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an illuminated white background (ii) to capture droplet morphology on a
wettability-engineered metal fiber (iii, the zoomed-in section). The metal
fiber was held by a horizontally placed three-way chuck (iv), which in turn
was affixed to a firm stand (v). (C) Schematic of the arrangement for droplet
volume addition using a micropipette. The volume was incremented, in steps
of the least dispensable volume (V.p) of the micropipette, until the droplet
detached at Vcr. (D) A vertically oriented mesh positioned orthogonally to
the path of fog to observe fog deposition, droplet capture on mesh fiber and
drainage.

Figure 3.3: (A) Estimation of droplet dimensions via image processing in Python. Final

images from the evolved surfaces were stored and later processed. ROI =
Region of interest. (B) SE simulation results for variation of droplet
dimension (H and W) with change of Vr until droplet detachment for a 1.27
mm diameter fiber and three different wettability levels.

Figure 3.4: Clamshell droplet morphologies (for varying Vr) on wettability engineered

fibers, as observed during experimentation. Droplets on SHPL fibers (A),
were seen to spread laterally and had a greater lateral extent. Droplets on
control fibers (untreated SS) showed no preference in change of lateral or
vertical spread on increase of droplet volume (B), whereas droplets on HPB
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Figure 3.5: (A) Measurement of maximal width (W,,,,) and maximal vertical hang

(Hpmax) In droplets hanging from 1.27 mm (top, droplet volume 10 pL) and 4
mm (bottom, droplet volume 45 L) fibers (stainless steel 304, 6 ~ 70°). Each
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In the field of air filtration and fog harvesting, optimizing mesh and filter designs is essential
to achieve high deposition efficiency while minimizing pressure drop and clogging issues.
Existing challenges include, in one hand, the development of filters/ meshes that balance the
mutually conflicting requirements of high capture efficiency and low pressure drop, while on
the other hand, it is also imperative that the filters/meshes are able to maintain clog-free
operation. Dense meshes offer high deposition efficiency but increased pressure drop across
the mesh filter, while rarer filters offer a low pressure drop, but at the expense of deposition
efficiency. Dense meshes would also tend to get clogged more often, while filtering a dispersed
liquid phase, for example fog, from a gas stream. Addressing these challenges requires a broad
understanding of the transport of dispersed phase of liquid droplets as they pass in a gas stream
over a filter strand, and also the interaction of the deposited liquid with the mesh fibers.

The present work strives achieve these objectives by focussing on two broad attributes of the
transport of finely divided dispersed phases over fibers and meshes. In the first part, transport
and separation of a dispersed phase using the principle of dielectrophoretic separation is
investigated numerically to identify the conditions favourable for a high filtration efficiency
and low pressure loss. The second part deals with deciphering the interaction of the dispersed
liquid phase with the filter-fibers and developing a mesh design that is resilient to clogging,
thus ensuring high capture efficiency. Tunable filtration of dispersed droplets from a gas-
stream is central to several engineering applications. While the literature in filtration science is
rich, and the technology is also mature, separation of dispersed phases of large polydispersity
with minimal pressure loss remains to be a challenge. The present study investigates the
efficacy of dielectrophoresis (DEP) for the separation and collection of a dispersed phase from
a stream of particulate two-phase flow through a detailed numerical simulation. The dispersed
phase consists of water droplets of varying diameters transported in an air stream. The DEP
filter is modelled as an array of cylindrical metallic fibers which serve both as filtration
elements and as the electrodes with a three-phase applied voltage. The influence of the particle
inertia, viscous drag, DEP and random Brownian forces on the overall particle trajectory and
capture are elucidated by numerical simulations. The filtering efficiency is assessed through
statistical analysis of the simulation results, encompassing the effects of applied electric
voltage, frequency modulation, droplet diameters, fiber (electrode) diameters, inter-fiber
distances and a wide range of air velocities. The study reveals a distinctive pattern in the capture
efficiency for different particle diameters and inter-fiber spacing as a function of the frequency
of the applied voltage and identifies the optimal frequencies where the droplet capture
efficiency attains peak values. These frequencies exhibit a significant correlation with a single
dimensionless parameter representing the residence time of particles in the vicinity of the filter.
Findings from the work offer valuable insights for designing DEP-based active filtration
systems of high filtration efficiency and tunable operating regime, while maintaining low
pressure drop and a high quality factor (Qr), thereby lending to its better deployment in crucial
healthcare environments, advanced face masks, home air filters, and even in industrial settings
like oil-vapour extraction. While for a regular filtration of the dispersed phase from a low-
density suspension, maintaining a high capture efficiency and, at the same time, a low pressure
drop is a key challenge, an additional problem arises if the dispersed phase has a high liquid
content, such as in the event of fog harvesting. Fog harvesting relies on intercepting
atmospheric or industrial fog by placing a porous obstacle, e.g., a mesh and collecting the
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deposited water. In the face of global water scarcity, such fog harvesting has emerged as a
viable alternative source of potable water. Typical fog harvesting meshes suffer from poor
collection efficiency due to aerodynamic bypassing of the oncoming fog stream and poor
collection of the deposited water from the mesh. One pestering challenge in this context is the
frequent clogging up of mesh pores by the deposited fog water, which not only yields low
drainage efficiency but also generates high aerodynamic resistance to the oncoming fog stream,
thereby negatively impacting the fog collection efficiency. Minimizing the clogging is possible
by rendering the mesh fiber superhydrophobic, but that entails other detrimental effects like
premature dripping and flow-induced re-entrainment of water droplets into the fog stream from
the mesh fiber. The present work improvises on the traditional interweaved metal mesh designs
by defining critical parameters, viz., mesh pitch, shade coefficient, and fiber wettability, and
deduce their optimal values from numerically and experimentally observed morphology of
collected fog-water droplets under various operating scenarios. The numerical simulation uses
an open-source surface evolver platform that predicts the shape of a given volume of liquid
(e.g., the water collected from the fog) as a function of mesh fiber radius and wettability, while
the experiments are conducted to validate the predictions. Based on the maximal size of the
liquid droplets that would hang from a horizontal fiber before it would detach by gravity, the
present study sets a criterion of mesh pitch for a given range of fiber wettability and radius.
The study is further extended over a varying range of mesh-wettability, including
superhydrophilic and hydrophobic surfaces, to find optimal shade coefficients which would
theoretically render clog-proof fog harvesting meshes. The aerodynamic, deposition, and
overall collection efficiencies are characterized for different designs of the fog-harvester. For
clog-proof meshes with fiber diameters above the capillary length scale, mesh wettability is
found to play very little role in determining the overall efficiency. Further, the overall
efficiency is found to decrease with increase of fiber diameter. Such a trend can be attributed
to the fact that the optimally-designed clog-proof meshes, with a square pore, have a constant
aerodynamic efficiency corresponding to an optimal SC of 0.52 at larger diameters and the
trend in overall efficiency is directly influenced by the decreasing deposition efficiency of
larger fibers. Findings of the study serves as the baseline criteria for design of high-efficiency
fog harvesting meshes.
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Chapter 1
INTRODUCTION



1. Motivation and prelude

Fog, smog, and haze are atmospheric occurrences characterized by the presence of water

droplets and particulate matter (PM), either individually or in combination, suspended in the

air. Fog typically appears as micron-sized water droplets suspended in air, occurring in diverse

situations ranging from natural landscapes (such as in the hills or in some coastal areas) to
industrial settings (such as in cooling tower plumes and spray ponds). Fog is typically
characterized by diverse physical attributes such as particle/droplet loading (number and
volumetric concentration) and particle size distribution. The size of fog droplets can vary —
typically between 1 and 25 um [1] (Figure 1.1-A and B) — depending upon atmospheric

conditions prevalent during the formation of the fog through condensation of airborne water

vapor, whereas fog from industrial sources such as cooling tower has an average diameter of

5-100um [2].
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Figure 1.1 Particle size distribution of (A) fog and (B) particulate matter in nature. (C) Fog
droplet size distribution from a cooling tower. (Reproduced with permission from [1, 2 and 3])
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Figure 1.2 The diurnal variation in particulate matter (PM) fractions during (A) foggy
conditions and (B) typical winter conditions, near Dhanbad in India, observed during the early
hours of winter morning. Mass concentration of PM 1 and PM 2.5 as fractions of PM 10 were
72% and 82% higher, respectively under foggy conditions than in normal winter days. Presence
of fog significantly elevates the concentration of PM2.5 and PM1 concentrations (Reproduced
with permission from [4]).

Haze, in contrast, is made up of micron-sized particles of dust, salt, or other substances
suspended in the air, with particle sizes generally ranging from 0.01 to 1 um [3] (see Figure
1.1-B). Fog from industrial cooling towers often produce a bimodal distribution of number
density, with peaks at ~20 um and smaller than 5 um (see Figure 1.1-C). Smog, on the other
hand, forms under conditions of high relative humidity (over ~ 95%) when atmospheric water
vapor nucleates on airborne suspended particulates [4]. Recent increases in fog-related events
have been linked to elevated levels of dispersed particulate matter in the atmosphere [5, 6].

As illustrated in Figure 1.2, presence of fog has been found to elevate the persistence of
suspended particulate matters concentrations noticeably [4, 7]. A combination of PM and fog
particles forms a dispersed phase in air, drastically reducing visibility and air quality, thereby
posing significant health risks. This observation highlights the complex interplay between
atmospheric fog and air quality, emphasizing the necessity for diligent monitoring and strategic
management of dispersed phases (both fog and particulate matters) to mitigate their impact on
environment and public health [8]. The adverse effects of such dispersed phases in atmosphere
underscores the crucial role of filtration in maintaining clean and breathable air, a need
accentuated by recent public health crises such as the SARS, MERS, and the COVID-19
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pandemic. Efficient filtration technologies are, therefore, essential for removing dispersed
phases from continuous fluid streams in various environmental and industrial contexts so that
the harmful particulates and infectious aerosols are removed from the air. Separation of
airborne fog also has its own merit in light of fog harvesting. Capture and harvesting of fog
droplets has emerged as a promising alternate source of water, particularly in regions with
water scarcity but prone to fog formation, e.g., the coastal regions of Chile, Sudan, etc. [9].

While both air-filtration and fog harvesting share commonalities the principle of separating
airborne droplets — both rely on inertial interception, Brownian and electrostatic (in case of
active filtration) depositions of the droplets on the designated capture surfaces — they face
unique challenges [10]. Capture of dispersed phase occurs with 4 major methods: inertial
impaction, interception, Brownian motion and active electrostatic attraction. These capture, or

filtration mechanisms are described in Figure 1.3.
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Figure 1.3: Dispersed phase filtration by the various mechanisms of impaction, interception,
Brownian motion, and electrostatic attraction. (Reproduced with permission from [10])

Inertial impaction occurs when particles moving along an airstream deviate from rapidly
changing streamlines, due to an obstacle placed in its path and directly impact the fiber/filter
surface. Inertial impaction remains the predominant filtration process for larger particles and
relies on the inertia of the particles. Interception occurs when particles carried are close to the
filter surface by streamlines and the particle radii is larger than the inter-fiber distance. The
effects of collisions with molecules producing the Brownian motion of particles are quite
prominent in particle with very small diameter, which gives particles enough kinetic energy to
deviate from their original path, increasing the likelihood of impacting the fiber surface. The

other active method of filtration is by electrostatic attraction, where the particles or the filter
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mesh is charged to attract the particles onto the mesh filters via Coulombic forces.
Alternatively, when either the particles or fibers are neutral, charging one can polarize the
other, resulting in attraction by dielectrophoretic forces. Notably, the electrostatic mechanism
does not influence the airstream and can enhance filtration efficiency.

A further discussion on the influence of these forces on the equation of motion of particles is
illustrated in Chapter 2. For air filtration systems, the target objective is to rid the air stream of
suspended particles, while for fog harvesters, it is important to maximize collection of the
airborne liquid for downstream utilization. While air-filtration systems typically strive to
achieve maximum particulate removal at the expense of minimum pressure drop across the
collection systems; for fog harvesting, the primary focus is to maximize drainage of the
intercepted and collected fog to the designated collection port.

1.1  Filtration of dispersed phases in air: particulate matter and fog

droplets
Amidst rapid industrialization, urban expansion, and population growth, modern society

grapples with a myriad of challenges, ranging from deteriorating air quality to water scarcity.
These challenges, exacerbated by the aftermath of the industrial revolution, are amplified by
the continuous expansion of urban areas and industrial zones. Consequently, air pollution,
characterized by elevated levels of particulate matter and other harmful pollutants, poses a
significant threat to public health, particularly impacting vulnerable communities with
increased susceptibility to respiratory ailments. Despite advancements in filtration technology,
challenges persist, including substantial pressure drops across filters, low filtration efficiency,
clogging-up of filter pores, and sensitivity to operating parameters. The need for personal air
purification devices, such as household air purifiers and face masks, underscores the
importance of achieving high capture efficiency while minimizing pressure drop across the
filters.

1.1.1 Air filtration: Separation of suspended particulate matter in air
Traditional air filters like High Efficiency Particulate Air (HEPA) filters have played pivotal

role in maintaining air quality and addressing waste gas treatment and have shown great
efficiency in removing particulate of all sizes, as shown in Table 1.1 [11]. These filters explore
sieving, inertial impaction, interception, and diffusion [12, 13].

To enhance the removal of particles via mechanical means, the filters commonly incorporate
fine fibrous materials characterized by diminutive fiber diameters and inter-fiber distances
spanning from 0.1 to 10 pm, often accompanied by low porosity within the range of 0.5 to 10%

[14, 15]. Nevertheless, this approach often entails a trade-off, manifested as increased pressure
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losses across the filters, potentially compromising energy efficiency and user comfort,
especially in face-mask applications. Another crucial drawback in the traditional filtration
system is their selectivity to the specific particle size — while fine filters get easily clogged by
the larger particles, coarser filters exhibit poor filtration against the smaller ones. This poses
serious challenge when the oncoming dispersed phase has a large polydispersity index, for
example, in air-filtration system high performance is often sought in the ranges of PM 1 —-2.5
and PM 2.5 -10, [16, 17, 18], considering their respective compositions and impact on overall
air quality [19].

To address these obstacles, electrophoretic air purification offers a viable solution [20] (see
Figure 1.4), utilizing space-charge injection to enhance the deposition of suspended droplets

in filters.

Table 1.1 Efficiency of particulate matter removal when utilizing a HEPA filter
(Reproduced with permission from [11])
PM/Cases Air purifier I

HEPA purifier OFF HEPA purifier ON % Decrease
Mean (95% CI) Mean (95% CI)

PMp 25 0.39(0.36-0.42) 0.18 (0.16-0.21) 53

PMy s 193.54 (175.06-212.02) 96.74 (81.77-111.72) 50

PM; o 480.06 (428.99-531.13) 288.43 (238.56-338.29) 40

PM, 5 561.80 (502.91-620.70) 370.09 (306.34-433.83) 34

PMs o 612.28 (552.59-671.96) 423.99 (356.09-491.89) 31

PMig 626.07 (566.25-685.90) 443.62 (373.85-513.40) 29

*Statistical significance was a 5% level (p < 0.05).
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Figure 1.4 illustrates an air purification setup that employs an electric field to capture airborne
microorganisms, particles or droplets. (Reproduced with permission from [20])
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However, this method necessitates particle ionization, which entails imparting an electrical
charge to the medium, which increase the deposition efficiency but limits its applicability in
various scenarios. Apart from this, deposition efficiency also suffers when an excessive amount
of dispersed phase accumulates on the filter, leading to clogging of its pores. With gradual
buildup of the dispersed phase the filter transforms into an impermeable membrane, requiring
the flow of the medium be redirected around the filter due to increased resistance. This
necessitates the use of fans or additional devices to augment the flow, thereby raising
operational costs.

Suspended particulate matter (PM) and virions, which are often enveloped in water [21],
underscores the importance of capturing and separating these elements from the air. This is
vital for mitigating health risks associated with inhaling contaminated air and also for
controlling the spread of infectious diseases transmitted via respiratory droplets [22, 23].
Addressing the challenges in capture and separation of both suspended particulate matter and
fluid droplets, such as those present in smog, fog, or released during activities like sneezing,
filtration systems can significantly improve air quality and protect public health.

Therefore, strategically designing air filtration systems addresses both health concerns and

water resource management.

1.1.2 Fog harvesting: Capture of airborne water droplets as alternate

water source
The industrial revolution and a sudden boom in population [24], has put stress on freshwater

resources with depleting groundwater sources; contamination of natural water bodies, and
disputes over inter-regional water allocation. The World Economic Forum (WEF) classifies
water as one of the biggest threats to humanity [25]. This is accentuated by the global rise in
temperature and variability in the pattern of rainfall inflicted by climate change [26, 27, 28].
This has led contemporary researchers to look into various sources of freshwater, be it in
desalination and purification technologies or innovations in water conservation [29, 30]. Water
purification technologies like desalination and reverse osmosis are prohibitively costly. Due to
such economic constraints, the potential alternative water resources need to be
economically viable and renewable. With the increasing importance and the potential of
water in fog, it is now considered as a source of potable water, especially in arid but fog-prone
geographies, like the wide swaths of desert lands in Namibia, highlands of Peru and the rugged
reaches of Nepal, which faces serious dearth of water, experiences intense fogging. Although

Samuel Coleridge had penned the very famous lines, “water water everywhere and not a drop
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to drink” on quite a different perspective, it seems quite right in such context. Certain
community-based initiatives have come up with an intelligent idea. They strategically placed
meshes in the paths of fog-laden wind to capture the fog; water that is collected and stored to
be used later for daily utilities (see Figure 1.5). BBC reported such a method of water
‘harvesting’ as “the ethereal art of fog-catching”, [31] a title probably most worthy. The focus
of fog collection has, in recent years, gravitated towards research in retrieving industrial fog
(e.g., capturing drift losses from cooling tower plumes [32]). Such methods can help cut down
on the freshwater dependency of industries such as thermal power plants, thereby making
freshwater readily available for human consumption. Previous studies have established the
feasibility of industrial fog harvesters [32] in capturing fog, for reuse, that would otherwise
been lost to the environment. Water captured by a fog harvester depends on the interaction of
fog-laden wind with the harvester mesh, examples of which are present in both Nature and

industrial applications.

Figure 1.5: Community-based natural water harvesting in Peru.
(Reported from news article 31)

1.1.2.1 Fog harvesting in Nature
Nature has engineered its flora and fauna to survive in the harshest of all environments.

The interception of atmospheric fog by such organisms, to complement its needs for water,
is an immaculate example of biological processes inspiring bio-engineering applications.
Small shrubs and cacti are known to intercept fog particles in fog prone arid areas.

The interception of atmospheric fog with the trees in fog-prone regions helps to collect
water from the atmosphere, mostly observed in places of high water-scarcity [33]. Their
fog harvesting capability is influenced by variations of their height and leaf structures.
Vegetation with small needle-like leaf structures (e.g., cacti) intercept the suspended fog
droplets. Fog is intercepted by the obstruction offered by such pattern of leaves and thorn-
like structures. These provide minimum resistance to the flow of fog-laden wind while

offering maximum surface area [34]. Most of these thorn-like structures have textures, like
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in that of Opuntia microdasys (type of cactus) [35]. These build a Laplace pressure gradient,
aiding in the transport of the deposited droplets towards the trichome at the base. The schematic
illustration of the process is shown in Figure 1.6-A, and a time-lapse image progression
showing the collected fog water droplets directed towards the trichome at the base of the spin

is depicted in Figure 1.6 - B - C.
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Figure 1.6: (A) Schematic showing the mechanism of the fog collection on a spine of the
cactus plant. (B — C) A time-lapse image progression showing collected fog water droplets
directed towards the trichome at the base of the spine. The deposited drop (1) and the coalesced
drops (2-4) coalesce, and directed towards the base (black arrows) to form a large drop
(1+2+3+4+5). A new cycle of water collection begins after the absorption of the coalesced
drops. Scale bars, 100 um (B) and 500 pm (C).

(Reproduced with permission from [35])

37



Several species of desert-animals, mostly insects and reptiles, are endowed with similar
body surface features that help meet their water demand by fog-basking. The discovery of
water harvesting capability of the Onymacris unguicularis, aka the Namib Desert beetle, by
Hamilton and Seely in 1976 [36] has inspired a flurry of work in the study of such fauna. The
Namib Desert Beetles [37] are reported to meet their water demand by basking in the path
of early-morning fog water, collecting upto 12% of their body weight. Favorable wettability
features on the elytra (back of the beetle) allows for maximum dew collection [38, 39]. These
insects are able to collect such huge quantity of water with the help of contrast wettability
spots (superhydrophilic bumps on superhydrophobic background) at their back. Although,
the quantity of collected fog-water by the beetle is less effective when compared to the
collection by trees, but it still showcases a splendid use of surface wettability to harvest water

from fog.

