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a b s t r a c t
In this paper, a numerical investigation of a direct-contact humidification-dehumidification desali-
nation system is presented. The system functions in an open loop for both the air and the water and 
does not have packing materials inside the humidifier and dehumidifier. The air is humidified by 
spraying hot seawater into it and then dehumidified by spraying cold freshwater. Both processes 
occur in a counterflow arrangement. The mass and energy conservation equations at steady-state 
conditions were solved through a finite difference scheme. During the solution, the properties of 
the fluids were evaluated for each discrete element. The influence of the geometry was also exam-
ined through the variation of the humidifier and dehumidifier height ratio. From the results, it was 
observed that for a fixed geometry, the freshwater production is enhanced through small droplet 
diameter and velocity and high seawater temperature and mass flow rate. The largest production 
achieved was 242.2 kg/h at a height ratio of 2.0. Increasing the height ratio was in general benefi-
cial; however, the gains after it exceeded 1.5 were not significant. Since no attempt of heat recovery 
was done for this system, the gained output ratio was consistently low for all the cases analyzed. 
The largest value obtained was 0.58.
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1. Introduction

Sustainable water and energy supplies are two most 
important issues that humankind must solve for the appro-
priate development of the current and future generations. 
Some parts of the world have already been facing serious 
challenges due to water scarcity during the last decades. 
Unless adequate actions are taken, such issues will continue 
to exist and augment. According to the United Nations, by 
the year 2025, about 1.8 billion people will live in regions of 

complete water scarcity [1]. In addition, between 3.6 and 4.6 
billion will live under dangerous water stress by 2050 [2].

This situation is a consequence of the rapid growth of 
the population as well as due to urbanization, industrial-
ization, expansion of agriculture, and water mismanage-
ment. Available water resources are currently overexploited 
in many parts of the world. A significant part of them are 
also polluted. Overexploitation of ground water reserves 
has caused their saline concentration levels to increase, thus 
reducing the water quality. However, a large number of the 
places already facing critical water shortages are situated in 
coastal arid regions or in islands, with plenty of access to both 
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seawater and solar radiation. In such scenarios, desalination 
powered by solar energy has arisen as a promising option.

The removal of salts from seawater or brackish water 
through the use of solar energy is considered a sustainable 
solution because this type of energy does not pollute, is free, 
and it is relatively easy to harness [3–6]. Furthermore, solar 
radiation can be converted to thermal energy at noticeably 
high efficiencies [6]. Nonetheless, the nature of solar energy 
makes it unsuitable to power desalination systems of large 
capacity at an acceptable cost. This constitutes a significant 
obstacle to combine it with the already well-established, 
thermally driven desalination technologies of multistage flash 
distillation (MSF), multiple effect distillation (MED), and 
vapor compression (VC).

Due to their principle of operation, MSF, MED, and VC 
consume significant amounts of energy in the form of heat, 
normally provided by fossil fuels. They are cost effective 
only for large and continuous productions of freshwater. 
On the other hand, for the same water demand, the pop-
ular membrane-based technology of reverse osmosis (RO) 
requires less energy, in the form of electricity. RO can work 
effectively with solar photovoltaics (PV) but at low and 
intermittent production rates. Moreover, the inability of 
RO to handle waters of high salinity plus the short useful 
life and prominent cost of the PV cells make such systems 
unappealing in many cases [7,8].

Given this context, it is clear that alternative desalination 
methods, more suitable to the nature of solar energy, have 
to be developed. Among the proposed techniques, the ones 
which have caught most of the attention during the last 
decade are solar stills (SS), membrane distillation (MD), 
forward osmosis (FO), and humidification-dehumidifica-
tion (HD). In SS, saltwater contained in a black-painted pan 
is evaporated inside a shelter made of glass or translucent 
plastic which traps solar radiation. The steam is condensed at 
the ceiling of the shelter and collected by an arrangement of 
channels attached to the structure. SS are economical, easy to 
operate, and can handle waters of high salinity, though their 
productivity is low. To improve it, the size of the shelter has 
to be increased significantly and an auxiliary solar heating 
equipment has to be used too [9].

MD is a technology which combines evaporation and 
membrane separation into a single unit. By means of an 
external source of energy, sea or brackish water is heated 
and then introduced into the hot side of the unit where 
there is a hydrophobic membrane that only allows the pas-
sage of vapor. After crossing the membrane, the vapor gets 
condensed on the other side by a flowing liquid of lower 
temperature. As long as the membrane is the only barrier 
between the hot and cold streams, low temperature differ-
ences (10°C approximately) are enough to drive the process 
[10]. Nonetheless, current MD membranes tend to lose their 
hydrophobicity and get fouled during long-term operation. 
Furthermore, they are characterized by a relatively low 
permeate flux, affecting the productivity [9].

Through the preparation of a draw solution of higher 
concentration than seawater, FO can achieve desalination 
by putting both liquids into contact, only separated by a 
porous membrane. The osmotic pressure difference caused 
by the concentration of the fluids makes the solvent move 
across the membrane, from the lower concentration region 

to the higher concentration region. Afterwards, the solvent 
is separated from the draw solution in order to produce 
freshwater. External heating at low temperature is employed 
[11]. Despite the fact of working at a lower pressure than RO, 
the current scarcity of high-performance membranes and the 
difficulties in the separation of water from the draw solution 
are important drawbacks of this technology [12].

On the other hand, HD is a simple and economical 
desalination method. It is compact and suitable for waters of 
variable salinity. In an HD system, freshwater is produced 
by imitating the water cycle in our planet. First, seawater is 
evaporated through the humidification of a dry air stream. 
Then, in the dehumidifier, the water vapor is condensed 
with the assistance of a heat exchanger. The air leaving the 
condenser can be released to the atmosphere, creating an 
open-loop configuration, or reintroduced into the evapo-
rator, forming a closed-loop configuration. Before entering 
the humidifier, at least one of the fluids has to be heated. It 
has been recommended to prioritize the heating of the water 
because the effect of the air temperature on the performance 
of the system has been found marginal [13].

