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In this era, the biggest challenge encountered by people is water scarcity, particularly in
arid and semi-arid regions. The finest alternative source of fresh water is atmospheric water
harvesting through condensation, which offers a promising and sustainable solution.
Despite previous studies having investigated droplet condensation behaviour on flat,
inclined, and tubular surfaces with varying surface wettabilities, a systematic
understanding of the combined influence of surface geometry, wettability (8), relative
humidity (RH), and dry bulb temperature (DBT) on water harvesting rate (WHR) remains
lacking. To address this gap, the present study presents a novel investigation of WHR and
droplet mobility on the bioinspired curved surface (CS) with respect to wettability, RH,
and DBT. The mobility of the condensed droplets has been tracked with two-dimensional
numerical simulations using the Volume of Fluid (VOF) method. The results of the present
research indicate that CS are much better at collecting water, due to better droplet shedding
and surface wettability. Numerical results are aligned with the experimental data,
indicating that surface geometry and environmental conditions affect the condensation.
WHR increased with the increase of RH and DBTs due to enhanced vapor pressure
differential. Superhydrophilic surfaces achieved the highest WHR among hydrophilic,
hydrophobic, and superhydrophobic surfaces. These findings highlight the potential of
bioinspired curved surfaces for efficient WHR from the atmosphere.

1. INTRODUCTION

The primary source of every living being on the earth is
water. The availability of freshwater resources has become the
most significant challenge worldwide and will worsen in the
coming years [1, 2]. The continuous growth of population,
climatic variations, urbanisation, and industrialisation put
pressure on the availability of freshwater resources [3].
Therefore, many researchers have investigated this problem of
getting enough water with various methods all over the world.
These methods include seawater desalination, wastewater
treatment, sewage recycling, and atmospheric water
harvesting. However, the desalination method, wastewater
treatment method, and recycling of sewage methods are not
usable these days due to high installation costs, environmental
problems, and transportation issues [4]. Thus, the atmospheric
water harvesting method is considered a new solution for
producing fresh water at an affordable cost and with minimal
energy consumption.

The atmospheric water harvesting method is the process of
obtaining fresh water by capturing water droplets from
moisture in the atmospheric air. This method is the safest way
to generate water because it has no negative influence on the
environment and is economically viable. Water droplets
absorbed from atmospheric moisture can be replenished by the
water cycle on Earth. Thus, the atmospheric water harvesting
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method is a new and reliable solution to transport fresh water
to remote, affected, arid, and semi-arid regions. Many
organisms in arid and semi-arid regions, including beetles,
cacti, spiders, trees, etc., collect water droplets from moisture
through their body surface structures. The beetle's surface
structure consists of hydrophilic bumps and hydrophobic
valleys. The hydrophilic bumps on the beetle's back capture
water droplets in the atmospheric air, and hydrophobic valleys
aid in removing the water droplets from the surface. This
peculiarity on the surface of the beetle aids in absorbing water
droplets in any season. This natural process occurs
independently without any aid of an external source through
their bumps and valleys [5]. The collected water droplets on
the beetle's surface are transported to its mouth when the beetle
comes to a fog-basking position [6]. Similarly, the spider web
also collects water droplets when it is exposed to moist air in
the early mornings. Specifically, the fibre from the spider
Uloborus walckenaerius forms the periodic spindle knot and
joints when the spider web is exposed to misty air. Owing to
the unique structural features on the web, condensation of
water droplets occurs on the spindle knot due to the generation
of surface energy gradient and the variation of Laplace
pressure between the spindle knot and joints [7]. A cactus
variety of Opuntia microdasys is another organism with a
unique capability of collecting water droplets from humid air.
When a cactus is exposed to fog, water droplets form on the
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tip of the spine and are transported to their trichomes (bottom
of spine) through the grooves present in the middle of the
spine. The condensation of water droplets from moist air
occurs due to the variation of laplace pressure gradient and the
surface energy gradient between the tip and the bottom of the
spine [8]. These organisms have a distinctive ability to capture
water droplets from the atmosphere since their bodies were
naturally designed with various features.

Hence, the wettability of these organisms' surfaces plays a
vital role in absorbing water droplets from misty air via
condensation. The surface wettabilities are classified into four
types: superhydrophilic, hydrophilic, hydrophobic, and
superhydrophobic states. which are determined by the contact
angle between the water droplet and the surface. The surface
wettability, contact angle distribution, and the size and shape
of the water droplets are all meticulously illustrated in Section
4.1. The high adhesive forces on the superhydrophilic and
hydrophilic surfaces follow filmwise condensation, which
causes condensed droplets to slide on the surfaces. Similarly,
droplets on hydrophobic and superhydrophobic surfaces
follow condensation dropwise. Which exhibit rolling or
jumping behaviour due to their low adhesive forces [9, 10].