1.1.2.2 Anthropogenic fog harvesting: Community and industry
Fog collection for human use started recently in 1994 [40], although a couple of feasibility

studies were previously conducted as early as the beginning of 1900s in South Africa [41].
These fog collectors are mostly simple structures with large screens made of polyethylene net
meshes, placed orthogonal to fog flow. As the fog droplets impinge on these meshes, they get
deposited, coalesce and are collected for collection. The water rolls down the woven structure
of the mesh to collectors attached at the lower end of the collectors which drain into the
collecting tank. The first edition fog nets [42] were made woven from locally available fibers
which and were later replaced with commercial polyethylene based Raschel meshes [43].
Success by early studies inspired many NGOs around the world to successfully implement
full-scale fog water harvesting collectors and supplying clean water to satellite
communities. Basic fog water collector (FWC) designs consisted of large, planar nets mounted
on rectangular frames [44]. These were eventually replaced by more innovative designs,
promising higher collection, lower installation cost and maintenance. One such installation by
Vittori and VVolger [45] called Warka Water, proposes the use of Chinese-lantern-shaped outer
scaffolding (see Figure 1.7-B), with the body made of cylindrical nylon or polypropylene
mesh. The water collects in a circular well underneath. The device claims an annual average
collection up to 100 L day™.

Apart from fog water collection from natural sources, recently, a pilot study by Ghosh et al.
[32] looked into the possibility of water harvesting from the drift losses in the mouth a cooling

tower, of a thermal power plant in India. Mesh integrity is of prime importance in such
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applications for steady fog collection. The study estimated that the cooling water load for a 500
MW power plant [46] is around 54000 to 60000 m3h™, of which ~1.6% is lost per hour,
predominantly in the form of evaporative loss, drift loss, and blow-down, which needs to be

compensated in the form of make-up water (see Figure 1.8-A).

(A) (B)

Figure 1.7: (A) Standard Fog Collector (SFC) as proposed by Schemenauer and Cereceda [44]
(reproduced with permission) for provding drinking water for communities (B) Cylindrical
collector design Warka Water [47] (permission not required, taken from open-source online
link)
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Figure 1.8: (A) Schematic of a cooling tower fog harvester. (B) Meshes of various SC
(porosities), geometry placed at the plume of a thermal power plant cooling tower by Ghosh et
al. [32] (Reproduced with permission from [32])

The study argued that, a metal mesh if placed near the plume of such a cooling tower, with the

aim of arresting the drift losses (un-evaporated and re-condensed water droplets present in the
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exhaust plume from industrial cooling towers), it could be expected to recover about 40% of
this drift loss, depending on the mesh’s porosity, view-factor and other parameters [48] (see
Figure 1.8-B). Such revelations although make fog collecting meshes a prime candidate for

implementation of in both natural and industrial fog harvesting scenarios.
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1.2 Issues in capture and separation of dispersed phase: particulate
filtration and fog capture:
1.2.1 Air-filtration

Air filters function by drawing surrounding unclean air through their fine openings in the filter
medium. Particles — be it particulate matter or fog/smog remain as the dispersed phase within
this continuous phase. As the dispersed phase pass through the filter medium, it gets collected
in the filter medium by mechanisms like sieving, inertial impaction, interception, diffusion, or
electrostatic attraction. Ideally, the air exits the filter with significantly reduced particle content.
One strategy to achieve this is by increasing the packing density of the filter. While packed
meshes may initially seem advantageous for maximizing airflow, a deeper examination reveals
potential drawbacks. Their high packing density can result in heightened aerodynamic
bypassing and diminished deposition, apart from inducing a large pressure drop across the
filter. For an air filter to be efficient, it must strike a balance between maintaining high particle
capture efficiency and ensuring acceptable airflow resistance. Thus, both filter penetration and
aerodynamic resistance play pivotal roles in evaluating filter performance. The filter quality
factor, denoted as Qr is a measure of the filtration device's performance, where Qr is defined

as

In(—2
Qr = —(Z;”a) (1.2)

where, na represents filtration efficiency, and AP is the pressure drop across the filter. The
quality factor indicates the capture efficiency per unit pressure drop across a filter. One of the
primary issues is filter clogging, where accumulated particles reduce the filter's permeability,
reducing aerodynamic efficiency, n, and that in-turn reduces quality factor. Also, a very dense
filter warrants high deposition efficiency at the cost of high pressure-loss across the filter. For
example, high-efficiency particulate air (HEPA) filters are recognized for their ability to
capture 99.97% of particles sized 0.3 pm or larger. However, they exhibit a significant pressure
drop across the filter element, limiting their suitability for use in environments requiring
exceptionally high filtration quality, such as cleanrooms and healthcare facilities. An effective
filter, characterized by a high filter quality, should ideally demonstrate both high collection
efficiency and minimal air resistance without clogging the filter pores. This is because clogged
pores are as reflected as pressure drop across the filter [48]. Achieving this balance often
involves considerations such as flow velocity, pressure ratio at the inlet and outlet of the filter,
fiber packing density (o), and the involvement of other field forces like electrostatic forces etc.,

all of which can influence collection efficiency.
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Lowering the packing density inherently results in a minimal pressure drop across the filter,
albeit with decreased particle deposition. However, enhancing particle deposition on a sparse
filter can be achieved through the application of space charge injection in the filter assembly.
Consequently, electrostatic filtration has emerged as a leading-edge technology in the air
purification sector, harnessing electrostatic forces to efficiently capture particulate matter,
including fog and aerosols.

Sanchez et al. [49] investigated particulate matter filtration using a single cylindrical rod made
of copper, where aerosol separation occurred within the charged cylindrical precipitator based
on an electrostatic field, as shown here in Figure 1.9-A. The percentage of particle penetration
through the filter, consisting solely of the cylinder, varies with the electrical mobility diameter
(dm) for different applied voltages to the copper cylinder (Figure 1.9-B). Higher voltages lead
to enhanced capture efficiency, even for larger particle sizes. This underscores the scenario
where a stronger electric field yields greater particle capture efficiency, albeit with the potential

risk of ionizing the air.
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Figure 1.9: (A) Electrostatic field-based aerosol separation occurring on a charged cylindrical
precipitator. (B) The percentage of particle penetration through the filter (with only the
cylinder) varies with the electrical mobility diameter (dm) for different applied voltages to the
copper cylinder. Higher voltages result in improved capture efficiency, even for larger particle
sizes. (Reproduced with permission from [49])

The application of electric fields around the meshes aids fog collection as the DEP force on the
fog droplets steer the droplets towards the electrodes, overcoming the aerodynamic drag on the
droplets. According to the study by Damak et al. [50], the primary limitation of low fog
collection likely stems from aerodynamic bypassing leading to low fog deposition rather than
low shedding rates, a challenge that could be addressed by employing strong electric fields

around the mesh. In Figure 1.10 - A — D, trajectories of fog particles compared under
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conditions with and without corona discharge are displayed. Most proposed collectors consist
of meshes relying on inertial deposition for droplet capture and are inherently restricted by the

aerodynamics of the flow.
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Figure 1.10: The trajectories of fog droplets around a cylinder (A) with and (B) without the
application of an electric field. The mesh fiber, represented as a grey circle, is grounded, while
the air stream is charged using a metal needle (emitter electrode). The schematic illustrates air
streamlines and droplet trajectories, with photographs showing droplet trajectories in the (C)
absence and (D) presence of an electric field. In (D), droplets are observed closely following
the electric field lines. The inset in (B) illustrates the additional electric force acting on a
droplet. Both cylinders in (B) and (D) have a diameter of 1.88 mm. Photographs in (E) display
the collection mesh and the storage beaker for collected water after 30 minutes of exposure.
With high voltage, 30 ml of water was collected, while only three droplets were collected
without an electric field. (F) The deposition efficiency of five meshes as a function of Ke, (the
ratio of electric force to viscous force). (reproduced with permission from reference [50])

The study proposes an alternative approach introducing electrical forces to overcome

aerodynamic drag. By utilizing an ion emitter, they introduce a space charge into the fog,
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imparting a net charge to incoming fog droplets and directing them toward a collector using an
imposed electric field. This method increases fog water collection onto these fibers. This study
later progresses into fog water collection on metal meshes of different geometric specifications,
using the same technology (see Figure 1.10 E — F).

This observation was also noted in one of the earliest fog capture endeavours, which shares
similarities with PM capture due to comparable diameters of the PM particles and fog droplets,
as well as the use of electrified metal meshes. Uchiyama et al., in their study titled “Field
experiments of an electrostatic fog-liquefier,” (shown here in Figure 1.11-A — B) [51, 52]
demonstrated that fog collection efficiency correlates with the applied voltage and the diameter
(D) of the mesh fibers. Furthermore, the capture efficiency exhibits a correlation with air
velocity (Figure 1.11-C) and mesh opening pitch (Figure 1.11-D) in both scenarios, increasing
with velocity until reaching a peak, after which it declines abruptly.
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Figure 1.11: (A) The principle of the fog-liquefier, and (B) the physical installation of the
mesh in a paddy field in Japan. (C) The relationship between the liquefying rate or collection
efficiency (nqr) and the liquefying index (§ = #ar /electric power consumption) [%/Watt] as a
function of applied voltage. The parameter D represents the inter-electrode separation between
the corona wire and the mesh. (D) The dependence of fog liquefying rate on air velocity.
(reproduced with permission from references [51] and [52])
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This underscores the role of aerodynamic efficiency and its dependence on these factors.
While the above studies acknowledge improved capture efficiency with the inclusion of an
electric field in the mesh/filter assembly, it is essential to consider the ecological ramifications
of employing high voltages and the occurrence of corona discharge.

One innovative approach to improving air filtration especially suited for personal use (e.g.
mask) is the use of triboelectric adsorption techniques [15, 53], which entails the creation of a
change on the filter element by friction between the filter layers. This method leverages
electrostatic forces to enhance particle capture, significantly boosting initial filtration
efficiency. However, the effectiveness of triboelectric adsorption tends to diminish over time,
particularly in humid conditions created by exhaled breath [54, 55]. This decline in
performance underscores the need for further enhancements in filter design to sustain
protection levels. Additionally, filters experiencing gradual deposition of PM or fog
particulates are susceptible to clogging, leading to decreased collection and, consequently,

reduced collection efficiency.

1.2.2 Fog capture

A standard fog collector consists of meshes oriented perpendicular to the direction of fog flow.
A fraction of the fog droplet population strikes the mesh fibers, gets deposited, coalesce to form
larger droplets, which then roll down to get collected. A mesh pore clogs due to progressive
deposition of these fog-droplets and subsequent coalescence of the deposited liquid leading to
the formation of bigger droplets of different shapes on the fibers (Figures 1.12-A). These
growing droplets may eventually touch the neighbouring mesh fibers when they clog the mesh
pore either partly or completely (see Figure 1. 12-A). A clogged mesh pore offers a greater
aerodynamic resistance to the oncoming fog stream, which in turn diminishes the fog droplet
deposition. The droplet shape on a fiber depends on its volume, the wettability of the mesh
fiber and the fiber diameter [56, 57]. The wetting characteristics of the mesh wire surface and
its geometric parameters govern two critical constraints: the re-entrainment (Figures 1.12-B)
of collected droplets from the wire and the clogging of mesh pores (Figures 1.12-C). Low
adhesion between the collected droplets and the mesh fibers may lead to re-entrainment of the
droplets back into the fluid steam (droplets being dragged away by the oncoming air), while
high adhesion could result in droplets merging with neighboring ones, forming a liquid film
and potentially clogging the mesh.
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Figure 1.12: (A) Schematic showing fog flow and their deflection when passing through a
woven mesh surface and a contour plot of the fog-harvesting efficiency. The enlarged portion
marked in red, focuses on the interaction between the incoming fog droplets and a horizontal
member of the woven mesh element. Fog droplets at the vicinity of the fiber are trapped and
collected, while those at the periphery follow the streamline around the wire and escape.
Droplets on the wire coalesce, and once they grow past a threshold size, they drain under
gravity. Two adverse factors affecting collection efficiency are re-entrainment of collected
fluid and clogging of mesh pore. A threshold for maximum and minimum droplet sizes to avoid
(B) re-entrainment and (C) clogging respectively is depicted as contour plots, marking regions
of stability of the drop on mesh as a function of drop radius.

(reproduced with permission from reference [58])

Figure 1.13: (A) Photograph of the fog harvesting installation made by [79, 80] at a farm in
USA. (B) Photographs showing the issue of tangling for harps of various wire diameters and
pitches, under heavy fogging [82].

(reproduced with permission)

Optimizing parameters like surface wettability, mesh wire radii, and wire spacing is crucial for
enhancing fog collection efficiency, as they directly influence droplets-fibers interactions. Park
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et al. [58] identified the stability regime of a drop on a mesh fiber based on the various forces
acting on the drop. Figures 1.12-B and C demonstrate that to minimize re-entrainment, the
force of adhesion must exceed drag forces, while to prevent mesh pore clogging, gravity forces
should outweigh hysteretic pinning forces on the drop.

Therefore, droplet morphology, its solid-liquid footprint on the mesh fiber and relative size
with respect to mesh dimensions, and fiber wettability play significant roles [59] in determining
the fog-harvesting performance of a mesh.

Understanding droplet morphology on mesh fiber geometry based on surface wettability [60]
and fiber diameter is fundamental to the design of the fog harvester mesh. It is hence favourable
that a drop detaches early; but early detachment can also result in droplet loss by re-entrainment
back into the fog stream, thereby reducing harvester efficiency. Drop-on-fiber morphology, its
dimensions and its shedding under the influence of gravity, events which are often observed
both in nature and in different engineering applications, like such fog harvesting mesh, can
help design of better separation technology. In traditional meshes, a drop will often grow large
enough to clog the mesh. A clogged mesh pore offers a greater aerodynamic resistance to the
oncoming fog stream, which in turn diminishes the fog droplet deposition. The droplet shape
on a fiber depends on its volume, the wettability of the mesh fiber and the fiber diameter [56,
57]. Therefore, the morphology of the droplet and its relative size with respect to the mesh
dimensions, and the fiber wettability play important roles [59] in ascertaining the fog-
harvesting performance of a mesh. Studying the droplet shape-on-fiber of specified dimension
and surface wettability accurately for a given volume of liquid would allow for the design of
‘clog-proof’ meshes.

Wettability-engineering has been extensively leveraged by several researchers to enhance fog
harvesting on sturdy impervious flat surfaces by advocating the use of three-dimensional
features like cascading patterns [61], bumps [62] or bio-inspired surface modifications [63, 64,
65, 66] and micro-/nano-scale surface embellishments [67] for enhancing water capture.
However, these impervious plates suffer from significant aerodynamic bypassing —[68] —
leading to minimal fog deposition. Biomimetic surfaces, replicating the Namib desert beetle
onymacris unguicularis [69, 70], cactus thorn-like geometries [71], or variations in surface
wettability [72, 73] have shown attractive droplet drainage features for laboratory-scale setups,
but they lack scalability of mass production for industrial or community fog harvesting
applications [74, 75]. Considering these factors, mass-producible interwoven metal meshes

may be best suited for fog-harvesting applications, and are scalable and structurally sound. It
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is important to note here that the horizontal fibers of such a woven mesh can offer resistance
to droplet drainage [76], and therefore lead to serious clogging issues [58, 77].

Vertical elements within these meshes play a pivotal role in facilitating the drainage of
accumulated fog droplets [78], thus posing no threat related to clogging. In this context, Shi et
al. [79, 80] and Goswami et al. [81] have underscored the effectiveness of harp-like mesh — the
mesh has only an array of vertical elements (see Figure 1.13-A) — particularly in moderate fog
conditions. However, the harp-design is found to be less viable in scenarios involving heavy
fogging or in tilted arrangements (as one requires in cooling tower fog harvesters [32]) due to

their structural weaknesses and susceptibility to tangling [82] (see Figure 1.13-B).
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1.3 Gap area:
The highlights of the above discussions points to the necessity of reevaluating the design of

meshes and filters, aiming to achieve high deposition efficiency without sacrificing

aerodynamic performance or increasing the pressure drop across the filter.

Typical gap areas in the context of air filtration are:

i)  Research drive towards the development of filters for dispersed PM offering a better
capture under lower pressure is never-ending endeavor. Prevalent literature extensively
discusses various design modifications and the resulting enhancements in particulate
capture in filters. Most of these designs employ dense meshes, exhibiting high deposition
efficiency but increased pressure drop across. Conversely, rarer filters mitigate the
problem of pressure drop across the filter, but at the expense of poor filtration efficiency.
Therefore, there is a need for design, characterization, and optimization of filters that
may offer good capture of suspended particulates, yet maintaining low pressure-drop
across the filter.

i)  Electrostatic separation, which leverages an imposed electric field and arrangement for
space charge injection into the flow stream, have been explored to increase deposition
efficiency, but this method suffers from potential hazards like corona discharge and
ozone production.

i)  The approach of inducing triboelectric charges on the mesh fibers to enhance deposition
efficiency faces concerns over the limited durability of the filters that may often last a
few hours; and therefore be typically used in face masks, but not in a broader context of
industrial filtration.

iv)  Tunability of dielectrophoretic filtration to varying operational conditions, e.g., dispersed
phase loading, particle size and flow velocity, is often restricted (e.g., voltage modulation
in electrostatic filtration, which is limited by breakdown voltage limit). Although this
technique has been investigated for separating dispersed phases in microfluidic devices,
its application to open channel flow introduces a novel approach. Despite considerable
advancements in the field of filtration science, achieving efficient separation of dispersed
phases that vary greatly in size, while also minimizing pressure loss, continues to present

a significant challenge.

In the realm of fog harvesting, certain facets of the aforementioned areas have remained less

explored. For example,
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i)

The issue of mesh pore clogging, particularly evident in fog collection worsens with
continued use, as particulate matter and fog deposit, blocking the pores. Research links
this to the surface tension between the PM/fog and the mesh fibers, strongly influenced
by the fibers' wettability. Highly wettable meshes are prone to rapid clogging,
significantly increasing pressure drop, while meshes with low wettability tend to have
lower clogging rates but suffer from re-entrainment of particles into the airstream,
reducing overall effectiveness; necessitating a need for optimization of mesh design.
Wettability-engineering to enhance fog harvesting has been advocated by several
researchers. Use of three-dimensional features like bio-inspired cascading patterns, with
micro-/nano-scale surface embellishments, on flat surfaces for enhancing water capture.
However, these impervious plates suffer from significant aerodynamic bypassing leading
to minimal fog deposition.

Certain bio-mimicking wettability patterns on surfaces prove to be highly effective in
certain laboratory setups, but they lack scalability of mass production for industrial or
community fog harvesting applications. Hence, prudent use of wettability engineering on
mesh surfaces is needed so that the technology has an easier deployability.

Given these challenges, there is a clear need to redesign mesh pores, considering the interaction

between mesh properties and particulates to develop meshes that are both effective and resistant

to clogging.

Therefore, it is essential to bridge research gaps in two key attributes pertaining to dispersed

phase separation:

A.

developing a sparser mesh that achieves high particulate deposition efficiency yet having
a tunability feature, so that they can adapt to operational variability in the dispersed phase
flow, and

develop mesh-based dispersed phase (fog) separation system that is resilient to mesh pore

clogging.
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1.4 Objective:

This work addresses the challenge of efficiently capturing micron-sized particles, such as
particulate matter and fog droplets, using mesh filters while overcoming two major obstacles:
clogging of mesh pores and the associated high-pressure drop in clogged filters. While finer
meshes demonstrate excellent filtration capabilities, they are prone to pore clogging, whereas
sparse meshes with larger pores resist clogging but generally offer lower filtration efficiency.
To bridge this gap, this study focuses on two key strategies: developing clog-resistant meshes
through optimized design and surface treatments, and leveraging dielectrophoretic (DEP)
forces to enhance droplet capture in sparse meshes.
By utilizing DEP forces, which act on polarizable but uncharged particles in a non-uniform
electric field, this study explores a novel filtration approach where electrodes function as both
the electric field source and the particle deposition surface. Unlike electrophoresis, DEP does
not require space charge injection, thus mitigating associated safety risks. Furthermore, for
applications like fog harvesting, where mesh clogging is a critical issue, incorporating optimal
mesh design—accounting for fiber geometry and wettability—presents a promising solution
for achieving high collection efficiency. This dual approach offers a significant step forward
in developing efficient, clog-resistant filtration systems.The present study involves
experimental investigations, numerical simulations, and analytical modelling to characterize
transport and capture of dispersed phase in the context of air filtration and fog harvesting with
the common aim of improving their performance.
Obijectives of the present work may be summarized under two salient headings:

A. Characterization of dielectrophoretic separation of dispersed phase using three-

phase ac voltage and evaluation of its performance in the context of an air-filtration

system.

B. Design of a fog harvesting mesh that is resilient to clogging and characterization

of its efficiency of collection of the dispersed phase.