Since the operating temperature is usually inferior to 
100°C and the pressure is relatively close to the atmospheric 
pressure, inexpensive solar collectors can be employed to heat 
the seawater. Moreover, these operating conditions also inhibit 
the problems of leaking, corrosion, and scaling significantly 
[5,14–16]. Because there is no need to utilize membranes, inten-
sive feedwater pretreatments are not required. Due to these 
advantages, HD has been proposed as the best alternative for 
solar energy desalination at low and medium capacities [5,17]. 
Furthermore, according to Kabeel et al. [18], HD is the most 
appropriate method for small capacity water production.

An additional benefit of HD is the fact that it can be 
combined with other types of desalination methods, such 
as RO [19], SS [20–22], and single-stage flashing evapora-
tion [23]. Furthermore, provided that HD can also work on 
waste or geothermal heats, it is possible to develop energy- 
hybrid arrangements to assure continuous operation [16]. 
He et al. [24] did a thermo-economic analysis of an HD 
system powered by waste heat and found that the cost of the 
desalinated water was considerably lower than that of other 
solar-powered configurations due to the lower price of the 
equipment used.

Mahmoud et al. [25] studied a hybrid system where 
HD and SS desalination were used in combination with solar 
concentrators and PV panels, thus supplying water, heat, and 
electricity simultaneously. Kabeel et al. [26] analyzed an HD 
desalination system coupled with solar drying and found 
that the thermal efficiency could be improved by 29% when 
the recirculating air flow rate was increased. Associations 
with desiccant air configurations and heat pumps have also 
been investigated [27,28]. In all of the cases, whether energy 
hybrids or combinations with other desalination methods, 
the global performance of the systems were enhanced, thus 
proving the flexibility of HD.

Typical capacities of HD desalination units are lower 
than 1 m3/d; nonetheless, moderately higher productions 
have been reported at the expense of costly solar heating 
installations [29]. Attempts to increase the capacity have been 
done through combinations of HD with other desalination 
techniques, as mentioned previously, or by alternative ways 
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in which the evaporation and condensation processes can 
happen. The benefit of the second approach is the inherent 
savings in capital cost. An efficient way to improve the sea-
water evaporation rate is by filling the humidifier with some 
type of material such as wooden packing, honeycomb paper, 
or plastic rings. The result is an enlargement of the contact 
area between the water and the air and the improvement of 
the evaporation rate as consequence [9,30,31].

Despite that the filling material is beneficial for the sys-
tem, it also imposes a drop in pressure which should not be 
neglected. Robust blowers will be required, and increased 
capital, operation, and maintenance costs will have to be 
expected. Hamed et al. [25] has observed that 4.85% of the 
total cost of the desalination system can be saved if packing 
materials are not used. Operating at natural convection con-
ditions is feasible, though productivity will decrease due to 
low heat and mass transfer coefficients [32–35]. Thus, in order 
to avoid extra costs, configurations free of packing materials 
have been proposed [35].

One possible way to skip the use of packing inside the 
humidifier consists on spraying the heated seawater into 
the air stream in a counterflow arrangement. The seawater 
is sprayed from top to bottom while the air travels in the 
opposite direction. In this way, the contact surface between 
both fluids is also enhanced without affecting the pressure 
considerably. Franchini et al. [36,37] investigated this possi-
bility and concluded that no significant improvement on the 
production of freshwater was achieved due to the addition 
of packing materials, suggesting that the utilization of such 
components may be unnecessary. The dehumidifier they 
used was an air-to-water metallic heat exchanger.

Niroomand [38] also analyzed the same possibility but 
applied it to the dehumidifier in a crossflow arrangement. 
Cold water was sprayed vertically into a hot and humid 
air stream flowing horizontally. They concluded that the 
benefits of using a direct-contact dehumidifier were con-
siderable because substantial freshwater production rates 
(up to 25 kg/h) were still achieved and the pressure drop, 
fouling, corrosion, and scaling problems associated with the 
use of metallic heat exchangers were avoided. Furthermore, 
savings in capital costs may be obtained too. Hamed et al. 
[25] has shown that the price of a coil heat exchanger, for 
instance, can represent up to 12.48% of the final cost of the 
system.

Given this context, it can be seen that the use of direct- 
contact humidifiers and dehumidifiers can be very conve-
nient. However, to the authors’ knowledge, no analysis on 
the performance of an HD desalination system where both 
the humidifier and dehumidifier do not contain packing 
materials has been published. Therefore, it is the objective 
of this investigation to study the thermal performance and 
operational characteristics of such a desalination system and 
to identify the key parameters for enhancing its production 
of freshwater.

Rather than working in crossflow, preference was given 
to a counterflow configuration inside both units (the evapo-
rator and the condenser) because it is believed that it guar-
antees a longer time of contact between the water droplets 
and the air. For the analysis, an appropriate theoretical 
model based on the mass and energy balance equations was 
developed. Both units were geometrically discretized and 

the equations solved numerically. The thermodynamic fluid 
properties involved in the calculations were determined for 
each discrete element. The results obtained from this work 
will also provide a basis for the design and construction of 
an experimental HD installation to work with solar thermal 
energy. Since the optimal dimensions of the desalination sys-
tem will be known, a low manufacturing price is expected.

