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• The sketch of a three-stage multi-effect solar HDH desalination process is given out.
• The maximum PR at the heating temperature of 85 °C can reach about 2.65.
• When the feed water rate is 2 t/h, the maximum yield can reach 182.47 kg.
• The yield per volume is calculated as 22 kg/m3 h.
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A new multi-effect solar desalination system based on humidification–and dehumidification (HDH) process
was investigated experimentally in this paper. Several hourly yields with operation temperatures were tested
and analyzed. The warm saline water is sprayed upon the porous ball humidifiers, which is simple and effective
for enhancing the evaporation process. A mathematical model based on the mass and energy balances in each
unit of the system is developed which is used to optimize the test. In addition the performance ratio (PR) of
the device was investigated under different feeding water mass flow rates and heating temperature conditions.
The experimental results indicate that the yield of system increases with the increase in water flow rate and air
flow rate. The maximum PR of the system at the heating temperature of 85 °C can reach up to about 2.65. When
the heating temperature increases from 60 to 90 °C and the feed water flow rate is 2 t/h, the fresh water yield
increases from 59.41 to 182.47 kg/h. The yield per unit volume is calculated as 22 kg/m3 h. The numerical results
based on the mathematical model are well in agreement with the experimental results. The maximum relative
deviation is only 5%.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Freshwater shortage has becomeone of themost seriousworldwide
problems with the continuous increase of world population. Conven-
tional desalination techniques, such as multi-effect distillation (MSF),
membrane distillation (MD), reverse osmosis (RO) and electrodialysis
require conventional fuels, which are not suitable for the object of
sustainable development. Solar desalination processes are recognized
as a feasible method to solve the above problems [1].

Nowadays, air humidification–dehumidification (HDH) process has
been successfully used for solar desalination, which has some advan-
tages such as simple process, possible to use low temperature heat
energy, working under constant pressure, easy installation and low
operating cost. It can be used in rural areas to produce fresh water for
drinking or irrigation [2–5]. Based on the characteristics mentioned
above, solar HDH is being investigated by many researchers.

Solar air HDH system can be generally separated into two main
operation modules. One is that the air in the system is heated by solar
air collectors to recover the moisture absorption capacity of air. The
other is that the seawater in the system is heated by solar water collec-
tors. Then the hot seawater is used to heat and humidify the circulation
air to produce the fresh water.

To improve the performance of air-heated systems, Chafik [6]
proposed a three-stage cycle system. The system is a modularized one
with three independent components— two solar collectors, an evapora-
tor and a condenser. By separating the evaporation and condensation
processes and by incorporating regenerative heating of the feed water
in the condenser, most of this energy can be recaptured. The idea of
this scheme is to increase the air humidity in each stage so that the
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whole water production can be increased. Chafik finally increased the
exit moisture capacity up to about 4.5% (by weight) for a single stage
system and about 9.3% for a four-stage system.

Amara et al. [7] presented a novel air multiple effect humidification–
dehumidification working method and analyzed its main operating
parameters. This system was used to simulate a seawater desalination
process driven by an eight-stage air solar collector. It was found that
the ratio of water to dry air mass flow rates was optimized to be about
45%.

A simplemulti-stageHDdesalination system (with 3 stages) is given
by reference [8]. The hot water from each upper stage humidifier is sent
into the low stage humidifier and the outlet of each low stage condenser
is linked to the inlet of the upper stage condenser. According to the
report, the productivity of the entire system could be increased by 20%
when compared with a single stage system. A small pilot plant with
four-stage humidification was established by Houcine et al. [9]. The
daily freshwater output reached 355 kg under the average intensity of
solar radiation of 590 W/m2.

The research results of the conventional solar desalination shows
that although the energy utilization rate will increase with the increase
of stage number in HDH system, the fresh water production will not
increase obviously. The reason is that when the stage number increases,
the average temperature in the systemwill decrease so that the average
air humidity in the systemwill decline substantially. Finally, the produc-
tion rate per unit volume will be reduced. Until the 1990s, many
researchers focused on how to optimize the operating performance of
the humidification and dehumidification process, reuse the rejected
water and the latent heat of vaporization in order to gain a high energy
recovery rate.

