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Abstract
Fog harvesting is an unconventional source of water that can be used in some regions with water scarcity to overcome 
water shortages. The most commonly used collectors are meshes which have intrinsic limitations, the most important of 
which are clogging and aerodynamic deviation of droplets around the wires. Here, three techniques are compared and 
combined to overcome these limitations, i.e., replacing the mesh with an array of vertical wires, addition of a hydrophobic 
layer to the wires, and forcing the ionized droplets to move toward the wires by applying an electric field. The combina-
tion of these techniques was found to result in higher fog harvesting efficiency compared to each individual method 
with the highest impact from the addition of the electric field. The combined methods lead to a 60-fold increase in fog 
harvesting efficiency compared to meshes. The findings showed that when the fog droplets are forced in an electric field 
toward the wires, the shading coefficient for collectors can be increased to 1 from 0.55 (maximum for collectors without 
the electric field) without affecting the fog harvesting efficiency, allowing for lower construction cost of the collectors. 
Addition of the electric field showed two distinctive promotional effects. First, increasing the aerodynamic efficiency and 
second, reducing the size of droplets sliding down the wires by disturbing the three-phase contact line and reducing the 
contact angle hysteresis and the pinning force. Energy analysis shows that this technique can be 100 times more energy 
efficient compared to the conventional atmospheric water generators.
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1  Introduction

Freshwater availability is now becoming an increasing 
problem worldwide. This problem is more likely to occur in 
arid and semi-arid regions with limited or no precipitation. 
In such areas, water scarcity is not only due to the scarcity 
of the whole freshwater mass, but also to the inadequate 
collection and conservation of water [1, 2].

There are many options available to improve the effi-
ciency of water usage, but these may not be sufficient 
to meet human needs in many regions facing severe 
water shortages. Therefore, countries, regions, and com-
munities facing water scarcity are increasingly looking 

at unconventional water resources to reduce the gap 
between water supply and demand. Among the different 
sources of unconventional water, fog harvesting has been 
suggested in recent decades as a potential way to collect 
water in arid and semi-arid regions. This method is mostly 
suitable for areas with high humidity and prone to fog 
formation. Many studies have focused on fog harvesting 
including the fabrication of biomimetic materials which 
has shown some success [3, 4].

Fog harvesters are most commonly made of mesh net-
ting. These meshes are made in different sizes and placed 
perpendicular to the wind direction. The use of these 
meshes has shown success in many rural and coastal 
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communities around the world [5, 6]. The meshes can 
collect water droplets as they pass through their holes by 
wind. These droplets, which are small at first, coalesce and 
grow. They are then driven by gravity to a small channel at 
the bottom and then to a storage tank [7]. Although the 
meshes have achieved relatively good maturity due to its 
many years of development and cost-effectiveness, field 
studies has shown that they have low efficiency (around 
1–2%) due to intrinsic limitations [8].

Researchers have studied the meshes to find the opti-
mum configuration for fog harvesting by changing their 
geometry and wettability [9–12]. The main limitations 
related to the meshes are the shedding rate and aerody-
namic deviation of fog droplets around the mesh wires. 
Low shedding rate of droplets can affect the efficiency 
through clogging of the openings of meshes. The main 
approach to maximize the shedding rate is to add coatings 
(mainly hydrophobic) to the meshes which can reduce the 
contact angle hysteresis of the droplets that attach to the 
surface, and therefore, facilitate their drainage [13, 14]. In 
a recent study, Shi et al. [15] have shown that removing 
the horizontal wires and only using the vertical array of 
wires on meshes (called harps), can be an effective way 
to increase the shedding rate of fog droplets to avoid 
clogging, and therefore, enhancing the efficiency of the 
collector.