2. System description

The HD desalination system analyzed in this work is 
depicted in Fig. 1. The definition of each variable is listed in 
the nomenclature chart. Both the humidifier and the dehu-
midifier do not contain packing materials. At the top of the 
humidifier, hot seawater is sprayed uniformly in a conical 
way to ensure that the droplets cover the entire cross sec-
tion of the cylinder. Afterwards, they fall vertically due to 
gravity effects. To start the process, unsaturated air from 
the surroundings is injected at the bottom of the column at 
a temperature lower than that of the seawater. In this way, a 
counterflow process is formed. Direct contact exists between 
the seawater droplets and the air.

Given the temperature difference between both fluids and 
the unsaturated conditions of the entering air, heat and mass 
transfer from the seawater droplets to the air occurs, making 
the temperature and humidity content of the air increase. As 
the droplet evaporation advances, its temperature decreases. 
It is assumed that none of the droplets evaporate completely; 
thus, the total number remains constant. They leave the unit 
at a higher saline concentration, called brine. Depending 
on the inlet conditions of both fluids and the length of the 
humidifying column, the air leaving the unit might or might 
not reach the saturation state.

In the next stage, the hot and humid air which leaves 
the humidifier enters the dehumidifier from the bottom. It 
is considered that no changes in air temperature, humidity, 
or flow rate between the evaporator exit and the condenser 
inlet take place. To ensure a counterflow configuration, cold 
freshwater is sprayed at the top of the dehumidifier, again 
in such a way that the droplets occupy the entire cross sec-
tion uniformly. As the air ascends in the column, its tempera-
ture diminishes and condensation begins. Water from the air 
condenses on the surface of the already existing droplets, 
thus augmenting their mass and temperature. It is assumed 

Fig. 1. Diagram of the HD desalination system investigated.
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that new droplets are not formed; thus, the total number of 
droplets remains unchanged.

3. Mathematical model

To investigate the performance and the characteristics of 
operation of the desalination system shown in Fig. 1, a math-
ematical model based on mass and energy balance equations 
was developed. A set of algebraic and differential equations 
was obtained for the humidifier and another similar one for 
the dehumidifier. Starting with the humidifier, the mecha-
nism through which mass is transferred from the seawater 
droplets to the air in the evaporator is convection; therefore, 
from a mass balance applied to an individual droplet falling 
vertically, the following differential equation results:

dm
dz

A h

U
d g s m g

d

=
− −( )ρ ω ωint

 (1)

where md is the mass of the droplet, z the vertical axis, ρg the 
density of the mixture of water vapor and air (referred to as 
gas), As the surface area of the droplet, hm the convection mass 
transfer coefficient for a flow near a sphere, ωint the humid-
ity ratio at the interphase droplet-air (a saturation humidity 
ratio at the droplet temperature was assumed), ω the gas 
specific humidity, and Ud the vertical velocity of the droplet. 
The minus sign in Eq. (1) expresses the loss of mass due to 
droplet evaporation. In terms of the droplet diameter Dd, 
Eq. (1) can be rewritten as follows:

dD
dz

h

U
d g m g

d
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− −( )2ρ ω ω

ρ
int

sw
 (2)

where ρsw is the seawater density. The coefficient of mass 
transfer is determined by means of the Sherwood number 
through the next correlation [39]

Sh Sc= = + × ×
−

h D
em d

w gα
2 0 6 1 2 1 3. R / /  (3)

where Re is the droplet Reynolds number, Sc is the Schmidt 
number, and αw–g is the diffusion coefficient of water vapor in 
air, also called mass diffusivity. Re is calculated based on the 
relative velocity between the droplet and the air W with the 
following equation:

Re = WD

gυ
 (4)

where υg denotes the gas kinematic viscosity or momentum 
diffusivity. The Schmidt number is computed using the next 
equation:

Sc =
−

υ

α
g

w g

 (5)

Heat is transferred from the droplet to the surrounding 
gas by convection and evaporation; thus, from an energy 

balance, the following differential equation was obtained to 
describe the energy transfer between the air and one droplet:

m Cp
dT
dz

h
dm
dz

h A T T

U
h
dm
dzd d

g
d

d h s g d

d

d+ =
−( )

+ fg  (6)

where Cpd is the droplet specific heat, Tg the gas temperature, 
hd the droplet specific enthalpy, hh the convection heat transfer 
coefficient, Td the droplet temperature, and hfg the enthalpy 
of vaporization. For the case of flow around a sphere, hh is 
found as a function of the Nusselt number Nu through the 
next correlation [39]

Nu = = + × ×
h D

eh

gλ
2 0 6 1 2 1 3. R Pr/ /  (7)

where λg is the gas thermal conductivity and Pr is the gas 
Prandtl number. By means of a mass balance applied to the 
gas, the variation of the specific humidity is given below:

d
dz

A h N

m U
g s m g

g d

ω ρ ω ω
=

−( )int


 (8)

where ρg is the air density, ṁg the air mass flow rate, and 
N the number of droplets entering the humidifier per sec-
ond, which is calculated from the seawater mass flow rate 
inflowing the evaporator ṁsw,in as follows:

N
m
Dd

=
6

3

 sw,in

sw,in ,inπρ
 (9)

In order to solve the differential equations listed so far, 
the humidifier was divided into n differential elements of 
length Δz and equal volume along the vertical axis, as illus-
trated in Fig. 2. From an energy balance applied to the gas 
contained in each element, the following equation results:

m U
dh
dz

h A T T h U
dm
dzg d

g
h s g d d

d

n
= − −( ) −







∑ fg  (10)

where ṁg is the gas mass flow rate and hg is the gas enthalpy. 
Additionally, from mass and energy balances applied to a 
whole element, the following equations are derived:

   m m m mg gsw,in in sw,out out+ = +, ,  (11)

h m h m h m h mz z g z g z z z l z z z z g z zsw sw sw sw, , , , , , , ,   + = ++ + + +∆ ∆ ∆ ∆  (12)