Hou et al. [10] proposed a so called ‘pinch technology’ to optimize
the ratio of seawater to air flow rate (L/G). According to the pinch tech-
nology and reusing waste heat of rejected brine water, the gain output
ratio (GOR) of the HDH system will be promoted by about 2–3 for 3
stages of basin type [11]. For validation of the pinch technology, Hou
[12] established a 2-stage system and obtained about 83.6% energy
recovery ratio when the pinch temperature is 1 °C.

Ghalavand et al. [13] studied a new humidification–dehumidification
process which was named “Humidification Compression (HC)”. A
compressor was used to increase the pressure and temperature of the
humid air coming from the humidifier and a throttling value was used
to reduce the pressure coming from the dehumidifier in a closed-air
cycle. The gain output ratio (GOR) which is the ratio of the latent heat
of vaporization of the fresh water produced to the total energy input
by the compressor was calculated to be 2.07 for one-effect system.

Amodel and a structuredprocedure to optimize the shape and struc-
ture of a multi-effect humidification–dehumidification desalination
system were introduced by Morteza et al. [14]. Based on considering
the maximum production rate as the objective function, the optimum
design parameters of the multi-effect humidification–dehumidification
desalination unit were derived by using the genetic algorithm method
under the fixed total volume condition. The results showed that the
inlet cold and hot water temperatures and the column heights played
important roles in the construct design of a multi-effect humidification–
dehumidification desalination unit.

Kang et al. [15] developed a mathematical model to investigate the
performance of a two-stage multi-effect desalination system based on
the humidification–dehumidification process with the variation of the
control parameters. Chang et al. [16] studied the effect of seawater
flow rates on the production of a solar desalination plant using porous
ball technique and new circulation ways. The research achieved more
than 2 of GOR for a two effect system.

In a word, many researchers contributed to solar desalination
systems by HDH processes especially in improving the system energy
usage efficiency. However, they do not pay enough attention to the pro-
duction rate per unit volume of the system which is a shortcoming
of HDH desalination systems relative to other desalination methods. In
traditional solar HDH desalination systems, only parts of the stage
work in high temperature. The operation temperature in other stages
will decrease step by step with the increasing stage number. On the
other hand, all of the seawater entering in the system will be heated
to the highest temperature which will waste too much sensible heat
energy. To further improve the performance of solar HDH desalination,
this paper presented a novel tandem isothermal heating HDH desalina-
tion method and a three-stage multi-effect HDH system. Compared
with the previous multi-effect HDH systems, this system cannot only
reuse the latent heat of condensation and recycle the residual heat
in the brine but also most stages can operate in highest temperature
except for the lowest stage which can further improve specific volume
yield. Moreover, it only needs to heat part of the feed water resulting
in saving of energy. The present work assessed the performance of the
device under different operation conditions and experimentally validat-
ed the mathematical model of the system developed by Kang [15].

2. Description of the experimental set-up and the working principle

2.1. Structure parameters and working principle

The humidification–dehumidification process is based on the fact
that the moisture content of air increases progressively with elevated
temperature. For instance, 1 kg of dry air can carry almost 1.25 kg
vapor or more when its temperature increases from 60 to 90 °C.

The system presented in this paper consists of four closed loops: a
solar loop which can produce hot water and three water desalination
loops with the function of producing desalinated water. The solar loop
is a thermosyphon water heater connected with a heat exchanger to
deliver heat to the seawater.

The desalination loops include three evaporation towers with hot
seawater sprayers and three condensation towers which are configured
to form an upper loop and a lower loop. Air is circulated by fans within
each loop. Fig. 1 illustrates a schematic diagramof the experimental set-
up and Fig. 2 shows its photograph.

In the condensation sections, the three heat exchangers which are
made of copper tubes with corrugated aluminum fins are connected
to each other in series. The porous plastic balls are chosen to establish
the packed bed. To increase the contact surface between air and sea-
water, the porous plastic balls were packed in the evaporation sections
to achieve a larger wetted surface and an efficient humidification of the
air. The shell of evaporators and condensers were constructed of 3 mm
stainless steels bywelding andwere insulated by styrofoam layers with
a thickness of 25 mm. The operation principle of this desalination pro-
cess is presented as follows.

