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content in the condensing environment. The influence of environmental KEYWORDS

factors (ambient temperature and relative humidity) and substrate charac- Atmospheric condensation:

teristics (topology, surface chemistry, and substrate temperature) on atmo- droplet dynamics;
spheric condensation phenomenon is very important to elucidate the coalescence; nanopillar;
condensed droplet wetting state and condensate harvesting applications. pinning effect

Condensation from the humid air has been reported for plain silicon and
fabricated nanopillar surfaces to facilitate condensate harvesting. Droplet
growth and size distributions were recorded for 90 min. Spherical droplets
condensed on the silicon surfaces and irregular-shaped droplets were
observed on the nanopillar surfaces due to the pinning effect of the pillars.
The effect of droplet pinning on coalescence events has been described
based on the energy balance for the condensed droplets. A mathematical
model reveals that certain dimensional combinations (pillar pitch, pillar
diameter, and pillar height) of the nanopillar geometry are required to
exhibit the pinning mechanism for condensed droplets. Regeneration of
droplets was observed at void spaces generated from coalescence events.
The growth of individual droplets was tracked over multiple time and
length scales, starting from nucleation to get further insight into the direct
growth and coalescence mechanisms.

Abbreviation: ESEM: Environmental Scanning Electron Microscope; HCP:
Hexagonal Closed-Packed; MPL: Microsphere Photolithography; RH: Relative
Humidity

Introduction

At atmospheric pressure, a surface below the dew point temperature for a certain relative humidity
generates water droplets on the surface. This atmospheric phenomenon is very important in
applications such as energy harvesting, water desalination or distillation, and other systems where
water collection and frequent droplets shedding occur. The field of dropwise condensation has been
investigated for many years [1, 2]. Early studies concluded the droplet growth procedure as self-
similar [2]. The role of coalescence in the droplet growth dynamics was not included in the early
models. Droplet growth and size distribution at atmospheric pressure are still difficult to predict for
the engineered surfaces, especially in the presence of mixtures such as humid air. Condensation
experiment was studied for transient flow dynamics and droplet dynamics [3-5]. Numerical model-
ing of the droplet growth mechanism was investigated [6-8]. The condensation phenomenon is
significantly affected by the environmental factors and surface morphologies [9], superhydrophobic
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coated surfaces [10-13], low thermal conductive surface [14], the pressure of steam and the size
distribution of the droplet [14, 15], and hydrophobic surfaces [16, 17]. The self-propelling motion of
the droplets [18] also alters the growth dynamics. Experiments were carried out for biphilic surfaces
[19], superhydrophobic surfaces [20-23], different textured surfaces [24], and also for capillary and
wettability gradient surfaces [25]. The condensing droplets penetrate the surface texture and micro
patterned hydrophobic surface allows better self-cleaning property. Nanotextured superhydrophobic
surfaces showed the mobility of small 100 um droplets [26]. A droplet coalescence mechanism in
environmental scanning electron microscopy (ESEM) imaging was developed [27] and the temporal
size distribution of droplets was also investigated [28]. Surface chemistry to induce hydrophobicity,
the scalable coating, the impact of surface texture for droplet mobility, and the multiscale surface
texture for enhancing droplet mobility was clearly demonstrated [29-31]. Therefore, it clearly
indicates the importance of surface engineering on dropwise condensation heat transfer. For the
nucleation of droplets [32, 33, and S1], Gibbs free energy change of heterogeneous nucleation energy
barrier can be expressed as follows:
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In the case of heterogeneous nucleation of a droplet, the nucleation energy barrier is less than the
homogeneous nucleation energy barrier as the s(6') value from Equation (3) varies between 0 and 1. For
hydrophobic or lower energy surfaces, the nucleation energy barrier is higher than higher energy
surfaces. Total free energy change depends on two terms depicted in Equation (2) namely bulk free
energy difference between the vapor and the liquid (a), and interfacial free surface energy (b) for the
creation and displacement of surfaces involved in the nuclei formation. If a droplet is in equilibrium at
radius R, then a condensation of a small quantity of vapor around the droplet will increase the radii and it
continues to grow. For the same surface, the energy required to form a nuclei can be obtained from the
Gibbs free energy change. Equation (2) illustrated the importance of relative humidity during the
condensation dynamics for heterogeneous nucleation of droplets. The relative humidity (RH) has a
significant impact on the droplet formation and their subsequent growth as it can manipulate the
nucleation energy barrier significantly. For instance, if the experimental chamber is maintained at
fixed temperature T, considering the same apparent contact angle (') and radius (R) of the initial nuclei
formation under 40% RH and 60% RH, the bulk energy factor X of Equation (2) can be increased by
approximately 80% for changing the RH to 40% from 60%. It suggested, less energy is required to
overcome the nucleation energy barrier for forming nuclei if the experiments are operated at higher
humidity and it might be favorable for larger condensate harvesting. This importance of variation of
relative humidity is considered as one of the crucial variables in the present research for the condensation
experiment. Several studies have been carried out in pure vapor condition neglecting the presence of pure
atmosphere [32, 33]. The presence of non-condensable gases in the humid chamber can exhibit
additional heat and mass transfer resistance to heat transfer during the droplet formation [34] and
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dropwise condensation largely dependent on thermal resistance which can be altered by the presence of
non-condensable gases rather than geometric features [35]. Recently, a study [36] has been carried out
considering the effect of non-condensable gases in heterogeneous water nucleation to elucidate the
presence of sulfur-based volatile organic compounds and aerosols in the atmosphere for agglomerate
growth dynamics and its subsequent impact on hydrophobic coating longevity during condensation/
evaporation cycle. In real applications, frost formation is initiated by the formation of condensate droplet
from the air-vapor mixture where non-condensable gases (compounds in air) are found [37]. Moreover,
optical microscopy has the advantages to validate the droplet growth data against numerical scheme as
well as considering the effect of non-condensable content of the saturated vapor [19]. Optical microscopy
yields better image quality at higher vapor pressure [13]. Additionally, one practical factor for the
implementation of textured surfaces at industrially significant scales is the expense of manufacturing
the surface. Using conventional lithography is possible for larger diameter (several micrometer surfaces).
Patterning smaller features can be accomplished using advanced lithographic techniques as well e-beam
lithography of focused ion-beam milling. Although advanced direct-write techniques such as e-beam
lithography, focused ion-beam milling, and two-photon absorption allow prototyping of surfaces with
feature sizes below 200 nm, they do not scale well to m” areas. Other emerging patterning technologies
such as interference lithography or nanoimprint lithography, have stringent requirements for planarity,
pristine surfaces, or use expensive masks. The different techniques are available such as Nanosphere
Lithography [38] or Microsphere Photolithography [MPL] [39-42]. On the other end of the length scale,
techniques such as anodized alumina templating or block copolymers produce smaller (sub-100 nm
features). Several techniques have been developed around the self-assembly of microspheres to form
Hexagonal Close-Packed (HCP) monolayers on a substrate. The HCP microsphere arrays can be used as
a shadow mask for evaporation (Nanosphere Lithography) or as optical elements to focus incident
radiation to sub-wavelength photonic jets (Microsphere Photolithography). These approaches have been
widely studied to create plasmonic substrates for Surface Enhanced Raman Spectroscopy (SERS) and
metasurfaces but have not previously been used to modify the wettability of surfaces extensively. The
advantage of these techniques is low-cost large area patterning of sub-micron structures. In this research,
the condensation from air-vapor mixture running the optical microscopy experiments in humidity
controlled chamber closer to the operating conditions in industrial applications (ambient pressure and
air-vapor mixture, presence of non-condensable compounds in the atmosphere) for natural convection
of air flow have been conducted instead of doing it in ESEM. The videos and images of droplet growth
dynamics have been reported on plain silicon and nano-patterned surfaces created by MPL. The
mechanism of droplet growth was explored via successive images analysis. Thus, the importance of
relative humidity combined with fabricated nanopillar surface has been studied in condensation test. The
application of this nanopillar surface in condensate water recovery [43, 44] has also been revealed.