To overcome the limitation related to the deviation 
of fog droplets around mesh wires, Damak and Varanasi 
[16] have adopted the electrostatic precipitation method, 
which is used to collect aerosol particles by applying an 
electrostatic field to the ionized particles. They showed 
that using this technique, the number of fog droplets that 
deposit on the wires increases dramatically. They used a 
sharp metal as an ion emitter to charge the fog droplets 
and collected the charged droplets on a grounded mesh. 
In the absence of the electric force, the droplets travelling 

toward the wires follow the air streamlines and with the 
effect of drag force, they move around the wires. In the 
presence of an electrostatic field, the electric forces are 
larger than the drag forces and the droplets follow the 
field lines and are collected on the wires.

Each of the mentioned methods has its own limitations 
when applied for fog harvesting. When using the array of 
wires instead of meshes, the fog droplets can pass around 
the wires, thereby reducing the efficiency. When using the 
electrostatic method to collect the fog droplets on a mesh, 
the low shedding rate and clogging of the mesh pores can 
lower the efficiency of the system. In this study, we have 
combined these methods to minimize the limitations with 
both the shedding rate and aerodynamic deviation of fog 
droplets around individual wires. In this way, we attempt 
to maximize the fog harvesting efficiency with our system. 
Combining these methods can overcome the limitations 
associated with each method when they are used sepa-
rately. The results showed an overall 84% efficiency in the 
combined system which was higher than the efficiency of 
each method when used separately.

2 � Experimental methods

The setup used for fog harvesting is shown in Fig. 1. The 
system includes a fog collector, an ultrasonic humidifier to 
generate fog, fog transfer lines, a high voltage generator 
with adjustable voltage (manufactured by Megavolts with 
a maximum voltage of 25 kV) and a resistance box (Mega-
volts) to change the output power of the system. Fog was 
formed using an ultrasonic humidifier with an output rate 
of 0.1 l/h and speed of 0.2 m/s with an average fog droplet 
radius of 7 μm.

The water collection section was constructed as an 
array of vertical wires placed inside a clear plexiglass frame 

Fig. 1   The experimental 
setup for fog harvesting with 
the main parts of the system 
shown
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(Fig. 2). The wires were made of stainless steel. The overall 
dimensions of the plexiglass frame were about 4.5 × 4 cm. 
A reservoir for collecting water droplets was also placed 
underneath the wires. The wires were exposed to a fog 
stream a short distance from the humidifier outlet (3 cm).

The fog droplets were charged by placing an electrode 
(connected to the high voltage generator) at the fog out-
let and connecting the other pole of the power supply to 
the collecting wires. The relative humidity of the outlet 
of humidifier was 100% which was measured by a digital 
hygrometer with an external probe (Benetech GM1361). 
The air velocity was measured using an anemometer 
(Benetech GM8903). At specific time intervals (30–60 min 
without charging the droplets and 15 min when droplets 
were charged) the weight of the reservoir used to collect 
water was measured by a scale to determine the amount 
of water obtained. The process was repeated five times for 
each test to determine the repeatability of the test. The 
(fog) harvesting efficiency is measured as:

Three different diameters of wire were used in this study 
to build the collectors: 0.5, 1 and 1.5 mm, which were 
named as W0.5-2, W1-2 and W1.5-2, respectively. If D is the 
diameter of the wires and P is the center distance between 
the wires, the P/D ratio was equal to 2 for all the wires. 
This resulted in a shading coefficient (SC, i.e., the fraction 
of projected area covered by the wires) of 0.5 for all three 
wires. For the 0.5 mm diameter two more collectors were 
made with different spacing between the wires (2 and 
3 mm) resulting in a P/D ratio of 4 and 6, and were named 
W0.5-4 and W0.5-6. Although the aerodynamic efficiency 
(ηa) is shown to be at its maximum with SC ≈ 0.55, we were 
interested to examine the effect of P/D ratio especially for 
the case with the electric force added. A mesh with wire 

Water generated from the humidifier − collectedwater

Water generated from the humidifier
× 100

diameter of 0.7 mm and P/D ratio of 2.2 was also used for 
comparison and was named M0.7. Research has shown 
that these specifications are close to the optimum state 
for a mesh [8]. Figure 3 shows the fabricated collectors. 
The specifications of the collectors including the shading 
coefficient and the Stokes number are shown in Table 1.