The water droplets on the different structure surfaces with
various wettabilities are very promising regarding moisture
harvesting. The droplet slides on the wettable surfaces
(superhydrophilic and hydrophilic), and the droplets bounce or
roll on the non-wettable surfaces (hydrophobic and
superhydrophobic). The water droplet mobility on the surface
depends not only on the surface wettability but also on surface
geometry [11]. Previous studies have demonstrated the
importance of surface wettability and the shape of the surface
in moisture harvesting. Peng et al. [12] conducted an
experiment on the hydrophobic-hydrophilic vertical patterned
surface to determine the nucleation rate and droplet diameter
on the hybrid surface. The nucleation rate of condensed
droplets in the hydrophilic region is higher than in the
hydrophobic region. The larger diameter droplets are observed
in the hydrophobic region than in the hydrophilic region. The
study concludes that the nucleation rate and droplet diameter
are indirectly and directly proportional to the contact angle of
the surface, respectively. Previous studies have shown that
structural modifications of surfaces can influence the droplet
behavior and performance [13, 14]. The condensed water
droplets with larger diameters in hydrophobic and
superhydrophobic regions lead to bounce or rolls on the

surfaces [15-18]. Khojasteh et al. [10] observe that the
condensed water droplets bounce and roll over the flat inclined
superhydrophobic surface with a tilt angle of 30°. Similarly, a
numerical study has been conducted on the water droplet
movements in a linear flow channel that has been affected by
the flowing air properties [19]. Oestreich et al. [20] performed
an experiment on the branched surface with heterogeneous
wettability by keeping the relative humidity at 80%. The
results of this study show that the moisture condensation rate
is directly affected by the relative humidity. The condensation
rate of moist air depends on relative humidity and other
parameters like the dry bulb temperature of moist air [21].

Seo et al. [22] discussed the moisture harvesting
performance on the tubular surface subjected to different
surface wettabilities. The results show that introducing non-
wettable surfaces improves the fog harvesting performance by
increasing the water removal rate. The effect of variation of
DBT and RH of the moisture air on the surface still needs to
be reported. According to currently available literature, it is a
challenging task to determine the influence of these
characteristics on the moisture harvesting rate. In this study,
the VOF method is used to understand the behaviour of the
condensed water droplets on a hemispherical curved surface
(CS) with a specific range of surface wettabilities and different
air properties. The objective of this study is: (1) to understand
the behaviour of the condensed water droplets on the
hemispherical CS with the variation of relative humidity, dry
bulb temperature, and surface wettability; (2) to analyse the
condensation rate of a CS at a constant contact angle with
variable relative humidity and vice versa.

2. EXPERIMENTAL SETUP AND PROCEDURE

2.1 Experimental setup

The collection of water droplets from the humid air with the
help of a Peltier module is based on the concept of
condensation phenomena on the cold CS. The schematic
diagram of the experimental setup is represented in Figure 1,
and the actual experimental setup with all the components
involved is shown in Figure 2(a). The condensed water
droplets on the CS from the humid air are shown in Figure
2(b).
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Figure 1. Schematic representation of the experimental setup
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Figure 2. (a) Top view of the experimental setup, (b) Top
view of the cooling surface

In the present work, the experimental setup consisted of a
Peltier module, a heat sink, a fan, CS on the cold side, an
aluminum thermal bridge, a rectangular polycarbonate sheet,
and a wooden stand to hold all these components. The
components that help the condensation (Peltier module, CS,
thermal bridge) were enclosed in a polycarbonate PVC
rectangular cross-section, as shown in Figure 2(a), safely
placed on the wooden stand. The heat sink and fan were
arranged at the bottom of the polycarbonate sheet. The
specifications of the components are detailed in Table 1.

Table 1. Component specifications of the experimental

system
Component Specification
. Max. Current: 5 (A)
Peltier Module Max. Voltage: 15 (V)
Shape: Curved (semi-circle)
Cold side Material: Stainless steel
Dimension: 15 mm radius
. Material: Aluminum
Heat sink

Dimension: 12 cm X 10 cm X 2.5 cm

A rectangular polycarbonate sheet is fixed with nuts on the
top of the wooden table. The upper part of the rectangular sheet
holds the Peltier module, thermal bridge, and cooled CS. A
rectangular chamber made with polycarbonate material is
placed on the rectangular sheet to protect these components.
Whereas, the heat sink and fan are assembled to the hot side of
the Peltier module. These parts were placed at the lower part
of the rectangular sheet. The hot air passes to the surroundings
through the heat sink and fan.

2.2 Experimental procedure

In the present study, a fog harvesting experiment has been
performed using a single Peltier module positioned in a
controlled airflow generated by a humidifier. The humid air
produced by the humidifier streams at 70% relative humidity
and 30 °C DBT, while the air velocity is maintained at 0.7 m/s
across the Peltier cold surface. The Peltier module was
mounted on a heat sink assembly, with the CS exposed to the
airflow. The humid air conditions were measured using a
thermohygrometer. During the test, the electric power supplied
to the Peltier module was monitored continuously. Once the
airflow and humidity conditions stabilised, the Peltier module
started working, leading to the formation of condensate on the
cooled surface, which subsequently drained into a collection
bucket.