Experimental section
Sample fabrication and experimental setup

In this work, Microsphere Photolithography (MPL) has been introduced to generate silica nanopil-
lars on a silicon surface. The MPL method is more effective for large applications such as condensate
harvesting over a large area. The manufacturing method introduced in this work can be more
scalable and cheap with better precision. The technique is robust and versatile. The use of MPL
technique creates surface consisting of silica nanopillars on a silicon substrate. MPL was used to
pattern the nanopillar surface as shown in Figure 1. This process uses a self-assembled microsphere
array as an optical element to focus flood illumination into a layer of photoresist. Each microsphere
collects incident collimated illumination and focuses it onto a sub-diffraction limited photonic jet. At
normal incidence, the photonic jet is centered under the microsphere. The MPL technique combines
elements of bottom-up (self-assembly) with top-down hierarchical patterning (control of the illu-
mination intensity and angle of incidence). The samples were created by depositing a thick layer of
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flood exposure of self- hole array in deposition of silica layer sample is immersed into
assembled microsphere  photoresist after Remover PG (Microchem)
hexagonal close-packed development bath for lift-off
(HCP) array

spacing of the pillars and diameter of
the nanopillar (not to scale)

microscopic image of the
finished fabricated surface
(top view)

Figure 1. Microsphere photolithography process showing the detailed and sequential fabrication process of silica nanopillar (dark
green) on the silicon substrate (brown). The yellow color is for “Photoresist.”