To investigate the effect of the hydrophobic coating 
layers on the harvesting efficiency, a W0.5-2 collector was 
coated with the hydrophobic layer with a dip-coating 
method adopted from reference [17]. Briefly, a solution of 
isopropanol, dimethyldimethoxysilane and sulfuric acid 
with a weight ratio of 100/10/1 was prepared. The solution 
was stirred for about 30 s and allowed to stand for 30 min 
at room temperature before applied to the wires. After 
washing and cleaning the wires, they were dip-coated in 
the prepared solution for 5 s and dried at 40 °C for 30 min. 
The formation of the hydrophobic layer is based on sulfuric 
acid catalyzed hydrolysis and polymerization of dimethyl-
dimethoxysilane. This collector was named W0.5-2H. The 
characteristics of the W0.5-2 wires and droplets formed on 
it in the presence of the electric field were studied and the 
results are shown under W0.5-2E collector.

3 � Results and discussion

3.1 � Fog harvesting without the electric field

Figure 4 shows the fog harvesting efficiency for each 
of the collectors. The highest fog harvesting efficiency 
was obtained with W0.5-2. By increasing the diameter 
of the wires, the harvesting efficiency decreased by 
44% and 64% for W1-2 and W1.5-2, respectively. This 
trend was also shown by Shi et.al [15]. Increasing the 
gap between wires (increasing P/D ratio) also reduced 
the harvesting efficiency by 27% and 48% for W0.5-4 
and W0.5-6, respectively. The data also suggest that the 

Fig. 2   The fog droplets’ cap-
ture and collection section of 
the fog harvesting system
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effect of increasing the diameter of wires in reducing 
the fog harvesting efficiency is greater than increasing 
the distance between wires. Compared to the mesh col-
lector, all wired collectors showed higher fog harvesting 
efficiencies. By comparison, the fog harvesting efficiency 
in the W0.5-2 collector was about 3 times higher than the 
mesh collector used, which is a significant increase. It is 
worth noting that the mesh used in our experiments, as 
mentioned earlier, has the optimum dimensions for fog 
harvesting.

In short, the collecting wires used here outperformed 
the mesh in fog harvesting, and as the diameter of the 
wires and the distance between them decreases, the fog 
harvesting efficiency is increased. In other words, thinner 
and closer wires can more effectively collect and shed 
droplets.

As mentioned before, the main problem with the mesh 
collectors is the clogging of their openings with the depos-
ited droplets. The ability of the wires to prevent clogging 
is related to the reduction in pinning force, which allows 
easier shedding of the captured droplets down the wires. 
In case of mesh collectors, the horizontal wires prevent the 
smooth shedding of the droplets.

As shown in Fig. 4, with the addition of the hydrophobic 
layer to the mesh collector, the harvesting efficiency was 
increased by 62%. This very well illustrates the reason for the 
presence of hydrophobic layers on the leaf surface of some 
plants. The hydrophobic layer was also added to the W0.5-2 
collector to investigate its effect on the wire collectors. Com-
pared to the untreated W0.5-2 collector, 29% increase was 
observed after the addition of the hydrophobic layer. The 
increase in fog harvesting efficiency is about 2 times lower 

Fig. 3   Different wire and 
mesh collectors used for fog 
harvesting

Table 1   Wire diameter (D), ratio of the center-to-center distance 
between wires to the wire diameter (P/D), shade coefficient (SC), 
and Stokes number (St), receding and advancing contact angles 

(Ɵr, Ɵa), contact angle hysteresis (Ɵh), and the empirical and theo-
retical critical volume of drops (Vc,e,Vc,t) for each of the collectors

Collector D (mm) P/D SC St Ɵr (deg) Ɵa (deg) Vc,e (μL) Vc,t (μL)