Finally, from a mass balance over the whole evaporator, 
the total evaporation rate ṁew can be found with the next 
equation:

 m ma e eew out in= −( )ω ω, ,  (13)

The solution procedure applied in this work is iterative. 
The differential equations were discretized by an implicit 
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finite difference scheme and solved through the finite 
difference method in the software Matlab. The following 
assumptions were done:

• Operation occurs at steady-state conditions.
• Horizontal temperature gradients are neglected for all of 

the substances involved.
• There is no heat transfer to or from the surroundings.
• The air does not experience any compressibility effect.
• The desalination system operates at constant atmospheric 

pressure. Pressure losses are negligible.
• All the droplets have the same diameter when they enter 

the evaporator and the condenser.
• The velocity and diameter of the droplets contained in 

each differential element are constant.
• The gas does not experience any significant change in its 

properties while going from the humidifier to the dehu-
midifier or when returning.

In Fig. 2, for the first node, the gas inlet temperature, mass 
flow rate, and humidity were known. The temperature, mass 
flow rate, and diameter of the seawater droplets were guessed. 
The values of the properties required were calculated at the 
conditions present in the differential volume. After solving 
the equations, the gas and seawater outlet conditions were 
determined and used as inlet conditions for the next element. 
At node n, the temperature, mass flow rate, and diameter of 
the seawater droplets were calculated and compared with 
the already known true values; if the differences were con-
sidered acceptable (for instance, 0.2°C or 0.5 × 10–7 m), the 
solution procedure was terminated; otherwise, new values  
at node 1 were estimated and the iterations restarted.

Provided that the dehumidifier operates under the same 
principle as the humidifier and that has equal geometry, all 

of the equations previously described can be used to resolve 
the dehumidifier too, with the exception of Eq. (13). In Eq. (9), 
ṁsw,in is changed for ṁfw,in, the mass flow rate of freshwater 
entering the unit, and ρsw,in is substituted for ρfw,in, which is 
the density of this water. From a mass balance applied to 
the condenser, the total evaporation rate or total product 
freshwater flow rate ṁpw can be calculated as follows:

 m ma cpw in out= −( )ω ω,c ,  (14)

To evaluate the performance of the desalination system, 
two parameters were used. The first one is the gain output 
ratio (GOR), defined as the ratio of the latent heat of vapor-
ization of the freshwater produced (hfg) to the total amount of 
heat introduced into the whole system (Q̇in)[40]:

GOR pw fg

in

=




m h
Q

 (15)

The second parameter employed to test the performance 
of the system was suggested by Niroomand et al. [38] and is 
the ratio of the product water flow rate to the evaporation 
rate, denoted here with the symbol η. In mathematical form, 
it results

η =




m
m

pw

ew

 (16)

The thermodynamic properties required by the described 
equations were obtained from the library CoolProp [41] 
for air and freshwater. It is common to use correlations of 
pure water properties in this type of analyses. The thermo-
dynamic properties of seawater were obtained from the 
correlations reported by Sharqawy et al. [42] and Nayar et al. 
[43]. Feedwater salinity was considered constant at 35 g/kg, 
which is generally assumed as the standard seawater salin-
ity. The effects of salinity variations on the performance of 
the system were not investigated since it has been reported 
that the influence of the salinity value on the production of 
freshwater is not critical [44].

4. Results and discussion

4.1. Validation

To validate the model developed in this work, a com-
parison was done against the numerical and experimental 
results published by Franchini et al. [36,37]. They inves-
tigated four configurations of an HD desalination system 
composed of two vertical columns, each with 0.36 m2 of 
cross-sectional area and 2.0 m of height. In the first and sec-
ond configurations, the humidifier was free from packing 
materials. In the third and fourth, it was not. Moreover, in 
the second and fourth configurations, a recuperative heat 
exchanger was installed at the outlet of the evaporator to 
recuperate some of the heat carried by the brine. In all of the 
cases, hot seawater was sprayed from the top of the humidi-
fier, the condenser was a metallic heat exchanger, and the air 
followed a close loop.

Provided that their first configuration has a humidifier of 
the same type as the one used in this work, the corresponding 

Fig. 2. A differential element in the vertical direction ∆z of 
the humidifier.
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results they published were employed to validate the model 
developed here for the same cross-sectional area and height. 
Furthermore, the validation was done at the same nine 
operating conditions they examined, which correspond 
to seawater temperatures at the entrance of the humidifier 
equal to 45°C, 55°C, and 65°C and seawater to air mass flow 
rate ratios (ṁsw,in/ṁg,in,e) of 0.5, 1.0, and 1.5. The temperature 
and mass flow rate they reported for the seawater were 23°C 
and 0.135 kg/s, respectively. The results of the validation are 
shown in Fig. 3, in terms of the ratio of produced freshwater 
to seawater input (ṁpw/ṁsw,in).

According to Fig. 3, the production of freshwater 
increased with the temperature of seawater at the inlet of the 
evaporator. Moreover, slightly higher productivities were 
observed at ṁsw,in/ṁg,in,e ratios of 0.5, contrary to the findings 
of Franchini et al. [37]. However, as the temperature of the 
seawater at the inlet was augmented even further, the opti-
mal ratio ṁsw,in/ṁg,in,e = 1 they reported was also achieved. It is 
believed that such dissimilarity is due to the different types 
of dehumidification principles used here. They employed a 
conventional heat exchanger while in this work the humid 
air was cooled by spraying cold water on it, as explained in 
Section 2. Nonetheless, the major difference in the results 
was approximately 13%.