A.  Characterization of dielectrophoretic separation

One method to enhance the deposition efficiency of meshes is to use a near field force, such as
dielectrophoresis, to alter particle trajectories away from the streamlines towards the fibers.
This technique does not require space charge injection, which poses potential hazards. In
dielectrophoresis, a force is exerted on dielectric particles that are polarizable but not

necessarily charged, as they move through a non-uniform electric field. Despite considerable
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advancements in the field of filtration science, achieving efficient separation of dispersed
phases that vary greatly in size, while also minimizing pressure loss, continues to present a
significant challenge. The DEP filter in this work is assumed as an array of cylindrical metallic
fibers, doubling as both filtration elements and electrodes. The fibers are energized by an ac
three-phase voltage. The transport model reckons the effects of particle inertia, viscous drag,
DEP forces, and Brownian motion on particle trajectories, while the particle capture
efficiencies are investigated through Lagrangian tracking of the particles. A numerical scheme
that uses first-order time marching is used to track the trajectories of randomly dispersed
particles as they pass over the charged electrode array. Specific objectives of this work are

e to evaluate the potential of dielectrophoresis (DEP) to segregate and collect dispersed

water droplets from an air stream in a two-phase flow, using numerical simulations.

e to evalulate the statistical analysis of the simulation data to explore how variables such

as electric voltage, frequency modulation, droplet sizes, fiber diameters, inter-fiber

spacing, and air velocity impact filtering performance.

e to tune mesh and electrical attributes in determination of an operating regime for

optimal filtration.

e to evaluate the pressure drop across the DEP filter designed and compare it against

other well know technologies in filtration.

B. Design of a clog-proof mesh and its performance characterization
Fog water collection, from natural and industrial sources, has in recent years been considered
as a feasible source of freshwater; which involves placing of metal or polyester meshes in the
path of fog flow. Fog droplets impinge and deposit on mesh fibers, coalescing with previously
deposited fog droplets to evolve as larger drops that eventually detach due to their weight. This
phenomenon is largely influenced by mesh fiber wettability, diameter and its arrangement
relative to the fog flow. Literature highlights the major problems in fog harvesting mesh to be
its low fog collection efficiency primarily attributed to clogging of mesh pore, re-entrainment
of already collected droplet and poor drainage. The present study tries to address the problem
of clogging of mesh pores by some simple and frugal means. Specific objectives are
o to redesign traditional interwoven metal mesh structures involving optimization crucial
mesh parameters, including mesh pitch, fiber diameter, and fiber wettability. These

parameters need to be adjusted based on the numerically and experimentally observed
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morphology of fog-water droplets under various operational conditions, namely mesh
fiber diameter and its wettability.

o to modulate mesh wettability, ranging from superhydrophilic to hydrophobic fibers, to
be undertaken in determination of the optimal shade coefficients that may facilitate the
development of fog harvesting meshes resistant to clogging.

o to determine optimal shade coefficients to create clog-resistant meshes drawing from
mesh wettability and droplet morphology.

o to estimate aerodynamic, deposition, and overall collection efficiencies for the optimized
meshes.

The rationale and objectives of the present work are pictorially described below in Figure 1.14

(B) MODULE 2:
(A) MODULE1: Design filter/mesh resistant to clogging
Design filter/mesh for PM capture l

‘ | Comprehend reasons for mesh-pore clogging ‘

Establish a correlation between fiber diameter (f,) , surface

wettability with maximum dimensions of
l l pendant droplet

Optimize the mesh dimensions to achieve a
"clog-resistant” design

Improve g4 HXH AP low

Characterize flow of PM into the filter/mesh

l )
Explore the effects of dielectrophoresis Implement the ‘clog-proof’ mesh design
on PM capture on
l maximum 7,
Tune filter operating parameter for l
optimized operation Estimate the overall efficiency of 'clog-proof' fog harvesting meshes
as a function of

fiber diameter and surface wettability

Figure 1.14: Rationale of the study: (A) Module 1 explores the possibility of enhancement in
deposition efficiency of particulate matter (PM) on meshes leveraging DEP force produced by
a 3-phase AC voltage. (B) Module 2 characterizes the shape and dimensions of deposited
fogwater on the mesh fibers and deduces, for a given fiber diameter and the mesh fiber
wettability, the mesh pitch to render the mesh “clog-proof”. Conditions suitable for enhancing
the aerodynamic efficiency of fog collection are also identified for the clog-poof mesh.
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Chapter 2
Tunable dielectrophoretic (DEP) filters for air-
borne microdroplet capture
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2 A dielectrophoretic mesh filter for the capture of airborne liquid
droplets

The need for effective filtration technologies has existed for a long time in different
engineering applications, while more recently it has grown exponentially because of epidemic
disease outbreaks like SARS, MERS and COVID-19. While the technology of air filtration is
mature, and abundant literature exists on the fundamental aspects of filtration, large pressure
drop and sensitivity to operating parameters have remained a challenge [83]; 84]. The need for
personal air purification — household air purifiers or even face masks [85], which deals with
dispersed droplets of largely divergent sizes, are some examples — have instilled a greater need
for tunability, which allows facile modification of the design or operating conditions of the
filtration system to achieve high capture and, at the same time, low pressure drop. The present
work leverages dielectrophoretic air-purification systems to address some of the limitations

seen in conventional filtration methods.

Traditional air filters like High Efficiency Particulate Air (HEPA) filters have played pivotal
role in maintaining air quality and addressing waste gas treatment. These filters explore sieving,
inertial impaction, interception, diffusion and electrostatic attraction [86];13; 87]. To enhance
the removal of suspended droplets and particulates via mechanical means, they commonly
incorporate fine fibrous materials characterized by diminutive fiber diameters and inter-fiber
distances spanning from 0.1 to 10 um, often accompanied by low porosity within the range of
0.5 to 10% [14; 88]. Nevertheless, this approach often entails a trade-off, manifested as
increased pressure losses across the filters. This in turn can potentially compromise the overall
energy footprint of these filtration systems, or the comfort of the users in case of face-mask
application. Another crucial drawback in the traditional filtration system is their selectivity to
the specific particle/droplet size — while fine filters get easily clogged by the larger droplets
[89], coarser filters exhibit poor filtration against the smaller ones. This poses serious challenge
when the oncoming dispersed phase had a large polydispersity index, for example, in air-
filtration system high performance is often sought in the ranges of PM1>sand PMzs-10, [90];
[17; 18], considering their respective compositions and impact on overall air quality [91].

To overcome the limitations of conventional filters, dielectrophoretic air-purification may
emerge as a promising alternative. The present study, as depicted in Figure 2.1, proposes
dielectrophoretic (DEP) force, which arises due to the polarization of droplets in a spatially
varying electric field, to capture droplets or droplets from a carrier stream efficiently. DEP
filtration is effected by inducing motion in dispersed, polarizable droplets or droplets by
applying a spatially non-uniform, unsteady electric field, thus capturing them on the electrodes

from the dispersing flow.
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Figure 2.1: Representative schematic of the proposed DEP based air filtration system for personal-level (top) or industrial (bottom) air-filtration
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with free stream velocity U towards the electrodes. The insulating members of the filter are not shown in the inset.



In contrast to traditional electrophoretic (EP) filters [50; 51] DEP filtration would be
advantageous as no ionization of droplets or droplets is required. Potential hazards associated
with ionizing the medium is thus mitigated. DEP force has proven highly effective in
manipulating trajectories of a wide range of micro-droplets [94]; 95], including cells, viruses,
proteins, and colloids [96]; 97] in membranes [98] and micro-channels [99] in liquids.
However, its application for air filtration systems is a novel concept.

Herein we investigate the efficacy of dielectrophoresis for the separation and collection of
a dispersed phase from a flowing stream of continuous phase through a numerical simulation.
The dispersed phase consists of water droplets of varying diameters transported in an air
stream. The DEP filter is made of an array of cylindrical fibers. The core functionality lies in
the application of an alternating current (AC) voltage to the fibers, generating a traveling
electric wave field. Droplets approaching the electric mesh acquire dipolar moments due to the
electric fields and are subsequently attracted in the direction of the instantaneous field gradient.
Eventually, the droplets are intercepted by the electrodes and deposited on them. The analysis
takes into account drag, Brownian motion, and DEP forces [100]. An extensive study has been
conducted to characterize the dependence of particle capture efficiency on parameters such as
the flow velocity (U), droplet size (dp), mesh configurations (s/a, the ratio of fiber spacing to
fiber radius), electric field strength (E) and the frequency (f) of the applied 3-phase supply. We
restrict our investigation to water droplets of diameters ranging from 5 to 50 um, which
encompasses the droplet size of saliva ejected during speaking and sneezing [101]. This size
range also covers the particulate matter size found typically in urban [102] and industrial
environments [103]. The free-stream velocity U is varied from 0.5 m/s to 10 m/s, which can
represent various scenarios, including mask applications (velocity ~50 cm/s during coughing
or sneezing [104]) or industrial filtration systems and fog harvesters (5-10 m/s) [32]. On the
contrary, for HEPA filters, the maximum velocity does not exceed 0.5 m/s [105]. Compared to
conventional fibrous filters, the present dielectrophoretic filtration system offers several
advantages. For example, the fibers in DEP filtration system may be spaced more widely apart,
eliciting lower pressure drop and a high-quality factor. Also, as demonstrated in the study, the
operating parameters of the DEP filter may be tuned for high filtration efficiency even in the
face of varying working conditions. The present study shows that the DEP filtration can be

conceptualized either as a face mask or an industrial-grade air-filtration system.

57



2.1 Theoretical modelling and simulation
Figure 2.2-A shows the schematic diagram of the crossflow of the droplet-laden air over the
array of electrodes. The dispersed phase comprising of micron-scale water droplets of diameter
dp is advected by a homogeneous one-dimensional (in x-direction) flow of the continuous phase
(air) [106]. The flow, which enters the computational domain with a velocity U, passes over
the array of cylindrical electrode-fibers [107]; a 3-phase AC voltage is applied to the electrodes
in a prescribed sequence.

Since the dispersed phase droplets have very low Capillary, Bond and Weber numbers (Ca =

_ Pp9% pU*dy

U _ _
B ~107%; Bo= ~ 10~% or less; We =
¥ 4y

~ 107%) where p, and p denote the

droplet and air densities, u the dynamic viscosity of air, g the gravity, and y the surface tension
of the liquid, droplets are assumed as rigid spheres; hence we have used the terms ‘droplet” and
‘particle’ interchangeably in the remainder of the manuscript. An Eulerian-Lagrangian model,
capable of simulating airflow with suspended droplets is considered. In this model, we consider
one-way coupling from airflow to droplets, implying that the fluid drag influences the particle
trajectory, but the reaction of the same drag force is too small to influence the fluid flow. This
is a rational assumption because the volume fraction of droplets is typically low — in the order
of 10 to 10°° [108]; 109]; 110] — for our intended applications.

The dispersed phase moves towards the cylindrical electrodes, along with the flow (Figure
2.2-A). Transport of the droplets influenced by various forces which is expressed as

duy

mp?=FD+FDEP+ FB, (21)

where mj represents the particle/droplet mass, u, its velocity and ¢ the time. This droplet
dynamic is modelled with Stokes drag force (Fp), the DEP force (Foep), and a random force
(Fe) that accounts for Brownian fluctuations. The effect of gravity is neglected for simplicity.

A 3-phase alternating electric field E of frequency f is applied to the electrodes (Figure 2.2-
B). It generates a time-varying electric field illustrated by equipotential lines (Figure 2.2-C).
For spherical droplets of dielectric constant &,, suspended in air, the DEP force can be

expressed as [111]

Fpep = ZﬁgoerCMVEz, (2.2)
where the permittivity of free space is denoted by ¢,. The Clausius-Mossotti factor (Kcwm,), is
computed from the dielectric constant of the dispersed phase as [112]

Koy = 5= (2.3)

£r+2
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For water droplets, &, = 80 and K., ~ 0.96. The gradient of squared field strength E?, as
produced by the fiber electrodes remains to be directed towards the axes of the cylindrical
fibers, as described by equipotential lines in Figure 2.2-C & D.

As droplets are transported in the flow, they experience viscous drag force which is assumed
to follow the modified Stokes drag law so that

Fp= %(u -uy,), (2.4)
where u denotes the local fluid (the continuum phase) velocity, and € the Cunningham

correction factor.

The continuous phase — the carrier gas phase in this case — follows the conservation equations
of mass and momentum as it experiences a steady, incompressible flow past the array of the
cylindrical fibers. As already mentioned, we have assumed a dilute suspension of droplets,
which aligns with the underlying assumption of one-way coupling between the dispersed and
the continuum phases. Therefore, dielectrophoretic transport of the droplets is not expected to
alter the flow field and the continuum phase may be assumed to have a “frozen” flow field. In
this study, the viscous flow of air at low Reynolds numbers passing over an infinite row of
identical circular cylinders is represented using Stokes equation of motion, as computed by
Miyagi [113] (see Figure 2.2-E).

The Cunningham correction factor [114] in Eq. (2.5) is expressed as

—039/-L
C=1+ %(2-34 + 1.05e( 0'3%”))' (2.5)

p
where [ denotes the mean free path of droplets. The correction factor takes into consideration
the deviations from the Stokes law in the small particle-size limit. For the present study, small
Knudsen numbers [/d,, < 0.01 confirm that air behaves as a continuum medium.

The Brownian fluctuations, arising from the random thermal motion of droplets, thus
introducing stochastic displacements of the droplets, is described as [115]

_ 216ukgT
Fp=mp |rcprasar & (2.6)

where kg denotes the Boltzmann Constant, T the absolute temperature, At the time step used
in the numerical integration of the equation of motion and G a stochastic variable vector
obeying the normal distribution [116]. Incorporating these forces, the droplet-transport

equation reduces to
du, _ 3mudy T ,3 2 216ukgT
my—F=——"(u-u,)+ cdjeKey VE* +my, nCpngMG. (2.7)
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Instantaneous positions of a dispersed droplet are obtained through time integration of its

instantaneous velocity, so that

x(t) = [ u, dt +x(0) (2.8)
Eq. (2.8) is solved for each particle entering the computational domain to compute the particle
trajectories in conjunction with Eq. (2.7) for the particle velocity, employing a forward-
differencing time marching scheme. To ensure accuracy, the time increment (step) is
determined based on the time required for the particle to move a maximum distance of 5% of

its diameter under the given condition.

The electric field created by the array of wire electrodes is determined under the assumptions
that the field is electrostatic and that the wire diameter is small compared to the inter-wire
distance (s/a> 10). Potentials ¢; applied to wire-electrodes i (i = 1, 2, ..., 6]), electric charges
o; are induced at wire surfaces. The wire charges are computed by solving the following

coupled equations,

inv.

ciVop + cl-l;w'az + .+ cl-i]”"'a] =Ag;, fori=1,2,...,] -1,

O-1+ O'2+"'+ O'] =0 (29)
where A¢g; is the inter-electrode voltage: Agp; = ¢;,1 — ¢; . The coefficients cii]’-l”' are of the

inverse capacitance matrix for electrodes of diameter a placed at yy, y,, ..., ¥y,

i ita-y;j : . 1
i = 22222 iy, = o (137 -), 210
The electric field is then computed by
E= -V, p= -3,;2%m (). (2.12)

The convergence of the electric fields at the middle level 0 < y < 3a is achieved when | >

10 for simulating the fields created by an array of infinite number of electrodes.

The particle transport and deposition model is validated against experiments of Gregory [117]

and simulation results of Mirzaee et al. [118], detailed in Appendix A Section Al.
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Figure 2.2: The geometric, flow and the electric field arrangements. (A) The configuration of the electrodes (red circles) having radius of a and
spaced out at distance s apart. A droplet/particle (the black circle) of diameter d, is advected towards the electrodes with a free-stream velocity of U.
(B) Sequence of the 3-phase traveling voltage of magnitude @, and frequency f applied on the electrodes. (C) The electrostatic potential field @,
and (D) the square of the electric field intensity (E?) at different time instants (of the time period T) to describe the traveling nature of the fields. (See
ESI video S1 for further description of the travelling fields). (E) The normalized velocity field w/U responsible for advecting the droplets.



Simulations are run for the dispersed phase droplets of varying size (dp =5, 10, 25, 50 um) and
inlet flow velocity of the continuous phase (U =0.5, 1, 2.5, 5, 10 m/s) to evaluate the DEP filter
performance and optimize its design for different applications. The mesh electrodes are
arranged with a defined spacing (s = 500, 1000, 1500, 2000, and 2500 pum) and electrode/fiber
radius (a = 50, 100, 150, 200, 250 um) to maintain s/a > 10, ensuring low pressure drop (see
Section 3.6 for explanation). Droplets are released from 20 equidistant initial positions along
the y-axis, spanning from y/s = —1 to +0.9 with uniform spacing, and are tracked until they
converge on the electrodes or exit the domain (i.e., x/s < +2). Both the x and the y axes are
normalised with the inter-fiber spacing, s. Droplets are released with zero slip velocity along
with the flow from the x/s = —2 plane (x/s = 0 denoting the electrode plane). A 3-phase supply
of voltage magnitude @, is so applied to the electrodes that the nominal field intensity
(Ey = @y/s) remains at or below 2.8 kV/mm to prevent the dielectric breakdown of the
surrounding medium. A baseline frequency of the 3-phase AC supply is assumed at 50 Hz, and

it is varied up to 8 kHz to explore a range of operating conditions.

2.2 General description of particle trajectories

To describe the general transport behaviour of the droplets, we focus on a zone around two
electrodes (located at x/s = 0 and y/s = —0.5 and +0.5; see the red circles in Figure 2.3)
describing the trajectories of 20 representative droplets (released at uniform intervals, spanning
from y/s = -1 to +0.9) for U = 2.5 m/s. Two extreme cases of particle size, i.e., dp = 5.0 um
(Figure 2.3-A) and 50 um (Figure 2.3-B) (see ESI video S2). A fiber radius of a = 50 um and
an inter-electrode spacing of s = 2500 um have been considered. The 3-phase 50 Hz traveling
voltage @, = 7 kV applied to the electrode corresponds to E, = 2.8 kV/mm. The motion of
these droplets in the gas stream is governed by an interplay of hydrodynamic, electrodynamic
and Brownian forces as mentioned in Eq. (2.7). For smaller droplets, large Brownian
fluctuations are observed (see Figure 2.3-A). Larger droplets are found to be less affected by
Brownian force and align themselves better with the streamlines except for the vicinity of fibers
(Figure 2.3-B). Distinct transverse deviations in the trajectories of the droplets are observed
for both particle sizes due to the DEP force. This is more tangible near the electrodes, where
the field gradients are strong. It is apparent from Figures 2.3-A and 2.3-B that the interplay of
the inertia, viscous, Brownian and DEP forces on the droplets are strongly influenced by
particle size. For example, for large droplets, the trajectory is dictated more through the mutual
interaction of inertia, drag and DEP forces. Conversely, smaller droplets experience relatively

more pronounced Brownian force, which results in stochastic behaviour. A more detailed
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account of the combined influence of these forces, especially concerning smaller versus larger

droplets, is provided in Figure A2 of Appendix A.
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Figure 2.3: Particle trajectories for (A and C) dp=5.0 um and (B and D) d,=50 pum during
DEP capture with mesh of fiber radius a = 50 um and inter-electrode spacing (A and B) s =
2500 pm, and (C and D) s = 500 um operating at a 3-phase traveling-voltage, with a nominal
field strength of E, = 2.8kVV/mm and frequency f = 50 Hz. A free stream velocity U = 2.5 m/s
is considered. Brownian fluctuation is more prominently observed for the smaller particle, i.e.,
for dp=5.0 um. Both the axes are normalized by s. Fibers in C and D (i.e. for smaller s) appear
to have larger diameter, since the length scale are normalized with the inter-fiber spacing s.
Despite the gross behavioural difference between the particle trajectories in Figure 2.3-A
and 2.3-B, both the cases exhibit nearly comparable outcomes in terms of particle capture. For
example, 10 out of the 20 droplets with d, = 5.0 um escape downstream, while the same
configuration leads to the escape of 12 of the 20 droplets with dp = 50 um. Figure 2.3-C and

2.3-D show the trajectories for the same two sets of droplets under the same conditions of a,
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U, E,, but the inter-electrode spacing is now reduced to s = 500 pum. With decreased inter-
electrode spacing, the extent of Brownian fluctuation is found to decrease, as particularly
evident from a comparison of Figures 2.3-A and 2.3-C. This indicates that the DEP force has
a stronger influence with decreasing s. The particle capture is also found to be strongly
enhanced in the case of smaller s as compared to the case of s = 2500 um. A reduced value of
s creates a steeper gradient of electric field (i.e., V|E|) in the inter-electrode space. Since the
DEP force is proportional to E? (see the comparison of the time-averaged spatial distribution
of EZ for s = 500 and 2500 pum in Figure A3-A and B respectively, in the Appendix A), it is
stronger for s = 500 pum configuration, thus effecting a better particle capture. Additionally,
particle capture with smaller s is facilitated due to the geometric factor — the fractional projected
area of the electrodes in the dispersed phase flow is larger for s = 500 um, which leads to a
greater degree of particle interception. For example, in Figure 2.3-C and 2.3-D, only 4 and 6
droplets, respectively, are observed to escape downstream with the flow. To better demonstrate
the stochastic behaviour of the droplets, refer to Figure A2-A and B in Appendix A,
showcasing the trajectories (pathlines) of 10 droplets each of droplet size 5.0 um and 50 um
respectively, released consecutively on to an incoming air stream, from an initial y/s, with a
free steam velocity of 2.5 m/s. A mesh array with a = 50 um and s = 2500 um is considered.
Despite being released from the same initial position, the droplets exhibit varied paths in ten

consecutive runs due to the influence of Brownian motion.