W0.5-2 0.5 2 0.5 0.48 35 ± 3 53 ± 5 1.7 ± 0.8 2.70 ± 1.2
W1-2 1 2 0.5 0.24 34 ± 4 54 ± 2 2.0 ± 0.9 3.00 ± 0.8
W1.5-2 2 2 0.5 0.16 34 ± 5 53 ± 6 2.5 ± 0.5 4.05 ± 2.1
W0.5-4 0.5 4 0.25 0.48 35 ± 3 53 ± 2 1.6 ± 0.7 1.35 ± 0.6
W0.5-6 0.5 6 0.17 0.48 35 ± 3 53 ± 2 1.6 ± 0.5 1.35 ± 0.6
W0.5-2H 0.5 2 0.5 0.48 151 ± 3 154 ± 5 1.2 ± 0.5 –
M0.7 0.7 2.2 0.45 0.34 35 ± 3 52 ± 5 5.9 ± 1.3 –
W0.5-2E 0.5 2 0.5 0.48 66 ± 3 72 ± 4 0.7 ± 0.3 0.61 ± 0.4
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in this case when compared to the increase in fog harvesting 
efficiency for mesh collector with the added hydrophobic 
layer. This can be due to the fact that by replacing the mesh 
with wire collectors, the main obstacle, which is the shed-
ding of the droplets, is resolved to a great extent and the 
addition of the hydrophobic layer is, therefore, has lesser 
effect on optimizing the fog harvesting efficiency.

The fog harvesting efficiency of the meshes is � = �a�d , 
where �a is the aerodynamic efficiency and �d is the deposi-
tion efficiency. �a can be defined as the ratio of the droplets 
that are directed toward the mesh wires to the total number 
of droplets headed toward the mesh. �d is the ratio of fog 
droplets that deposit on the wires to the total fog droplets 
that were directed toward the wires [18].

�a has been modeled previously by linking the drag in the 
structure of the wires and the resulting decrease in the wind 
speed passing through them, and is shown as [19]:

where Cd is the drag coefficient for an impermeable plate 
with an equivalent shape which is approximately 1.18 [19] 
and C0 is the pressure drop coefficient of the wires/mesh 
given as [15]:

where

�a =
SC

1 +
(

C0

Cd

)0.5

ARe

[

1.3SC +
(

SC

1 − SC

)2
]

ARe =
(

4.6 × 10−11
)

⋅ Re4 −
(

7.1 × 10−8
)

⋅ Re3 +
(

3.8 × 10−5
)

⋅ Re2 − 8.7 ⋅ Re + 1.78, Re = �airv0D∕�air

The above equation is valid for Re < 400 which is the case 
in this work. Deposition efficiency depends on the Stokes 
(St) number, which is the ratio of the droplet inertia to the 
drag force and shows the ability of the droplets to follow 
streamlines and is shown as [8]:

where �water is water density, U0 is wind speed, rfog is the 
radius of water droplets in fog, �air is air viscosity, and Rwire 
is the radius of wire. Larger values of St lead to more drop-
lets on the wires of a collector, while smaller values lead 
to more droplets around the wires. The numerical values 
of St are listed in Table 1 for each wire and mesh collector. 
The deposition efficiency is a direct function of the Stokes 
number:

We assigned the test conditions where rfog = 7 μm and 
U0 = 0.2 m/s to find the values for Re, Cd, C0, �a , and �d for dif-
ferent collectors, as shown in Table 2. The theoretical fog har-
vesting efficiency using the calculated values for the tested 
collectors are shown in Fig. 4. The experimental efficiency 
found for the W0.5-2 collector was 3.8%, which is slightly 
below the theoretical value of 4.6%, indicating that experi-
mental results reasonably follow the theoretical values. The 
difference between the theoretical and experimental results 

St =
2�water ⋅ U0 ⋅ r

2
fog

9�air ⋅ Rwire

�d =
St

St +
�

2

Fig. 4   Fog harvesting 
efficiency for each of the col-
lectors
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is probably due to the fact that part of the generated fog 
condenses on the plexiglass frame. It should be noted that 
for the mesh collector used in our experiments, the clogging 
problems significantly impede the aerodynamics of the sys-
tem which results in lower efficiency than the predictions. 
For example, for the M0.7 collector, the fog harvesting effi-
ciency was only 1.3%, which is far from the predicted value 
(3.1%).

