
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Fig. 9. Evolution of the evaporated mass flow rate and the
global solar irradiation with respect to the day at two air
velocities: (23, July, 2019, T, , = 26°C-35°C, H = 46%—61%,

amb

i, = 4.1kg/h, V=334 m/s) and (25, July, 2019, T, =26°C-34°C,
H = 48%-62%, 1, = 4.1 kg/h, V = 479 m/s).
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Fig. 10. Evolution of the condensed mass flow rate and
the global solar irradiation during the day (25, July, 2019,
T, = 26°C=34°C, H = 48%—62%, rii,= 4.1 kg/h, V=479 m/s).

am|

several days in July 2019 characterized by similar climatic
conditions.

Fig. 11 presents time evolution of the cumulative fresh
water production at different air velocities. It shows that
the cumulative freshwater production profile increases
during the day until reaching its maximum equal to 9.38 kg
at an inlet air velocity equal to 4.79 m/s. Beyond this value,
the cumulative freshwater production is reduced. In fact,
when the air velocity exceeds 4.79 m/s, the moist air con-
tact time with the condenser pipe decreases and the water
vapor does not have enough time to exchange heat. It is
noted that, in case of natural convection, the production of
the underground condenser is zero because of the pressure
drop.

These results are confirmed by Fig. 12 where the
cumulative freshwater production during the day is pre-
sented according to different air velocities.The maxi-
mum production of the desalination unit was obtained at
4.79 m/s.

mc(kg/day)

t(h)

Fig. 11. Time evolution of the cumulative fresh water produc-
tion at different air velocities (Table 2 presenting meteoro-
logical data).
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Fig. 12. Evolution of the fresh water daily production at dif-
ferent air velocities (Table 2 exposing the meteorological data).



A. Ajengui et al. / Desalination and Water Treatment 282 (2023) 70-79 77

3.4. Gained output ratio GOR

To estimate the desalination unit performance, the
GOR, which is one of the most important parameters
used to evaluate the thermal performance of desali-
nation units, was calculated. In fact, GOR is the ratio
of the latent heat of condensing the produced dis-
tilled water compared to the total heat absorbed by
the humidifier [12]. This parameter is an index show-
ing the amount of heat recovery in the desalination unit.
The thermal performance of the desalination unit (GOR)
is estimated in this study by the following formula [27]:

mch
GOR =——7
Q

@

i

where i is evaluated at the average temperature T of the
condensate as shown [28]:

h, =2501.897149 —2.40706403T
+1.092217 x107°T* - 1.5863x10°T* 3)

Tin K and h, in k]/kg.
Q, the flux absorbed by the water film, is given by the
following equation:

Q =aGS @)

where S is the evaporator area, G denotes the solar radi-
ation and o is corresponds to the fictive absorptivity of
the liquid film obtained by Khelif and Touati [29]:

=10, +T,T,0, 5)
where T and T, are, respectively, the transmissivity of
the glass and that of the brine, o and o, are, respectively,
the absorptivity of the absorbing plate and that of the
brine with t =0.9, T, =0.68, o, = 0.95 and a, = 0.3 [30].

Fig. 13 exposes the GOR temporal evolution during
the three summer days, at V = 4.79, 3.34 and 1.8 m/s. The
GOR values correspond to similar meteorological condi-
tions during three days of July 2019. As the GOR is the ratio
of the heat transferred by the condensation of the water
vapor in the condenser divided by the total heat absorbed
by the liquid water falling on the evaporator, it depends
on the mass flow rate of the condensate and the solar flux.
Since the latter is practically the same during the three
days, the GOR has the same profile as the curve represent-
ing the condensate mass flow rate illustrated in Fig. 10. It
is clear that the GOR increases during the morning until
reaching its maximum. Then, it decreases for the rest of
the day. It should be noted that the GOR exceeds the value
of 86.87% when velocity is equal to 4.79 m/s at 1:00 p.m.,
while it is reduced at velocities equal to 3.34 and 1.8 m/s
at 2:00 p.m. due to the increase in the above-mentioned
condensation.