Firstly, the seawater is fed to the low condensation tower (LCT) to
condense the moist air coming from the low evaporation tower (LET).
The latent heat of condensation is used to preheat the feed water. At
the exit of the LCT, a small part of seawater is expelled from the system
and the remainder enters the middle condensation tower (MCT) to
condense the water vapor in the moist air flowing from the middle
evaporation tower (MET). After that, the heated seawater is divided
into two parts. One enters the high evaporation tower (HET) through
the moisturizing sprayer in HET and the other flows into the LET by
the evaporating sprayer. The brine accumulated at the bottom of the
HET is circulated through the heat exchanger where the brine is heated
up and returned to the HET through evaporating sprayer. In the HET,
due to heat andmass transfers between thehot brine and the air stream,
themoisture content of air increases. At the bottom of theHET there is a
liquid collector where brine is collected as it drains down to the bottom.
In the liquid collector, a vertical overflow pipe is set to ensure the sea-
water level to a desired degree.

In the middle stage, the brine accumulated at the base of the MET is
circulated through the condenser in the HCT where the brine is heated
up and then reheated in a heat exchanger. Finally, the brine is returned
to the MET through evaporating sprayer in MET.

 

 

 



Fig. 1. Schematic drawing of the experimental set-up and the thermocouple locations. 1-value; 2-pump; 3-water flow meter; 4-condenser; 5-dehumidifier; 6-evaporator chamber;
7-evaporating sprayer; 8-moisturizing sprayer; 9-plastic ball; 10-basket; 11-fan; 12-water limited pipe; 13-battle; 14-humid air; 15-heat exchanger; t1~t9-Temperature of
water at different locations; t10~t15-Temperature of air at air channel; t16-Temperature of water tank.
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The novel system operates at atmospheric pressure using air as
carrier for vapor. A forced convection heat and mass transfer processes
between air and hot brine will occur in the evaporation tower. The
forced convection process is assured by an axial flow fan fixed at the
bottom of the evaporation tower. The resulted saturated moist air is
transported to the condensation tower where it contacts with the con-
densers and cooled by the seawater to its dew point. Part of the water
vapor in themoist air therefore turns into freshwater,which is collected
at the bottom of the condensation tower.
Fig. 2. A photograph of the experimental set-up with insulation.
Compared with the previous multi-effect HDH system, the main
characteristics of the three-stage multi-effect HDH system are outlined
as follows: (1) It cannot only reuse the latent heat of the condensation
but also successfully recycles the residual heat in the saline water, so
the thermal efficiency of the system could be greatly improved. (2) It
has merits of compact structure, stable running, easy control and
small floor space occupation. (3) The unit operates under atmospheric
pressure with no requirement for pressure-bearing material, so it is of
low fee. (4) The unit can operate within a very wide temperature
range from 60 °C to 95 °C.

2.2. Size of the experimental unit

The condensation towers have the same structure as the evaporation
towers of the unit. The dimension of the single stage distillation cham-
ber is 2.0 × 1.2 × 1.15 m. The air channel, through which the humid
air circulates from the humidifier to the dehumidifier, is with the sec-
tion of dimensions 0.7 m × 0.26 m. Each chamber has one observation
window in the wall. The diameter of porous plastic ball is 26 mm, and
the thickness of the packed bed is 0.2 m. The capacity of the heating
water tank is 250 L. The total area of the heat exchanger is 5 m2. The
maximum seawater flow rate entering low condensation tower by the
pump is 3m3/h. In addition, feed seawatermass flow rate can be adjust-
ed to a desired value by a valve.

2.3. Data collection

In order to accurately evaluate the performance of the system, a se-
ries of indoor experiments for the solar humidification–dehumidification
desalination system were carried out. The productivity under steady-
state and transient-state condition was investigated. The yield perfor-
mance under transient-state was examined under a fixed operating
temperature. Experimental data include air velocity, circulate seawater
temperature, ambient temperature and feed seawater flow rate. The
temperatures of the seawater and air at different locations were
measured by Pt100 resistance thermometers which are connected to
a 32 channel digital logger JLS-XMT. A mercury thermometer, having
a minimum scale division of 1 °C, was used to measure the ambient
temperature. Feed seawater mass flow rate was measured by using a 



Table 1
Technical specifications of instruments used in experimental set-up.

Instrumentation Range Accuracy

Average wind speed measurement
chip/Kanomax-KA22

0.1–50 m/s ±2%

Liquid turbine flow meter/LWYC-15 0.6–6 m3/h ±1%
32 channel digital data-recording/JLS-XMT −200–600 °C ±1%
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turbine flow meter which was placed in the seawater circulation loop.
The air flow rate was calculated from the air velocity which was mea-
sured by a multifunction anemometer with a screw probe at the evapo-
ration tower outlet.