The effective shedding of droplets collected down the 
wires can be measured using the contact angle hysteresis 
model. This may help to better understand why reducing 

the diameter of wires increases the efficiency of water har-
vesting. As shown by previous reports [20, 21], the pinning 
force is due to the formation of contact angle hysteresis 
and acts along the receding contact line. A drop on a wire 
can be in the barrel position or just on one side of the wire 
[22]. For the falling droplets, the first case (barrel state) was 
observed in W0.5-2 collector, while in other collectors only 
the second case was observed (Fig. 5).

The experimental critical volume of the sliding drop-
lets can be approximated based on their shape as shown 
by Shi et al. [15]. The droplet volume sliding down one 

Table 2   Values for Re, ARe, 
C0, Cd, and deposition and 
aerodynamic efficiencies for 
the tested collectors

Collector Re ARe C0 Cd ηd (%) ηa (%)

W0.5-2 6.73 1.72 2.85E+00 1.18 23.31 19.59
W1-2 13.46 1.67 2.76E+00 1.18 13.19 19.77
W1.5-2 20.19 1.62 2.67 E+00 1.18 9.20 19.96
W0.5-4 6.73 1.72 7.52E−01 1.18 23.31 13.90
W0.5-6 6.73 1.72 4.53E−01 1.18 23.31 10.49
M0.7 9.42 1.70 1.08E+01 1.18 17.84 17.38

Fig. 5   The drop and barrel shape of the sliding droplets on the W1.5-2 (left), W0.5-2 (middle), and W0.5-2E (right) collectors and their cor-
responding illustrations
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side of a vertical wire can be considered as the sum of 
a half cone and a quarter spheroid ( V =

�B2H

6
+

4�B2C

12
 ) 

and the volume of the barrel can be approximated as 
a cuboid ( V = WHD ). The volume of the drop sliding 
down the wires when the electric field is present can 
be approximated as a half spheroid ( V =

4�B2C

6
 ). Analyz-

ing five different images of a drop starting to slip on a 
wire, the average Vc,e ≈ 2.5 ± 0.5 μL can be calculated 
for W1.5-2 collector by geometric simplifications. The 
experimental critical volume of the drops in barrel state 
was found by considering a cuboid shape for the drop 
and finding the dimensions of cuboid through five meas-
urements. The empirical value of Vc,e = 1.7 ± 0.8 μL was 
obtained in this way for W0.5-2 collector (Table 1). The 
above results show that the critical droplet volume is 
proportional to the size of the wires. One can understand 
why thin wires cause better water sliding and thus pre-
vent clogging.

Considering the length of receding contact line to be 
πRwire, the theoretical critical volume for droplets sliding 
down on one side of the wires can be calculated as [15]:

where σ is the surface tension and g is gravity. Using the 
values in Table 1 for receding and advancing contact angle 
values, the theoretical critical volumes can be obtained as 
3.00 ± 0.6 and 4.05 ± 2.1 µL for the W1-2 and W1.5-2 col-
lectors, respectively. For the W0.5-2 collector, where the 
water slides down in between the wires in a barrel shape, 
the critical volume can be found as [15]:

The difference between the two equations is the pres-
ence of an extra 2 on the right-hand side of the second 
equation for the dual receding contact lines of the barrel 
shape water sliding down in between the wires. Using this 
equation, the theoretical critical volume of the W0.5-2 col-
lector is 2.7 ± 1.2 µL. The results show that the theoretical 
critical volumes follow the same trend as the experimental 
ones. The difference between the theoretical and experi-
mental critical volumes can be due to the simplified equa-
tions used for calculating the theoretical critical volumes 
which are based on Furmidge model.