In Table 1, there is a comparison between the values of 
the seawater temperature, air temperature, and air relative 
humidity, φ, measured by Franchini et al. [37] at the exit 
of the humidifier for the configuration without packing 
material inside the humidifier and those obtained in the 
present numerical work. The corresponding operating con-
ditions were ṁsw,in = 0.135 kg/s, Tsw,in = 55.4°C, Tg,in,e = 26.6°C, 
ṁg,in,e = 0.135 kg/s, and φin,e = 100%. It can be noticed that the 
percentages of discrepancy are marginal, thus enhancing the 
reliability of the model described here.

From the confidence gained through the results exposed 
in both Fig. 3 and Table 1, it can be established that the the-
oretical model presented here is valid for investigating the 
thermal performance and operational characteristics of the 
HD desalination system without packing materials, which 

is the object of this investigation. The effects on the produc-
tivity of freshwater caused by changing the values of differ-
ent variables of interest will be discussed in the following 
section. The performance of the system according to Eqs. (15) 
and (16) is also presented.

4.2. Results

Once the model was validated, it was used to investi-
gate the performance of the system at different operating 
conditions. The temperature and mass flow rate of seawater 
entering the evaporator were varied in the ranges 60°C–80°C 
and 0.2–2 kg/s, respectively. The freshwater temperature and 
mass flow rate at the inlet of the dehumidifier were kept 
fixed at 15°C and 0.8 kg/s, respectively. Besides, the tempera-
ture and mass flow rate of the air ranged from 15°C to 25°C 
and 0.2 to 2 kg/s, respectively. The humidifier height He was 
set equal to L = 1.0 m; nevertheless, the evaporator-condenser 
height ratio Hc/He was investigated as well in the interval 
0.5 ≤ Hc/He ≤ 2.0. The velocity and diameter of the droplets 
inside the humidifier and dehumidifier varied from 4 to 
7 m/s and 0.6 to 1.0 mm, respectively.

4.2.1. Effect of droplet velocity and diameter

The velocity and diameter of the droplets are two 
parameters of great interest in the analysis of direct-contact 
desalination systems without packing material because they 
determine the total heat and mass transfer area between the 
fluids and the time of residence inside the columns. Fig. 4 
shows the effect of the velocity of the droplets on the produc-
tivity of freshwater for three distinct droplet diameters: 0.6, 
0.8, and 1.0 mm. These values were chosen because they can 
be easily obtained with commercially available nozzles and 
are suitable for future experimental investigations.

From Fig. 4, it becomes evident that for all of the cases, as 
Ud,in increased, ṁpw decreased because the droplets inside both 
chambers had a shorter residence time; thus, a lower amount 
of water was evaporated and condensed. It can also be 
noticed that as the diameter of the droplets was diminished, 
higher evaporation and condensation rates were achieved, 
augmenting the freshwater productivity. The reduction of the 
diameter caused the number of droplets inside the chambers 
to increase, enlarging the total heat and mass transfer area in 
consequence.

Fig. 5 illustrates the influence of both the velocity and 
diameter of the droplets on η. As observed from the trends 
displayed, η remained below 1.0, indicating that the evap-
oration rate was larger than the condensation rate for all of 

Fig. 3. Model validation using the results published by Franchini 
et al. [37] at three different seawater temperatures at the entrance 
of the humidifier and three distinct seawater to air mass flow 
rate ratios. “Exp” refers to their experimental results and “Num” 
to their numerical results.

Table 1
Comparison between the experimental results of Franchini et al. 
[37] and the present work for an evaporator without packing 
material. The conditions of operation were ṁsw,in = 0.135 kg/s, 
Tsw,in = 55.4°C, Tg,in,e = 26.6°C, ṁg,in,e = 0.135 kg/s, and φe,in = 100%

Variable Franchini et al. Present work Difference (%)

Tsw,out (°C) 36.8 36.4 1.1
Tg,e,out (°C) 40.8 40.1 1.6
φe,out (%) 100 100 0.0
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the cases investigated. It is believed that such behavior was 
caused by the differences in the temperature and specific 
humidity gradients inside the humidifier and the dehumid-
ifier. As shown by Eqs. (6) and (8), any change in the droplet 
diameter and velocity has a direct influence on the mentioned 
gradients.

4.2.2. Effect of humidifier and dehumidifier heights

The influence of the heights of the humidifier and dehu-
midifier on the production of freshwater is depicted in Fig. 6, 
where it can be observed that larger values of Hc promoted 
a higher productivity since the droplet residence time in the 
dehumidifier was augmented; therefore, the condensation 

process was extended and ṁpw increased. Moreover, the aug-
mentation of He was also characterized by larger productiv-
ities because for the same parcel of air there was more time 
available to enlarge its humidity content inside the evapo-
rator. Thus, a larger amount of water was accessible for 
condensation.

It was also noticed that when He was kept constant and 
Hc was augmented, the magnitude of ṁpw could be up to 35% 
larger than the value it had when Hc was kept constant and 
He was enlarged. Therefore, it can be argued that the height of 
the condenser has a greater impact on ṁpw than the height of 
the evaporator. From Fig. 6, it can also be appreciated that as 
He and Hc rose, the corresponding increments of ṁpw became 
lower due to the implied reduction of the specific humidity 
and temperature gradients inside the columns.

4.2.3. Effect of seawater mass flow rate

In Figs. 7(a) and (b), the dependence of freshwater pro-
duction on the mass flow rate of seawater entering the 
humidifier for different condenser-evaporator height ratios 
and droplet diameters of 0.6, and 1.0 mm, respectively, is 
portrayed. As it can be seen, for any Hc/He ratio, ṁpw showed 
consistent increasing trends regardless of the diameter of the 
droplets because the augmentation of ṁsw,in is always accom-
panied by an elevation in the number of droplets inside both 
chambers, as indicated by Eq. (9). Therefore, the total heat 
and mass transfer area is always enlarged.