silicon onto glass microscope test slides using e-beam evaporation. Adhesion promoter (HDMS,
Silicon Resources) and photoresist (51805, Shipley) were spun onto the silicon surface. The thickness
of the photoresist after soft baking is 300 nm. Microspheres were then drop coated (convective self-
assembly) onto the photoresist. The samples were flood illuminated using a monochromatic i-line
mercury arc lamp as the light source (Bacher and Associates) with the intensity of ~12.5 mW/cm?
for different durations. Development in MF319 (Dow) removes the exposed photoresist as well as
the microspheres, to reveal a uniform hole array. SiO, was then e-beam evaporated onto the sample.
After the deposition of SiO, onto samples with hole arrays in photoresist, the samples are immersed
in Remover PG (Microchem) bath for lift-off. Ultrasonication accelerated the lift-off process. This
technique allows stripping the silica deposited onto the photoresist to produce a uniform array of
silica pillars on a silicon substrate. The nanopillar surface has three parameters that are controllable
using the MPL process; the periodicity (p) determined by the microsphere diameter, the pillar radius
(r) determined by the duration of the exposure, and the pillar height (h) determined by the
evaporation thickness. In this study, the height of the pillar is ~300 nm and the exposure duration
is set to 1 s for a dosage of~12.5 m]. All of the pillars are arranged in hexagonal close-packed arrays.
The price of silica microspheres is ~$20/g, and 1 g of 2 um silica microspheres can be used for
paving an area over 0.4 m”. Regular monochromatic UV light source (such as mercury lamp) can be
used in the exposure process. Different from e-beam lithography, MPL is a parallel process for
feature generation and all features generated in the photoresist are obtained from a single exposure.

After fabrication and perfect cleaning of the nanostructured surface and plain silicon wafer,
apparent contact angle measurements of injected water droplet were conducted primarily to char-
acterize the wetting behavior of the surfaces. Later, the measured apparent contact angle was
compared to the recent theoretical model provided in Suzuki et al. [45]. For condensation test,
samples were placed on a Peltier device and secured with a small amount of thermal paste on a
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condensation stage in a computer controlled chamber at IER. An Omega RHXL3SD thermometer/
hygrometer was used to control the relative humidity and constant air temperature (295 + 0.5K) in
the experimental chamber. The condensation stage consists of an aluminum heat sink where
icewater mixture was circulated from a pump (Fisher Scientific FH100D peristaltic) below a
Peltier cooler and the temperature was controlled by a TE Technologies TC-720 temperature
controller as shown in Figure 2. The stage was cooled to 278 + 0.5K and was monitored by thin
film Omega thermocouple connected to Data Acquisition (DAQ) system. The relative humidity
(RH) was set at 40% RH and 60% RH respectively. The maximum uncertainty in RH measurement
was +2%. The surface temperature was kept at 278 + 0.5 K, which was 9 + 0.5 K (40% RH) and
3 £ 0.5 K (60% RH) below the dew point temperature for the considered environmental conditions.
This manipulates the nucleation energy barrier and nucleation site density significantly to alter the
droplet growth. However, the presence of non-condensable gases might reduce the net driving force
or thermal gradient (T, — T;) for heat transfer of every droplet by adding a diffusion resistance to
the vapor-air boundary layer [46].

All the images and videos were captured by a Leica DVM2500 microscope with a maximum
resolution of 2500x. This allows capturing images of droplets whose initial diameter is around
1-2 pm. At least three trials were conducted for each combination of surface and relative humidity.
The image analysis was done using the built-in software embedded in the Leica microscope. Droplets
on the periphery of the image were included in the total droplet count if the visible size of the partial
droplets was comparable to other droplets of the frame. The maximum uncertainty for a single
droplet diameter measurement is 6.5 pixels, corresponding to +0.5 um.

Results and discussion
Wetting state of the injected and condensed droplet on the fabricated sample

The theoretical model described by Suzuki et al. [45] considers the pinning effect at the edge of the
pillar. The model represents the apparent contact angle as a function of pillar pitch, pillar width,
pillar height, and the forces acting at all interfaces of the droplet. This pinning force significantly
affects the wetting state of the droplets as shown in Figure 3a. This model has been modified based

Surface

Peltier cooler

. " e
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Figure 2. Schematic of the experimental setup in a humidity controlled chamber. The chamber was maintained at atmospheric
pressure.
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on the surface material and geometry considered in the present study as shown in Equation (6) [S2].
The experimental apparent contact angle for the injected droplet placed on the rough surface well
matched with the theoretical apparent contact angle derived from Equation (6).