As shown in Table 1, with the addition of a hydrophobic 
layer on the wires, the critical volume of droplets decreases 
as they slide down the wires. This reduction in volume 
makes the droplets shed more easily and faster compared 
to the untreated surface. In other words, the shelf life of 
the droplets on the surface is reduced, which ultimately 
leads to an increase in the efficiency of fog harvesting. This 
reduction in critical volume is due to the drop in pin force 
on the wire surface.

�watergVc,t ≈ �Rwire�
(

cos �r − cos �a
)

�watergVc,t ≈ 2�Rwire�
(

cos �r − cos �a
)

3.2 � Fog harvesting with the help of an electric field

As mentioned, the main mechanisms that limit the effi-
ciency of the conventional fog collectors are the shedding 
rate and the aerodynamic deviation of the fog droplets. 
Improving the shedding rate was discussed in the previous 
section and overcoming the second limitation (deviation 
of droplets around wires of the collector) will be discussed 
here. The ability of the droplets to follow the streamlines 
is determined by the Stokes number. At low Stokes num-
bers, the droplets follow the flow paths closely, and small 
portion of droplets are collected. At high Stokes numbers, 
drag forces have no effect on the paths, and the droplets 
move toward the wires along their paths and collide with 
them. However, as shown in Table 1, the stokes number 
increases as the diameter of wires is reduced. Therefore, 
large Stokes number requires very fine wires that are dif-
ficult to construct and lack structural integrity. Hence, low 
deposition efficiency remains an important challenge in 
fog collection.

The solution suggested by Damak and Varanasi [16] is 
used in this section to overcome the aerodynamic limita-
tion of the streamline deviation around the wires which is 
to introduce an additional electrical force that overcomes 
the aerodynamic drag force and directs the fog droplets 
toward the wires. Their approach was inspired by the prin-
ciples of electrostatic adsorbents to increase fog collection 
[23, 24].

The mechanism of action of the addition of this force 
is schematically illustrated in Fig. 6. By connecting the ion 
emitter and the collecting wires to the power supply poles, 
an electric field is created between them. The droplets are 
ionized by the ion emitter and the applied electric field 
directs the ionized droplets toward the wires. The distance 
between the ion emitter and the collector can be divided 
into three regions, i.e., around the emitter, in-between, and 
close to the collector. The electric field lines move from 
the emitter toward the wires of collector and are strong-
est close to the emitter and weakest around the collector. 
The particle charging begins around the emitter. When the 
applied voltage increases, it reaches a certain value when 
corona discharge is produced. Free electrons are created 
at this voltage which are repulsed by the negative elec-
tric field toward the collector. With the electric force, the 
electrons accelerate and gain enough energy to ionize the 
air atoms (by liberating electrons) when they collide with 
them. All of this happens close to the emitter. A chain reac-
tion occurs at this stage creating more and more electrons 
and ions. The created ions are attracted back toward the 
emitter and can collide with the air atoms around them, 
creating additional electrons.

Entering the in-between electrode area, the electrons 
are still repulsed by the emitter but the effect of the 
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electric field on the electrons is weaker. When electrons 
collide with the air atoms in this region, they are cap-
tured by the atoms and the electron charge is transferred 
to them. This creates negatively charged air ions. Since 
these ions are negatively charged, they move away from 
the emitter and toward the collector. This puts them in the 
same path as the fog droplets. Therefore, these negatively 
charged ions play the main role in ionizing and captur-
ing of the fog droplets [25–27]. The ionization of droplets 
allows them to collect on the wires and some droplets 
that are not initially directed toward the wires are also 
captured.

The results of the fog harvesting efficiency in the 
presence of electric field in terms of V2 for different wire 
collectors are shown in Fig. 7. The results indicate the 
extremely high efficiency of the system, which shows 
a 53-fold increase compared to fog harvesting with-
out the use of electric field for the mesh collector. Here 
the wires of different diameters are shown in separate 
figures to better analyze them. Figure 7a shows that 
increasing the diameter of the wires does not have much 
effect on the efficiency of fog harvesting, but the verti-
cal wires are about 19% more efficient than the mesh in 
the maximum applied voltage. Increasing the distance 
between the wires (Fig. 7b), at lower voltages, allows for 
more fog droplets to pass through. However, at higher 
voltages, the stronger electric field can overcome the 