An analytical balance was used to measure the condensate
that was collected over an hour for each run. Additionally, the
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temperature, humidity, airflow velocity, and Peltier operating
parameters were continuously monitored. The experiment was
conducted 15 times under identical conditions to ensure
accuracy, with the cold surface and collection bucket cleaned
and dried between experiments. All recorded data were
analysed to determine steady-state values, and the average
outcome of the 15 trials has been used to generate the values
represented in the diagram. The water condensation increases
with the increase of air velocity and relative humidity [23]. In
the present work, the experimental work has been performed
many times at an air velocity and relative humidity of 0.7 m/s
and 70%, respectively, to get optimal results. The
experimental results have been represented in Figure 8. The
present study results in less surface area achieved with the one
Peltier module than Kadhim 2020 [23] and Joshi 2017 [24].

A suitable surface and air properties are needed to condense
the atmospheric air, which is flexible enough to slide the
condensed droplets quickly from the surface and to nucleate
new water droplets. A CS was designed in SALOME to
perform the simulation. Therefore, a set of numerical
simulations was performed using the finite volume method-
based free and open-source computational fluid dynamics
software OpenFOAM 2206 to calculate the water harvesting
rate at various parameters. In previous studies, the water
harvesting rate increased with the increase in relative
humidity. However, WHR at different dry bulb temperatures
may vary at different relative humidities and surface
wettabilities. The condensing droplet nucleation and
transportation vary with the CS wettability. This method was
an alternative solution to analyze the water harvesting rate and
droplet dynamics on the CS. The numerical approach has been
explained in detail in the following section.

3. NUMERICAL APPROACH
3.1 Geometrical explanation of the problem

In the present study, a condensing CS in a hemispherical
shape connected with two rectangular buckets at the end of the
CS is used to collect water droplets. The water harvesting rate
(WHR) has been calculated for two cases with respect to
different relative humidities (RH’s), Dry bulb temperatures
(DBTs), and surface wettabilities. In the first case, WHR has
been calculated for various DBTs when CS is maintained at
constant surface wettability with variable RH’s. Whereas, in
the second case, the WHR has been calculated for various
DBT’s when CS is maintained at different surface wettabilities
by keeping constant RH. Here, the surface wettability is
defined by the contact angle between the water droplet and the
surface. The range of the contact angle lies between 0° < 0 <
10°, 10° <0 <90°,90° <0 < 150°, and 150° <0 < 180°, which
are known as superhydrophilic, hydrophilic, hydrophobic, and
superhydrophobic, respectively [25, 26].

Figure 3 shows the detailed information of a two-
dimensional geometrical representation of a condensing CS
with water collecting buckets that are used in the present study.
The dimensions of the water collecting cup are considered as
0.005 m in height and 0.003 m in width, while the radius of
the CS is taken as 0.015 m. The CS in hemispherical shape in
the computational domain is exposed to the atmosphere to
condense the humidity present in the atmospheric air into
water droplets under various DBTs, RHs, and surface
wettabilities. The condensed water droplets on the CS from the
humid air slide/roll down to the connected buckets due to the



gravitational force [23].

Table 2 shows a brief description of the parameters
considered in the present study to run the two cases. In the
present simulation three DBT’s (25 °C, 30 °C and 35 °C), five
RH’s (50%, 60%, 70%, 80% and 90%) and seven surface
contact angles (0°, 30°, 60°, 90°, 120°, 150° and 180°) are
considered to calculate WHR for both cases. Whereas the
temperature of the CS has been maintained at 0 °C in both
cases. In the first case, the WHR has been calculated for three
DBT’s at a constant surface contact angle of 0° by varying
RH’s from 50% to 90%. Whereas, in the second case, the
WHR has been calculated for three DBT’s at a constant
relative humidity of 70% by varying surface contact angles
from 0° to 180°. The value of partial vapor pressure (Pa) is
obtained by giving DBT and RH as inputs in the psychrometric
calculator [27]. The thermodynamic properties of saturated
steam are known by giving partial vapor pressure as input in
the piece software [28]. Similarly, at one bar pressure, the
properties of saturated air are obtained by giving various dry
bulb temperatures as input in the piece software [29].