Ypv/sv — VeL/sL

cos Opjos = (4)
Yiv
cos; = — Yoo (5)
Yiv
(7 + b)ypy cos 0 + (mryp, + byg ) + wryp, + 2(h — Ah)yp, — (nrypy + byg,) =0
(mrypy + bygy) — 2(mr + h)yp, — byg (6)

=> cost =

(nr + b)yLy

The surface tension of water (y.y) is ~72.8 mN/m, silicon (ysy) is ~61.22 mN/m, and silica (ypy) is
~57.71 mN/m [47]. Contact angles are extremely sensitive to contamination. It can be increased by
the presence of an oxide layer or contaminants on the solid surface. The good approximation of the
Young angle of silica (Bpp) and silicon (6ys) is found to be 60 + 20° and 38+4°, respectively, from the
literature [48, S3]. Substituting these values into Equation (4), the interfacial tension force for the
pillar (yp;) and substrate (ys;) has been calculated. The pinning angle (6;) has also been found from
Equation (5) by putting the required values. Later, Equation (6) has been introduced to evaluate the
theoretical apparent contact angle considering the penetration of water droplets into the grooves
between the pillars, which is Wenzel wetting state. For the fabricated nanopillar geometry, the

Figure 3. Wenzel wetting state was observed with irregular and pinned droplets [21]. Contact line pinning of the droplets is
observed in (a). The condensed state of the droplets was zoomed to the unit cell.
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designed parameters were—pillar radius, r = 0.35 um, spacing, b = 0.3 pm, and height, # = 0.3 pm.
The apparent contact angle was measured by placing a single droplet on the pillared surface as
shown in Figure 4. The measured values of the apparent contact angle of water droplet on pillared
surfaces (83 + 1.99°) showed good agreement with the derived values (~77°) from Equation (6) and
the maximum deviation was observed to be ~7-8%. Although the wetting state of the injected
droplet on the pillared surface was observed to be Wenzel state, it could not be described easily by
the classical Wenzel equation [49], but showing excellent agreement with the approach [45] based on
the balance of horizontal equilibrium interfacial tension forces of a droplet positioned on rough
pillared surface [S2].

However, condensation test was conducted under different environmental conditions because
humidity changes the supersaturation and the energetics of the nucleation [50, 51]. To elucidate the
wetting state of the condensed droplets, microscopic image of condensation test was zoomed to a unit
cell as shown in Figure 3b. The pinned and irregular droplets were observed. Directional anisotropy
was also observed. It ensures that the condensed droplets found in the present study were in Wenzel
state, which is well consistent to the literature [21, 32]. The bottom of the water droplet was not
circular, and a three-phase contact line ended along the edge of the pillar as shown in Figure 3a.

Later, theoretical model of apparent contact angle has been formulated for condensed droplet
based on the energetic state. To prevent coalescence, the energy required to overcome the capillary
pressure (Ecapiiiary) must be higher than the surface energy reduction (E;) by coalescing of droplets
[S4] mentioned in Equation (7) -

Ecupillury > Eg (7)

84.54° (@) 80.74° ()

83.72° (c)
Average contact
angle = 83°

Figure 4. Apparent contact angle measurement for the injected droplet on nanopillar surface: (a) first droplet, (b) second droplet,
and (c) third droplet. The average apparent contact angle was considered with 1.99° standard deviation.
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The capillary energy was calculated from the work done by the volume of the water at the liquid-
solid interface. It depends on capillary pressure (Pepiiary = 2y COS ¢ /r) working at the interface
multiplied by the volume of water (V), base area contact of a droplet (A), and the pillar density («).
The pillar density («) was assumed to be a function of pillar radius with a pitch of approximate 3r as
shown in Figure 5. So, capillary energy equation can be written as follows:

Ecupillary = Lecapillary XVxaxA (8)

In the present study, the pinned droplets were observed to be irregular shaped. For simplicity, the
droplets were assumed to be the spherical cap. By definition, r, is the base radius of the spherical cap,
S is the height of the cap, and V; is the volume of the cap, which all are related to the apparent
contact angle mentioned in Equation (9) [52]. The surface area reduction from two coalescing
droplets (R; and R,) has been calculated based on the above assumption and the radius of the
droplets are considered same (R; = R, = R). The reduction in surface energy (E,) can be written as
Equation (10). The minimum radius of the pillar required to pin the droplets as a function of pillar
height (h) and apparent contact angle (6") has been found from Equation (11)

S=Rx (1—cost)
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Figure 5. (a) Microscopic image of the nanopillar surface (top view). (b) Schematic of a portion of the nanopillar surface where five
pillars have been arranged in a regular way. The center to center distance of the pillar (pitch) was approximated as P = 3r. The
pillar density (a) was calculated based on the equation depicted in the figure.
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Figure 6. The pillar radius required for the energy to overcome the capillary pressure to equal the energy reduction from
coalescence at varying apparent contact angles and pillar heights. The region of contact angle and pillar radius studied is shown
with a solid circle.