2.3 Role of DEP in particle capture

In order to establish the role of DEP in the separation, we run the simulations without and with
electric field for different electrode spacing, flow velocities and particle sizes. As the Brownian
force induces a stochasticity in the particle dynamics, we strive to ensure the statistical
significance of the data. For this, each simulation is run multiple times and we quantify the

occurrence of capture (IT), normalized by the attempted runs.

Number of events of particle capture on any of the electrodes (2 1 2)

"~ Number of runs with particle released from a particular position y

The denominator in Eq. (2.12) is 5 for our numerical experiments. The occurrence [T of particle
capture will be a function of the transverse position of particle-release relative to that of the
electrodes, unless the transverse displacement of the droplets due to the diffusion is significant
compared to the inter-fiber distance s. Figures 2.4 presents maps of the IT values for different
s, dp and U and a fixed value of fiber radius (a = 50 um) in the absence (Panel A) and presence

(Panel B) of electric fields. Since each data-point in Figure 2.5 represents the outcome of 5
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simulations under identical set of parameters, IT assumes 6 discrete values. As can be seen from
Figure 2.4, smaller inter-electrode spacing (s = 500 um) consistently yields higher levels of I1
across various particle sizes and free-stream velocities. This may be attributed to the greater
extent of geometric interception due to the larger fractional area coverage by the electrodes
(denoted by the grey shaded regions in Figure 2.4). Interestingly, the IT values for the smaller
droplets are found to be higher than that of the larger droplets, particularly at the lower range
of U, which is an outgrowth of the enhanced Brownian deposition. For larger droplets, this

contribution diminishes, primarily due to the increase of the drag force relative to the Brownian
force (Fp/Fg ocd;/z) with increasing particle diameter (dp). Therefore, larger droplets are

more easily carried along the flow streamlines. Furthermore, at larger flow velocity, inertial
deposition is found to dominate, which is reflected in the very high occurrence of capture (11 =
5/5) in the electrode regions, flanked on its either sides by zones of extremely low IT values
(1/5 or 0) in Figure 2.4. For more data on the impact of the electrode configurations on particle
capture probabilities, refer to Figure A4-A in Appendix A, which presents a similar map of the
IT values for different fiber diameters a while maintaining a fixed s in the absence of any
electric field.

Having identified the trend of interception, inertial impaction and Brownian walk dominated
particle capture under different design and operating conditions, we now investigate the
influence of the DEP force on the particle capture. Figure 2.4-B shows the parametric mapping
of IT for the same conditions described in Figure 2.4-A, with the exception that a 3-phase AC
voltage (at f = 50 Hz) is now imposed on the electrodes. Depending upon the inter-electrode
spacing s, the applied voltage @, is adjusted to maintain the same nominal electric field Eo of
2.8 kvV/mm. As evident from the particle trajectories described in the previous section, the DEP
force is at competition with the Brownian force for smaller droplets, while for larger droplets,
the capture is decided through a competition between the inertial, drag and DEP forces.
Comparison of Figures 2.4-A and 2.4-B clearly shows improving influence of DEP force on
the overall particle capture. The presence of traveling electric field significantly improves the

occurrence of particle capture within the examined entire parameter space (s, dp, U).
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Figure 2.4: (A) Occurrence of capture /7 mapped as functions of their transvers position of release (-1 <y/s < +1 at the inlet plane) and the inlet flow
velocity U (0.5, 1, 2.5, 5 and 10 m/s), in absence of any electric field, for a constant fiber radius a = 50 um. Fiber spacing and particle size are varied as
s =500 um (A1, A3) and 2500 um (A2, A4) and d, =5 um (A1, A2) and 50 um (A3, A4), respectively. (B1 through B4) Identical parametric plots under
the same conditions, except that a 3-phase AC voltage (at f= 50 Hz) is now imposed on the electrodes with electric field strength (®,/s) of 2.8kV/mm.
Each data-point represents the outcome of 5 simulations under identical set of parameters, yielding 6 discrete values of I1. Colour legend: IT = 5/5 (red),
4/5 (yellow), 3/5 (green), 2/5 (cyan), 1/5 and 0 (shown together in blue). Grey-shaded regions indicate the obstruction in flow path by the fibers/electrodes.



At the lower regimes of U, nearly all the simulations yield capture. This implies that irrespective
of the release location (y/s at the inlet plane), droplets are pulled by the DEP force to the electrodes,
arriving at the zone of strong electric field intensity. On the contrary, at larger values of U, the
droplets that are released from inlet y/s close to the transverse positions of the electrodes exhibit
high values of 1. This clearly insinuates that the fluidic drag and axial inertia of the droplets act
against the DEP capture. Like in the case of the zero-field capture (Figure 2.4-A), a closely spaced
arrangement of electrodes (s = 500 um, Figures 2.4-B1 and B3) shows greater trend of DEP-
induced capture. For DEP capture, a reduced s implies that the zone of influence of the electric
field gradient covers a wider space between neighbouring electrodes, and hence the droplets have
a lower chance of escape. The influence of particle size on the capture is less prominent in the
DEP-capture as compared to the no-field case. This may be attributed to the fact that both the
inertial and DEP forces scale with the third power of dp and these two competing forces mask the
effects of the viscous drag (which scales linearly with dp) and the Brownian fluctuations. At smaller
particle size and smaller gas stream velocity, particularly for the case of large s (Figure 2.4-B2),
the Brownian capture is more apparent than the other three conditions, as marked by a larger
occurrence of the intermediate IT values (e.g., 4/5, 3/5 or 2/5). Figure A4-B in the Appendix A
presents a detailed outcome of a similar parametric variation of Figure 2.4, except that the fiber
inter-spacing is held constant (at s = 1500 um) while the fiber diameter is varied between 50 to

150 um.
2.4  Effects of varying electric field strength

While the impact of DEP on particle capture is evident from the previous section, we now
show the effect of varying the electric field strength on the particle capture probability for a
given particle size and electrode radius. Figure 2.5 presents maps of the IT values for different
inlet flow velocity U (0.5, 1, 2.5, 5 and 10 m/s) for a fixed fiber radius a = 50 um and particle
size dp = 10 um under three different field strengths. The nominal electric field strength E, =
(®y/s) in Figures 2.5-A, B, and C are 2.8, 0.93 and 0.56 kV/mm, respectively. This is
achieved by keeping the imposed voltage @, = 1.4 kV and varying the inter-electrode spacing
as s =500, 1500 and 2500 um, respectively. The nominal electric field E, for the case shown
in Figure 5-D is maintained at 2.8 kV/mm (corresponding to @, = 4.2 kV with s =1500 um),
which is equal to the E, for the case of Figure 5-A. For all the cases, 3-phase AC at f = 50 Hz
is used. A comparison of Figures 5-A, B and C reaffirms that the DEP collection decreases
with decreasing the field strength. At higher field strength (5-A), particle capture is nearly

pervasive irrespective of its y/s location of release up to a flow velocity of 1 m/s, while at lower
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field strengths (Figure 5-B and C), regions of high occurrence of capture get narrowed down
only around the electrodes. Also, with increasing flow velocity, these capture regions
progressively narrow down and localize near the electrodes, irrespective of the applied electric
field. This trend underscores the critical role of particle velocity in determining capture
probability within mesh configurations — with higher velocities leading to narrower capture
regions, primarily influenced by Stokes drag.

It is also interesting to compare the capture patterns between Figures 5-A and 5-D, for which
the for which the E, = @ /s values are the same, but the difference in geometric coverage of
the electrodes lead to different extents of electric field gradients ( V|E|). (see Figure S2 of the
ESI) For the case of closely spaced electrode arrangements (Figure 5-A), the field gradient is
stronger than that with sparsely placed electrodes (Figure 5-D). Therefore, the DEP force,
which scales proportional to VE?Z, is stronger in the former case, leading to the higher values
of IT values on the U- y/s plane. It is also interesting to note in Figures 2.5-A and 2.5-D that
the spatial distribution of IT values with respect to the two electrodes are asymmetric,
displaying higher range of I1 around the left electrode. This trend is perceptible, albeit with a
scatter due to the Brownian stochasticity at small dp, under all the DEP-capture cases in Figure
2.4-B and 2.5. This asymmetry is attributed to the phase sequence of the 3-phase voltage
waveform applied to the electrodes. A study with different phase sequence (See Figure A5 in
the ESI) reveals that the distribution is skewed differently when the phase sequence is advanced
by 27t/3 or 4=/3. This trend also underlines the dynamic nature of the DEP capture effected by

the travelling 3-phase electric field.

2.5 Effect of varying operating frequency

Figure 2.6 describes the impact of frequency modulation of the 3-phase traveling electric
field on particle capture for three representative particle sizes, viz., dp =5, 10 and 50 um. The
frequency of the applied 3-phase field is increased from 50 Hz to 8000 Hz, while keeping the
voltage constant. We focus on the sparsest filter configuration, featuring an electrode radius a
=50 um and an inter-fiber spacing s = 2500 um, so that the effects of interception is minimal
and the DEP force is not pervasively overpowering everywhere. Also, an intermediate level of
velocity, U = 2.5 m/s, is chosen so that the inertia and drag forces are comparable to the DEP
forces at locations away from the electrodes. This is intentionally chosen to ensure that a wide
spatial variation of IT is observed over the operating regime. For all the three particle sizes and

operating frequency, Figure 2.6 shows capture of the droplets are high in the electrode regions.
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However, in the inter-electrode space, the value of IT is found to depend on the frequency; this
variation is non-monotonic in nature as the frequency is increased. A close look of the IT in
Figure 2.6 shows that the extent of particle capture is high at some frequency (e.qg., IT = 5/5 for
droplets released from 14 of the 20 normalised y locations for f = 4000, 4500 and 8000 Hz in
6C) and low very next to it (e.g., IT = 5/5 for 10 of the 20 normalized y locations for f = 2000

Hz, or in 11 of the 20 normalised y locations for f = 3500 Hz in the same plot).

This provides an inkling that the combined dynamics of particle motion and the speed of the
travelling electric field plays a key role in deciding the extent of particle capture. As may be
seen from Figure A6 in the ESI, the effect of varying the frequency of imposed electric field
(f € [50, 8000] Hz) on 11 vs y/s plots for other velocities also (viz. U =1 m/s and 5 m/s) agree
with the general trend of Figure 2.6. Although the trend in Figure 2.6 hints at the dependence
of particle capture on frequency modulation, it does not offer definitive evidence regarding the
direct impact of frequency on particle capture efficiency. To understand the intricate interplay
amongst the geometric and flow parameters and the magnitude and frequency of the applied
voltage it is important that the effects are examined collectively on an array of droplets that are

released from different normalised y locations.

2.6 Average collection efficiency

The collective impact on particle capture on the electrode assembly is denoted by an average
collection efficiency n, which is defined as the overall incidents of capture when the droplets
are released from 20 transverse (i.e., normalised y) positions, with 5 repeat runs for each release

location. Therefore,

Number of droplets captured at any of the electrodes

g = (2.13)

" Number of droplets released from all the normalised y positions

The denominator in Eq. (2.13) is, therefore, 100 for a particular operating condition
(dp, U,s, a), rendering statistically significant data of particle capture efficiency. Since the
interaction between the travelling electric field and the flow field is dynamic in nature, it is
imperative that the particle capture behavior is resolved in terms of the pertinent time scales. It
appears from the foregoing results that the dispersed phase flow involves not just one-time
scale, which is derived from the supply voltage frequency; there is a time scale associated with
the flow as well (the Brownian time scale, which gives rise to stochasticity in the particle
dynamics is ostensibly much smaller than the flow and electric field time scales, and its

influence is averaged out over the repeat runs; therefore, we do not reckon this time scale).
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To comprehensively grasp the intricate interplay of factors influencing particle trajectories, an
analysis of particle response with respect to the major forces is essential. The dynamics of
particle transport and capture by the electrodes is governed by a balance of the DEP, inertia and
drag forces.

The DEP force has a spatiotemporal distribution, with a temporal frequency of f giving a time
scale 7, = 1/f, which characterizes how slowly the directionality of the 3-phase voltage
changes. Considering the fact that the DEP force is spatially confined to a narrow region (which
has a length-scale of the inter-electrode spacing s) around the electrodes, it only has a limited
time-window to compete with the drag and inertial forces and influences the particle trajectories
(i.e., whether it will be captured or will escape) as the droplets pass through the electrode region.
Therefore, the flow residence time-scale (z,, = s/U) represents the duration it takes for a particle
to traverse a distance s in a cross-flow over the electrode assembly. The ratio of .. to 7

characterizes the effects of unsteadiness of electric fields on the particle dynamics:

TT_E
=5 (2.14)

A smaller z/z+  ratio implies more sluggish (but not necessarily weak, as the DEP force
magnitude in Eq. (2.2) does not depend on the frequency) dielectric response, implying that the
droplets pass through the electrode region only during a small part of one complete voltage cycle.
Conversely, a larger z/z+ ratio indicates a longer flow residence time, allowing droplets to
interact with traveling electric field over several voltage cycles as they pass over the electrode
array section.

Figure 2.7 presents the frequency-dependent behavior of 7, against the time-scale ratio zr/z: for
four particle diameters (5, 10, 25 and 50 um) and three different free-stream velocities (U =1,
2.5, and 5 m/s) for a given mesh geometry and electric condition: s = 500 um, a = 50 um and
Ey= 2.8 kV/mm (i.e., @3= 1.4 kV). Colored dots on the plot represent the average capture
efficiency estimated from 100 individual runs. Highlight of Figure 2.7 is the occurrence of
distinct localized regimes of high and low #a values as the zv/zr ratio is changed due to the
variation of the imposed field frequency within the range f e [50, 8000] Hz. For U =1 m/s

Tr

(Figure 2.7-A), the na value is observed to peak in a near-cyclic fashion with an average -
f

interval of ~0.35 (6 collection peaks between 0.25< 7/z¢ < 2.0). For U= 2.5 m/s (Figure 2.7-B),
and 5 m/s (Figure 2.7-C), similar periodicity prevails with comparable peak-to-peak interval.
The range of variation of the n, values (i.e., the difference between the maximum and minimum
na) is found to be more prominent with increasing U. With the increase of the flow velocity,
however, the a4 values consistently decreases across the entire spectrum of z./z, regardless of

particle diameter. This trend aligns well with the findings reported in the preceding sections. It
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is interesting to note that the periodic fluctuation of the #a value is almost not perceptible in for
dp =5 um (Figure 2.7-A), which may be attributed to the strong Brownian fluctuations of these
droplets under the lowest U. The high capture efficiency, in this case, occurs primarily due to the
Brownian walk of the droplets, and hence its trend is insensitive to the flow or the voltage time
scales. However, at higher velocities (Figure 2.7-B and 2.7-C), the Stokes drag becomes stronger
and, akin to the other droplets, the capture efficiency for the 5 um droplets shows the cyclic
variation with z/zs.

Figure 2.7 suggests the presence of optimal frequencies of the imposed voltage waveform, at
which the filter operates most efficiently. This implies that it is possible to “tune” the electrode
assembly for augmentation of the particle capture efficiency. The tuning parameters, and the
extent of improvement of capture through frequency modulation will however be dependent on
the other design and operating parameters. In order to develop a generalized strategy of tuning
the particle capture, we reckon the other pertinent time constants associated with the particle
transport. As the droplets experience transverse force due to DEP while passing through the
electrode region, they experience a departure from the flow streamline, and develop a slip
velocity. The response time for the resulting Stokes drag force, zst, reflects how quickly particle
responds to changes in slip velocity. This may be obtained by balancing the particle inertia with

the drag force, so that

U 3nudyp

—_—~

4 TSt C

U (2.15)

Expanding the particle mass in terms of its density and size, the Stokes time constant is

estimated as

Cppdd
Tst~ #ﬂp (216)

In contrast, the response time zpep for dielectrophoretic force indicates particle response to
changes in the electric field, which may be deduced by equating the particle inertia with the DEP
force. Considering that the electric field scales with @, /s, and its gradient involves the same
length scale s, the balance may be expressed as

U 7w 3 1 (®9)?
mpE'\'deSOngCM;(TO) ) (217)

and the pertinent DEP time scale reduces to

2ppUs3

Tnpp~ —— 2.18
DEP ™ 3406, Kcp @2 ( )

The relative significance of these forces is assessed through the ratio Tfi which is expressed as
DEP

Tse _ CeoerKemd} (ﬂ)z (2.19)

TDEP 12uUs s
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Figure 2.7: Average capture efficiency, 7a, (computed over 100 runs), plotted against the ;—r = f—;s for different particle size and flow velocity, U
f

(A) 1 m/s (B) 2.5 m/s and, (C) 5 m/s for the densest filter (a =50 um, s =500 um) is plotted. The electric field strength (®,/s) has been maintained

at 2.8 kvV/mm. As frequency increases, local maxima and minima appear, indicating a critical factor in designing dielectrophoretic filters. #a exhibits

cyclic maxima and minima as the frequency is varied over the spectrum f € [50, 8000] Hz.



When :i» 1, dielectrophoretic forces take precedence, causing swift alterations in the
DEP

TSt
TDEP

particle trajectories towards the electrodes. Conversely, when << 1, Stokes drag forces

dominate, and the droplets primarily respond to fluid flow changes. Therefore, to get a
quantifiable estimate of the overall performance of the DEP-based droplet/particle filtration

TSt
TDEP

system, the average capture efficiency n, is mapped on the normalized scales of (along

the ordinate) and % (along the abscissa) in Figure 2.8-A through 2.8-D for four different

particle sizes. Data represented in Figure 2.8 lie within the parametric operation regimes of U
(e [0.5-10] m/s) and f (e [50, 8000] Hz), while for all simulations a=50 pm and s =500 um
and E, is maintained at 2.8 kV/mm. The colour maps represent n,, ranging from the high
(100% capture, marked in red) to the low (0% capture, marked in blue). The dotted boundaries
at the top and bottom of the plots represent the lower (0.5 m/s) and the upper (10 m/s) extremes
of U, respectively; the inclined regime boundaries on the left and right coincide with the
frequency limits of 50 and 8000 Hz, respectively. The white regions lie beyond the operating
regime. The general trend observed in the four plots of Figure 2.8 agrees with the argument
TSt
T

that a larger value of — associates with a higher DEP force, and hence a higher n,. All the
DEP

four plots in Figure 2.8-A through 2.8-D show self-similar regime maps in the operating range,
with its ordinate of

iso-n, lines shifting upward nearly in proportion to d,? as the particle diameter is increased
from 5 to 50 um. This trend can be explained from a simple scaling argument of the driving
forces on the droplets. In general, for a successful capture of the particle, the DEP force (Fpgp)

must overpower the drag (Fg,.q4) and the inertial (Fipertiq), COMponents, which implies
Finertia"'Fdrag < E (220)
FpEp
where 7 is a constant signifying the regime of high capture. Eq. (2.20) may be rearranged as
Fpep > l (1 + Finertia>. (221)

Fdrag r Fdrag

By definition, the left hand side term of Eq. (2.21) scales with the — ratio. Also, since the
DEP
inertia and drag forces scale with dg and d,, respectively, the ratio F;”e—””‘ on the right-hand
drag

side scales with dzz,. Therefore, Eq (2.21) reduces to
T 1
== > (14 ), (2.22)

where 7 and ¥are also some constants. Eq. (2.22) explains the general trend of increased

threshold requirement of fi to attain a target n,, which is exactly what is observed in Figure
DEP

2.8. Also, across the range of the investigated operating parameters, the overall spread of high-
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14 regime is found to the highest for the smallest particle, i.e., dp= 5 um (Figure 2.8-A); this
decreases with increasing dp (Figure 2.8-B through D). The trend may also be attributed to the
more stringent requirement of% for larger droplets for successful capture (see Eq. 2.22).
Therefore, the proposed DEP filtration is particularly advantageous for the smaller particle
range in a practical filtration system, where the particle polydispersity is an unavoidable
scenario.