distance between the wires and more fog droplets are 
harvested. This is very interesting as the optimum P/D 
ratio for fog harvesting without using an electric field is 
2 which allows for the maximum aerodynamic efficiency 
[19]. The results show that when using the electric field, 
this general rule is no longer valid and with P/D ratio of 
4, the same fog harvesting efficiency can be achieved. 
From an economical point of view, this allows the num-
ber of wires used to be reduced to half without sacrific-
ing the efficiency which can lower the costs of the unit. 
Increasing the P/D ratio to 6 resulted in lower fog har-
vesting efficiency indicating that the electric field can-
not overcome the drag force with the increased distance. 
The results also show that, unlike before (without using 
electric current), the hydrophobic layer has little effect 
(3% increase) on increasing fog capturing efficiency. This 
indicates that in the case of using electric current, pre-
vious restrictions on droplets rolling off the wires have 
been largely eliminated.

As can be seen in Fig. 7, using the electric field, the fog 
harvesting efficiency increases linearly with V2 as the out-
put voltage increases at lower voltages. At a given voltage, 
the fog harvesting efficiency reaches its maximum and 
then there is no change in the fog harvesting efficiency as 
the voltage increases.

To better understand the changes in the efficiency ver-
sus the voltage, a dimensionless number (ke) is introduced 

Fig. 6   A schematic of the air streamlines and electric field lines for the fog collecting system
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as, Ke =
2rfog⋅�0⋅V

2

�air⋅L⋅Rwire⋅U0(1+U
∗)

 where U∗ =
2rfog⋅�0⋅V

2

�air⋅L
2
⋅U0

 . Ke is the ratio 

of the electric and viscous forces and is called the electric 
number and U∗ is a dimensionless number indicating the 
ratio between the speed added due to the electric field 
and the wind speed [16]. In these equations, L is the dis-
tance between the ion emitter and the collector, ε0 is the 
vacuum permittivity constant, and U0 is the fog droplets 
initial speed. Ke is found to be an important factor in the 
process of fog harvesting and the output efficiency will be 
proportional to Ke (η ≈ Ke). For low U∗ , the term V2 in the 
denominator of Ke is negligible, thus Ke is linearly related 
to V2 and hence, the output efficiency increases linearly 
with V2. However, for high values of U∗ , U0 becomes negli-
gible in the denominator and Ke tends toward a constant 
value (L/Rwire). Increasing the voltage beyond this point 
does not lead to the collection of more droplets. This is 
called the saturation voltage. The Ke equation can be 

written as Ke = L/Rwire ( U∗)/(1 + U∗ ). Complete saturation 
occurs when U∗ >> 1, but its effects start to show when 
U∗ = 1. The saturation voltage can be seen in bending the 
lines and the efficiency becoming almost constant with 
increasing the voltage as shown in Fig. 7.

Analyzing the shape of falling droplets for W0.5-2E (in 
the presence of electric field), a clear shift was observed 
from barrel position (as was seen for W0.5-2 collector) to 
drop shape (being on just one side of the wire) as shown 
in Fig. 2. This was related to the reduction in volume of 
droplets sliding down the wires. Analyzing the volume of 
droplets sliding down the wires for W0.5-2E (in the pres-
ence of electric field), a significant reduction (59%) was 
observed when compared to W0.5-2 (without the electric 
field). Moreover, the contact angle hysteresis of the falling 
drops also showed a three-fold decrease. The reduction in 
the volume of droplets can be attributed to the reduction 
in pinning force which is related to contact angle hyster-
esis as shown in the following equation [28]:

where fp is the pinning force, σ is the surface tension and 
w is the width of the droplet and the minus sign show the 
opposite direction of pinning force in regard to the mov-
ing direction of droplet. The equation shows that with the 
reduction in CAH, the pinning force is decreases allowing 
for faster roll off of droplets collected on the wires. The 
reduction in CAH can be attributed to the presence of 
the electric field which perturbs the force balance at the 
three-phase contact line. This can lead to the depinning of 
the contact line from the surface and faster shedding of 
droplets which in turn can free more condensing areas on 
wires for droplet nucleation and growth. The same phe-
nomenon is also observed in electrowetting resulting in 
similar changes to the CAH [29–31]. The electric field is 
therefore, has two distinctive advantages: first, increasing 
the aerodynamic efficiency of the system by directing the 
fog droplets toward wires and second, by reducing the 
pinning force and therefore, increasing the shedding rate.