In the present study, the fabricated pillar radius (r = 0.35um) was within the limit depicted by
Equation (11). As a result, the nanopillars exhibit droplet pinning behavior for a certain range of
apparent contact angle based on the pillar height and spacing. For the present model, the apparent
contact angle for the condensed droplet was observed to be ~60-70° for 0.30 um pillar height as
shown in Figure 6. The calculated apparent contact angle and images (Figure 3a and b) have
elucidated the wetting state of the condensed droplet as “Wenzel state.”

Droplet growth mechanism

The time-lapsed growth of droplets for both silicon and nanopillar surfaces at 40% RH and 60% RH
has been reported in Figures 7-9, respectively (Video S5, S6). Within the first 15 s, spherical droplets
were seen for all surfaces. Regular spherical-shaped droplets were observed for the bare silicon
surfaces at both humidities. The droplet dynamics changed significantly for the nanopillar surfaces.
At t = 15 s, on nanopillar surfaces, droplets nucleated slowly and was observed to span along the
pillars as shown in Figures 3b and 8a. Once droplets span multiple pillars they continue to grow by
stretching. This is due to the extensive pinning caused by the pillars. This pinning effect alters the
condensation dynamics (Video S7). Hence, non-spherical and asymmetrical droplets were observed
on the nanopillar surface. This pinning effect of the droplets made it difficult for them to coalescence
until they touched each other. Some of the droplets that developed without coalescing retain their
spherical shape and grew through the direct condensation. During the 90 min recording, most
droplets that contribute to coalescence events eventually lost their spherical shape and accelerate
their growth. The droplet pinning on the surface did not prevent droplet growth or merging since
droplets continue to grow due to direct condensation at the vapor-liquid interface. At 60% RH, the
diameter of the condensed droplets was found larger than 40% RH as shown in Figure 9. The
probable cause might be the increased mass of water vapor accumulation from the humid air into
the vapor-liquid interface of the droplets. Condensed droplet’s direct growth rate appeared to be
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Figure 7. Early stage of condensation for silicon surface: (a) 15 s, (b) 45 s, (c) 1 min, (d) 2 min, (e) 3 min, and (f) 4 min at 40% RH.
Images are 122.43 x 91.83 um.

higher for silicon surface compared to nanopillar surface for all the considered time-lapse. The
reason might be the absence of the components of the substrate thermal resistance to heat transfer
offered by the nanopillars. As a result, it accelerates the direct growth of droplet and the higher
coalescence rate was found for silicon surface evident from the supporting video S5. For both
surfaces, at t = 120 s, lower droplet density and higher surface coverage were observed for 60%
RH compared to 40% RH as shown in Figure 9. Although the lower direct growth rate was found for
the droplets condensed on the nanopillar surface for a particular humidity, the pinning effect
enhances the number of stable droplets on this surface compared to plain silicon surface over a
time span. This higher density of the droplet over a specific time period signifies the importance of
this fabricated nanopillar surface in long-term condensate harvesting [43, 44].
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Figure 8. Early stage of condensation for nanopillar surface: (a) 15 s, (b) 45 s, (c) 1 min, (d) 2 min, (e) 3 min, and (f) 4 min at 40%
RH. Images are 122.43 x 91.83 ym.

Mechanism of droplet regeneration

For silicon surface, droplet regeneration images have been recorded for different time-lapsed that were
approximately 40 min apart as shown in Figures 10 and 11. Repeated coalescence and regeneration
phenomenon have been observed on the surfaces. The regeneration of droplet was likely to be occurred
at pre-coalesced space (void space) rather than bare spaces with no previous nucleation at 40% RH. This
nature of droplet dynamics was also found to be similar for 60% RH. From Figure 12¢ and Figure 12e, the
nucleated droplets approach nearly equal diameter within 1 min at two different time regions (~10 min
lapse) elucidating nearly constant growth rate for the newly generated population at two different time
zones. The same behavior of droplet growth rate was also observed in Figure 13b for the nanopillar surface
where regeneration of droplet occurred in a void space created by pre-existing droplet that previously
coalescence with neighboring droplets. The regeneration of droplets appeared as a cluster of tiny droplets
and their center was located very close to each other. At the same time, they grew very quickly along multiple
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30s 60s 120s

Figure 9. Early stage of condensation images for first 30 s, 60 s, and 120 s: (a) nanopillar-40% RH, (b) nanopillar-60% RH, (c)
silicon-40% RH, and (d) silicon-60% RH. Images are 122.43 x 91.83 pym.

directions and turned into arbitrary shape within 60 s. Less time is required for the rebirth of the droplets
from ambient environment on the silicon surface as shown in Figure 14. From the time-lapsed images, just
before the first regeneration, the coalescence happens and triggers the rejuvenation of droplets to relieve
high surface energy. The nanopillar surface impedes coalescence rate, delaying the regeneration (less void
creation compared to silicon surface) of droplet for both humidities as depicted in Figure 14. This confirms
the larger stability {duration of stay) of the condensed water droplet on the nanopillared surfaces compared
to silicon surface and eventually facilitates time management in better condensate harvesting for larger scale.