3.2 Governing equations

In the present study, the volume of fluid (VOF) method is
utilized to capture the interface of the surface. The governing
equations of the VOF method are [30]:

Continuity equation:

X+ 7.(pw)=0 (1)

Momentum equation:

a
%+V.(puu) = —l7P+l7.[ueff(|7u+ @
(VW] +pg + F,
Energy equation:
28 4 V. [u(pE + P)] = V. (kepVT) + S 3)

where, p, u, P, T, and g are the density, velocity, pressure,
temperature, and acceleration due to gravity, respectively. The
terms ﬁg, E,and S are the force of the surface tension, internal
energy, and source term of phase transitions, respectively. The
effective parameters porr and ks are the effective dynamic
viscosity and thermal conductivity, respectively. The effective
parameters have been defined as follows:

MHepr = Up + U 4

kepr =k + k¢ 4)
In the above Eqgs. (4) and (5), indices L and t represent
laminar and turbulent flows, respectively.
The force of surface tension value is obtained by using the
continuum surface force (CSF) model, which was proposed by
Brackbill et al. [31].
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Figure 3. Schematic diagram of computational domain
Table 2. Parameter details of the simulation
S. No. Parameters Case 1 Case 2
1. Curved surface (CS) temperature (T) 0°C 0°C
2. Dry bulb temperature (DBT) 25°C, 30 °C, 35 °C 25°C,30°C,35°C
3. Surface contact angle (0) 0° 0°, 30°, 60°, 90°, 120°, 150° and 180°
4. Relative humidity (RH %) 50%, 60%, 70%, 80% and 90% 70%
5 Partial vapor pressure (PVI") and Saturated water Based on DBT and RH Based on DBT and RH
properties
6. Saturated air properties At one bar pressure At one bar pressure
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where, g represents the surface tension of water, k; and k,, are
defined as follows [31]:

_ i Va;

=V (Ve )
_ . Vay,

o=V ®)

In the above Egs. (7) and (8), « is the volume fraction and
subscripts [ and v are the liquid and vapour phases,
respectively. The sum of the volume fractions of liquid and
vapour phases is unity in the computational grid; the equation
is represented as:

a+a,=1 )

The properties in the VOF method, which are viscosity,
density, and thermal conductivity of the fluid, were defined as
follows [30]:

Um = ity + (1 —a,)yy (10)

(11
(12)

Pm Aypy + (1 - av)pl

km avkv + (1 - av)kl

In the present study, shear stress transport (SST) k — w
Reynolds averaged Navier-stokes (RANS) approach is
considered to analyse the two-dimensional, transient,
incompressible flow fluid in the computational domain. The
turbulent kinetic energy (k) and specific turbulent dissipation
rate (w) are estimated by using the governing equations of
SST k — w turbulence model, the equations are defined as
follows [32]:

StV k) = 0 (o S+ G
4
LD+ V- (puw) = V - (1 + :_:))Vw]Jr T s

Yo

where, the terms G, and Y, are the generation and dissipation
of turbulence kinetic energy due to mean velocity gradients,
G, and Y, are the generation and dissipation of specific
dissipation rate due to turbulence, respectively.
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3.3 Numerical schemes and boundary conditions

The governing equations are approximated by using the
finite volume method in the present study. A first-order
implicit scheme is utilized to discretize the transient terms in
the governing equations. Whereas, convective and diffusion
terms in the governing equations are approximated by the
second-order upwind scheme and the second-order central
differencing scheme, respectively. The coupling of pressure
and velocity is achieved by choosing the PIMPLE algorithm
with one inner and two outer corrector loops in each time step.
Here, the PIMPLE algorithm is a combination of Pressure
Implicit with Splitting of Operator (PISO) and Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) algorithms.
The pressure correction equation is discretized with a
convergence criterion of 10 at each time step by using the
geometric agglomerated algebraic multigrid (GAMG) solver.
The remaining parameters are solved using a stabilized pre-
conditioned bi-conjugate gradient (PBiCGStab) solver with a
tolerance error of 1077, In the present transient simulation, the
Courant number value is always maintained less than or equal

to 0.5 at variable time steps to get an accurate solution.

. . ula
Courant number is calculated using the formula of (% <

0.5), where |U| is the flow velocity, At is the time step and Ax

is the mesh cell size. The numerical simulations are carried out
using open-source CFD software, OpenFOAM (Open-source
Field Operation and Manipulation).

Grid Independence Test
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Figure 5. Variation of condensation rate for four different
grid sizes

3.4 Grid independence tests

A mesh has been generated for the computational domain
with a total of 8.18 x 10* grid points. With these grid points, a
total of 1.57 x 10° faces and 3.8 x 10* cells have developed.
Figure 4(a) shows the variation in grid distribution of the
computational domain, which was formed with the total
number of cells. Out of which 94.86% are of hexahedral type,
4.46% are of polyhedral type, and the rest 0.67% are of prism
type. Computational iteration time reduces due to the major
percentage of hexahedral cells. Polyhedral-type cells were
seen at every transition state of the mesh, as shown in Figure
4(b). Maximum volume cells are located far from the
boundary, and minimum volume boundaries are near the CS
and walls, as shown in Figure 4(c). The volumes of the
maximum and minimum cells of the computational domain are
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4.81 x 107 and 2.23 x 10"'? respectively. The mesh maximum
non-orthogonality is 37.54 to provide good computational
results, with an average of 4.29. The maximum skewness of
the mesh is limited to 2.12 with a maximum aspect ratio of
6.66.

