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The solar humidification-dehumidification system is of high significance to the freshwater supply in remote areas. In the
present study, a humidification-dehumidification seawater desalination system combined with the chimney is designed and
experimentally evaluated. Main parameters influencing its freshwater productivity are analyzed. It is found from this study that
the cooling tower is required to obtain long-term steady freshwater generation. Raising the temperature difference between the
evaporation and condensation chambers would lead to the rise of the freshwater productivity. There is a turning wind speed,
beyond which increasing the wind speed would lead to the decline of both the freshwater productivity and the thermal
efficiency. The turning wind speed is relevant to the ambient humanity and the heating power. Decreasing the heat power would
increase the turning wind speed. When the heating power is 4.9kW, the highest freshwater productivity and the highest

efficiency are 48 g/min and 32.14%, respectively.

1. Introduction

At present, the large-scale applications of seawater desalina-
tion mainly include the multieffect distillation, the multistage
flash distillation, and the membrane reverse osmosis. These
methods are suitable for freshwater demand in large and con-
centrated areas, as their production cost is closely related to
their sizes. However, for some remote areas, i.e., the distrib-
uted small islands, the ocean vessels, and the small villages,
the freshwater demand is low, dispersion but prerequisite.
The small, distributed, low-cost, and less maintenance desa-
lination methods are thus of high significance to solve the
problem of freshwater shortage in these areas. However,
these areas are always lacking fuel and power. Fortunately,
solar energy is available in these areas. Solar energy is then
usually used to generate freshwater in these areas. Solar desa-
lination (SD) is a thermal process where solar energy is used
to achieve separation of salts from the seawater or brine
through evaporation, which is harmless to the environment
but requires space for solar energy collection. The SD for
freshwater generation is thought to be an effective solution
to the water supply at the abovementioned remote areas

[1]. The SD process can be generally classified into two cate-
gories: the direct system and the indirect system. As a direct
system, both the evaporation and the condensation phenom-
ena take place in the same space, which has a simple princi-
ple, cheap investment but low efficiency [2]. An indirect
system, however, is separated into two chambers, viz., a solar
collecting and evaporation chamber and a condensation
chamber. This system can achieve the maximum output of
freshwater by controlling the operation parameters [3]. The
solar humidification-dehumidification seawater desalination
system (SHDHSDS) is one kind of indirect SD process. The
air is served as the working fluid to transport the evaporated
vapor and to generate freshwater.

L.1. Literature Review. Recent studies on the SHDHSDSs
mainly focus on the heat transfer enhancement in the evap-
orators and condensers [4-7], the configuration and opera-
tion parameters analyses [8-11], and the experimental
studies on demonstration systems [12-19]. Sievers and Lien-
hard analyzed the heat transfer and fluid flow inside the flat-
plate and finned-pipe condensers using numerical simulations
[4, 5]. Moumouh et al. fulfilled the heat transfer enhancement


https://orcid.org/0000-0001-9191-4278
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1937040

FIGURE 1: Schematic of the solar double-chimney humidification-
dehumidification seawater desalination system (1—inner chimney,
2—outer chimney, 3—sloped solar collector, 4—horizontal solar
collector, and 5—condenser).