All sensors connected to the data logger were calibrated to deter-
mine their sensitivity before starting measurement. During the test pe-
riod, all the parameters of the transient-state and steady-state
experiments were measured and recorded in 5 or 10 min interval re-
spectively. In the steady-state experiment, all parameters keep steady
in which the change value of all temperatures in the test points less
than 1 °C during 1 h. Each data was recorded three times and the
mean value was taken as the test result. The statistical analysis results
indicate that the maximum deviation of the yield is less than 8 kg and
the maximum relative deviation is less than 5%. The detailed technical
specifications of instruments used in the experimental set-up are pre-
sented in Table 1.
3. Mathematical modeling

Many researchers have developed themathematicalmodeling of the
steady-state process of one-stage HDH desalination system [17–20].
For example, Nawayseh in 1999 introduced a classical model based on
the mass and energy balances for the evaporator and the condenser as
follows.

LCpw tCout−tCinð Þ þ 0:5KlossAunit
tta þ tba

2
−tamb

� �
¼ G Hta−Hbað Þ ð1Þ

LCpw tCout−tCinð Þ ¼ KcondAcond
tta−tCoutð Þ− tba−tCinð Þ

ln
tta−tCout
tba−tCin

2
664

3
775 ð2Þ

LCpw tHin−tHoutð Þ−0:5KlossAunit
tta þ tba

2
−tamb

� �
¼ G Hta−Hbað Þ ð3Þ

G Hta−Hbað Þ ¼ KaV
HHin−Htað Þ− HHout−Hbað Þ

ln
HHin−Hta

HHout−Hba

2
664

3
775 ð4Þ

Qheater ¼ LCpw tHin−tCoutð Þ: ð5Þ

where Cin and Cout are the condenserwater inlet and outlet, respectively.
Hin and Hout are the humidifier water inlet and outlet, respectively. Sub-
scripts ta and ba are for air at top and bottom of unit respectively.

We can use their models to calculate our three-stage system. For
saving the edition, only the analysis of the mass and energy balances
at the high stage was given out. Other two stages may have variety in
some details but the process of the heat and mass transfer should be
similar.
3.1. High condensation tower

Using the energy balance principle for the HCT unit, the following
equations are obtained:

Lc3Cpw t5−t4ð Þ þ KlossA3
t14 þ t15

2
−tamb

� �
¼ G3 H15−H14ð Þ: ð6Þ

The right hand side of Eq. (6) describes the reduced energy of the
humidified air because of condensing of the humidified air in the HCT.
It also indicates the energy supplied to the HCT by the humidified air
flow. The first term of the left hand side describes the energy taken
away from the HCT by the saline water. The second term of the left
hand side describes the energy lost from thewall of theHCT. The system
remains stable and the inflow of the energy equals the outflow of the
energy as shown in Eq. (6).

The log-mean temperature difference between the humidified air
and the saline water is used although the distribution in the condenser
is non-linear. The convective heat transfer coefficient Kcond is an equiv-
alent parameter. Thus the transferred heat from the humidified air to
the saline water through the condenser can be expressed as

Lc3Cpw t5−t4ð Þ ¼ KcondAcond
t15−t5ð Þ− t14−t4ð Þ

ln
t15−t5
t14−t4

2
664

3
775: ð7Þ

3.2. High evaporation tower

The spray water in the HET consists of two parts. One part is the hot
saline water from the heat exchanger L8, and the other part is the warm
saline water from the HCT L3. Thus the water mass flow rate in the HET
can be obtained as,

Le3 ¼ L8 þ L3: ð8Þ

Applying the previous assumptions the temperature of the spray
water on the top of the HET is,

te3 ¼ t8L8 þ t3L3
L8 þ L3

: ð9Þ

Similarly, the following equations are obtained,

Le3Cpwte3−Lb3Cpwt7−L8Cpwt7

¼ G3 H15−H14ð Þ þ KlossAunit
t14 þ t15

2
−tamb

� � ð10Þ

where

Lb3 ¼ L3−G3 W15−W14ð Þ ð11Þ

where Lb3 is the brine mass flow rate outlet from the HET, kg/s.
The left hand side of Eq. (10) describes the reduced energy of the

saline water in the LET. It also includes the energy supplied to the
MET by the saline water flow. Most of the reduced energy is used to
vapor the water and then it is taken away by the humidified air flow,
as expressed in the first term on the right hand side of Eq. (10). The
other is lost in the environment, as expressed in the second term on
the right hand side of Eq. (10). The system remains stable, and the
inflow of the energy equals the outflow of the energy, as shown in
Eq. (10).