Grid independence test has been conducted at DBT 30 °C
and 70% RH at different grid sizes. Figure 5 represents the
volume of water collected per second by varying the grid sizes
of the computational domain. The volumes of WHR at 8.18 x
10* and 5.78 x 10* grid sizes are nearly similar, and we
observed that a similar amount of WHR has been collected by
further increasing the grid sizes in the computational domain.
This indicates that the volume of WHR is independent of grid
size after reaching the maximum number of grid points. A
mesh with a maximum of 8.18 x 10* grid points has been
considered for all the simulations in the present study to be on
the safer side.

4. RESULTS AND DISCUSSIONS

A CS is used to analyse the mobility of condensed droplets
on the surface, and the rate of water harvesting on the surface
is determined by incorporating the parameters of DBT, surface
wettability, and relative humidity. The condensing of water
droplets on the CS depends on the humid air properties such
as density, kinematic and dynamic viscosities, thermal
conductivity, partial vapour pressure, dew point temperature,
specific enthalpy, and specific heat. The shape and mobility of
the droplets depend on the Prandtl number and surface tension
of the surface. The present study considers a constant Prandtl
number and surface tension (o) of 0.7 and 0.07 N/m,
respectively. At a particular DBT and RH, the values of partial
vapor pressure and dew point temperature of atmospheric air
are obtained from the psychrometric chart [27]. The remaining
parameters for saturated water and air are obtained from the
piece database [28, 29].

In the present study, two cases are considered to calculate
the WHR on the CS, as shown in Table 3 and Table 4. All sets
of simulations are carried out by varying the parameters such
as DBT, RH, and surface wettabilities. The range of
parameters is as follows: the dry bulb temperature (DBT)
ranges from 25 °C to 35 °C with an interval of 5 °C; the relative
humidity ranges from 50% to 90% with an interval of 10%;
and the surface contact angle ranges from 0° to 180° with an
interval of 30°. In case 1, the three DBTs (25 °C, 30 °C, and
35 °C) were subjected to five RHs (50%, 60%, 70%, 80%, and
90%) by keeping a constant water contact angle 8 = 0°, as
shown in Table 3. Whereas, in the case 2 set of simulations,
three DBT’s (25 °C, 30 °C, and 35 °C) are subjected to seven
different surface contact angles (0°, 30°, 60°, 90°, 120°,150°,
and 180°) by keeping constant RH as 70%, as shown in Table
4.

These contact angles utilize a static approach over a
dynamic one because of the slow condensation to calculate
WHR. At the low velocities, the surface interface remains in a
quasi-equilibrium state where the effects of dynamic wetting
and contact angle hysteresis are negligible. Therefore, the
static angle provides a reliable and computationally stable
representation of the surface within the numerical model.
Studying all these 36 sets of simulations with different
parameters can provide a better understanding of the following
topics:

e The behaviour of the condensed droplets, such as



sticking, rolling, and bouncing on the CS, which are
influenced by the adhesive and cohesive forces, has
been analysed.

e The water harvesting rate has been obtained for all
sets of simulations, and a comparative study has been
provided.

Table 3. List of all parameters considered in case 1 at
constant WCA of 6 =0°

S. No Dry Bulb Temperature Relative Humidity
T (DBT °C) (RH %)

1 25 50, 60, 70, 80 and 90

30 50, 60, 70, 80 and 90

3 35 50, 60, 70, 80 and 90

Table 4. List of all parameters considered in case 2 at
constant RH = 70%

Dry Bulb Temperature

S. No. (DBT °C) Water Contact Angle (0)
0°, 30°, 60°, 90°, 120°,
! % 150° and 180°
0°, 30°, 60°, 90°, 120°,
2 30 150° and 180°
3 35 0°, 30°, 60°, 90°, 120°,

150°and 180°

4.1 Fundamental condensed droplet dynamics on the
curved surface

Atmospheric water harvesting involves four main steps: 1.
Condensation, 2. Coalescence, 3. Transportation and 4.
Collection of water drops. Condensation of atmospheric air
occurs due to factors such as dry bulb temperature, relative
humidity, and surface temperature. The rest, coalescence,
transportation, and collection of condensed water depend on
the surface morphology, surface wettability, surface tension,
viscosity, cohesive and adhesive forces, and acceleration due
to gravity. In the present study, the condensed water droplet
shape and mobility depend on the surface wettability. Surface
wettability is categorised into four regions: superhydrophilic,
hydrophilic, hydrophobic, and superhydrophobic regions. The
range of the contact angle between the water droplet and the
surface determines the wettability regions. The range of
contact angles from 0° to 10°, 10° to 90°, 90° to 150°, and 150°
to 180° is considered as the superhydrophilic, hydrophilic,
hydrophobic, and superhydrophobic regions, respectively [23,
30, 31]. The condensed water characteristics on the CS for
various parameters (DBT = 30 °C, RH = 70%, and Ty = 0 °C)
at different surface wettabilities are illustrated in Figure 6.