of flat-plate collectors with siphon water tanks and packed
beds through reviewing the SHDHSDSs in the literature
[6]. Tariq et al. proposed an innovative air saturator for
humidification-dehumidification application that can offer
30% higher freshwater productivity and 11% higher gain out-
put ratio (GOR) as compared to the conventional direct desa-
lination system [7]. Chehayeb et al. analyzed influences of the
latent heat recovery on the airflow temperature and the
velocity [8]. Sharqawy et al. found that the SHDHSDS with
the uniformly supplied total energy needed to be optimized,
and they compared two operation strategies of the SHDHSDSs
[9]. Yildirim and Solmus established mathematical models
for the SHDHSDS and found that the seawater temperature
was one of the main parameters influencing the system per-
formance [10]. Bacha analyzed the transient performance of
the SHDHSDS and analyzed the influence of the weather
parameters on the system performance [11]. He et al. pre-
sented a SHDHSDSs coupled with the heat pump [12].
The simulation results showed that the highest freshwater
productivity was 82.12kg/h. Kabeel et al. constructed a
SHDHSDS and analyzed the influences of the inlet and out-
let seawater temperatures in the evaporator and the import
and export cooling water temperatures on the freshwater
productivity. Their experimental results revealed that the
freshwater productivity could be up to 23kg/h when the
evaporator inlet temperature reached 90°C [13]. Zamen
et al. built a two-stage demonstration SHDHSDS and carried
out comparative analysis on their system and the conven-
tional single-stage system. And the freshwater production
rate reached 7.25L/day m® [14]. Dayem designed and built a
small SHDHSDS with a 1.15m” flat-plate collector and a
400 L water tank. And the freshwater production was 9 L/day
[15]. Kabeel and El-Said carried out experimental and simula-
tion studies on a SHDHSDS doping with Al,O nanoparticles
in the seawater. They systematically analyzed influences of the
solar radiation, the water flow rate, the inlet water tempera-
ture, and the content of nanoparticles on the freshwater pro-
ductivity. And the maximum freshwater productivity was
41.8kg/day [16]. Shao et al. carried out experimental study
on a small SHDHSDS through exposing the hot air into the
solar water heater tank and found that the hot air aeration rate
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Ficure 2: 3D figure of the small-scale solar humidification-
dehumidification seawater desalination system combined with the
chimney.

had positive influence on the temperature and relative humid-
ity at the outlet of the evaporator [17]. Gu combined the
solar air collector, the solar water heater, and the condenser
together to form a new guide-plate-infiltration SHDHSDS and
found that the seawater temperature, the inlet air, and the
cooling water flow rates had high influence on the freshwater
productivity [18]. Li et al. found the freshwater productivity
could be increased by increasing the collector air outlet tem-
perature and relative humidity under the same air velocity
and cooling conditions [19].

The experimental demonstration devices validate the fea-
sibility of the SHDHSDS [12-19]. And the literature review
indicates that the methods of increasing the freshwater pro-
ductivity mainly include reasonably increasing the system
energy recovery stages [7, 14], increasing the temperatures
of the air side and the water side [4-7, 10, 11, 13, 16], increas-
ing the fluid mass flow rate [10, 11, 16], increasing the com-
pactness of the evaporation and condensation devices [4-7],
and increasing the heat exchange area [4-7]. However, there
is no limit to the total energy input to the systems in the pre-
vious study. That is, the air and the liquid temperatures are
controlled without considering the consumed energy. And
the mutual promotion and the restraint mechanism of the
heat transfer and the fluid flow in the humidification-
dehumidification processes are seldom considered. For the
abovementioned remote areas, the total solar energy is very
limited. If more solar energy is used to heat the seawater,
the energy used for driving the air and the fluid is less. The
problem of reasonable utilization solar energy is of high
importance to the SHDHSDS.

1.2. New System Proposal. In order to generate freshwater
mainly or only using solar energy, a solar humidification-
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FIGURE 3: Schematic of the experimental setup: (a) the components and their connections; (b) photo of the experimental setup.