Effect of relative humidity (RH)

The effect of the nanopillars on the droplet pinning has already been described, as compared to a
silicon surface, indicating the influence of nanopillars on droplet growth rate and size distribution.
Relative humidity (RH) has the tremendous potential to regulate the nucleation energy barrier for
the heterogeneous nucleation mentioned in Equation (1). Hence, RH not only controls the initial
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Figure 10. Regeneration of droplets for silicon surface at 40% RH: (a) 6 min 30 s, (b) 6 min 45 s, and (c) 7 min. Images are
12243 X 91.83 pm.

Figure 11. Droplet growth images for silicon surface at 40% RH: (a) 46 min, (b) 47 min, and (c) 48 min. The droplet growth at the

middle stage of the test is also contributed by both coalescence (red dashed circle) and direct growth (brown dashed circle)
phenomenon.

Figure 12. Droplet growth images for silicon surfaces at 60% RH: (a) 22 min 30 s, (b) 23 min, (c) 23 min 30 s, (d) 32 min, (e) 33 min,
and (f) 34 min.

spatial and temporal distribution of the droplets on the condensing surface but also determine the
subsequent growth rate of droplet for different applications. The influence of moisture content on
the droplets dynamics is of relevance for several engineering applications such as larger water
recovery system [43, 44]. Increasing the relative humidity during condensation test significantly
influences the size distribution of the droplets on the nanopillar surface. Altering environmental
conditions to 60% RH from 40% RH produces a noticeable increase in the droplet size within the
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Figure 13. Regeneration of droplets for nanopillar surface at 40% RH: (a) 19 min 30 s, (b) 20 min, (c) 20 min 30 s, and (d) 21 min.

90 min video recording. During the early phase of condensation (first 10 min), the average diameter
of the formed droplets can be modeled by power-law growth. The growth of droplets on nanopillar
surfaces for first 10 min can be governed by d « t°°° and d « +>*® equations for 40% RH and 60%
RH, respectively, as shown in Figure 15a and b. However, during the experiment, many droplets
swept out of the frame. The maximum average diameter of the droplet was found ~150 um for 60%
RH. The probable cause for this larger growth might be the higher amount of water vapor
accumulation from the high humid air at the growth interface of the droplet. The mass transfer
across the vapor-liquid interface under certain relative humidity [13, 53] can be expressed as
Equation (12)-

m" = ¢(Tear — Ts) (12)

where Tsat is the saturation temperature of the system (varies with RH), m”is the mass transfer rate
across the interface, ¢ represents the kinetic mobility, which can be found from Equation (13):

¢ — 2p3 hfg 1 (13)
2 — [; \/ZﬂRstat (I/PG - l/pD)Tsm

B is the constant that ranges from 0.04 to 1 depending on the fluid [13]. In the present experimental
condition, f is assumed to be “1” similar to the literature [53]. Considering Equation (12), ~12.5x
higher mass transfer through the vapor-liquid interface was found for 60% RH which significantly
aids in condensate harvesting.

Additionally, to explore the effect of humidity, the growth of a single droplet on silicon surface at
40% RH and 60% RH has been recorded in Figure 16. A lot of coalescence events were seen.
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Figure 14. Time to reach first regeneration. Time-lapse images for different cases up to first regeneration. The regeneration of
droplets was seen to be delayed by the patterned surface for both humidities. The pinning of droplets made the droplet less
movable (water stability and more time for water collection): (a) nanopillar-40% RH, (b) nanopillar-60% RH, (c) silicon-40% RH, and
(d) silicon-60% RH. Images are 122.43 x 91.83 um.

However, 40% RH exhibits ~6x time delay to reach an equivalent diameter (~70 pm) of a droplet
compared to 60% RH keeping all other experimental variables constant.