From Fig. 7(a), it was noticed that for Dd,in = 0.6 m and 
ṁsw,in = 0.5 kg/s, ṁpw increased less than 1% for 1.5 < Hc/He < 2.0 
and less than 5.5% for 1.0 < Hc/He < 1.5. Hence, it does not 
seem reasonable to build an HD desalination system with a 
ratio Hc/He greater than 1.0 for those operating conditions. 
The augmentation of the construction expenses is not jus-
tified by the extra gain in freshwater production. A similar 
trend can also be seen for Dd,in = 1.0 m when Hc/He exceeded 
1.5. This suggests that for a given droplet diameter, there 
should be an optimum value of Hc/He. Beyond it, the gains in 
freshwater productivity are not justified.

Fig. 4. Effect of the droplet velocity inside the humidifier and 
dehumidifier on the production of freshwater for different drop-
let diameters at the entrances (He = 1 m, Hc = 1 m, Tg,in,e = 20°C, 
ṁg,in,e = 0.2 kg/s, φin,e = 60%, Tsw,in = 80°C, ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, 
and ṁfw,in = 0.8 kg/s).

Fig. 6. Effect of the humidifier height on freshwater production 
at different dehumidifier heights (Dd,in = 1 mm, Ud = 4 m/s, 
Tg,in,e = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60%, Tsw,in = 80°C, ṁsw,in = 0.8 kg/s, 
Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

Fig. 5. Effect of the droplet velocity inside the humidifier and 
dehumidifier on η for different droplet diameters at the inlets 
(He = 1 m, Hc = 1 m, Tg,in,e = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60%, 
Tsw,in = 80°C, ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).
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Figs. 8(a) and (b) illustrate the influence of ṁsw,in over η for 
the same operating conditions of Figs. 7(a) and (b), respec-
tively. From the comparison between both Figs, it can be 
observed that when Dd,in = 0.6 mm, the magnitude of η was 
higher than its magnitude when Dd,in = 1.0 mm, for each Hc/
He ratio. The reason for this behavior is the fact that for lower 
droplet diameters, the total area of heat and mass transfer 
increases. From the figures, it can also be noticed that η was 
inferior to 1.0 in the majority of the situations. This indicates 
that as ṁsw,in rises, the performance of the evaporator grows 
more rapidly than that of the condenser.

4.2.4. Effect of air mass flow rate

In Fig. 9, the variation of the produced freshwater mass 
flow rate in terms of the air mass flow rate is displayed for 
distinct height ratios. It can be observed that as ṁg,in,e grew, 
ṁpw decayed. This is due to the increments of the air velocity 
because for a given parcel of gas, the time during which 
the fluids are in contact is reduced. In spite of the fact that 

the magnitude of the heat transfer coefficient was increased 
through augmenting the velocity, the decreasing tendency of 
ṁpw was not stopped. Furthermore, it was noticed that larger 
values of ṁg,in,e caused higher specific humidity contents at 
the exit of the condenser.

From the same figure, it was also noticed that by augment-
ing the height ratio, the production of freshwater improved; 
nevertheless, for ratios larger than 1.0 at ṁg,in,e < 0.5 kg/s or 
larger than 1.5 for ṁg,in,e < 2.0 kg/s, the benefits were marginal. 
For instance, at ṁg,in,e = 0.2 kg/s, the gains in ṁpw for Hc/He > 1.0 
were inferior to 4.0%. Therefore, the use of relatively high 
Hc/He values may not be beneficial in terms of the freshwater 
production. Fig. 10 shows the effect of ṁg,in,e over the ratio η 
for the same conditions as Fig. 9.

According to the tendencies displayed in Fig. 10, it can 
be seen that the decreasing behavior exhibited by η as ṁg,in,e 
augmented was similar to that of Fig. 9, though the decre-
ments were more drastic in this case. This demonstrates that 
the temperature and specific humidity gradients inside the 
dehumidifier are significantly affected by a low residence 

(a) (b)

Fig. 7. Effect of seawater mass flow rate on the production of freshwater at different condenser and evaporator height ratios and 
two droplet diameters: (a) Dd,in = 0.6 mm, (b) Dd,in = 1.0 mm (He = 1 m, Ud = 4 m/s, Tg,in, = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60%, Tsw,in = 80°C, 
Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

(a) (b)

Fig. 8. Effect of seawater mass flow rate on η at different condenser and evaporator height ratios and two droplet diameters: 
(a) Dd,in = 0.6 mm, (b) Dd = 1.0 mm (He = 1 m, Ud = 4 m/s, Tg,in,e = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60%, Tsw,in = 80°C, Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).
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time of the air in the humidifier because the content of water 
vapor during the evaporation process cannot be substantially 
improved. As in the previous graph, it can be observed here 
that the increment of the height ratio also had a beneficial 
effect. However, beyond Hc/He > 1.5, the gains were minimal, 
especially at low air mass flow rates.

4.2.5. Effect of seawater temperature

In Fig. 11, the influence that the seawater temperature 
entering the humidifier has on ṁpw and η is displayed for dif-
ferent values of Hc/He. It can be noticed from Fig. 11(a) that 
as Tsw,in increased, ṁpw augmented because a large value of 
Tsw,in is beneficial for the processes of heat and mass transfer 
between the fluids inside the evaporator. Nevertheless, the 
effect of Tsw,in on η was not significant (Fig. 11(b)). For any 
fixed magnitude of Hc/He, the improvement of η between 
consecutive seawater temperatures never surpassed 1.4% in 
all of the cases.