In the present study, the CS has been simulated under
various DBTs with different surface contact angles varying
from 0° to 180° while keeping constant relative humidity. The
condensation of water drops occurs on the CS due to the
temperature difference between the atmospheric air and the
CS. The shape and mobility of condensed water have been
observed on the CS, which is subjected to four different
wettability surfaces. Figure 6(a) shows the behaviour of the
droplet (wetting characteristics) on the various wettability
surfaces. The water dynamics on the surface are as follows:
complete wetting on the superhydrophilic surface, incomplete
wetting on the hydrophilic and hydrophobic surfaces, and non-
wetting on the superhydrophobic surfaces [33, 34]. The
outcome of the condensed water behaviour on the various
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wettability surfaces agrees with the theory explained by Lei
and Guo [33]. Figure 6(c) shows the behaviour of the
condensed water (red) on the CS at four different surface
contact angles. These four 6 =0°, 60°, 120°, and 150° surface
contact angles are considered as the superhydrophilic,
hydrophilic, hydrophobic, and superhydrophobic surfaces,
respectively.

The superhydrophilic and hydrophilic surfaces have a
strong ability to attract water from the atmosphere. The
condensed water from the atmosphere adheres strongly to the
superhydrophilic surface, and a continuous water film has
been formed, as shown in Figure 6(b1). Whereas, a semi-circle
water droplet shape has been observed on the hydrophilic
surface, as shown in Figure 6(b2). The condensed water on
these superhydrophilic and hydrophilic surfaces sticks
strongly due to the strong adhesive forces rather than the
cohesive forces between the water and the surface. The
condensed water on the hydrophobic surface, a three-fourth of
the circle shape, has appeared due to the less adhesive forces
than the cohesive forces, as shown in Figure 6(b3). Whereas,
a complete spherical shape has been observed on the
superhydrophobic surface, as shown in Figure 6(b4).

The condensed water on the superhydrophilic surface sticks
strongly and moves to the buckets along with the boundary of
the CS, as shown in Figure 6(dl). The droplets on the
hydrophilic surface coalesce with the adjacent droplets and
then flow towards the buckets, as shown in Figure 6(d2).
Whereas the condensed droplets roll down and jump over the
hydrophobic and superhydrophobic surfaces, respectively.
The droplets after reaching maximum volume on the
hydrophobic surface roll down to the buckets due to the
gravitational forces, as shown in Figure 6(d3). Whereas the
condensed droplets roll and jump on the superhydrophobic
surface, as shown in Figure 6(d4). Here, the adhesive forces
cannot overcome the gravitational forces on the hydrophobic
and superhydrophobic surfaces due to the smoothness of the
surface. Hence, the droplets either roll or jump on the surfaces.

The qualitative condensed water droplet behaviours
described in Section 4.1, specifically, the transition from film-
wise condensation on superhydrophilic surfaces to fast
gravity-driven ~ condensation on  hydrophobic  and
superhydrophobic surfaces. This provides a physical
foundation for the water harvesting rate in the following
section 4.2. The following section presents a quantitative
analysis of WHR. The analysis is divided into two focused
cases; the first case evaluates the WHR across varying RHs by
keeping a constant superhydrophilic surface in Section 4.2.1.
Subsequently, section 4.2.2 investigates the WHR across
varying surface wettabilities by keeping constant RH.

4.2 Water harvesting rate (WHR) analysis for various DBT

Water harvesting rate has been calculated for all the cases
considered in the present study, as shown in Table 2 and Table
3. The condensed water sticks, rolls, and bounces on the CS
due to the action of adhesive and cohesive forces. After
condensation, water slides down over the CS. The water has
been collected into the buckets due to the action of the
gravitational force, as shown in Figure 1. The height (%) of the
collected condensed water in the buckets has been measured
with time for all the cases. The volume of the condensed water
in the buckets is calculated as V = L * b * h. Where L (Figure
1) and b represent the length and breadth of the collecting
buckets, respectively. The height (%) represents the condensed



Volume

Time (15)

water height in the buckets. The length and breadth of the Water harvesting rate (WHR) =
buckets are considered as 0.003 m and 0.01 m, respectively.
The height of the bucket is calculated from the results of the
simulation. The water harvesting rate is calculated in ml/sec
by noting the height of collected water at a particular time
using the formula:

In the present study, the water harvesting rate has been
calculated at different relative humidities and water contact
angles for various DBT’s.