dehumidification seawater desalination system combined with
the chimney (SHDHSDSCC) was proposed. Zhou et al. estab-
lished a one-dimensional compressible flow mode to investi-
gate the power generation and water desalination [20]. Zuo
et al. established a small-scale experimental SHDHSDSCC,
and the experimental results showed that the SHDHSDSCC
can simultaneously achieve the power and the freshwater
generation [21, 22]. Ming et al. proposed a mathematical
model for the simulation of a SHDHSDSCC with the same
size as the Manzanares pilot solar chimney power plant
[23]. However, as reported in the literature, the power effi-
ciency of solar chimney is too low, which can hardly be over
1% [24]. And the chimney also has the problems of high con-
struction difficulty [25]. So, it is not cost-beneficial to gener-
ate power with the solar chimney in the SHDHSDSCC. As
the solar chimney could generate high speed updraft wind,
we proposed a new solar double-chimney humidification-
dehumidification seawater desalination system as shown in
Figure 1. As shown in the figure, the system is composed of
five main parts: an inner chimney, an outer chimney, a sloped
solar collector, a horizontal collector, and a condenser. The
fresh seawater flows along the sloped plate and evaporates
inside the sloped solar collector. Ambient air enters into the
system from the sloped and the horizontal solar collectors,
respectively. The updraft airflow from the horizontal solar
collector enters the inner chimney. The wet airflow from
the sloped solar collector enters the gas between the inner
and outer chimney. The hot air inside the inner and outer
chimney mixes with the moist air inside the inner and outer
chimney and condenses into freshwater through the con-
denser, and the remaining air is discharged from the exit
of the outer chimney.

TABLE 1: Parameters of the experimental setup.

Parameter (unit) Value
Heating plate tilted angle (°) 15
Heating plate area (m?) 0.78
Ambient air inlet area (m?) 0.56
Condensation chamber outlet

area (m?) 0-56
Height of evaporation chamber (m) 1.5
Height of the condensation 1
chamber (chimney) (m)

Cooling water mass flow rate (kg/h) 1800
Brine mass flow rate (kg/h) 400
Heating power (kW) 3.6/4.9
Ambient temperature (°C) 25
Ambient relative humidity (-) 30%
Power voltage (V) 250/300/330/350

Wind speed (m/s) 0.6/1.3/1.8/2.0/2.2/3.0/3.5

A small-scale SHDHSDSCC is then designed as shown in
Figure 2. The seawater is pumped from the seawater tank and
sprayed on the surface of the heating plate to form a seawater
film on the heating plate. The hot seawater from the heating
plate is collected at the bottom of the evaporator and then
condensed by the cooling tower and finally stored in the sea-
water tank. The air drawn from the fan is mixed evenly with
the vapor generated from the evaporator to form the moist
air. The moist air is heated by the hot water film along the
heating plate and flows toward the condenser under buoy-
ancy effect. The moist air is dehumidified in the condenser
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FIGURE 4: Measuring parameters and instrument in the present study.

TABLE 2: Parameters of the measuring equipment.

Parameter (unit) Measure equipment Range Accuracy
Temperature (°C) Type-T thermocouples (-200, 400) +0.5
Temperature (°C) Sheathed thermocouple (-40, 350) +0.75%
Homiity 00 andempersre () IR e nd iy Tenperre (20400 Tempanr 205
Wind speed (m/s) HT-9829 thermosensitive anemometer (0.1, 25) +5%

Mass flow rate (m>/h) LWGY turbine flow sensor (0, 6) +0.5%

by the cooling water to produce freshwater. The rest of the
moist air flows out of the condenser and enters the environ-
ment. The cooling water is reused and its temperature is con-
trolled by a cooling tower. An experimental setup is then
constructed. And the parameters influence the freshwater
productivity; i.e., the air and the fluid temperatures, fluid flow
rates, and the power consumptions are finally estimated.

2. Experimental Setup

2.1. System Design. An experimental setup is designed
according to Figure 2. The schematic and the photo of the
experimental setup are shown in Figures 3(a) and 3(b),
respectively. In this system, the ambient air enters the evapo-
ration chamber through the ambient air inlet. A fan is set at
the ambient air inlet in case of too low wind speed to drive
the moist air from the evaporation chamber to the condensa-
tion chamber. The air flows through the evaporation cham-
ber, where it accepts the vapor and temperature rises. The
high-humidity air then enters the condensation chamber
and is condensed by the cooling water. The freshwater is gen-
erated at the surface of the cooling water pipelines and is col-
lected by a tank. The rest of the moist air flows out of the

condensation chamber towards the environment. The brine
is pumped from a tank and is sprayed on a tilted aluminum
plate. The tilted plate has inner heating source which can heat
the whole aluminum plate. The hot brine water is collected
and stored in the tank. The cooling water is circularly used
to condense the moist airflow.