Fig. 12 shows the variation of the seawater droplets and 
air temperatures in the humidifier for two values of Tsw,in. 
It can be observed that the temperature difference between 
both fluids in the evaporator was larger at the base of the 
column and then it decreased gradually. A difference equal 
to zero was never reached. The benefit of a higher Tsw,in is 
explained by the existence of a greater temperature differ-
ence which favors convection heat transfer. Moreover, it also 
implies a higher value of the enthalpy of vaporization of the 
seawater droplets which positively influences the magnitude 
of ωint, enhancing the mass transfer according to Eq. (1). Such 
benefit can be appreciated in Fig. 13 where the variation of 
the humidity ratio throughout the humidifier is plotted for 
two values of Tsw,in.

4.2.6. Effect of air inlet temperature

The effect of the air temperature at the inlet of the evapo-
rator on ṁpw is shown in Fig. 14. It was noticed that for a given 

(a) (b)

Fig. 11. Effect of the inlet seawater temperature on ṁpw (a) and on η (b) at different height ratios (He = 1 m, Dd,in = 0.6 mm, Ud = 4 m/s, 
Tg,in,e = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60%, ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

Fig. 9. Effect of air mass flow rate on the production of freshwater 
at different condenser and evaporator height ratios (He = 1 m, 
Dd,in = 0.6 mm, Ud = 4 m/s, Tg,in,e = 20°C, φin,e = 60%, Tsw,in = 80°C, 
and ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

Fig. 10. Effect of the air mass flow rate over η at different 
condenser and evaporator height ratios (He = 1 m, Dd,in = 0.6 mm, 
Ud = 4 m/s, Tg,in,e = 20°C, φin,e = 60%, Tsw,in = 80°C, ṁsw,in = 0.8 kg/s, 
Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).
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value of Hc/He, the increment in ṁpw caused by augmenting 
Tg,in,e was barely visible. For instance, the largest augmenta-
tion of ṁpw obtained for an increment of 10°C in the air inlet 
temperature was 1.3%. On the other hand, from the plots 
displayed, it is recognizable that an increment of the height 
ratio is more advantageous, though not for values of Hc/He 
larger than 1.5. The reason for the marginal effect caused by 
Tg,in,e can be explained using Fig. 15, where the variation of the 
air temperature inside the evaporator is depicted for three 
different values of Tg,in,e.

As it can be seen from Fig. 15, after approximately 0.3 m 
above the bottom of the humidifier, the gaps amid the curves 
narrowed considerably. It seems that the air temperature 
inside the evaporator rose following almost the same pattern, 
both in shape and magnitude. It is thought that for higher 
values of the air inlet temperature, a noticeable gap can still 

be observed at a larger distance above the bottom of the col-
umn; however, a similar growing trend of Tg,e is expected 
without significant augmentations in the productivity of 
desalinated water.

The effect of Tg,in,e on η can be observed in Fig. 16, where 
relevant increments were detected for 0.5 < Hc/He < 1.5. Unlike 
Fig. 14, the increase in η for a given height ratio was in this 
case more pronounced because the relative humidity at the 
evaporator inlet was fixed at 60%. This implies that the spe-
cific humidity of the entering air grew as Tg,in,e augmented. 
Therefore, despite the fact that the temperature gradient 
between the fluids inside the humidifier was reduced, the 
water vapor content in the air at the exit of the column was 
larger. Furthermore, as Hc/He ≥ 1.0 and Tg,in,e ≥ 20°C, η was 
greater than 1.0, suggesting that at these conditions, some 
of the water vapor contained in the air before it entered 

(a) (b)

Fig. 12. Variation of the seawater droplets and air temperatures along the height of the humidifier for two values of the inlet seawater 
temperature: (a) Tsw,in = 60°C, (b) Tsw,in = 80°C (He = 1 m, Hc = 1 m, Dd,in = 0.6 mm, Ud = 4 m/s, Tg,in,e = 20°C, ṁg,in,e = 0.2 kg/s, φin,e = 60, 
ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

Fig. 13. Variation of the specific humidity ratio throughout the 
humidifier for two values of the inlet seawater temperature 
(He = 1 m, Hc = 1 m, Dd,in = 0.6 mm, Ud = 4 m/s, Tg,in,e = 20°C, 
ṁg,in,e = 0.2 kg/s, φin,e = 60%, Tsw,in = 80°C, ṁsw,in = 0.8 kg/s, Tfw,in = 15°C, 
and ṁfw,in = 0.8 kg/s).

Fig. 14. Effect of air inlet temperature on ṁpw for different 
height ratios (Dd = 0.6 mm, Ud = 4.0 m/s, He = 1.0 m, Tsw,in,e = 80°C, 
ṁsw,in,e = 0.8 kg/s, Tfw,in,c = 15°C, ṁfw,in,c = 0.8 kg/s, ṁg,in,e = 0.2 kg/s, 
and φg,in,e = 60%).
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the humidifier was also condensed, thus enhancing the 
productivity.

4.3. Gained output ratio

The performance of the HD desalination system is 
described in this section. In Fig. 17, the variation of the GOR 
in terms of the mass flow rate ratio ṁpw/ṁg,in,e is shown for the 
four height ratios Hc/He investigated. A rising trend as the ratio 
ṁpw/ṁg,in,e increased was observed. Given the fact that the pro-
duced freshwater varied inversely to the air mass flow rate, as 
depicted in Fig. 9, the largest values of GOR occurred at the 
smallest values of ṁg,in,e for the four height ratios. They were 
0.48, 0.56, 0.57, and 0.58, respectively. It can also be noticed that 
for Hc/He > 1.5, the increments of GOR were not substantial.

In the plots of Fig. 17, it can be seen that for every Hc/He, 
the last point of the corresponding curve is considerably far 

from the previous point. The reason for this behavior is the 
significant decay in the production of freshwater when the 
mass flow rate of air entering the evaporator augmented from 
0.2 to 0.6 kg/s, as illustrated in Fig. 9. The low values obtained 
for the GOR exemplify the necessity of recovering part of the 
heat that is carried by the brine out of the evaporator or by 
the air leaving the condenser. If the recovered heat is used to 
preheat the seawater, less energy from an external source will 
be required and the performance will be improved.