.
. Superhydrophilic Hydrophilic Hydrophobic Superhydrophobic
() 0" < <10 107 <8 <90° 90" <8 < 150° 150" <0 < 180°

b

DBT =370, 8 = (5, PH=70%, LET= 300, =807 RH=705%, DET=30"C, b= 120°, AH=70%, DET=30°L, 8 = 150°, BH=70%,

(d}

Figure 6. Shape and mobility of the condensed water on the curved surface (CS) w.r.t various surface wettabilities: (a) Shape of
the condensed drop on the surface [27], (b) Zoomed view of the middle part of the curved surface (CS), (c) condensed water
shape and mobility on the curved surface (CS) w.r.t various surface contact angles, and (d) zoomed view of the half portion of the
curved surface (CS)

DBET=30°C, # = 07, RH=50%, t=3s58C DBT=30°C, 8 =0° RH=60%, t=3sec DBET=30°C, 8= 07, RH=70%, t=3sec

DET=30°C, 8= 0, RH=80%, t=3sec DBT=30°C, & = 0%, RH=30%, t=3sec

Figure 7. Condensed droplet behaviour on a superhydrophilic curved surface (CS) at 30 °C DBT with increasing relative
humidity from 50% to 90%
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4.2.1 Water harvesting rate analysis for various relative
humidities

The condensation dynamics are quantitatively assessed
based on the evolution of the structure of the surface, dry bulb
temperature, surface wettability, and relative humidity. A
detailed analysis of the condensation dynamics for a CS (8 =
0°) provides a framework for various relative humidities and
dry bulb temperatures. Figure 7 shows the condensed water
droplets' behaviour on the superhydrophilic surface with
corresponding relative humidities (50%, 60%, 70%, 80%, and
90%) at the DBT of 30 °C. The surface having a contact angle
theta = 0 exhibits a high surface energy, which helps to
nucleate droplets more frequently. Due to the low contact
angle, the condensed droplets coalesce and spread rapidly,
forming a thin and continuous liquid film on the surface. The
curved superhydrophilic surface enhances the drainage of
condensed water droplets due to the acceleration of gravity.

When dealing with curved superhydrophilic surfaces, the
influence of relative humidity on film-wise condensation is
particularly significant. Figure 7(a) shows that the surface is at
around 50% relative humidity, which experiences minimal
condensation, often resulting in thin or nearly non-existent
condensate films due to the limited vapor content in the air. As
the humidity increases to the 60-70% range, condensation
occurs more frequently, resulting in the formation of a
homogenous thin layer that spreads stably along the CS, driven
by significant surface wettability and capillary forces, as
shown in Figure 7(b)—(c). The condensation rate is
significantly increased at high relative humidity levels of 80-
90%, resulting in the formation of thick, stable liquid films that
may accumulate over time, as shown in Figure 7(d)—(e).
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Figure 8. Effect of relative humidity on water harvesting rate
at constant surface wettability

The condensation rate is strongly influenced by both
relative humidity and dry bulb temperature, as these
parameters are directly influenced by the vapor pressure
difference between the curved superhydrophilic surface and
the atmospheric air. The experimental results at 30 °C DBT,
condensation rate increases from 10.615 ml/hrcm? at 60% RH
to 16.958 ml/hrcm? at 80% RH. The simulation results at a
25 °C DBT, the condensation rate rises from 5.093 ml/hrcm?
at 50% RH to 8.403 ml/hrem? at 60%, 11.713 ml/hrem? at
70%, 14.260 ml/hrcm? at 80%, and peaks around 16.297
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ml/hrcm? at 90% RH. When the DBT increases to 30 °C, the
water harvesting rate grows correspondingly due to the high
moisture-carrying capacity of warmer air, starting at 7.639
ml/hrem? at 50% RH and rising to 20.117 ml/hrem? at 90%
RH. At an even higher DBT of 35 °C, the water harvesting rate
becomes more aggressive, starting at 10.440 ml/hrcm? for 50%
RH and reaching the peak of 22.918 ml/hrcm? at 90% RH, as
shown in Figure 8.

The experimental WHR measured at 30 °C DBT and 60-
80% RH shows a rising trend, the results matching the trend
predicted by the simulation results. The simulated values at
30 °C closely align with the experimental measurements,
confirming that the model accurately captures the moisture-
dependent behavior of the condensation process. These trends
have been discovered using numerical simulation, which
clearly shows how increased temperature enhances the effect
of relative humidity on condensation. The simulation results
offer valuable insights for the design and optimization of
condensation-based systems in response to a variety of
environmental conditions.

4.2.2 Water harvesting rate analysis at various water contact
angles

In the present section, the condensation rate for three DBTs
(25 °C, 30 °C, and 35 °C) is analysed for various surface
contact angles by keeping a constant relative humidity of 70%.
The variation of the surface contact angle from 0° to 180° with
an interval of 30° results in four surface wettability regions:
superhydrophilic, hydrophilic, hydrophobic, and
superhydrophobic regions. The variation of surface wettability
affects the mobility of condensed droplets on the CS; the
condensed droplets slide, roll, and bounce on the CS. The
water harvesting rate for 25 °C, 30 °C, and 35 °C DBTs with
variable surface wettabilities is represented in black, red, and
blue colours, respectively, as shown in Figure 9.