The GOR variation at different air velocities is illus-
trated in Fig. 14. Indeed, the best thermal performance
is achieved at an optimum air velocity V = 4.79 m/s.
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Fig. 13. Evolution of the gained output ratio (GOR) and the
global solar irradiation during the day: (23, July, 2019 H = 46%—
61%, 1, = 4.1 kg/h, V = 3.34 m/s); (20, July, 2019, H = 44%-
59%, m, = 4.1 kg/h, V = 1.8 m/s); (25, July, 2019 H = 48%—62%,
rhf= 4.1kg/h, V=479 m/s).
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Fig. 14. Variation of the desalination system GOR according to
air velocity.

The maximum value of GOR is 0.74, while that provided
by Saidi et al. [15], using the same evaporator, is 0.65.

The GOR values presented in the literature are respec-
tively 3 [11], and 4 or 2.6 with or without mass extraction
by the study of Narayan et al. [31]. It is important to note
that the studied desalination unit is an open water and
air system without heating. However, the desalination
unit investigated by Nayaran et al. [32] operated with the
highest possible preheated brine temperature to ensure a
maximum GOR of 4.

3.5. Comparison with literature

In the present study, the same evaporator designed
in the work of Saidi et al. [15] is used. The authors men-
tioned that the energy performance of the evaporator was
in the order of 80% while the condenser had a low energy
performance that reduced the production of fresh water.
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Fig. 15. Comparison of the results obtained in the present
study and those provided by Saidi et al. [15].

For this reason, the aim of this study is to improve the
condensation process by replacing the tubular condenser
employed [15] by an underground condenser. To examine
the performance of the underground condenser, the exper-
imental results obtained in the present research work are
compared to those provided by the study of Saidi et al. [15].
The daily productions of the desalination unit with respect
to air velocity presented in the two works are compared in
Fig. 15. The two profiles exhibit the same behavior since
they increase to attain their maximum value. Then, they
start decreasing. The daily production of the unit used in
the present study is greater than that of the unit investi-
gated [15]. In fact, it was improved by 4.27 kg at V=4.79 m/s
due to the fixing of the underground condenser wall tem-
perature and the increase in the exchange wall between
the moist air and the condensing surface. Indeed, in the
present study, the underground condenser has a larger
surface than that of the tubular condenser used [15].

The production of this unit is acceptable compared to
that of small scale HDH desalination units. For example, the
maximum production obtained by Saidi et al. [15] for the
same humidifier is 7.29 kg/d, and that provided by Nafey
et al. [21] under comparable climatic conditions is close to
8 kg/d, while that given by Nawayseh et al. [26] is 7.5 kg/d.
In the present study, the use of the underground condenser
in the humidification-dehumidification system allows
enhancing the unit production.

4. Conclusion

In this research work, an experimental study of a small-
scale humidification—dehumidification solar desalination
system was performed. The unit using a measurement pro-
tocol was tested on the real site of Bizerte (Tunisia) during
several days in summer characterized by almost similar
climatic conditions. The experimental results showed the
existence of a heating zone and an evaporating zone along
the evaporator plate that supported the water film in the
humidifier at different air velocities. The profiles of the
evaporated and the condensed flows were determined and

the influence of airflow velocity was highlighted. The opti-
mum value of the air velocity at which the unit produced
the maximum amount of fresh water was determined. This
value equal to 4.79 m/s allowed obtaining a production of
fresh water equal to 9.38 kg/d. The thermal performance of
the desalination unit was studied in terms of GOR which an
index showing the amount of heat recovery in the desalina-
tion unit. The maximum desalination unit GOR was equal to
74% at a velocity equal to 4.79 m/s. Finally, we may deduce
that the change of the tubular condenser of the desalina-
tion unit to an underground condenser improved the daily
production.
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