 

 

 



Fig. 4. Variation of the temperature in the system with the operation time.
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Nawayseh et al. [18] derived the following equations for the right
hand term of above the

G3 H15−H14ð Þ ¼ KaV
He3−H15ð Þ− H7−H14ð Þ

ln
He3−H15

H7−H14

2
664

3
775: ð12Þ

3.3. Heat source

In the HDD process, the HET outlet water needs to be heated up to
the temperature required for the HET entrance. The heat rate needed
for heating water with a constant flow rate is given as:

Qh1 ¼ L8Cpw t8−t7ð Þ: ð13Þ
Similarly, the MET heat rate needed for heating water with a con-

stant flow rate is given as:

Qh2 ¼ L4Cpw t6−t5ð Þ: ð14Þ

The performance of the system can be evaluated by using the above
equations.

4. Results and discussion

In the experiment tap water was used instead of seawater. Some
electric heaters are installed in the constant temperature water tank
to simulate a solar water heater. In addition, the heating power can
be adjusted to meet the experimental requirement. The tests were
performed to assess the influence of the following parameters on the
yield of the system.

1) Water temperature in the thermostatic water tank;
2) Mass flow rate of the circulate seawater;
3) Flow rate of the humid air;
4) Circulate seawater temperature.

4.1. System performance under transient conditions

Transient characteristic is an important indicator for observing
system stabilization. Reaching a steady state in a short time is necessary
to increase the desalination efficiency of the unit, especially for solar
desalination system.

In order to measure the transient characteristic, when the tempera-
ture of heating water t8 reached 60 °C, the unit started to operate
and other parameters mentioned above were measured at 5-min inter-
val. Continuous measurements were carried out from 10:00 am to
11:35 am in a day. In addition, the flow rate of the humid air was
2.2m/s. The 5-min yield and accumulated yield of the unit were record-
ed. Under the same condition, the temperature of everymeasured point
inside the towerwas recorded. The variation curves of the yieldwith the
Fig. 3. Variation of the yield in the system with the operation time.
operation time are shown in Fig. 3, and the temperature variationswith-
in 90 min are shown in Fig. 4.

Fig. 3 shows profiles of the 5-min yield and the accumulated yield
variation with the operation time on 16 July 2014. The 5-min yield
increased quickly at the beginning of the experiment and reached
quasi-steady state at 11:10 am. Meanwhile, the accumulated yield
increaseswith the operation time all the time. The reason of this reaction
can be explained by Fig. 4. It can be seen from Fig. 4 that the trend of the
variation of the temperature with the operation time at every measured
point is the same as that of the 5-min yield. This is due to the increase of
the heating temperature causing an increase of the temperature of the
moist air entering the dehumidifier. It reveals that the productivity of
the system will increase with the increasing relative humidity of the air.

However, the increase of the contact time between the spray sea-
water and the humid air induces a quickly elevated temperature of
the feed seawater, which leads to a less condensation effect and slows
the yield growth. After 90 min the quasi-steady state of the system
was obtained.

4.2. System performance under steady-state conditions

In the process, the recycled air in the unit undergoes significant
changes in heat andmass transfer. Generally, it is difficult tomake accu-
rate calculations of the heat andmass transfer in the tower and the yield
of the system. In order to simplify the yield calculations the recycled air
is considered as saturated at the set temperature. The heat losses from
the system are ignored. It is supposed that the pressure inside the unit
is 101.3 kPa. The humidity and enthalpy of the saturated air were calcu-
lated using the following empirical correlation developed from reported
data [18].

W ¼ 2:19� 10−6t3−1:85� 10−4t2 þ 7:06� 10−3t−0:077 ð10Þ

H ¼ 0:00585t3−0:497t2 þ 19:87t−207:61 ð11Þ

where t is the temperature of the saturated air, °C.
Then the fresh water yield of the system produced in the humidifier

is

Gv ¼ Win−Woutð Þ � va � A� 3600 ð12Þ

where va is the humid air flow rate (m/s). A is defined as the effective
area of the air channel and A is calculated to 0.18 m2.