Besides these general observation on Figure 2.8, it is interesting to note the existence of

conspicuous vertical bands of high n,, appearing at :—; =0.2,0.5 and 0.8 for all the four particle
sizes. There are also less conspicuous peaks of n, at higher Z—; values, e.g., 1.1, 1.4, etc. which

are, apparently uniformly spaced on the ;—r axis. This implies that, for the range of operating
f

conditions and particle size investigated here, particle capture efficiency can be significantly

improved by appropriately “tuning” the value of I—T — by varying either U or f — as described in
f

Figure 2.8.
Since i—r = % it is also vital to verify if this feature of tunability persists even when the
f

frequency is held constant, and the other two parameters, viz., U and s are varied. With this
aim, Figure 2.9-A through 2.9-D shows maps of efficiency n, on the % Versus :—; plane for
four particle sizes, viz., d, = 5, 10, 25 and 50 um, for the same set of parameters of Figure 2.8,
i.e., Ey = 2.8kV/mm, a =50 um and U € [0.5 — 10] m/s, with the exceptions that the electrode
spacing s is varied (e [500, 2500] wm), and the operating frequency is held constant at f = 50
Hz. Like in Figure 2.8, the capture regime maps observed in the Figure 2.9 also indicates that

St and the threshold of =t for a desired

T
1)
TDEP TDEP

a higher n, value is realized at larger value of

capture efficiency increases in proportion to dy?.
Moreover, within the range of operating parameters, the capture efficiency map of Figure 2.9

also shows local regimes of higher n, value at discrete points on the i—r axis, e.g., 0.02 and
f

0.1. However, the effect of variation of electrode spacing on the tunability aspect is less as

compared to varying the operating frequency.
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2.7 Merits of DEP filtration

An efficient air filter must strike a balance between maintaining high particle capture efficiency
and keeping the airflow resistance at an acceptable level. Hence, both filter penetration and
aerodynamic resistance are pivotal when evaluating a filter performance. The filter quality
factor, Q, which serves as a measure of the performance of the filtration device, and is also

referred to as figure of merit in previous studies [119]; 120], is calculated as

In(=5)

Qr = —=1e (2.23)

Here, n, represents filtration efficiency, and AP is the pressure drop across the filter. The
quality factor signifies capture efficiency per unit pressure drop across a filter. An effective
filter, characterized by a high filter quality, should exhibit both high collection efficiency and
minimal air resistance, as indicated by a low maximum pressure drop across the filter.
Achieving this balance often involves factors like lower packing density (such as increased
inter-fiber spacing, thinner fiber diameter, or a large s/a ratio), all of which can result in lower
collection efficiency. Therefore, it is crucial to determine the optimal trade-off between these
requirements.

Figure 2.10 shows the non-dimensionalized pressure drop (%) across the electrode array,
computed following Miyagi's solution [113], for s € [500, 2500] and a = 50 um. This allows
us to compute the pressure drop across the mesh for all considered free stream velocities and
is highlighted in red. The inset in the figure presents the pressure drop incurred for the various
velocities considered. For s/a = 10, a = 50 um, our DEP-based filters exhibit a maximum
pressure drop (AP) of 453 Paat U = 10 m/s, and a minimum of AP = 1.90x102 Pa (at U = 0.5
m/s (inset). Our DEP-based filter offers a remarkably low pressure drop due to the sparse
arrangement of fibers (s/a >10). This in turn results in a high Qr as compared to the other
commercially available filters in Table Al of the Appendix A. This approach offers advantages
over electrophoresis-based filters, such as not requiring arc discharge and the ability to use AC
power. This feature, coupled with the option of “tunability” of the filter shows its advantageous
deployment in crucial healthcare environments, advanced face masks, home air filters, and

even in industrial settings like oil-vapour extraction.
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Chapter 3
Droplet morphology-based wettability tuning and
design of fog harvesting mesh to minimize mesh-

clogging
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3. Clog resistant meshes for efficient fog capture

Traditional metal or polyester meshes are susceptible to clogging [121]. To overcome this
issue, a comprehensive approach to optimize mesh design parameters and surface
characteristics, with the goal is to develop highly efficient fog collectors that resist clogging
and maximize water yield is needed. For optimal collection efficiency, the fog net should
intercept fog, and the collected droplets should smoothly slide down the mesh to the designated
collector. Clogging of mesh pores should be avoided, as it obstructs the oncoming fog stream,
diverting the fog plume and significantly reducing collection efficiency. The fraction of fog
deposited on the fog collecting mesh is determined by the product of the mesh's aerodynamic
and deposition efficiencies. Aerodynamic efficiency (7a) represents the fraction of the
unperturbed oncoming flow directed towards the mesh fibers, while deposition efficiency (#4)
represents the fraction of directed fog droplets that eventually deposit on the fibers.
Aerodynamic efficiency depends on the shade coefficient, defined as the fraction of projected
mesh area blocked by the fibers or water droplets adhering to them.

Progressive deposition of these fog-droplets and subsequent coalescence of the deposited liquid
lead to the formation of bigger droplets (O (~1 mm)) of different shapes on the fibers. These
growing droplets may eventually touch the neighboring mesh fibers, when they clog the mesh
pore either partly or completely (see Figure 3.1-A).

The vulnerability of a mesh to clog, as already mentioned, depends on the geometry of the
mesh and its surface wettability (characterized by the apparent contact angle; see Figure 3.1-
A inset). This leaves rooms for mesh design improvement through appropriate choice of mesh
wettability and geometry. To design a ‘clog-proof' interwoven metal mesh (Figure 3.1-B), it is
logical to comprehend the behaviour and morphology of deposited fog-water droplets during
their evolution (see Figure 3.1-C) on the mesh elements [122, 123].

A drop on the fiber of a fog harvesting mesh grows by consequent droplet coalescence and fog
deposition, wherein it can assume either an axisymmetric barrel shape or an asymmetric
clamshell shape (see Figure 3.1-C) [124, 125]. The droplet detaches from the fiber when its
weight exceeds its adhesion force with the fiber [126, 127]. However, there is another
possibility: the droplet may stretch transversely or laterally to reach neighboring mesh fibers
and form capillary bridges, thereby leading to an increase of surface adhesion force and
preventing detachment [77]. A droplet interacting with more than one fiber can therefore
acquire larger volumes before it would detach [128], and hence accentuate the chance of

clogging up the mesh pore. This would not only reduce the intended drainage of the collected
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fog-water (into the designated collector) but also increase aerodynamic resistance, thereby
reducing total mesh efficiency. While there have been multiple studies on the development of
novel mesh designs or suitable surface modifications [129] to improve fog collection, few have
investigated into the understanding of the interwoven mesh geometry parameters and droplet
morphology interactions that lead to clogging [32]. Herein, the study attempts to theoretically
design the salient fog harvesting mesh parameters, viz., the fiber diameter and inter-fiber
spacing, by drawing heavily from droplet morphology, such that a pendant droplet on a fiber
does not grow large enough to contact the neighbouring mesh fibers thereby ensuring a clog-

proof design.

@ |

Re-entrainment
into fog stream‘

‘ Clogging of
Amesh pore
Drip-off
Droplet

draining down = ‘ FOG STREAM

the mesh Droplet sliding
mesh fibers
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, clogged
mesh pores

Clogged mesh pores

©) .
’/ Barrel to clam transition i\;"

—-—---e--e-ccc

1 mm
Drop growth on a fiber during fog harvesting -

Figure 3.1: (A) Traditional interweaved metal meshes are prone to clogging of mesh pores.
Mesh clogging has strong dependence on the apparent contact angle of the liquid droplet on
the fiber surface (inset). (B) A typical mesh arrangement in cooling tower fog harvesters
showing deposited and detached droplets. (C) A growing droplet on a thin fiber can undergo
dramatic morphological variations: from axisymmetric barrel shaped droplets to clamshell
shapes.

As already mentioned, the wettability of the mesh fibers, represented by its apparent contact
angle (), plays a strong role in determining the droplet morphology and whether it will clog
the mesh under standard operation scenarios [130].The droplet morphologies arising during

fog harvesting is investigated, both experimentally and numerically, and the optimal design to
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avoid the formation of such clogging is identified. Effects of varying fiber diameter and fiber

surface wettability were also characterized to arrive at the design of clog-proof meshes.

3.1 Experimental

Experiments were carried out to characterize the morphology of water droplets on horizontally
mounted mesh fibers through direct imaging. Fibers of three different wettability, viz.,
untreated fibers (control), superhydrophilic (SHPL), and hydrophobic (HPB) were chosen. For
the control surfaces, stainless steel fibers (SS-304), with measured roughness (Ra) ~0.29 £ 0.11
um and outer diameters varying from 0.25 — 6 mm were used to mimic the fibers of a fog
harvesting mesh. The fiber diameters were measured with a digital screw gauge (Yuzuki, least
count of 0.001 mm). All surface roughness measurements were carried out using a contact
stylus profilometer (Landtek Instruments). All the fibers were cleansed via bath sonication (PCI
Analytics), first in acetone and then in distilled water for 10 minutes. Thereafter, the apparent
contact angle (#) measurements were performed using an optical goniometer (Holmarc), for
sessile droplets in the clamshell shape, as depicted earlier in Figure 3.1-A (inset) [131, 132].
Smooth aluminum cylinders of outer diameter 2 — 6 mm and 6 ~ 71° + 3° were turned SHPL
by sandblasting, followed by etching in 3N hydrochloric acid (HCI) solution which creates
micro-nano roughness on the surface. The SHPL surfaces were then passivated in boiling water
for 30 minutes thereby creating stable hierarchical bohmite structures [133] (see Figure 3.2-
A-i). The fibers displayed a very low 0 (< 5°) with a roughness of Ra ~ 4.01 £ 0.22 pum [134].
The control fibers were turned HPB (6 ~ 104° £ 3°, measured roughness, Ra ~ 0.58 £ 0.31 pum)
by dip-coating with polydimethylsiloxane (PDMS): fibers were first ultrasonicated in acetone
and water, dried and then dip-coated (NXT dip-KPM, Apex Instruments) in a PDMS solution
(SYLGARD™ 184 Silicone Elastomer, Dow; premixed thoroughly with a crosslinking agent
at a ratio of 10:1 by weight) at an axial draw-out velocity of 10 mm/s. The coated fibers were
then cured in a hot-air convection oven at 120 °C for ~ 2 hours (see Figure 3.2-A-ii).

An experimental setup as shown in Figure 3.2-B was developed for obtaining the droplet
morphology and dimensions through direct imaging. A horizontally positioned three-jaw chuck
was used to firmly hold onto the wettability-engineered cylindrical fibers. A flicker-free LED-
powered (LT Max, GSVitec) white screen was used as a background for all imaging purposes.
Live feed from a digital camera (Nikon D7200, with Nikkor AF-SDX 50 mm lens, mounted
on 12 — 36 mm extension tubes) was stored onto a computer and viewed simultaneously on a

monitor during experimentation.
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Figure 3.2 (A) Schematic of the sample preparation process: (i) to achieve superhydrophilic
(SHPL) properties, the mesh fibers are etched in a 3M HCI solution followed by passivation in
boiling water and (ii) to render the mesh fibers hydrophobic (HPB), they are dipped in PDMS
solution followed by hot air drying in an oven. (B) Experimental setup with a computer display
(1) and an illuminated white background (ii) to capture droplet morphology on a wettability-
engineered metal fiber (iii, the zoomed-in section). The metal fiber was held by a horizontally
placed three-way chuck (iv), which in turn was affixed to a firm stand (v). (C) Schematic of
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the arrangement for droplet volume addition using a micropipette. The volume was
incremented, in steps of the least dispensable volume (V.p) of the micropipette, until the droplet
detached at Vcr. (D) A vertically oriented mesh positioned orthogonally to the path of fog to
observe fog deposition, droplet capture on mesh fiber and drainage.

A micropipette (Thermo Scientific) was used to gently dispense liquid volumes on top of the
fibers (see Figure 3.2-C) in quanta of Vip = 1.0 uL (the least count of the dispenser). After
each droplet had coalesced with the previously deposited droplet, images were recorded, and
the process of dispensing another droplet was repeated until the accumulated droplet detached
from the fiber; the corresponding volume was termed the critical volume of droplet detachment
(Vcr). Care was taken while dispensing the droplet, such that the pipette tip did not touch the
fiber — the droplets were dispensed with minimum disturbance to the fiber — to avoid any
external perturbations (e.g., wind shear, vibrations, etc.) and to minimize any unwanted
dynamic behavior leading to droplet detachment. This technique is in-line with previously
reported approaches adopted to replicate liquid deposition from fog impingement [135, 136].
As the drops grow on the mesh fiber via coalescence, it is indeed probable that it comes in
contact with neighbouring mesh fibers, forming capillary bridges with the crossed-mesh.
However, as our general observations with the weaved SS mesh with control surface go (see
Figure 3.5-C-v), such capillary bridges drain easily by gravity along the vertical fiber. Earlier
studies by Shi et al. [137] and Gilet et al. [138] have also shown that vertical members in fog-
capturing meshes can serve as drainage points.

To investigate fog droplet capture, coalescence, and detachment, a separate experimental setup
was designed with a vertically oriented wire mesh positioned orthogonal to the fog flow, as
illustrated in Figure 3.2-D. Observations from this setup, detailed in Figure 3.5-C, reveal that
droplets forming in the center of mesh pores are more prone to clogging, whereas those forming
near vertical fibers tend to drain downward upon contact with the nearest vertical fiber.

While the present study aims to optimize the mesh pore by drawing from droplet morphology
dimensions on a horizontal member before gravimetric detachment, the capillary forces arising
from the intersection of fibers [139] under different degrees of fiber wettability, intersection

angle and inter-fiber spacing may be taken as a future exercise.

3.2 Simulation
Surface Evolver (SE) simulations [140] were conducted with horizontal fibers of different

diameters and wettability regimes, with droplets of different volumes deposited on them. The

SE simulation implicitly assumes a smooth surface for the fibers, notwithstanding their micro-
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and nanoscale surface roughness features in reality. Keeping in view that surface roughness
plays a key role in determining the apparent contact angle 6 of water (y,, = 72 mN/m) on a
surface [141, 142], experimentally recorded O values from goniometer measurements were
used as input in the SE simulations [143, 144]. The results from the SE simulations were
compared with pre-existing data from Carroll’s analytical expression for barrel-to-clamshell
shape transitions [145] and pre-existing data of the group [146, 147].To further generalize the
theory, the simulation results have also been compared with the experiments over a wide range

of wettability for both superhydrophilic and hydrophobic fibers.

3.3 Results and Discussions
3.3.1 Barrel or clamshell shape?: Surface Evolver (SE) simulations

As per the literature, a liquid droplet on a horizontal, cylindrical fiber can assume either an
axisymmetric barrel shape or an asymmetric clamshell shape (see Figure 3.1-C). For example,
a barrel shape is energetically preferred in cases where liquid volume is high, and the sessile
droplet contact angles (of the droplet on the fiber) are low. On the contrary, clamshell shapes
are energetically stable at lower liquid volumes or for high sessile droplet contact angles [146].
However, in-between such regimes of absolute stability, there exist metastable regimes wherein
both shapes emerge as energetically preferred. Factors like diameter and surface chemistry of
the underlying fiber significantly influence the wetting properties, thereby playing a strong
influence on the final droplet morphology on the fiber [148]. For example, decreasing the

reduced volume (v, =v/(r,)*, where rr = the fiber radius and V = the volume of the fiber-

attached droplet) or rendering the surface hydrophobic (8> 90°) results in a “roll-up” of the

barrel to clamshell shape [145, 146]. For low fiber Bond number (Bo = pgr,?/y Lv, Where 15 =

the fiber radius, p = liquid density, g = acceleration due to gravity, and yLv = surface tension at
the air-water interface) scenarios, both these shapes can be energetically feasible [149]. To
ascertain the regimes of droplet morphology and its dependence on Vr and 8, simulations were
carried out in SE for drop-on-fiber systems for fixed r (corresponding to fixed fiber Bo).
From previous publications of the group [147] it has been established that within the
morphological phase diagram that for Vg, 6, and rs considered in this study, clamshell shaped
droplets are only relevant for the fog harvesting scenarios. Hence, in the following sections
describing the experimental observations, and in further investigations for the design of clog-
proof meshes, the study limits the discussions only to clamshell shaped drops.
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3.3.2 Estimation of maximal droplet dimensions from SE simulations

To estimate the maximal droplet dimensions during each converged simulation, images of the
evolved droplet for each fiber diameter at specified wettability and droplet reduced volume
were extracted from SE, and droplet height and width were measured using a Python-based
image processing code. From each converged SE simulation, a side view of an evolved droplet
and that of the fiber are reckoned for estimation of the droplet dimensions (H and W, as
illustrated in Figure 3.3-A).
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Figure 3.3: (A) Estimation of droplet dimensions via image processing in Python. Final images
from the evolved surfaces were stored and later processed. ROI = Region of interest. (B) SE
simulation results for variation of droplet dimension (H and W) with change of Vr until droplet
detachment for a 1.27 mm diameter fiber and three different wettability levels.

For each case of fiber radius rs and wettability (6), simulations were run up to a limiting Vr
beyond which gravitational energy was too big to produce a total energy minimum. In
experiments, such situation corresponds to gravity-induced detachment of the droplet from the
fiber. The values of H and W depends on the droplet shape, which in turn depends on Vg, rs and
6.

As an example, the variation of W and H is plotted in Figure 3.3-B as function of Vr for three
different values of @ and a fiber of diameter 1.27 mm. The largest Vr value for each plot in
Figure 3.3-B marks the detachment volume. While it can be easily observed that the
detachment volume is dependent on the fiber wettability — the curves terminate at greater Vg
for a decrease in the 6 — an interesting trend emerges with the resulting maximal hang (Hmax)

and width (Wmax) of the droplet with varying Vr. As has been elucidated earlier in the main
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text, these maximal droplet dimensions (for a given Vg, rr and 6), are representative of the
competition between surface-adhesion and gravitational forces.

A careful observation of Figure 3.3-B reveals that as the gravitational force increases (with
increasing VR8), H increases irrespective of fiber wettability till the detachment (Hmax).
However, W, which represents the self-balancing surface-adhesion forces, varies based on the
fiber wettability and the gravitational interaction. Therefore, W first increases, as the droplet
grows, while increasingly wetting the surface, reaches a limit (Wmax) and then starts to decrease
until the droplet detaches from the fiber. Hence, from the above discussion it is essential to
note that Hmax and Wmax are not simultaneously observed at any particular Vg, but arises from
different convergent morphologies. Therefore, all H and W, recorded for a given & over the
entire range of Vr (up to the droplet detachment level) must be considered for determination of

the maximum values of width (Wmax) and height (Hmax).

3.3.3 Experimental investigations into droplet morphology

As explained earlier, experiments were undertaken on wettability engineered fibers to evaluate
droplet morphologies and to attest to the simulation results obtained from SE. A series of
images to capture the droplet growth on varying fiber diameters have been provided in Figure
3.4. It was observed that there is significant difference in the droplet morphology for variations
in fiber diameter or wettability. As is evident from Figure 4A, droplets on SHPL fibers had a
greater lateral spread compared to their vertical extent, while droplets on HPB fibers had
smaller contact areas. Such a morphology can be explained theoretically by taking the surface
energies into consideration: SHPL fibers have greater surface energy, therefore sessile droplet
geometries result in maximized contact area and vice versa. Furthermore, the extent of the
droplet morphology was also limited by its critical volume of detachment (Vcr), wherein the
droplet detached from the fiber. As the volume of the droplet is increased, the lateral extent of
droplets on SHPL fibers kept on increasing till they reach a maximum, as opposed to their HPB
counterparts (wherein, extension of the vertical hang is favored compared to the increase in

contact area of the drop-on-fiber system).
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Figure 3.4: Clamshell droplet morphologies (for varying Vr) on wettability engineered fibers,
as observed during experimentation. Droplets on SHPL fibers (A), were seen to spread laterally
and had a greater lateral extent. Droplets on control fibers (untreated SS) showed no preference
in change of lateral or vertical spread on increase of droplet volume (B), whereas droplets on
HPB surfaces minimized their contact area while extending vertically with increase of volume
(C). Comparisons between lateral and vertical extent of varying drop-on-fiber morphologies
have been carried out in the next section. All experiments were carried out until the droplet
reached the critical volume of detachment (Vcr, as seen in the last frame from each sequence),
any volume addition after this would lead to droplet detachment. All images have the same
scale bar, while each image show a fiber of diameter 2.7 mm.