A transparent cover is set at the top of the evaporation
chamber. The solar radiation can transfer into the evapora-
tion chamber and heats the tilted plate. In order to systemat-
ically analyze the parameters influencing the freshwater
productivity, the electrical power is used to simulate the solar
radiation in the present indoor study. The heating power is
controlled by a voltage regulator. And the fan power is con-
trolled by a frequency converter. The mass flow rates of the
cooling water and the brine are adjusted using the frequency
converter. Detailed parameters of the experimental setup are
summarized in Table 1.

2.2. Measurement and Recording. The measuring parameters
and instrument in the present study are summarized in
Figure 4. As shown in the figure, the air temperatures, rela-
tive humanities, brine and water temperatures, and brine
firm temperatures are measured by the thermocouples. The
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5—the cooling water flow rate, and 6—the cooling water outlet temperature; (c) the thermocouple locations at the surface of the heating

plate to measure the brine firm temperature.

cooling water and brine flow rates are measured by the tur-
bine flowmeter. The wind speed is measured by the anemo-
graph. Details of the measurement instrument, i.e., the type,
the range, and the accuracy, are supplied in Table 2. The
measured signals are recorded by a data recorder. Detailed
locations of the measurement parameters are shown in
Figure 5.

3. Results and Discussion

3.1. Temperatures. The temperatures in the evaporation and
condensation chambers are shown in Figure 6(a). It is found
that with the rise of the inlet wind speed, the temperatures
inside the evaporation chamber regularly decrease. However,
the tendency of temperatures inside the condensation cham-
ber is irregular. The long-term cooling water inlet temperature
is shown in Figure 6(b). It can be found that the reason for
the irregular tendency of temperatures inside the condensa-
tion chamber is that the cooling water temperature increases
as it receives heat from the moist airflow inside the conden-
sation chamber. In order to decrease the cooling water tem-
perature, a cooling tower is utilized in this system. With
utilization of the cooling tower, the brine and the cooling
water temperatures at the inlets and outlets of the evaporation
and condensation chambers are shown in Figure 6(c). It is
found that the cooling water temperatures are steady during

the experiment period. So, though the total energy in the
experimental setup is not high, the cooling tower is required
to guarantee long-term steady freshwater generation.

3.2. Freshwater Productivity and Efficiency. The freshwater
productivities and system thermal efficiencies under different
inlet wind speeds are shown in Table 3. It is found that with
the increase of the inlet wind speed, the freshwater produc-
tivity first increases then decreases, with the peak of
26 g/min at a wind speed of 1.8 m/s. When the wind speed
is low, increasing the wind speed could drive more moist air-
flow into the condensation chamber, leading to the rise of the
freshwater generation. However, too high wind speed would
drive too much moist air into the condensation chamber in a
short time. The moist airflow could not be completely con-
densed. Much moist air flows out of the condensation cham-
ber, which leads to the decrease of freshwater generation. It is
also found from Table 3 that tendency of the thermal effi-
ciency is similar to that of the freshwater productivity. The
highest thermal efficiency reaches 21.70%.

3.3. Parameter Analysis

3.3.1. Influence of the Temperature Difference. The fresh-
water productivities under different temperature differences
between the evaporation and condensation chambers are
shown in Table 4. It is found that raising the temperature
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difference between the evaporation and condensation cham-
bers would lead to the rise of the freshwater productivity. But
it is also observed from Table 4 that the rising rate decreases
with the rise of temperature difference between the evapora-
tion and condensation chambers.