On thebasis of ensuring the smooth operation of theprocess, the test
of feed water mass flow rate, heating temperature and humid air flow
rate on the unit productivity were studied. Every 10 min, the desired 



Fig. 5. Variation of the yield with heating temperature in the unit at different water mass
flow rates.

Fig. 7. Effect of air mass flow rate on the system productivity.
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parameters were measured and the setting temperatures in the con-
stant temperature water tank were selected as 60 °C, 65 °C, 70 °C, 75 °C,
80 °C, 85 °C and 90 °C separately for half an hour.

Fig. 5 illustrates a comparison between the calculated and the mea-
sured variation of the yieldwith heating at different feed seawatermass
flow rates on the device productivity. Limited by time and experiment
condition, this paper had tested only the maximum water flow rate
at 2 t/h. The vertical bars in the curves are the fluctuations due to the
uncertainty of the production rate. For the case studied, the relative
deviation of the experimental data is less than 5%. Computer simulation
methods are becoming necessary to support the shortage of feed water
flow rates. In fact the feed water flow rate of 3 t/h is hard to achieve due
to the limitations of the pipe diameter of the condenser. Based on this
mathematical model, a steady-state simulation of the yield rate at dif-
ferent water mass flow rates, using Engineering Equation Solver (EES)
software [21], has been carried out. It shows that the yield rate increases
with an increase of feed water mass flow rate and heating temperature,
while the flow rate of the humid air is 2.2 m/s. However, the increase
of yield during the heating process varies slowly until the heating tem-
perature reaches 70 °C, after which the trend grows sharply. It can be
explained as follows:

(1) Under the same feedwater rate, less salinewater is evaporated in
a packed bed when system operates under low temperature
range. So that more of the remaining saline water through the
vertical overflows the pipe to the lower humidifier stage. Eventu-
ally,more sensible heat alongwith the overflowed salinewater is
evacuated to the outside.
Fig. 6. Variation of the inlet and outlet humid air temperatures with heating temperature.
(2) The system has some instability. And maybe, it did not reach
complete steadiness when we did the test because it will spend
more time to reach the steady state when its operation temper-
ature is in low range.

The calculated values of the yield rate agreed well with the experi-
mental results. This also can be explained by Fig. 6. The temperature
of the humid air leaving the evaporation tower increases as the heating
temperature increased and the temperature difference of the air be-
tween the inlet and the outlet of the condensation tower becomes larger
along with the increase of relative humidity of the air which leads to
more production. Since the condensate temperature is too high in
HCT, this will result in low temperature difference between inlet and
outlet air ports of the high stage.

Increasing the feed seawatermass flow rate causes a decrease of the
temperature of the water leaving the condensers in the LET and HET.
The heat transfer between condenser and humid air is strengthened,
for the fact that the temperature difference between the feed seawater
and the humid air in the condensation tower becomes larger and then
induces more yield of the unit.

Fig. 7 shows the effect of the humid air flow rate on the unit produc-
tivity. It can be observed in thefigure that the yield at the humid air flow
rate of 2.2 m/s is more than that at the humid air flow rate of 1 m/s. It
reveals that the productivity of the unit will increasewith the increasing
Fig. 8. Effect of air mass flow rate on the humid air temperature. 



Table 2
The fresh water yield and the PR of the equipment under steady state.

Heating
temperature/°C

Mw = 1.5 t/h Mw = 2 t/h

Yield/kg PR Yield/kg PR

60 56.50 1.80 59.41 1.87
65 64.11 1.83 66.04 1.92
70 86.58 1.72 90.15 2.12
75 105.41 1.80 115.24 2.20
80 136.51 2.06 141.61 2.33
85 150.34 2.18 159.63 2.65
90 167.62 2.28 182.47 2.58
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humid air flow rate because air would carry more water vapor to the
condensation tower than before.

This behavior can also be explained by Fig. 8which shows thatwhen
the humid air flow rate increases it causes more water vapor to con-
dense. Since the temperature difference of the humid air at the flow
rate of 2.2 m/s is larger than that at the flow rate of 1 m/s, the moisture
content of the former leaving the dehumidifier is more. As a result, an
increased amount of fresh water can be obtained from the unit.