The study characterizes the change of such extents by describing morphological parameters
and using them to characterize clog-proof meshes in the following sections. Furthermore, for
all the experimental trials conducted throughout this study, the control fiber (6 = 70°) diameters
were varied from 0.25 mm to 6 mm, which corresponds to fiber Bo of 0.00212 and 1.22625
[123]. Again, for experiments in the super-hydrophilic regime (6 < 5°), surface-treated
aluminum fibers had diameter variations from 2 mm to 6 mm, corresponding to Bo variations
from 0.13625 to 1.22625. From earlier stability regime plots in [146], it is evident that for both
these sets of experiments, barrel-shaped droplets would not be energetically preferred for any
Vr. Similarly, barrel-shaped droplets for fiber radii in the order of ~ 1 mm (corresponding Bo
of 0.0340), in hydrophobic regimes (6 > 90°) are impossible under normal gravitational (g =
9.81 m/s?) scenarios. Therefore, and as explained earlier, realistic barrel-shaped droplets do not
appear both during numerical simulations and in experimental investigations of collected
droplets on fog harvesting meshes, and understanding morphologies of clamshell droplets hold

key in design of clog-proof meshes.
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3.3.4 Design and characterization of “clog-proof” meshes
3.3.4.1 Droplet maximal dimension

As evident from the SE simulations and the experiments described in the previous sections
(refer to Figure 3.3-A or Figure 3.4), a clamshell droplet growing on a cylindrical fiber extends
its vertical hang (H) and its lateral spread (W, measured at the base or the girth of the droplet,
whichever was greater), until the droplet detaches from the fiber because of its weight. These
characteristic dimensions have been described in Figure 5A, wherein the consistency between
the experimentally observed and simulated droplet morphology have also been demonstrated
for stainless steel control (SS 304, 6 ~ 70°) fibers of diameter 1.27 mm (top image, droplet
volume 10 pL, Vr = 39.1) and 4 mm (bottom image, droplet volume 45 uL, Vkr = 5.6). It is
seen from Figure 3.5-A that the droplet hanging from the 1.27 mm fiber has W > H, while that
from the 4 mm fiber exhibits W < H. It was also observed that while H kept on increasing until
detachment, the lateral spread only increased up to a certain maximum (Wmax) and then
decreases as the “detachment neck” forms in the droplet. Therefore, while Hmax occurs just
prior to the detachment (i.e., Vr = Vcr), Wmax IS observed at Vr < Vcr. Such a behavior ensues
from the variation of the self-adjusting surface adhesion forces with the changing droplet
footprint as it attempts to balance the gravitational influence on the droplet. To examine the
relative extents of H and W of a clamshell-shaped pendant droplet from the fiber, the SE
simulations and experiments were further extended to describe the W and H values for different
droplet-fiber 6 and fiber diameters (2rs = 0.4, 1.27, 2.0, 4.0, 5.0 and 6.0 mm, where ry is the
fiber radius). For SE simulations, droplet morphologies for varying € = 15°, 30°, 70°, 110°,
and 160° were estimated, while for experiments the SHPL (& <5°), control (6~ 70°), and HPB
(6= 104°) surfaces were chosen. For both SE simulations and experiments, stable droplet
morphologies and the corresponding H and W values were noted for different values of Vs —
starting from zero to Vcr with incremental steps of Vip. The largest values of W and H assumed
by the droplet in the volume range (0 < Vr < Vcr) are recorded from each data set as Wmax and
Hmax, respectively. The methodology of extracting the Hmax and Wmax from the SE simulation
and the experimentally obtained images. These values of Wmax and Hmax, Obtained over the
entire parametric regime of & and rs are used to arrive at the fog harvesting mesh design criteria

as described below. As shown in Figure 3.5-B, a droplet on the fiber of a mesh could always
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interact with its neighboring fibers to form capillary bridges, which would clog the mesh pore

and impact fog capture adversely.
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Figure 3.5: (A) Measurement of maximal width (I,,,,) and maximal vertical hang (H,,qy) in
droplets hanging from 1.27 mm (top, droplet volume 10 pL) and 4 mm (bottom, droplet volume
45 ulL) fibers (stainless steel 304, & ~ 70°). Each figure comprises of two halves: the left half
(colored in green) corresponds to SE simulations, while the other half is an experimental image.
(B) Rationale for the design of clog-proof mesh with square pores (B1) and rectangular pores
(B2): The mesh pitch should be such that a symmetrically growing droplet should not touch
any other fiber, either on the side or at the bottom, as it grows until its detachment. The mesh
pore dimensions, viz., the pore height and width have been marked as pnx and pw respectively.
(C) Fog droplets growing from the middle of the mesh pore have a greater probability of
clogging the mesh (marked in dashed white box), while droplets near a vertical fiber (marked
in dashed yellow box) can drain down after contact with the nearest vertical fiber).

Hence, for a given fiber radius of the mesh that has square-shaped pores, the pitch (distance
between two fiber centerlines) needs to be greater than the maximal dimensions of the droplet

spread or hang (viz., Hmax and Wmax respectively) to ensure that it never clogs. The underlying
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assumption is that the fog-water droplet grows symmetrically from a central point marked by
the green arrows in Figure 3.5-B. Although, in reality, fog droplets grow at multiple locations
on the horizontal fiber of a mesh cell, this assumption serves the purpose without eliciting much
error because of a practically observed phenomenon. It was noticed from the experiments that
fog droplets growing asymmetrically, or near the corners of a mesh pore touches the nearest
vertical fiber and drains down, leaving little chance of clogging the mesh pore. On the contrary,
a droplet that grows from the middle of the mesh pore is at a greater risk of clogging the mesh
pore as it will almost simultaneously touch vertical fibers on either side (Figure 3.5-C).
Therefore, the study treats this configuration of fiber-attached droplet as the representative case
to design clog-proof meshes.
To further generalize the design of clog-proof fog harvesting meshes, both square and
rectangular mesh pores have been considered. It is evident from Figure 3.5-B1 that the pitch
(p) between the fibers for a square mesh is the sum of the mesh pore side (G, corresponding
either of pw or pn for a square-pored mesh) and the fiber diameter, i.e.,
p=G+2rf (3.1)

Once maximal droplet dimensions viz., Hmax and Wmax, had been evaluated for a specific
combination of fiber radius and wettability, the minimum mesh pore dimensions pmm(e,rf)
for a square-pore fog harvesting mesh were set equal to maximum of either Hmax or Wiax added
to the mesh-fiber diameter, i.e.,

Pmin(0,77) = Max{H pax, W o} + 27 (3.2)
This design approach for square-pored meshes would ensure that the droplet detaches before
contacting any neighboring fibers. The maximal droplet dimension, evaluated for the first term
on the right-hand side of Equation 2, is shown in Figure 6A as a function of the fiber diameter
for different levels of fiber wettability as considered for SE simulations or measured (for
experiments) 6.
For rectangular pore mesh designs (as previously illustrated in Figure 3.5-B2) the height- and
width-wise dimensions, denoted as py and py,, respectively, are not necessarily equal, and for
designing such mesh, one should also keep in mind the aspect ratio (AR), i.e., the ratio of the
height- and width-wise droplet dimensions. The AR estimated for the maximal dimensions of
the droplet (for a particular fiber diameter and level of surface wettability), have been defined
as the maximal aspect ratio and denoted as (AR,,, = Hpgx/ Winas)- FOr @ mesh with rectangular
pores, the minimum value of the longer pitch (measured either height- or width-wise) should
be linked with the maximal droplet dimension as
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pmin,longer(ei rf) = Max{Hmax' Wmax} + er, (3.3&)

while the minimum value of the shorter pitch may be evaluated as

Prin shorter(6,7y) = 1eimertimerd | 5. (3.30)
where F = AR,  V {Hpax > Winaxh (3.3¢c)
=1/AR,, V {Hpgy < Wynay); and
=1 V {Hmax = Winax}

Therefore, for rectangular mesh design, both the droplet maximal dimension (i.e.,
Max{Hyq, Wmax}) @and the droplet aspect ratio AR,,, are needed to ascertain the minimum
pitches in the two orthogonal directions. While the former is already available in Figure 3.6-
A, the AR, values have been plotted in Figure 3.6-B against different fiber radii and for
different wettability levels. Furthermore, a series of images in Figure 3.6-C (taken during the
experiments) show this variation of AR, at Vcr, for droplets on unmodified stainless steel
control fibers. The maximal droplet dimension (Figure 3.6-A) and droplet aspect ratio (Figure
3.6-B) data show that both the SE simulations (filled symbols with dotted lines) and the
experimental runs (half-filled circles) exhibit similar trend of variation with increasing rs. The
vertical dotted line in both the figures mark the capillary length scale of water (~2.7 mm).
While the maximal droplet dimension (and hence the minimum mesh pitch length) is found to
increase with the fiber diameter (Figure 3.6-A), trends in variation of AR,, are seen to be
different on either side of the capillary length scale. For fiber diameters smaller than the
capillary length (i.e., on the left side of the dashed line in Figure 3.6-B), AR,, is seen to
converge near unity for a wide range of variation in wettability. This indicates that square
shaped mesh pores are best suited for small fiber diameters. The final geometry of such clog-
proof meshes would however depend on the wettability of the mesh fiber, and the clog-proof
nature would rely on the minimum mesh pitch length as elucidated in Equations 3.2 and 3.3.
Furthermore, for hydrophobic meshes, square mesh pores with appropriate minimum mesh
pitch length appears to be clog-proof, since AR,,, ~ 1 for almost all fiber diameters with 6 =
110° or 150° (from the SE simulations) and 8 = 104° (from the experimental measurements).
Therefore, it is evident from Figure 3.6-A and B that the mesh-pore dimensions py and py,
are physical parameters entirely dependent on the drop-on-fiber morphology, the fiber
diameter, and its wettability. While it is important in design of rectangular-pored clog-proof
meshes, AR,, can also be interpreted as the ratio of the gravitational and surface-adhesion
length scales acting on the droplet. A low AR,, (< 1.0) indicates greater lateral spread of the

droplet throughout its growth (i.e., stronger influence of surface adhesion between the droplet
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and the fiber). On the other hand, a high AR,,, (> 1.0) value will imply that the droplet-fiber
contact width is less, and gravitational influence is more predominant. This interpretation is
further invigorated by the fact that hydrophilic fibers (6 < 90°) are observed to have decreasing
AR,,, values with increasing fiber radii. The increasing lateral spread characterized by the
decreasing AR,, is prominent from the experiments and simulations involving very low 6 (<
15°).
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Figure 3.6: Variation of (A) the maximal droplet dimension (Max{H,, 4, Winax}) With the
fiber radius, for the estimation of the minimum mesh pitch (as per Equation 2 or 3), and (B)
the corresponding pore dimension maximal aspect ratio (AR,, = Hpax/Winax » for the
estimation of the minimum mesh pitch of a rectangular mesh as per Equation 3), plotted as
functions of the fiber diameter for different mesh wettability. Legend: Filled symbols with
dotted lines denote SE simulation results, half-filled circles denote the experimental data.
Vertical dotted lines in both figures, mark the capillary length scale of water (~ 2.7 mm). (C)
A series of experimental images showing the AR=H/W calculated at the respective Vcr for
different control fiber diameters (6 = 73°); H and W are marked in yellow and blue,
respectively.

For such highly wettable surfaces, an increase in fiber diameter sharply increases the maximal
lateral spread (thus decreasing AR,,) and the droplet eventually spreads as a film, as indicated
at the bottom right corner of the plots in Figure 3.6-B. For SE simulations, runs with large
fiber diameters (5 mm and 6 mm), did not to converge for very low 6 (< 15°), as the droplet
kept on spreading, forming a liquid film on the underside of the fiber. This observation also

concurred with the experiments, where the contact line could no more be observed for
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superhydrophilic fibers, but the droplet would spread to form a film. The study hypothesizes
that such film formation happens as capillary forces between the fiber and the droplet, at higher
fiber diameter and lower 6, are sufficiently larger than gravitational forces and maximum
energy minimization is obtained by assuming a film shaped morphology in place of a droplet.
The present study therefore excludes this film regime, since the mesh pitch dimensions, the
study intends to investigate here are in the millimetric range, which is at least an order of

magnitude higher than the film thickness.

3.3.5 ‘Clog-proof’ mesh selection criteria and efficiencies

Once the droplet morphology parameters, necessary to define the geometry of clog-proof
meshes, are determined and relevant mesh design parameters viz., r¢, py and py, calculated, it
becomes pertinent to evaluate the fog-collection performances of such optimally designed
meshes. Furthermore, the estimation of fog harvesting mesh efficiencies require knowledge of
shade coefficient, which depends on the fiber radius and the mesh pore geometry. The shade
coefficient encompasses all parameters relevant to the mesh pore geometry, including the mesh
pore aspect ratio (ARm), and therefore estimation of mesh efficiencies can be carried out for all
clog-proof meshes described herein. However, while the design criteria for both square-pore
and rectangular-pore fog harvesting clog-proof mesh geometries have been specified earlier,
only investigation of fog-capture performance of square-pored meshes have been taken up. The
efficiencies of rectangular pored meshes can be evaluated in similar ways as described in the
following sections.

As fog harvesting meshes intercept fog-laden wind, to collect droplets via subsequent
deposition and coalescence on its fibers, it also offers a significant pressure drop to the flow.
The deposited droplet eventually drains down the mesh for collection and later use. The total
capture efficiency of such meshes are determined from the product of aerodynamic, deposition,
and drainage efficiencies [77, 82]. The study uses the aerodynamic theory for the fog laden
airflow through the mesh and the deposition dynamics of the fog droplets in the mesh that is
designed for clog-proof operation following the minimum-pitch criteria described in the
previous section. However, estimation of the drainage efficiency for such meshes is beyond
the scope of the present study and may be taken up as a future exercise.

3.3.6  Aerodynamics of flow through a mesh

Fog capture meshes intercepting fog laden winds, present an interesting, but complicated flow

over several bluff bodies, which causes a pressure drop across the mesh. The fluid dynamics
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of such an interception via a porous blunt mesh can be considered analogous to flow across a
porous media, and modeled by considering three regions of interest during the flow as depicted
in Figure 3.7-A — Region 1 wherein the upstream fog flow gets deflected owing to the
obstruction imposed by the mesh in its path, Region 2 denotes the location just after the net,
while Region 3 is located at the far downstream. As shown in Figure 3.7-A, a stream tube
(denoted by the blue-dotted lines) of cross section A1, smaller than the area A of the fog mesh,
is defined to quantify the volume flow rate of the fog-laden flow through the mesh. Following
the principle of continuity, for a fog stream approaching the mesh with free-stream velocity u,
it can be shown that the cross-section areas A; and A are related with upstream velocity, u, and
velocity of the fog-stream just after interaction with the mesh, w (as depicted in Figure 3.7-A)
as
Aju = Aw or,% = % =u’ (3.4)

Here, u* is defined as the “velocity ratio” for the given fog-flow conditions. For better
estimation of the fog mesh aerodynamic efficiency, the study resorts to approximations as
previously implemented by Koo [150] and Steiros [151]:
° Fog flow in region 1 is outside the stream tube encompassing the mesh and are inviscid

and irrotational (potential flow approximations)
° In region 2, the fog flow follows the streamlines and is inviscid.
o Fog flow in region 3 is viscous, and characterized by significant mixing with the outer

flow.
) There is significant mixing of the wake with outer flow in the interface between regions

2 and 3 which is independent of the induced velocity w.
The “fog interception ratio”, ¢ = (A4,/A) (also referred in earlier studies as the “filtered
fraction”) represents the fraction of the unperturbed flow reaching the mesh without getting
diverted. From this, the aerodynamic efficiency (5a, the fraction of the unperturbed oncoming
flow which is directed toward the projected solid area of the mesh) can be estimated as by
1, =@-SC where SC is the shade coefficient of the mesh [68]. Therefore, the aerodynamic
efficiency can be expressed both as a function of the velocity ratio and the fog-interception
ratio, by combining the definition of #a with Eq. 3.5, such that,

Ne==SC=u"-SC=¢.5C (3.5)

Therefore, for estimation of the fog-interception ratio (¢), pressure drops at the microscale (for

inviscid flows through a porous substrate) are compared with the resulting pressure drop at the

macroscale arising due to interaction of the fog-stream with a blunt body (herein the fog-mesh)
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at higher Reynolds number [152]. This comparison leads to a direct definition of the fog-

interception ratio (¢) as shown in Eq. 3.6,

where Cp and k are the drag and pressure drop coefficients arising from the fluid mechanical
analysis of the problem at the macroscale and the microscale approach to the problem
respectively [152]. Furthermore, such coefficients in inviscid flows through a solid blunt
porous body for potential flow approximations have been extensively explored in earlier
research by Koo [150] and Steiros [155]. k and Cp are directly related to the velocity ratio (u*)

and the shade coefficient (SC) as expressed in equations 3.7 and 3.8, respectively.
k= (s -1) - 200 (37)

(1-5C)2 3u*?(2-u*)?

_4 (1-u*)(24+u™)
b = 3 (2-uY)

(3.8)
Using equations 5 — 8, the velocity ratio can be implicitly solved for SC € [0,1], and may be
expressed as a function of the shade coefficient or, u* = f(SC), using a linear regression fit
(Eq. 3.9a). This explicit form may, in turn, be used to estimate the aerodynamic efficiency as
a function of SC in a fog harvesting mesh (Eqg. 3.9b).

u* = 1.09 — 1.055C, R* = 0.99 (3.9a)

g = 1.095C — 1.055C2 (3.9b)

Figure 3.7-B shows the aerodynamic efficiency of square-pore fog harvesting meshes of
varying fiber diameter and wettability, wherein the SC was chosen using the criteria of
minimum mesh pitch pmin(e,rf) based on the maximal droplet dimensions (Figure 6A), to
realize the clog-proof nature of the mesh. Therefore, for a given fiber diameter and wettability,

ZT'f

Pmin(6,75) (3.10)

SC=[1—

Each curve for clog-proof mesh SC in Figure 3.7-B — drawn at a specified wettability values —
divides the graph into two regions. The region upwards of each curve (i.e., at a greater SC,
implying that the mesh pitch for a given fiber diameter is smaller than that obtained from Eq.
3.3) indicates a regions of mesh design prone to clogging. Whereas the region below the
optimal SC curve implies that the mesh pitch is larger than the limit set by Eq. 3.3, and hence
the mesh will remain clog-free. To describe the overall performance of the mesh, both in terms
of its aerodynamic efficiency and ability to avoid clogging, Figure 3.7-B is also shaded with
the color map contours of aerodynamic efficiencies, as computed from Eq. 3.9b. For better
clarity, the aerodynamic efficiency - SC curve is also shown by the side in Figure 3.7-B (ii),
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wherein the aerodynamic efficiency is seen to peak (77amax = 28.31 %) at an optimum of SCopt
= 0.52. Figure 3.7 indicates that, besides keeping the mesh design clog-proof, it is further
possible to optimize the mesh geometry to maximize the aerodynamic efficiency close to the

aforementioned value of #7amax.

(A) Region 1 Pt Region 3
____________________ R g g
—_———— _— - - :Regzon2
! A
A4, 1w
| —
———e e _ 1
Fog harvesting Tt~ _
(B) mesh -
0.9 ' : ' ' ; ' ' (
08
Qo7
2
= 06
3
2 05
3
o 04
[&]
¥
< 03
=) oLt 9 =
“1 02 15°-g - 30°
70°- 03 - 110°
0.1
0 1 2 3 4 5 6 0.1 0.2 0.3 0.4
Fiber diameter (mm) Aerodynamic efficiency (17,,)

Figure 3.7: (A) Schematic of flow through a mesh placed in the path of fog laden wind (after
Steiros [155]). Flow in Region 1 deviates and goes around the mesh; fog within the upstream
cross-sectional area A: (less than the projected mesh area) interacts with the fog mesh. Region
2 occurs just after the mesh, while Region 3 is located at far downwind where mixing of flows
from Regions 1 and 2 occur. (B-i) Variation of the clog-proof SC values with the mesh fiber
diameter for different fiber wettability. The clog-proof SC is calculated corresponding to the
minimum mesh pitch lengths for square-pore fog meshes as suggested in Figure 6A. Regions
above each curve (corresponding to a greater SC for a particular fiber diameter and wettability)
are prone to clogging. Background color map denotes the corresponding aerodynamic
efficiency as evaluated from (B-ii), which describes the variation of aerodynamic efficiency
(also the black dashed curve) with the SC for square-pore fog-harvesting meshes. The color
map background in (B-ii) is the same as that in (B-i), for easy comparison of #a with clog-proof
SCs.

This is illustrated in Figure 3.8-A by showing the clog-proof design regimes of mesh fibers of
three representative wettabilities (viz., 6=30°, 70° and 150°) on the SC vs fiber diameter plane.
The shaded regions (cross-hatched in respective colors) below each curve designate the design

regime of clog-proof operation, while unshaded parts above the curves denote regimes of
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potential clogging. The rationale of mesh design would, therefore, be to remain within the
shaded region (of the respective mesh-wettability), and have SC as close as possible to SCopt =
0.52. It may be seen from Figure 3.8-A that a highly hydrophobic (8=150°) mesh, which has
a relatively smaller pmm(e, rf) may be designed as clog-free and also with SC = SCopt (= 0.52)
for any fiber diameter greater than 0.8 mm. Therefore, the mesh is expected to remain clog-
free and yield 7amax = 28.31 % for 2r: > 0.8 mm. For thinner fibers (i.e., 2r< 0.8 mm), the
maximum allowable SC for clog-proof operation will have to be lower, and hence the efficiency
will be lower than #namax. For fibers with & =70°, only meshes having 2rs> 2.0 mm may be
designed with the optimum SC. Similarly, for a wettable mesh (6 =30°), pmm(e,rf) is much

larger, and only meshes having 2r ~ 5 mm can be designed with SC = SCopt.
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Figure 3.8: (A) Optimal shade coefficients for varying fiber diameter and wettability. The
optimal mesh SC is calculated corresponding to clog-proof mesh pitch lengths from Figure 3.6-
A. Regions above each curve (for a specific level of fiber wettability) are prone to clogging
(trends with only 3 representative fiber-wettability are shown for clarity). (B) The resulting
maximum achievable aerodynamic efficiency for clog-proof square meshes as a function of
fiber diameter for different fiber wettabilities.

Therefore, the corresponding plots of maximum achievable #a values of the clog-proof meshes
of different fiber diameters and for varying levels of fiber-wettability have been shown in
Figure 3.8-B. It is imperative from Figure 3.8-B that #4 increases with the fiber diameter and
attains maximum ns, beyond a certain value. It also transpires from Figure 3.8-B that with
smaller fiber diameter meshes, it is better to have a hydrophobic mesh to maintain both the
attributes of high aerodynamic efficiency and clog-proof nature. Therefore, from the results the
study concludes that clog-proof meshes with lower fiber diameters results in lower

aerodynamic efficiency and provides greater impedance to the flow of fog and vice versa.
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Furthermore, variation of the fog-mesh fiber wettability was also seen to have a considerable
impact on the design and resulting aerodynamics of clog-proof meshes. While it might be
wrongly inferred here that clog proof meshes with larger fiber diameters are best suited for fog
harvesting, this is not always true as the effect of deposition efficiency must be taken into

consideration before commenting on the overall mesh efficiency.