At the DBT of 25°C, the superhydrophilic surface with CA
= 0° has the highest water harvesting rate, with the value of
12.987 ml/hrem®.  As the surface reaches the
superhydrophobicity with a contact angle of 180°, the water
harvesting rate progressively diminishes, ultimately reaching
7.894 ml/hrecm?. A similar pattern was observed at the DBT of
30 °C, where the harvesting rate began at 16.806 ml/hrcm? for
a superhydrophilic surface and dropped to 14.158 ml/hrcm? at
a contact angle of 180°. When the DBT is 35 °C, the
condensation is more aggressive because of the increased
vapor pressure, and the highest harvesting rate is observed at
the superhydrophilic surface of 0° contact angle with a value
of ml/hrem?. As the surface reaches the superhydrophobicity
of a contact angle of 180°, the harvesting rate decreased to
17.851 ml/hrcm?. The overall pattern revealed that the surfaces
with lower contact angles consistently displayed greater water
harvesting capabilities. This effect was observed across all the
dry bulb temperatures.

It is observed that the WHR reduces for superhydrophobic
surfaces. This is attributed to the high nucleation density,
causing moisture to form within the surface grooves. This
promotes a transition from the Cassie-Baxter state to the
Wenzel state, where the pinning force increases and prevents
the droplet shedding by gravity, effectively flooding the
surface. This leads to an increase in thermal resistance, thereby
hindering further condensation. Whereas an ultra-thin film
forms on the superhydrophilic surface. This reduces the
thermal resistance and allows quick heat transfer between the
vapour and the surface. The superhydrophilic surface uses the



Laplace pressure gradient to actively pull the condensed water
towards the buckets. Consequently, the continuous capillary-
driven condensing on the superhydrophilic surface
outperforms the slow shedding on hydrophobic surface
alternatives.

The percentage reduction in harvesting rate from 0° to 180°
was roughly 39.2%, 15.76%, and 8.96% for the dry bulb
temperatures of 25 °C, 30 °C, and 35 °C, respectively. This
indicates that as ambient temperature increases, the influence
of surface wettability on water harvesting rate decreases. At
higher dry bulb temperatures, the harvesting rates are
increased due to the higher vapor pressure, which partially
mitigates the adverse impacts of greater contact angles. These
simulation findings provide insights for optimizing surface
design for atmospheric water harvesting systems.

At Constant Relative Humidity (RH=70%)
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Figure 9. Effect of surface wettability on water harvesting
rate at constant relative humidity

5. CONCLUSION

In the present study, experimental investigations were
conducted on CS to evaluate the condensed droplet behaviour
and water harvesting rate at various properties, such as dry
bulb temperature and relative humidity. The present study
mainly focused on the water harvesting rate and behaviour of
the condensed water droplets with respect to dry bulb
temperature, relative humidity, and surface wettability. The
experimental findings clearly reveal that the CS achieves a
higher water harvesting rate, 14.631 ml/hrcm?. The high yield
suggests that the CS geometry is an effective strategy to
enhance WHR. The improved performance is achieved with
greater droplet shedding and surface wettability, promoting
continuous condensation and collection.

Complementing the experimental observations, a detailed
two-dimensional numerical simulation was carried out using
the Volume of Fluid method to analyse 36 different cases with
different conditions of surface wettability, dry bulb
temperature, and relative humidity. The numerical results
strongly aligned with the experimental trends, confirming that
the geometry of the surface, surface wettability, and ambient
conditions considerably influence the water harvesting rate.

The condensation rate was found to increase substantially
with both rising relative humidity and dry bulb temperature
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due to enhanced vapor pressure differentials. At 25 °C, the
condensation rate increased from 5.093 ml/hrcm? at 50% RH
to 16.297 ml/hrecm? at 90% RH, while at 35 °C, it rose from
10.440 ml/hrcm? to 22.918 ml/hrcm? under the same RH range.
This trend confirms that higher DBTs enhance moisture
availability, thereby improving harvesting rates. The
numerical analysis of condensation across varying surface
wettabilities and DBTs (25 °C, 30 °C, and 35 °C) under a
constant RH of 70% reveals that water harvesting performance
is strongly influenced by surface contact angle.
Superhydrophilic surfaces (8 = 0°) consistently yielded the
highest condensation rates across all DBT’s, with maximum
values of 12.987 ml/hrcm?, 16.806 ml/hrem?, and 19.608
ml/hrem? at 25 °C, 30 °C, and 35 °C, respectively. In contrast,
superhydrophobic surfaces (0 = 180°) showed reduced
harvesting rates.

Overall, the integrated experimental and numerical findings
provide a comprehensive understanding of the mobility of
condensed water droplets and condensation performance on
CSs. These insights can be instrumental in optimizing the
design of efficient water harvesting systems and enhancing
condensation-driven thermal management technologies.
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NOMENCLATURE

WHR

RH
CS
VOF

g
vs)
—

®WYH T ED <> D

water harvesting rate
relative humidity
curved surface
volume of fluid

dry bulb temperature
surface wettability
ampere

voltage

density

velocity

time

temperature

pressure
acceleration due to gravity



force of the surface tension
internal energy

source term of phase transitions
effective dynamic velocity
effective thermal conductivity
surface tension

volume of fraction
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Subscripts

< = = =

laminar
turbulent
liquid
vapour
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