4.3. Performance of steady-state experiment

Solar desalination system performance basically depends on solar
radiation and operation condition. The performance or energy efficiency
of humidification–dehumidification desalination system is defined as
the performance ratio (PR). A larger value of PR in a desalination system
means high energy efficiency and better distillate production perfor-
mance. Based on the relationship of the input and output energy, the
steady-state PR is given as follows:

PR ¼ Mehfg
Qin þ pt

ð13Þ

whereMe is the freshwater production, hfg is the heat of vaporization at
the ambient condition, Pt iswork of circulatingwater pump and fan, and
Qin is the input energy. In this study, the heat loss of the heaters in the
water tank is ignored and the latent heat is calculated at the average
partial pressure of water vapor. The total yield and the PR under
steady-state are listed in Table 2.

It can be seen from Table 2 that the heating temperature and the
feed seawater mass flow rate have significant influence on the unit
yield. This result can be explained as follows: the increase of heating
temperature increases the temperature of water spraying to the porous
plastic balls. Therefore, more moisture content of the humid air leaves
the evaporation tower. Consequently, the amount of freshwater obtain-
ed from the system is increased. And increasing the feed seawater mass
flow rate enlarges the heat transfer temperature difference of the heat
exchanger, that is, the effect of condensation heat transfer is strength-
ened. Increasing the feed seawater mass flow rate also causes a reduc-
tion in the moisture content of the air leaving the condensation tower.
In the experiment, the PR of the unit can reach to a value between 1.8
and 2.65, indicating that the latent heat of condensation of water
vapor can be successfully utilized in the system. Actually, the PR of the
unit should increase with the increase of the heating temperature
since air would carry more water vapor to condensation tower. How-
ever, the PR of the unit does not always increase. In fact, increasing
the heating temperature causes an increase in the heat loss. It can be ob-
served from Table 2 that thermal insulation has a significant influence
on the PR of the unit especially when the operation temperature is
above 85 °C.

5. Conclusions

This paper presents a multi-effect isothermal heat with tandem de-
salination system based on humidification–dehumidification process
and its working principle has been described. Use of porous ball humid-
ifiers enhances the condensation and evaporation process by enlarging
the contact surface area. Experimental results show that the system has
good transient and steady-state natures. The test results indicate that
the system parameters (heating temperature, feed seawater flow rate
and humid air flow rate) will influence the process of fresh water
production.

Compared with the previous multi-effect humidification–
dehumidification desalination system, it not only reuses the latent
heat of condensation but also successfully recycles the residual heat in
the saline water between the desalination loops. When the heating
temperature increases from 60 to 90 °C and the feed water flow rate
is 2 t/h, the fresh water yield increases from 59.41 to 182.47 kg/h with
the least significant difference of the mean value being P b 0.05. The
yield per unit volume is calculated as 22 kg/m3 h and the performance
ratio (PR) can reach about 2.65. A numerical model based on the mass
and energy balances in each unit of the system is developed and inves-
tigated. This novel concept of solar humidification–dehumidification
desalination system could be potentially improved for producing
more water.

Symbols

Acond surface area of condenser, m2

A3 surface area of HCT, m2

a humidifier surface area per unit volume, m2/m3

cwp specific heat of water, J/kg/K
G3 air mass flow rate in the high stage, kg/s
H enthalpy, J/kg
K mass transfer coefficient in humidifier, kg/m2/s
Kcond overall heat transfer coefficient, W/m2/K
Kloss heat loss coefficient, W/m2/K
L water mass flow rate, kg/s
P a function of the observed sample results (a statistic) that is

used for testing a statistical hypothesis
t temperature, °C
tamb ambient temperature, °C
W saturated humidity, kgwater/kgdryair
V volume of each humidifier, m3

Subscripts

1 saline water inlet to the LCT
2 saline water outlet from the LCT
3 saline water outlet from the MCT to HET
4 saline water outlet from the MET to HCT
5 saline water outlet from the HCT to heat exchanger
6 saline water outlet from the heat exchanger to MET
7 saline water outlet from the HET to heat exchanger
8 saline water outlet from the heat exchanger to HET
9 saline water outlet from the LET
10 air outlet from the LCT
11 air inlet to the LCT
12 air outlet from the MCT
13 air inlet to the MCT
14 air outlet from the HCT
15 air inlet to the HCT
c3 HCT
e3 HET
b3 brine outlet from the HET
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