3.3.7 Deposition and total efficiencies

Having established a high aerodynamic efficiency is not the only precondition of high overall
capture efficiency. The fog droplets should also have a high deposition rate (and deposition
efficiency) on the fiber meshes. Langmuir and Blodgett [153] in their seminal work developed
a correlation for deposition of small droplets headed towards an infinitely long cylinder,
thereby demonstrating the effects of the inertial and viscous forces. The capture efficiency of
such a fog particle from a flow field is determined by its Stokes number (St), defined as the

ratio of the characteristic time of the particle (t,) to the characteristic time of flow (¢;) around

the collector (herein, a smooth cylindrical fog-mesh fiber element). The stopping time of the
particle is conventionally computed using Stokes linear drag law and in such reversible
Stokesian flow regimes wherein the inertial forces are small and the particles can be assumed

to be perfect solid spheres, the drag force on a fog particle can be estimated as Fp =

6TR (o4, U, Where Rfog is the radius of the fog particle, ps,, the density of fog water, pg;,

air
the dynamic viscosity and u the flow velocity of the carrier medium (herein air), respectively.
For a particle moving initially with the free stream velocity, the deceleration can therefore be
simply estimated from Newton’s second law as

Fp 6MRroghairt IUgirt
_ ghairt  _ _Oldair (3.11)
m (4/3)11'Rfogpfog 2Rf,4Pfog

The characteristic stopping time (t,,) after which the fog particle gets deposited on the fiber,

may be estimated by momentum balance of a fog particle, such that,

t, = & = 2fosbros (3.12)

P a Uair
The characteristic time of flow ({;) can be defined as the ratio of the length scale of the fog

flow around a mesh fiber to the velocity of the free stream (t; = 2r¢/u). Plugging the values
for the characteristic times, the Stokes number (St) can be represented in terms of the mesh

fiber Reynolds number (Refiper = Pairtisiip (277 )/ Hair) 3
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2 Prog (Rfo
St = 2 Repiper 2122 (#}f) (3.13)

The fog droplet deposition efficiency (n,) for millimeter sized mesh-pores can be calculated

directly by using the empirical expression that is widely acceptable in the literature [154] as

St
T (m/2)+St

N (3.14)

However, such estimation of deposition efficiency is limited only to very low fog particle
Reynolds number, defined as Ref,q = 2pgirURfoq/Uair- The average fog droplet diameter
(2Rfo4) and has been assumed to be ~ 5 um throughout the remainder of this study. The
estimation of deposition efficiencies at higher Rey, 4, calls for the definition of a generalized
Stokes number (Stg). Similar proposition for a generalized St had been earlier put forth by Israel
and Rosner [155], to account for any non-Stokesian drag on a particle in a stream. According
to the revised analysis (see Appendix B for the derivation), the deposition efficiency n; may

be expressed in terms of the generalized Stokes number St as

-1 -2 -3

ng'=1+125(St;—3) —14x1072(St;—1) ~ - 0508 x 107 (St, —3)
(3.15)

for St, > 0.14. Thus, for all fog deposition efficiency estimations, the study resorts to using
the Israel and Rosner generalized deposition efficiency (Eq. 3.15) for any Sty > 0.14, while
using the Langmuir-Blodgett [153] equations with Sty (Eq. 3.14) for Sty < 0.14. Figure 3.9-A
plots the different deposition efficiencies for variations in fiber radii for different realistic sets
of fog free-stream velocities ranging up to 10 m/s. A higher fog stream velocity is seen to result
in a higher inertial deposition of the fog droplets, thereby leading to an increase in the
deposition efficiency for all fiber diameters (Figure 3.9-A). However, smaller fiber diameter
result in better deposition than that observed on larger ones. This may be attributed to the fact
that a slender fiber gives rise to a sharper deviation of the streamlines as the flow encounters
it, leading to a larger inertial effect as the particles attempt to flow past the fibers. For further
characterization of overall efficiencies of the clog-proof meshes, a free fog stream flow velocity
of 5 m/s is chosen, since it is typical in industrial cooling tower fog harvesting applications.

Reckoning the optimum shade coefficients pertaining to the maximum aerodynamic efficiency
for design of clog-proof meshes corresponding to their wettability and fiber diameters (Figure
3.6-B) and the deposition efficiencies from Figure 3.9-A are combined to deduce the overall
efficiency n, x n, of the clog-proof fog harvesters, which is reported in Figure 3.9-B. As can

be understood from the variation of both the efficiencies, deposition efficiency plays a stronger
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role and dominates to determine the final trend of the overall efficiency. Although, there is an
increase in aerodynamic efficiency with increasing fiber radii (as discussed in the last section),
this is not sufficient to compensate for the decrease in deposition efficiency. It is also noted
that for fiber radii below ~2.7 mm (the capillary length-scale of water), the fog collection
efficiency improves with increased hydrophobicity of the fiber, while retaining the clog-proof
of the mesh. However, for larger mesh fiber diameter, the mesh fiber wettability is found to
play very little role. This arises from the fact that the maximum achievable 7a of the clog-proof
design of the mesh became almost insensitive to the mesh wettability for fiber diameter

exceeding ~2.7 mm.
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Figure 3.9: (A) Variation of deposition efficiencies (n,) as function of fiber diameters at
different fog flow velocities as evaluated from Equation 14 for Sty < 0.14 and from Equation
15 for Sty > 0.14. n,4 resulting from Sty = 0.14 has been marked with a dashed red line. (B)
Variation of (n; X n,) at different optimal clog-proof shade coefficients for different mesh
fiber diameters and wettability conditions. Total efficiencies have been estimated for a
representative fog flow velocity of 5 m/s.

The study provides the basis for the design of a fog harvesting mesh that estimates the optimal
mesh pitch for a combination of mesh fiber diameter and the fiber wettability to ensure clog-

free operation and maximizes the overall collection efficiency.
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Chapter 4
Concluding remarks
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4.1  Summary of work

4.1.1 Dielectrophoretic separation of dispersed phase in air

This part of the study focuses on developing a filter that separates suspended dispersed phase
in air, modelled as micrometer-sized water droplets or particulate matter (PM) using metal
meshes. It attempts to strike a balance between the two cardinal challenges faced in traditional
filtration technology — low deposition efficiency in sparsely woven filters and significant
aerodynamic loss in denser configurations due to clogging — using a tunable dielectric filtration
system.

The work introduces a novel approach involving an actively charged array of parallel metal
fibers, on which a 3-phase AC is applied to influence the trajectories of droplets and particles.
With variation in operating parameters like the electrode diameter and spacing, and other
influencing factors, such as droplet size, gas flow velocity, voltage and frequency, the study

seeks to map optimal conditions for attaining a high capture efficiency.

Key findings and characteristics of the dielectrophoretic (DEP) filter are outlined below:

o Particles of 5 um experience larger Brownian fluctuations under the considered flow
conditions, leading to stochastic capture; while the capture of larger particles is dictated
through the relative importance of inertia, drag and DEP forces.

o The presence of traveling ac electric field significantly improves the occurrence of
particle capture within the entire parametric plane.

o DEP capture is found to increase with the applied electric field, which may be brought
about either by increasing the applied electric potential, or by decreasing the inter-
electrode spacing. The influence of the latter is more, since it also increases the gradient
of the electric field, thus augmenting the DEP force.

o With increased flow velocity, inertial effect of the particles gets stronger, and the
effective zone of relative influence of DEP force gets more and more confined around
the electrodes.

o Particle capture shows a non-monotonic behaviour with respect to changing frequency.

o The average capture efficiency for different particle size and over the entire range of
operating parameters show similar behaviour when plotted in a non-dimensional time-
ratio plane, viz. — the ratio of the Stokes to DEP time scales along the ordinate, and the

ratio of flow-time to the AC electric field time scales along the abscissa.
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o The DEP filter exhibits overall better  regime for smaller particles, a trend that is
opposite to that exhibited by the traditional HEPA filters.

o The DEP capture system exhibits bands of high capture-efficiency regimes at some
specific values of flow-time to the AC electric field time scale ratios. This signifies the
possibility of “tuning” the operating frequency, flow velocity or electrode spacing to
achieve selectively high capture efficiency.

o The fact that the DEP filters offer remarkably low pressure drop, a high Q, offers arc
discharge-free operation, and is able to use AC power, makes it a promising contender
for air-filtration in crucial healthcare environments, advanced face masks, home air

filters, and even in industrial settings like oil-vapour extraction.

4.1.2 Meshes for filtering dispersed phases, particularly designed for fog harvesting:

This section of work attempts to ameliorate the problem of filter-clogging, which is often a
pestering problem during filtration from a relatively dense dispersed phase, such as fog
harvesting. The study reevaluates design modifications to traditional interwoven metal meshes,
making them clog-resilient through passive methods. It assesses the stability of droplet
morphology, which ranges from barrel to clam-shaped depending on fiber diameter and
wettability, thus impacting mesh design. The present study proposes constructing mesh pores
larger than the stable droplet dimensions to encourage detachment by gravity before clogging
can occur. This passive design strategy is explored to enhance aerodynamic efficiency and

assess the overall efficiency of the new mesh configurations in capturing dispersed phases.

Salient features of clog-resistant designs of metal meshes:

o Both simulation and experiments were conducted to observe quasi-static growth and
morphology evolution of water droplets on horizontally placed fibers with different
diameters and surface wettability.

o The study examined the development of a clog-free mesh design by incorporating critical
droplet morphology parameters (Hmax Or Wmax) into the geometry of fog harvesting
meshes.

o Optimal minimal shade coefficients (SC) for square mesh pore fog harvesters based on
the estimated minimum mesh pitch is defined.

. Hydrophobic fibers (0 > 90°) with diameters below the capillary length scale is shown to
demonstrate superior overall efficiency in fog harvesting.
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4.2

A decrease in overall efficiency with increasing fiber diameter is noted, and is attributed
to lower deposition efficiency despite a constant aerodynamic efficiency at an optimal
SC of 0.52.

Future scope of work

While the present work provides a theoretical platform for characterizing DEP capture and a

theoretical cum experimental approach of developing a clog-free fog harvesting mesh, several

works stem from it to be undertaken for translating the current results to full-scale practical

implementations.

Further investigation is needed to explore the capture efficiency of dispersed phases at
higher concentrations using dielectrophoresis, as the current study only examined very
low concentrations.

Field trials should be conducted to implement full-scale versions of filter meshes
incorporating both design modifications and active dielectrophoretic filtration.

The role of surface wettability of the electrodes on retaining dielectrophoretically
captured droplets may be examined. The shape of deposited liquid is also expected to
alter under the influence of the electric field, which needs to be captured through an
incorporation of dielectric energy into the surface evolver simulation. Experimental
investigation of the same may also be taken as a future exercise.

In the study pertaining to fog harvesting, thin hydrophobic fibers are found perform
efficiently due to high deposition efficiencies in optimal SC clog-proof designs.
However, it is important to keep in mind that they tend to suffer from re-entrainment and
premature drainage in fog harvesting applications [32]. Incorporation of drainage
efficiencies and re-entrainment factors to better realize such clog-proof meshes, remains
a future direction. Although the current study does not take into consideration the events
of premature dripping and flow-induced re-entrainment, it attempts to ameliorate the
occurrence of mesh clogging, which is a major component attributing to the fog harvester
performance degradation during field deployment.

While the role of the underlying surface texture (and pertinent physicochemical
properties) were captured in the SE simulations by using goniometric measurements of
apparent contact angles, the model did not account for contact line-pinning effects or
frictional forces at the contact line [156]. Keeping in view that in realistic situations,

mass-manufactured, wettability-engineered fog-harvesting meshes would entail surface
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imperfections at the micro-scale and even surface impurities (e.g., oil, volatile organic
compounds, chemicals, scales and dust), investigation into the role of contact-line
pinning in clogging of fog harvesting meshes may be taken up as a future exercise.
Similar exploits into wettability engineered mesh durability, reliability of performance
and maintenance aspects also remain to be investigated under realistic scenarios [157,
158] to estimate the impact of ageing on the clog-free operation of the mesh.

Also, it is worth noting that the actual metal mesh is often formed by weaving, where the
gaps between the crossed mesh wires can create additional capillary effect, leading to
pinning of droplets and partial clogging as shown in Figure 3.1-A. The present model
may be extended in future to investigate the capillary forces arising from the intersection
of fibers [76, 78] under different degrees of fiber wettability, intersection angle and inter-

fiber spacing.
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Appendix A
on

Tunable dielectrophoretic (DEP) filters for air-
borne microdroplet capture
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Al Validation
The model for particle transport and deposition is validated against benchmark experimental

investigations of Gregory [117] and simulation results of Mirzaee et al. [118]. Both these works
reported capture efficiency from a particle-laden flow by a single fiber (a typical fundamental
building block of a classic filtration process). To mimic these configurations, simulation of
particle capture dynamics is carried out in a two-dimensional rectangular domain with an array
of fibers with large inter-fiber spacing (to avoid interference from neighbouring fibers on the
particle trajectories). Following the definitions of Ref. [117] and [118], particle collection
efficiency of the single-strand fiber is calculated as the ratio of the number of particles captured
on the fiber to the number of particles that originally the entered computational domain through
an area that measures equal to the projected area of the fiber plus one particle radius one either
sides at the upstream plane (inclusion of one particle-radius margin accounts for the particle-
capture by interception mechanism). The particle and fiber diameters are selected to match
those used in Gregory’s experiments [117], and the Stokes number is varied between 0.1 and
25. For each Stokes number, 500 particles are uniformly injected from different transverse
locations on the stipulated area on the inlet plane.

The simulation results for particle capture efficiency (see Figure Al) demonstrate very good
agreement with the experimental [117] and numerical [118] data, with negligible differences

in most cases instilling confidence in the simulation.

A2 Stochasticity in particle trajectory
Figure Al depicts the stochastic behaviour of particles of two different size (viz. dp = 5.0 and

50 um) released from the same transverse position at the inlet plane in a free stream velocity

U = 2.5 m/s. The electrode array has fiber-radius a = 50 pum and an inter-electrode spacing s
2500 um; a 3-phase traveling voltage of 7 kV (producing a nominal field strength of E, =
2.8kV/mm) at a frequency f = 50 Hz is applied at the electrode array. In both cases, trajectories
from ten repeat runs are reported. The particle trajectory shows a clear stochastic behavior due
to the inherent randomness of Brownian fluctuations. Comparing the trajectories in Figure A2-
A and A2-B reveals that the particle with the smaller size has a more pronounced Brownian
fluctuation in its trajectory. The normalization of both the y-axis and the inter-electrode
spacing, s allows for a clear comparison of particle trajectories for the two cases. This
stochasticity introduces complexity to particle dynamics, significantly impacting their paths in

the air stream and, consequently, the collection efficiency of the DEP filtering system.
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Therefore, to ensure the statistical significance of the data, we have defined occurrence of

capture, 17 as per Eq. (2.12).

A3 Time-averaged spatial distribution of E? field around the electrodes

As the dispersed droplets/particles approach the charged fiber array, they experience DEP force
in the direction of the instantaneous field gradient. This DEP force directs the particle
trajectories toward the electrodes, often resulting in particle interception and deposition onto
the electrode surfaces. Figure A3 provides a comparison of the time-averaged spatial
distribution of the E field around the electrodes — the time-averaging is performed over one
complete cycle of the 3-phase travelling wave — for two inter-electrode spacing, viz., s = 500
pum (Figure A3-A) and s = 2500 um (Figure A3-B). The applied voltage in both the cases
corresponds to Eo = ®ofs of 2.8 kV/mm at a frequency of 50 Hz. For s = 500 um case, the
reduced electrode spacing results in a notably steeper gradient of E2, indicating a more intense
electric DEP force. This intensified force corresponds to the observed trend in particle
trajectories, aligned with the observation of enhanced capture efficiency (see Figure A4 - B1-
B2 and B3-B4). Figure A3 provides a visual representation of how the geometric arrangement
of electrodes influences electric field dynamics, crucial for interpreting particle trajectory and

capture efficiency under different operational conditions.

A4 Role of DEP forces in particle capture

Figure A3 illustrates the occurrence of capture (/7) of particles that are released from 20
individual transverse positions (—1<y/s <+0.9) and inlet velocities (U, € [0.5,10]) for different
fiber radii (a=50 and 150 pum, in subfigures A and B respectively), and particle sizes (dp =5
and 50 pum), and at a constant inter-fiber spacing s = 1500 um. The colour legend represents
discrete values of 77, providing a comprehensive understanding of particle capture dynamics.
The grey-shaded regions indicate flow paths obstructed by the fibers (/electrodes). Figures A4-
Al-A4 shows the values of 77 mapped as functions of the transvers position of particle release
in absence of electric field, while Figure A4-B1-B4 correspond to the same in presence of a
3-phase AC voltage for which E, = 2.8kV/mm. In the absence of an electric field, (Figure A4-
A), particles are captured primarily near the electrodes due to inertial impaction, while those
in and around the electrodes follow the streamlines dictated by drag forces and escapes capture.
This corroborates the findings of Figure 2.4 in the main text.

110



Introducing the 3-phase AC voltage (Figure A4-B) significantly enhances particle capture,
underscoring the role of DEP forces in particle filtration systems. The traveling electric field
significantly enhances particle capture across the entire parameter space (s, dp, U). At lower U,
almost all simulations show capture, indicating the dominance of the DEP force over the drag.
Conversely, at higher U, particles released only near the electrode positions display high 77
values, indicating that the fluidic drag and axial inertia counteract DEP capture. Comparing
Figure A4-B1-B2 (for dp = 5 pm) and A4-B3-B4 (for dp = 50 um), it transpires that for a
given inter-fiber spacing (s = 1500 um in this case), a thicker fiber results in a stronger electric
field gradient (see the discussion in section S2.0), which in turn minimizes the chance of

particle escape chances.

A5 Particle capture asymmetry attributed to 3-phase voltage waveform on
electrodes

Figure A4 describes the spatial distribution of /7 values on the U-y/s plane for different inlet
flow velocity U (0.5, 1, 2.5, 5 and 10 m/s) for a = 50 um, s = 2500 um and dp = 10 um under

three different phase sequence of the 3-phase travelling wave. The figure sequentially advances
the phase by 2?” (from A through C), demonstrating the fluctuations in /7 asymmetry around the
electrodes. As the phase sequence changes, the spatial distribution of 77 values around
electrodes undergoes variations, highlighting the sensitivity of DEP capture dynamics to the
temporal aspects of the electric field. A 4?” phase shift results in a mirror-symmetry in the

pattern of 77 distribution; comparing Figure A5-A and A5-C, indicating that the pattern of 77
distribution on the right electrode in A mirror those on the left electrode in C and vice versa.

On the other hand, a phase shift by 2?" leads to a noticeable decrease in /7 values on both

electrodes (see Figure 2.4-B). This observation underscores the influence of geometric factors
and phase sequence in influencing particle capture efficiency. The influence of the phase shift
in the 3-phase traveling electric field is not investigated further, and the phase depicted in

Figure 2.4-A is adopted throughout the remainder of the study.

A6 Effect of varying operating frequency

Figure A6 provides an insight into the influence of varying the frequency of the imposed
electric field on 77 for different velocities (U = 1 m/s and 5 m/s). The frequency range spans
from 50 Hz to 8000 Hz, corresponding to Eo = 2.8 kV/mm. This figure aligns with the

observations in Figure 2.6, offering a broader perspective on the non-monotonic variation in
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particle capture dynamics under frequency modulation. The plots illustrate 77 vs y/s for diverse
particle sizes with dp varying at 5.0 pm, 10 pum, and 50 pum (illustrated in subfigure A through
C respectively), emphasizing the interplay between particle diameter, free stream velocities,

and the frequency of the traveling electric field.

A7 Merits of the DEP filters over the existing technology

Table Al presents a comparison of various existing filter types, including High-Efficiency
Particulate Air (HEPA), Ultra-Low Penetration Air (ULPA), N95 respirators, surgical masks,
non-woven filters, cotton filters, combined fabrics, and the present DEP-based tunable
dielectrophoretic filter. The table includes key metrics such as filtration efficiency (7), flow
velocity, pressure drop (AP), and the quality factor (Qr), as defined by Eq. 2.20.

Notably, the DEP filter discussed in this paper exhibits an attractive combination of high
filtration efficiency and low pressure drop, resulting in a superior quality factor, compared to
other filters. This advantage is attributed to the sparse arrangement of fibers (s/a > 10). The
filter's tunability and compatibility with AC power position it as a promising solution in critical
applications, ranging from healthcare environments to advanced face masks and industrial uses
like oil-vapour extraction. The reported performance range acknowledges variations observed
in the filter's filtration efficiencies across diverse operating conditions.