Effect of different surfaces on droplet growth

To understand the relative significance of coalescence phenomenon over direct condensation, local
growth dynamics of the individual droplet was carried out for both surfaces. The arbitrary droplets
were tracked on silicon and nanopillar surface under the same condition over the first 600 s of the
test as shown in Figure 16a and Figure 17a, respectively. In Figure 16, the dominance of small
coalescence events on droplet’s final diameter was observed for silicon surface. Interestingly, for
nanopillar surface, both of the tracked droplets underwent three large coalescence events during
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Figure 15. Distribution of average diameter of condensed droplets for nanopillar surfaces at (a) 40% RH and (b) 60% RH.

their growth within this time span to reach an equivalent diameter (~65 pm). The rest of the period,
direct condensation happened. However, the final diameter of the tracked droplet within first 600 s
was dominated by large coalescence events. The direct growth was subdivided into three phases
before facing each of the large coalescence events. During the first phase of direct condensation, the
droplet diameter increased according to power law growth, t>*°. At later stages, growth rate reduces
to t>'%, indicating lower direct condensation rate for the larger droplets. The reason might be the
higher conduction resistance (R,) offered by the unit area of the larger growing droplet [13, 54] as
indicated by the Equation (14)-

RO
Ri=—"— (14)
4K,, sin 0

The second droplet was tracked in Figure 17b. By investigating the local growth behavior of the two
individual tracked droplets, the present study have found that individual droplet growth is not
consistent with the progression of time as well as it significantly depends on the surrounding
droplet’s position and size (whether larger or smaller). Moreover, the nanopillar surface pins the
droplets and prevents them from coalescing.

For global growth of the droplet, within the first 5 min of condensation, the number of
droplets reduced according to power law decay as shown in Figure 18a. Decay equations
n« t 2% and n « 1 can be well fit for silicon and nanopillar surface, respectively, at 40%
RH. This decrease in droplet density was found less significant for the nanopillar surface with the
elapsed time compared to the silicon surfaces due to pinning effect. Pinning deters the rate of
coalescence events. This leads to a relatively higher number of droplets on the nanopillars
surfaces compared to silicon surface as coalescence event reduces the total number of droplet
for a fixed frame. However, coalescence events were dominated for the silicon surface from the
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Figure 16. A droplet diameter growth with time for silicon surface at (a) 40% RH and (b) 60% RH.

beginning of the test, reducing the total number of droplets on the surface as large matured
droplets covered most of the surfaces shown in Figure 18a. Due to coalescence events, the droplet
diameter increased, enhancing dynamic interaction of the droplets at the liquid-solid surface.
Frequent droplet sweeping was also observed for the silicon surfaces as visualized by the
discontinuous shape of the Figure 18b compared to nanopillar surface. Within the first 10 min
of condensation, the growth relationship can be modeled by d « t>°' for silicon and d « >°° for
nanopillar surfaces as shown in Figure 18b. For instance, the average diameter of the droplet was
found ~52 pm for silicon surface at + = 5 min while ~10 min were required for the nanopillar
surface to reach a diameter of ~30 um as shown in Figure 18b.

The surface coverage is defined as the ratio of accumulated droplet’s projected area to the
substrate total area. As the total area of the droplets is largely dependent on the diameter and
number of droplets, surface coverage was expected to be higher for nanopillar surface compared to
silicon for the considered time-lapsed. For 50 min of condensation test, ~12.87% and ~24.13%
increment of surface coverage was observed for nanopillar surface compared to silicon surface as
shown in Figure 19a. At the same time, for both surfaces, it required ~3x higher time for 40% RH to
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Figure 17. Individual droplet diameter growth with time: (a) first droplet and (b) second droplet for nanopillar surface at 40% RH.

reach a surface coverage equivalent to 60% RH. Hence, relative humidity accelerated the surface
coverage that enhances the condensate harvesting significantly. The number of droplets per unit
substrate area is defined as droplet density. Droplet density was found higher for nanopillar surfaces
for a longer time period from the start of condensation test. Initial droplet density 10%/cm* found in
this research is well consistent with the literature [17]. By pinning droplets, coalescence is suppressed
for the nanopillar substrate and increases the droplet density significantly compared to silicon
surface until the surface was almost found to be saturated (~80%) by the condensed droplets. For
40% RH, at later stages of condensation, the pinning effect of nanopillar made the droplets longer
stable and less dynamic resulting in less bare space available for further renucleation. Again, sweep
off of droplets occurred more spontaneously on the silicon surfaces creating more void spaces for the
further renucleation of new droplets compared to nanopillar surface. Hence, at the later stage of the
condensation test, higher droplet density was observed for silicon substrate as shown in Figure 19b.
However, at this stage, the average diameter of droplets seems very comparable for both of the
surfaces observed from Figure 18b.
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Figure 18. Distribution of (a) number of droplets at t = 10 min and (b) average diameter at 40% RH for the different surface.