3.3 � Investigation of energy consumption 
and comparison with atmospheric water 
generators

We used a resistance box (Fig. 1) to control the output cur-
rent and thus investigate the amount of energy required 
for fog harvesting with the help of an electric field. The 
output current of the power supply is about 1 mA. With the 
help of the resistance box, this output can be reduced to 
1/10,000. Figure 8 shows the fog harvesting efficiency for 
collector W0.5-2 at different output currents. The results 
showed that the minimum output current to reach the 

fp = −�w
(

cos �r − cos �a
)

Fig. 7   Fog harvesting efficiency in the presence of electric field for 
different wire collectors
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maximum efficiency was about 0.01 mA. Lowering the 
current output from 0.01 mA resulted in lower maximum 
efficiency. Therefore, the tests in study were performed 
with 1/100 of the current output from the power supply 
(about 0.01 mA). Below the 0.01 mA output, the number 
of ions emitted is not sufficient to ionize the fog droplets 
which results in lower amount of water collected.

The results show that at high voltages (V2 = 196), using 
a current of 0.01 mA, 82% efficiency was achieved. The 
amount of power consumed in this case is about 0.1 W. 
Therefore, for our collectors with dimensions of 4 × 4.5 cm, 
the power consumption per unit square meter is about 
60 W/m2. Considering the maximum water production in 
the system (~ 82 g/h), the amount of energy consumed 
is about 1.2 KWh/m3. The energy consumption in this 
method is therefore, about two order of magnitude lower 
than the amount of energy consumed in current atmos-
pheric water generators (~ 200–500 KWh/m3).

4 � Conclusion

The fog harvesting was performed with an array of vertical 
wires which showed up to 3 times increase in efficiency 
compared to conventional nets. This increase was related 
to lack of restricting horizontal wires and therefore, the 
decrease in pinging force. The results showed that reduc-
tion in wire diameters increases the efficiency; however, 
the effect of increasing the distance between the wires 
was smaller on the efficiency reduction compared to the 
increase in wire diameter. The added hydrophobic layer 
to the mesh collector, increased the efficiency by 62%. 

However, only 29% increase in efficiency was observed 
when the hydrophobic layer was added to the W0.5-2 
collector. Applying the electric field had the most effect 
on increasing the efficiency (53 times) through changes 
in the aerodynamic of the system. The charged droplets 
are captured by the wires working as an electrode and 
the efficiency reached 82%. The collector shape (wires vs 
mesh) and the hydrophobic layer were found to increase 
the efficiency only by 19% and 3%, in this case. Increasing 
the wire diameter was found to have negligible effect on 
the efficiency, while increasing the distance between the 
wires reduced the efficiency at lower voltages. This was, 
however compensated at higher voltages which resulted 
in stronger electric field and more collection of the fog 
droplets. The maximum SC of 0.55 for the wires without 
the electric field was increased to 1 in this case. Reaching 
the same harvesting efficiency with lesser amount of wires 
used (SC = 1), can be significantly beneficial for the cost of 
the unit. The use of an electric field was found to decrease 
the pinning force acting on the droplets by disturbing 
the contact line of the droplets sliding down the wires 
and reducing the CAH by three-fold. This allowed for the 
reduction in the volume of droplets rolling off the wires 
and opening sites for the nucleation and growth of new 
droplets. The energy analysis of the system showed that 
energy consumption was about 100 times lower than the 
current atmospheric water generators which makes this 
technique very promising to be used for fog harvesting.
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