Table Al: Comparison of filtration efficiency, pressure drop across the filters and their
respective quality factor

. 0 . Quality
Filter type n (%) V(ilr?]c/;;;y AP (Pa) factor Ref.
(Qr)
HEPA 99.97 50 245.16375 0.03308698 [159]
ULPA 99.9995 50 245.16375 0.049787428 [160, 161,
162

N95 respirators 97 26 53.936025 0.06501328 ]
Surgical masks 82 26 21.966672 0.078063642
Non-woven 73 26 10.6891395 0.122491929
Cotton 32 26 55.6031385 0.006935984
Combined 80 26 37.26489 0.043189123
fabrics
Current study* 76-100 50 453 -1.90x102 14 -1818.89 —

*showecasing data for filter size s = 500 um, a = 50 um, dp =10 um operated at a 3-phase
electric field of strength 1.4kV and f = 50Hz.
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Supplementary videos:

o Visualization of equipotential lines ¢ and E? fields of a 50 Hz 3-phase AC electric field
(MP4%*)

o Visualization of particle trajectory in the proposed dielectrophoretic filter (MP4*)

*https://drive.google.com/drive/folders/1IFd9TXE01nK58dRhcxVW1jOOLGbghd2dC?usp=s
haring
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Figure A2: Extent of stochastic behavior of the particles trajectories for (A) dp=5.0 um and (B) d, = 50 pum. For both the cases, a =50 um, s =
2500 pum, the 3-phase traveling-voltage @ = 7 kV (corresponding to Eo = ®@o/s = 2.8 kV/mm) at f = 50 Hz and the inlet flow has U = 2.5 m/s.
Brownian walk is prominently observable in smaller particle size. For each case, trajectories of ten identical particles, released from the same
transverse position of the inlet plane are superposed.
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Electrode

Figure A3: Comparison of the time-averaged spatial distribution of E? field for (A) s = 500 and (B) 2500 pum, averaged over the time period of the 3-
phase traveling wave with f = 50 Hz. The applied voltage to the electrode corresponds to Ey= 2.8 kV/mm.
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The trend aligns with the non-monotonic variation in particle capture dynamics depicted in Figure 2.6, underscoring the interplay of the DEP and

drag force (viz. for U = 1 m/s and 5 m/s). Particle sizes are varied as dp = 5.0 um (A-i - ii), dp = 10 um (B-i - ii), and dp = 50 pum (C-i - ii).

Figure A6: The impact of varying the frequency (f € [50, 8000] Hz) of the imposed electric field, corresponding to E|,
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Bl Derivation of generalized Stokes number (Stg)
Proposition for a generalized St had been earlier put forth by Israel and Rosner [155], to account
for any non-Stokesian drag on a particle in a stream. Following their derivation, the drag force

on a particle moving initially with the free stream velocity can be estimated as,

1 1 2
Fp = Cp fog EpairuzAfog = Cp fog Epairuz ) (n(dfog/z) ) (AL3)
Where Cbp fog is the coefficient of drag and A the cross-sectional area of a fog particle, and

dfog = 2Rrog, IS the average diameter of the fog particle. As before, the deceleration of the fog
particle can be calculated similar to Equation 3.15 (see main text) by assuming spherical fog

particles, so that

1 1
a = Fp _Cp fog;pairuz'nR%og _Cp fog;pairuz
- - 4 3 - 2
m 37(drog/2) Prog 3%fogPfog

(Al.4)

Thereafter, assuming constant deceleration of the fog particle in the flow stream, and for a
small displacement ds of the particle, it can be related to its initial droplet velocity (u) and

deceleration as,

ds = d(u?) _ 2u(du) % iR p _ 4Psog du _ 4Pfog dRe
2a Cp fogPairu?® 3 fogFfog 3 Pair fog Cp fogu 3 Pair fog Cp rog(Re)Re

(A1.5)
Where, Cpb fog is a function of the fog particle Reynolds number or Cp fog = f(Refog). Therefore,

the stopping distance (lp) of the fog particle can be calculated by integration of the previous

equation over a variation of the Reynolds number of the fog particle as it finally stops,

Cp fog(Re)Re

_ 4pfog Refog dRe
L, =2Prag, ke (AL6)
0

Thus, a generalized Stokes number (Stg) is expressed as a ratio of the stopping distance (Ip) to

the fog mesh cylinder radius (2Rfiber= Driver).

Re
St —_'p_ 8Prog og f Jog dRe (AL7)
9 Rfiper 3 Pair Dfiver 0 Cp fog(Re)Re

This generalized Stokes number (Stg) can thereafter be correlated with the conventional
definition of Stokes number (St),

9 3 Ppair Dfiper 0 Cp fog(Re)Re 18Ugir  Rfiber |PairUdsog 0 Cp fog(Re)Re
Y(Regoy)St (A1.8a)
where
Refog
24 dRe
Re =— —_— Al.8b
lp( fo.g) Refogj; CDfog(Re)Re ( )
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Thus, the generalized Stokes number is found by correcting the conventional Stokes number
by l//(Refog) []. Herein Cp tog = f(Refog), is a function of the fog particle Reynolds number, and
can be derived for varying Refg as expressed in Equation set S1.9 [163].

3 24
CD fog = E—I— Refog 0 < Refog < 001 (Alga)
0.82-0.051 R
Comg = —2 1+0.1315Ref0[ ) 0.0L<Re,, <20  (Al.9b)
Re g 9
24
Coug = oo [1+0.1935Re(5** | 20<Re,, <260  (AL9c)
fog

Supplementary videos:

e Droplet growth and drainage in fog-harvesting scenarios in non-optimized interwoven
meshes (MP4*)

e Droplet growth and evolution in morphology as fog droplets coalesce and grow on a SS-
304 fiber (2rs = 0.25 mm, 6 ~ 73°) until detachment; No barrel-shaped droplets were
observed, as had been predicted earlier from the SE simulations in the main text; Optimizing
mesh pore geometry to minimize clogging based on maximal dimensions, as calculated
during such evolution of the droplet (MP4*)

* https://pubs.acs.org/doi/full/10.1021/acs.langmuir.4c00075
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Droplet detachment from a horizontal fiber of a fog harvesting mesh
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ABSTRACT

Fog capture holds promise in ameliorating the drastic
freshwater crisis that is globally imminent. Metal meshes have
shown promise in capturing both natural and industrial fogs,
the latter primarily referring to cooling tower fog harvesting.
However, there exists room for improvement of their water
collection efficiency, which has been reported to be highly
dependent on mesh wettability, geometry, and orientation with
respect to the fog-laden wind. As fog droplets impinge and
deposit on mesh fibers, they coalesce with previously
deposited liquid to evolve as larger drops of different size and
shape, depending on the mesh wettability and arrangement.
While the primary intent of fog harvesting is to effectively
drain the intercepted fog water along the mesh into a desired
collector, premature drainage of the droplet is found to be
detrimental to mesh performance. We investigate droplet
detachment as a function of fiber diameter under real fogging
scenarios. The results are compared with pre-existing droplet
detachment theories and with numerical simulations using
Surface Evolver. Droplet detachment volume is found to
increase with the mesh-fiber diameter. It is also found that the
existing theories of droplet detachment from fibers do not give
reliable accuracy for detachment volume estimation under
realistic fog-collection scenarios.

Keywords: Fog harvester, droplet detachment volume,
drainage efficiency, fiber radius, Surface Evolver

1. INTRODUCTION

Water bodies cover a major portion of the world, but only
a minuscule has freshwater suitable for consumption. In arid
coastal regions that experience atmospheric fog, it can be
utilized as an important source of freshwater. Strategically
placed meshes in the paths of fog-laden wind can help capture
and store water, which can later be used for daily utilities.
However, major drawbacks of atmospheric fog collection
include seasonal fluctuations in the amount of atmospheric fog
as well as low collection efficiency of the meshes. Apart from
the atmospheric fog, retrieving industrial fog (e.g., by
capturing lost water from cooling tower plumes) can also help
cut down on the freshwater dependency of thermal power
plants, thereby making freshwater readily available for human
consumption. Industrial fog harvesters are economically viable
and do not depend on topological factors. Most cooling towers
use drift eliminators to capture the egress of un-evaporated
droplets larger than ~40 um [1], but huge water losses in the
form of fog and mists still take place (for example, a 500 MW

power plant loses roughly 27 m*hour). Strategically placed
metal meshes has been shown to greatly reduce such loss [2].

Water captured by a fog harvester depends on the
interaction of fog-laden wind with the harvester mesh. A
standard fog collector consists of meshes oriented
perpendicular to the direction of fog flow. A fraction of the
fog droplet population strikes the mesh fibers, gets deposited,
coalesce to form larger droplets, which then roll down to get
collected [2]. In traditional meshes, a drop will often grow
large enough to clog the mesh and reduce efficiency. It is
hence favorable that a drop detaches early. However, early
detachment can also result in collection loss by droplet re-
entrainment into the fog stream, thereby reducing harvester
efficiency. Therefore, the detachment volume of a droplet
from a fiber mesh is of prime importance and is one of the
major factors that need to be considered for choosing the right
mesh geometry.

A drop-on-fiber is ubiquitous in nature and has industrial
relevance. A good example is the dew droplet on the cactus
spine or spider web and the way it moves along the fiber or
detaches from the fiber as it grows larger [3, 4, 5]. In recent
years, nature-inspired fog harvesting mesh architectures [6]
have garnered quite an interest in researchers. Traditional
Raschel meshes for natural fog harvesting are developed from
polyethylene and are prone to clogging and mechanical failure
when subjected to high wind velocity [7]. Such traditional
meshes can easily be replaced with commonly available metal
meshes, which are less prone to breaking and are mass
producible. Such meshes are generally produced by laying (or
inter-weaving) two parallel sets of orthogonally placed fibers.
A droplet forming on a vertical member (along the direction of
gravity) rolls down easily and gets collected. Such a mesh
design, in the form of a harp, wherein horizontal components
are absent, was first proposed by Shi et al. [8]. However, in a
later work they observed that such meshes would clog and
perform poorly under heavy fogging scenarios due to wind-
induced buckling [9]. Horizontal members are thus integral to
mesh design, especially in scenarios of heavy fog and high
wind velocities where mesh integrity is of prime importance
for steady fog collection.

The efficiency of fog collection depends primarily on three
major factors: the fraction of water content in the fog stream
that may pass through the fog harvester mesh along with the
undisturbed fog (Wacrodynamic), the fraction of water captured by
the fog harvester mesh (#4eposiion), and the fraction of water
drained from the fog harvester mesh to the collector (7 inage);
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Time-dependent droplet detachment behaviour from wettability-engineered fibers

during fog harvesting
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Department of Power Engineering, Jadavpur University, Kolkata — 700106, India

ABSTRACT

Water collection from natural and industrial fogs has
recently been viewed as a viable freshwater source. An
interesting outgrowth of the relevant research as focused on
arresting of the drift losses (un-evaporated and re-condensed
water droplets present in the exhaust plume from industrial
cooling towers. Such exploits in fog collection have
implemented metal and polyester meshes as fog water
collectors (FWC). Fog droplets impinge and deposit on mesh
fibers. They coalesce with previously deposited liquid to evolve
as larger drops before detaching from the fibers under their own
weight, an event largely dependent on the mesh fiber
wettability, diameter and its arrangement relative to the fog
flow. To better estimate drainage and hence collection from
these fibers, the study, focuses on droplet detachment from
differently wetted horizontally positioned cylindrical fibers of
various diameters, placed orthogonally in the path of an
oncoming fog. Droplet detachment volume is found to increase
with fiber diameter and fiber surface wettability. Interestingly,
in a typical fogging condition, the detachment volume is also
found to exhibit a time-dependent behaviour, altering the
droplet detachment criteria otherwise predicted from emulation.
Our current study sheds light on this unexplored phenomenon.
Keywords: Fog harvesting; Cylindrical fiber; Surface
wettability; Droplet detachment; Transient wetting

1. INTRODUCTION

Fresh water crisis is one of the most pertinent climate issues
of this era, plaguing not only India but the entirety of the globe
as seen in recent events. The situation is terrible in countries
like India which accounts for only 4% of the world's freshwater
resources despite having 16% of the world's population [1].
Nonconventional water sources need to be harnessed to bridge
the gap between supply and demand. Fog harvesting is one such
water conservation techniques that is looked up with much

hope. Fogging represents largely untapped source of water,
especially in hilly areas and many industrial zones, the latter
primarily referring to harvesting of cooling tower fog. Cooling
tower (CT) happens to be one of the prominent sources of
industrial fog. For a 500MW power plant, the amount of
cooling water required is, 54000 to 60000 m*h™!, from which
nearly 3% is lost as vapour and fog from the CT exit.[2] To
compensate for this loss, about 900 m*h™! of make-up water is
needed. Tapping even mere 1% of this colossal volume means
a saving of 9 tonnes of water in an hour.

In a typical fog harvesting configuration, fog droplets, typically
in the size range of 4 — 40 um, pass through meshes and get
captured by the mesh elements. Such meshes or filters are used
in large and small-scale atmospheric and industrial water
harvesting systems [, 4]. Geometrical structure of the fog
collecting mesh and their surface wettability play major roles in
the fog collection efficacy. Intuitively, it may appear that a
denser net (i.e., having a large fraction of solid fiber per unit
projected area of mesh) would imply that more fog particles
would collide with the mesh fiber and gather more water.
However, this is not typically the case. Smaller void fraction
can also have a shielding effect [5], which would lower the mass
flow of the fog stream through the mesh itself, and rather divert
them around the mesh [6] [, 7, 8]. The fraction of the total
oncoming fog stream to which the solid fibers pose as
obstruction is denoted as aerodynamic efficiency 7ero. The
percentage of the fog droplets, whose path ahead of the mesh is
geometrically intercepted by the mesh fibers, which actually
impinges on the fibers due to inertial impaction, interception
and Brownian diffusion is accounted for by the deposition
efficiency, or 74 It is interesting to note that not all the fog
water that deposited on the mesh fiber can be collected. Part of
it may be lost due to carryover by the oncoming fog stream, and
a part will be lost due to premature dripping [9]. The percentage
of water caught by the mesh that drains down the fibers and
collects in the water collection manifold at the bottom of the



iPSSDG 2023
237 - 24™ June 2023
Paper Id: iPSSDG 2023-118

Designs of clog-free metal mesh for fog harvesting from
cooling tower plume

Arkadeep Datta Arani Mukhopadhyay =~ Amitava Datta Ranjan Ganguly

Advanced Materials Research and Applications (AMRA) Laboratory,
Department of Power Engineering, Jadavpur University (SL Campus), Kolkata — 700106

Corresponding author e-mail ID: arkadeepdatta@gmail.com
Abstract. With recent focus on sustainable development goals with an impetus
on climate actions, there has been a sustained call from the industry to reduce
their specific water consumption, especially in the power sector. One such avenue
for catering to the sustainable consumption and production of power comes in
the form of fog harvesting from the drift losses of cooling towers. The technology
relies on placing a porous obstruction, e.g., a metal mesh, in the path of fog, at
the exit of a cooling tower cell. The fog, either in the form of un-evaporated or
re-condensed water droplets of 4 to 30 micron diameter are intercepted by these
meshes. While such mode of fog harvesting surely shows promise of a substantial
quantum of water recovery, the collection efficiency is usually poor due to several
reasons, including poor acrodynamic efficiency. As the fog water is intercepted
on the mesh, a typical mesh pore would get clogged, resulting in aerodynamic
bypassing of the fog plume, low deposition and collection. The present study
aims at improvising on the traditional stainless steel interweaved meshes by
appropriately designing the critical parameters like mesh fiber diameter, pitch
and porosity and defining their optimal values experimentally for a given mesh
surface wettability. Based on these values and imposing the condition of ‘no-
clog’ meshes, analytical estimates of aerodynamic and depositions efficiencies
are made and an optimum design regime, as a function of mesh fiber diameter, is
proposed. These modifications to the metal meshes involve solely structural
design adjustments, without relying on any additional surface treatments.
Consequently, they are deemed 'low-cost' and intended for convenient
implementation in the industry

Keywords: Cooling tower fog harvesting; clog-free mesh; collection efficiency

1. Introduction

As the 21% century reels under the effects of global warming, there has been an
orchestrated drive towards adoption of the COP 21 goals [1]. With dwindling water
resources in industrial areas, especially power plants, there is a pressing urgency
towards adopting new ways of reducing water consumption. Cooling tower exit plume
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Dielectrophoretic (DEP) collection of water droplets, 5 to a few tens of microns in diameter, transported in an air free-stream is investigated through a
numerical simulation in view of applications in air purification technology. The droplet transport-dynamics are modelled as passive individual particles using a
Lagrangian scheme that takes into account the interplay of inertia, viscous, DEP and random Brownian forces on the dispersed phase. The DEP filter is
assumed to consist of an array of cylindrical model fibers, which also serve as electrodes where three-phase voltage is imposed. The filtering efficiency is
determined through statistical analysis of the simulation results. The effects of the applied electric voltage on the filter efficiency are examined for different
droplet diameters and inter-fiber distances and for a wide range of air velocity. The optimum frequencies at which the droplet capture efficiency attains its
maximum value are also determined. It is shown that these frequencies are well correlated by a single dimensionless number representing the residence
time of particles in the vicinity of the filter. Findings of the study leads to the design bases of active filtration systems for critical healthcare enclosures and
advanced face masks.
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ABSTRACT: Fog harvesting relies on intercepting atmospheric or industrial fog
by placing a porous obstacle, for example, a mesh and collecting the deposited
water. In the face of global water scarcity, such fog harvesting has emerged as a
viable alternative source of potable water. Typical fog harvesting meshes suffer ®.’
from poor collection efficiency due to aerodynamic bypassing of the oncoming
fog stream and poor collection of the deposited water from the mesh. One
pestering challenge in this context is the frequent clogging up of mesh pores by
the deposited fog water, which not only yields low drainage efficiency but also
generates high aerodynamic resistance to the oncoming fog stream, thereby

Clogged mesh pore
“\ .

g m— F
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Fog-ladcn winds

Droplet

morphology  Clog-proof meshes

negatively impacting the fog collection efficiency. Minimizing the clogging is

possible by rendering the mesh fibers superhydrophobic, but that entails other detrimental effects like premature dripping and flow-
induced re-entrainment of water droplets into the fog stream from the mesh fiber. Herein, we improvise on traditional interweaved
metal mesh designs by defining critical parameters, viz.,, mesh pitch, shade coeflicient, and fiber wettability, and deducing their
optimal values from numerically and experimentally observed morphology of collected fog water droplets under various operating
scenarios. We extend our investigations over a varying range of mesh-wettability, including superhydrophilic and hydrophobic fibers,
and go on to find optimal shade coefficients which would theoretically render clog-proof fog harvesting meshes. The aerodynamic,
deposition, and overall collection efficiencies are characterized. Hydrophobic meshes with square pores, having fiber diameters
smaller than the capillary length scale of water, and an optimal shade coefficient are found to be the most effective design of such

clog-proof meshes.

1. INTRODUCTION

The accentuating crisis of freshwater in the last few decades
has led to a serious drive for the development of technology
focused on sustainable water harvesting." Harvesting fog from
diverse sources such as natural environments” or industrial
cooling towers® using a mesh has emerged as an affordable and
viable alternative. Polypropylene fiber-based Rachel meshes,
featuring trapezoidal pores have been extensively used for
atmospheric fog harvesting in different parts of the world.*®
However, for heavy fogging under high stream velocities, as is
typical in industrial scenarios, sturdy metal meshes having
square pores are better suited for long-term use.” A fog-laden
stream passing through a mesh deposits the fog droplets
(ranging from 4 to 30 um in diameter””) on the fibers by
inertial impaction, physical interception, and Brownian
diffusion.” Progressive deposition of these fog-droplets and
subsequent coalescence of the deposited liquid lead to the
formation of bigger droplets [O (~1 mm)] of different shapes
on the fibers. These growing droplets may eventually touch the
neighboring mesh fibers, when they clog the mesh pore either
partly or completely (see Figure 1A). A clogged mesh pore
offers a greater aerodynamic resistance to the oncoming fog
stream, which in turn diminishes the fog droplet deposition.
The droplet shape on a fiber depends on its volume, the
wettability of the mesh fiber and the fiber diameter.'”"

© 2024 American Chemical Society
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Therefore, the morphology of the droplet and its relative size
with respect to the mesh dimensions, and the fiber wettability
play important roles'” in ascertaining the fog-harvesting
performance of a mesh.

Wettability engineering has been extensively leveraged by
several researchers to enhance fog harvesting on sturdy
impervious flat surfaces by advocating the use of 3D features
like cascading patterns,"”” bumps'* or bioinspired surface
modiﬁcations,ls_18 and micro/nanoscale surface embellish-
ments'” for enhancing water capture. However, these
impervious plates suffer from significant aerodynamic bypass-
ing—the fog stream gets diverted by the plate in the fog-flow
path’’—leading to minimal fog deposition. Biomimetic
surfaces, replicating the Namib desert beetleonymacris
unguicularis,m’22 cactus thorn-like geometries,23 or variations
in surface wettability,”*>* have shown attractive droplet
drainage features for laboratory-scale setups, but they lack
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