Provided that the work of Franchini et al. [36,37] was 
employed to validate the mathematical model presented 
here, it seemed natural to compare the values of the GOR at 
the same conditions of validation (Table 1). Using the data 
they reported, for the configuration with packing inside the 
humidifier, the GOR was 1.15, whereas for the configura-
tion without packing in the humidifier, it was 0.96. The GOR 
given by the model developed here at those conditions was 
0.40. The reason for the difference is the fact that by employ-
ing a metallic heat exchanger in the condenser, they used the 
heat of the air to preheat the seawater sent to the evaporator. 
Had they not used such an arrangement, the values of the 
GOR would have been 0.64 with packing in the humidifier 
and 0.53 without packing.

A second reason for the higher GOR of the desalination 
system proposed by Franchini et al. [36,37], even for the 
hypothetical conditions in which the feedwater were not pre-
heated, is the fact that for the conditions of operation inves-
tigated, the use of a metallic heat exchanger as condenser 
seemed to be more suitable than the direct-contact dehumid-
ification system used in the present work. Nonetheless, the 
benefit might not be significant enough to overcome the neg-
ative issues associated with metallic heat exchangers, such 
as pressure drop, fouling and corrosion, as well as the extra 
investment costs.

5. Conclusions

A numerical investigation was developed to study the 
thermal performance and operational characteristics of a 
humidifier-dehumidifier seawater desalination system where 
both the evaporator and the condenser do not have filling 

Fig. 15. Variation of the air temperature inside the humidifier 
for three values of the air inlet temperature (Dd = 0.6 mm, 
Ud = 4.0 m/s, Hc = 1.0 m, He = 1.0 m, Tsw,in,e = 80°C, ṁsw,in,e = 0.8 kg/s, 
Tfw,in,c = 15°C, ṁsw,in,e = 0.8 kg/s, ṁg,in,e = 0.2 kg/s, and φg,in,e = 60%).

Fig. 17. Variation of the GOR as a function of the mass flow rate 
ratio ṁpw/ṁg,in,e for four condenser and evaporator height ratios 
(He = 1 m, Dd,in = 0.6 mm, Ud = 4 m/s, Tg,in,e = 20°C, φin,e = 60%, 
Tsw,in = 80°C, ṁsw,in = 0.2 kg/s Tfw,in = 15°C, and ṁfw,in = 0.8 kg/s).

Fig. 16. Effect of air temperature on η at distinct humidifier and 
dehumidifier height ratios (Dd = 0.6 mm, Ud = 4.0 m/s, He = 1.0 m, 
Tsw,in,e = 80°C, ṁsw,in,e = 0.8 kg/s, Tfw,in,c = 15°C, ṁfw,in,c = 0.8 kg/s, 
ṁg,in,e = 0.2 kg/s, and φg,in,e = 60%).
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materials. For a given geometry of the system, the parameters 
which affect the production of freshwater the most were the 
feedwater mass flow rate and temperature and the size and 
velocity of the droplets in the evaporator and condenser. The 
benefit of heating the air before entering the humidifier was 
marginal, and the increment of the air mass flow rate was in 
general adverse. The following are the main conclusions:

• The largest production of freshwater achieved was 
242.2 kg/h, at Hc/He = 2.0, corresponding to the smallest 
diameter and velocity of the droplets (Dd,in = 0.6 mm, 
Ud = 4.0 m/s) and to the largest seawater mass flow 
rate and temperature at the entrance of the humidifier 
(ṁsw,in = 2.0 kg/s, Tsw,in = 80°C).

• Increasing the condenser-evaporator height ratio Hc/He in 
general had a positive effect on the production of fresh-
water. However, beyond Hc/He = 1.5, the benefit was not 
significant. For instance, when rising from 1.5 to 2.0 at 
the same conditions of the previous bullet, the gain was 
only 4.4%, which may not be worthy of the additional 
investment in materials.

• For all the cases investigated, the values of the GOR were 
considerably low. The largest value obtained was 0.58. It 
is believed that the use of packing materials inside the 
humidifier can improve the performance; nevertheless, 
more substantial improvements could be achieved if 
schemes of heat recovery were integrated into the desali-
nation system.

Symbols

A — Area, m2

Cp — Specific heat of air, kJ/kg K
D — Diameter, m
GOR — Gain output ratio, –
H — Height, m
h — Specific enthalpy, kJ/kg
hfg — Latent heat of evaporation, kJ/kg
hh — Heat transfer coefficient, W/m2 K
hm — Mass transfer coefficient, m/s
i — Node number, –
L — Length, m
m — Mass, kg
ṁ — Mass flow rate, kg/s
n — Number of differential elements, –
N — Number of droplets per second, 1/s
Nu — Nusselt number, –
Pr — Prandtl number, –
Q̇ — Heat flux, kJ/s
Re — Reynolds number, –
Sc — Schmidt number, –
Sh — Sherwood number, –
T — Temperature, °C
U — Velocity, m/s
W — Relative velocity, m/s
z — Vertical coordinate axis, m

Greek

α — Diffusivity, m2/s
h — Efficiency, –

λ — Thermal conductivity, kW/m K
m — Dynamic viscosity, Pa s
n — Kinetic viscosity, m2/s
ρ — Density, kg/m3

ω — Specific humidity (kg water vapor/kg dry air)

Subscripts

a — Dry air
c — Condenser
d — Droplet
e — Evaporator
ew — Evaporation rate
fw — Freshwater
g — Mixture of air and water vapor
in — Inlet
int — Interphase
out — Outlet
pw — Production or condensation rate
s — Surface
sw — Seawater
v — Vapor
w — Water
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