Transient characteristics of droplet size distribution

The condensation dynamics were quantified based on the statistics of droplet distribution. Droplet
size distributions for the initial nucleation period at 15 s have been reported in Figure 20. A wide
range of droplet sizes was observed on the condensing surface, and this distribution reflects the
instantaneity in the process of droplet growth. Figure 20 demonstrated the initial stage of droplet
number and size that could be correlated with a lognormal distribution, well consistent with the
literature [8]. At first, the droplets were uniform for nanopillar substrate. The dominant size of the
droplet ranges 1-1.5 pm (40% RH) and 2-2.5 pym (60% RH). A larger number of smaller droplets
appeared for the nanopillars and 60% RH recorded relatively larger sized droplets due to the higher
volume of water vapor condensation from the humid air. Due to the strong pinning effect of the
nanopillar, smaller droplets nucleated and became stable. Less number of larger sized droplets was
observed for silicon surface compared to nanopillar surface. The dominant size ranges were found to
be 2.5-3 pm (40% RH) and 12.5-15 um (60% RH) for the silicon surface. The spatial distributions of
droplet underneath the horizontal surface at time, t = 30, 58 min have also been reported in
Figure 21. The maximum count of droplets was found within 0-25 um diameter range for all the
cases within 90 min of video recording. The exposed nanopillar surface exhibited bimodal distribu-
tion at 40% RH as shown in Figure 21a. The parent droplets were still there due to the pinning effect
where the baby droplets contributed to the highest peak in the total droplet count. For silicon
surface, droplet size range became wider. However, from Figure 21b, the right peak was not seen for
the silicon surface and the distribution became unimodal.
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Figure 19. (a) Surface coverage for both of the surfaces at 60% RH and 40% RH, respectively. Nanopillar surface exhibits higher
surface coverage compared to silicon surface for the considered frame area and time. This would aid significantly in doing the
condensate droplet harvesting [43, 44], and (b) droplet density for different surfaces.

Conclusions

The manipulation of nucleation energy barrier for a droplet formation can be done either by altering
the contact angle of water droplet on the surface or changing the relative humidity of the operating
system. To resolve the effect of both contact angle and humidity, the imaging measurements in an
environmental chamber have been conducted to understand the atmospheric condensation
dynamics for silicon and nanopillar surfaces at different air-vapor mixture conditions. To explore
the condensate harvesting, the video and image analysis has been implemented for detailed quanti-
fication. The droplet growth follows nucleation, direct growth, and coalescence events. The nano-
pillar surfaces have a significant impact on condensation behavior. By pinning droplets, coalescence
is suppressed for the nanopillar surface and increases the droplet density significantly over a larger
area that might yield higher surface coverage. The pinning state of the condensed droplets enhances
the stability of the droplets on the nanopillar surfaces compared to the plain silicon surfaces. It
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significantly aids in time management for a large area condensate harvesting. However, droplets
penetrate through the grooves in between the nanopillars and Wenzel state of the condensed droplet
was observed. Additionally, increasing the humidity content in the atmosphere reduces the nuclea-
tion energy barrier, which is also favorable for larger condensate recovery. Maximum ~24.13%
increment in condensate harvesting has been reported for the considered time span. During the early
stage of condensation, the average diameter of droplet followed the power law growth and lognormal
size distribution. At later stages, the distribution shifts to bimodal and unimodal. Coalescence events
significantly contribute to the final diameter of the droplets that emerged on the nanopillar surface
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Figure 21. Distribution of droplet diameter at (a), (b) t = 30 min, and (c), (d) t = 58 min for different substrates at 40% RH.

within first 10 min. This provides insight for the role of coalescence events compared to the direct
growth of condensed droplets for different surfaces. Moreover, from the initial period of the
experiment, coalescence events are observed to be more frequent and spontaneous on the silicon
surface and eventually reduce droplet density compared to a nanopillar surface. To summarize, this
work shows how the nanopillar surface can effectively affect the nucleation energy, nucleation site
density, droplet size distribution, and percentage of surface coverage under different ambient
conditions.
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Nomenclature

A contact area of a droplet, pm?

d diameter of droplet, pm

E partial pressure of water vapor, Pa

e, pressure of water vapor at saturation, Pa
AG  Gibbs free energy, |

h pillar height, um or nm

hg  latent heat of vaporization, J/Kg

k,  thermal conductivity of water, W/m.K
r pillar radius, pm

r,  droplet cap base radius, pum

R droplet radius, um

R,, the gas constant, J/kg K

Ry  droplet conduction resistance, m* K/W
N droplet cap height, um

t time, s or min

T temperature, K

T,  surface temperature, K

Tse saturation temperature, K

T;  liquid droplet temperature, K

V. volume of water in a gap, pm’

V,  spherical cap volume, pm®

X,Y defined variable

Greek Symbols

a  pillar density, number of pillars/um?

B constant

yrv surface tension of water in air, mN/m

ypr  surface tension of water with pillar, mN/m

ysr  surface tension of water with substrate, mN/m
ypy  surface tension of pillar, mN/m

ysv  surface tension of substrate, mN/m

€ surface coverage %

0y  equilibrium contact angle, degree

0" apparent contact angle of droplet on pillar, degree
0;  pinning angle of droplet by the pillar edge, degree
pa  droplet density, Kg/m®

pc  water vapor density, Kg/m®
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