3.3.2. Influence of the Ambient Humidity. The freshwater
productivities, thermal efficiencies, and energy consumption
under different inlet wind speeds when the ambient relative
humidity is 60% are shown in Figure 7. Comparing Table 3
(whose ambient relative humidity is 30%) and Figure 7, it is
found that the ambient humidity has significant influence
on the freshwater productivity. Tendencies of the freshwater
productivity under different ambient humidity are similar,
both increasing first and then decreasing. When the ambient
relative humidity is 60%, the highest freshwater productivity
is 16 g/min, which is smaller than that at lower ambient rela-
tive humidity. And the highest freshwater productivity
occurs when the wind speed is 2.4 m/s. The reason is that
the ambient humidity influences both the airflow at the inlet
of the evaporation chamber and at the outlet of the conden-
sation chamber. When the ambient humidity is high, less
moist air could be condensed in the condensation chamber,
which leads to the decrease of the freshwater productivity.
It is also found from Figure 7 that tendency of the system
thermal efficiency when the ambient relative humidity is
60% is similar with that of the freshwater productivity, whose
peak value is 12.7%. And the system thermal efficiency is
lower when the ambient relative humidity is higher. Ten-
dency of the freshwater generation under the same energy
consumption is similar to that of the freshwater productivity
and the thermal efficiency. The highest freshwater generation
per kW is 5.30 x 107 kg.

3.3.3. Influence of the Heating Power. The freshwater pro-
ductivities, thermal efficiencies, and energy consumption
under different heating power conditions are shown in
Figure 8. Two heating powers, viz., 3.6kW and 4.9kW, are
considered as the low-power condition and the high-power
condition, respectively. It is found that increasing the heat-
ing power condition has positive influence to the freshwater
productivity, as the freshwater productivities under different
inlet wind speeds all increase with the rise of heating power.
The highest freshwater productivity at high-power condition
is 48 g/min. Tendencies of the freshwater productivities and
thermal efficiencies under different heating power condi-
tions are similar, both increasing first then decreasing. How-
ever, the turning wind speed is not the same, as the highest
freshwater productivity at high-power condition locates at
the wind speed of 1.3m/s whereas the highest freshwater
productivity at low-power condition locates at the wind
speed of 1.8 m/s. In addition, at the high-power condition,
higher freshwater productivities are obtained at low wind
speeds. And decreasing the heating power would lead to
higher freshwater productivity at high wind speeds. The rea-
son is the balance of heat transfer and fluid flow inside the
system. When the heating power is high, more brine is evap-
orated in the evaporation chamber. If the wind speed is too
high, much moist air cannot be fully condensed but drawn
out of the condensation chamber. When the heating power
is low, increasing the wind speed can enhance the heat and
mass transfer at the cooling water pipeline surface, which
could lead to higher freshwater generation. Tendencies of
the freshwater generation under the same energy consump-
tion are similar not only at both high- and low-power condi-
tions but also at different turning wind speeds. The highest
freshwater generation per kW at high-power condition is
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13.31 x 10 kg. And the highest thermal efficiency under
high-power condition is 32.14%.

4. Conclusions

The solar humidification-dehumidification system is of high
significance to the freshwater supply in remote areas. In
the present study, a solar double-chimney humidification-
dehumidification seawater desalination system is proposed.
An experimental setup is designed and constructed to obtain
the main parameters influencing the freshwater productivity.
The following can be concluded from this study:

(1) The cooling tower is required to obtain long-term
steady freshwater generation though the obtained
energy in the SHDHSDS is low. Raising the tem-
perature difference between the evaporation and
condensation chambers would lead to the rise of the
freshwater productivity

(2) Tendencies of the freshwater productivities, thermal
efficiencies, and energy consumption under differ-
ent wind speeds are similar. There are turning wind
speeds, exceeding in which increasing the wind
speed would decrease both the freshwater produc-
tivity and the thermal efficiency. And the turning
wind speed is relevant to the ambient humanity
and the heating power

(3) Decreasing the heat power would increase the turn-
ing wind speed. At the high-power condition when
the heating power is 4.9kW, the highest freshwater
productivity reaches 48 g/min, the highest freshwater
generation per kW is 13.31 x 107° kg, and the highest
thermal efficiency is 32.14%
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