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Abstract

The emission of fine particles from the combustion of fossil fuels for energy production,
found in the exhaust gases of industries and vehicles, creates a significant environmental
threat. Fine and ultra-fine particulate matter is more hazardous than larger particles. These
inhalable particles can be suspended in the atmosphere for a longer time. As a result, these
particles can easily penetrate deep into the lungs and heart of human beings, leading to
serious and incurable pulmonary and cardiovascular diseases. The cyclone, bag filter, elec-
trostatic precipitator, wet scrubber, and wet electrostatic scrubber are employed to mitigate
such particles. Out of the above technologies, the wet electrostatic scrubber is the most
effective in mitigating these particles. But still, there is a lack of physics to understand the

capturing mechanism between charged droplets and particles.

In this study, we investigate the charging mechanism of the particles and droplets, charge
quantification, the phenomena of non-incorporation/non-attachment, and return/rebound of
airborne particles/clusters upon impacting charged droplets. The study also delineates the
innovative mechanism for removing non-conducting particles using a bouncing charged
droplet. In the last objective of this study, we demonstrate the effectiveness of uncharged

and charged droplets generated from the spray phenomenon on the removal of fine liquid



aerosol.

This research utilizes a charged pendant droplet incorporating fine particles to understand
the interaction between particles and the droplet. A pin-plate electrode configuration is
employed to study the movement of the particles dispersed on the ground electrode toward
the charged droplet. A high-speed imaging technique is used to visualize and record the
interaction phenomenon between the particles and the charged pendant droplet. The hollow
glass beads, carbon black, silane-coated glass beads, and ash of incense sticks are used as
testing particles. The finding of this study explains that the particles captured by the charged
droplet depend on the particle wettability (hydrophilic and hydrophobic), conductivity, and
dielectric constants. The charge acquired by the particles and the non-uniform electric field
distribution are determined through mathematical modeling using MATLAB. DC and AC
electric field experiments unequivocally demonstrate that the Faradaic induction mechanism
at both the ground and droplet surfaces causes the acquisition or reversal of particle charges.
The migration of particles and clusters is predominantly governed by Coulombic force, not
dielectrophoretic force (DEP). Hydrophobic carbon particle clusters with high conductivity
exhibit increased rebound/non-incorporation from the droplet, whereas hydrophilic glass
beads with low conductivity do not show significant rebound and readily integrate into the

droplet.

In the next objective of the study, we focus on the removal phenomenon of very low-
conducting particles (silane-coated glass beads), high-conducting (carbon black), and moderate-
conducting particles (glass beads) by an impacting and bouncing charged droplet. The

silane-coated particles are removed from the droplet surface due to the deformation of the

VI



drop and the electric repulsive force. In the case of carbon black and glass beads, the mov-
ing charged pendant droplet captures the particles due to the electrostatic force of attraction.
Higher electric potentials lead to an increased spreading diameter of the droplet. The higher
electric field enhances the contact area between the droplet and the particles, thereby remov-

ing more particles.

In the last objective of this thesis, we demonstrate the removal efficiency of the liquid aerosol
by uncharged and charged droplets from a self-made experimental chamber. The paraffin
oil and Di-Ethyl-Hexyl-Sebacat (DEHS) solution are used as a working aerosol. The liquid,
namely tap water, employed for spraying, is dispersed using a hollow cone nozzle having a 1
mm orifice diameter. The findings from the distinct test setup show that uncharged droplets
dispersed through a hollow cone nozzle exhibit a scavenging efficiency of approximately
58%. On the other hand, charged droplets demonstrate significantly higher scavenging ef-
ficiency, surpassing 90%. The investigation also reveals that the scavenging efficiency of
both uncharged and charged droplets, when dispersed through a hollow cone nozzle at lower

potentials (1 and 2 kV), is nearly identical.
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Motivations

Air pollution in both indoor and ambient environments is a matter of serious concern from
the point of view of human health [1, 2], weather, and climate change[3]. The major com-
ponents that are responsible for air pollution are particulate matter (both PM2.5 and PM10),
ozone (O3), nitrogen dioxide (NO,), carbon dioxide (CO,), carbon monoxide (CO), and sul-
fur dioxide (SO,), etc [4]. The air pollutants have severe catalytic effects on human health
by creating incurable diseases (cardiovascular, pulmonary) [5]. It is due to the presence
of particulate matter (including both PM2.5 and PM10) in the atmosphere [5]. From the
existing literature, it was observed that the concentration of PM2.5 has more adverse ef-
fects on human health compared to PM10 [6]. The concentration of PM2.5 substantially
varies between and within the regions of the world. In 2019, it was found that 90% of the
global population lived where the PM2.5 concentration exceeded 10 j1g/m? according to
the WHO air quality guideline report [S]. According to the 2018 WHO report, the lowest
concentration of PM2.5 was found in the American and European WHO regions. The av-
erage concentration was 7 pg/m?. This average concentration of PM2.5 varies from 30 -
50 1g/m? in small island nations and 120 — 140 1g/m? in Asia and Middle Eastern coun-
tries, respectively [S]. Based on the air quality reports, particulate matter concentration is

substantially increasing in Asian countries like China and India compared to other nations.



This is due to the rapid growth of the population and the developing economy. Several
studies have shown that increased overall mortality is associated with short- and long-term
exposure to PM2.5. Due to this finer particulate matter, around 8.8 million people die an-
nually [5]. This catalytic effect of particulate matter forces researchers and scientists to take

immediate action by inventing air pollution-controlling devices and mechanisms.

The motivation behind our research into charged droplet-based particulate mitigation arises
from several critical limitations associated with conventional particle capture technologies,
when targeting fine (P M, 5) and ultrafine (PM< 0.1um) particles. These particles, due to
their small size and high mobility, are difficult to capture using existing methods, posing

severe environmental and health concerns [7].

Low capture efficiency for submicron and nano particles

Conventional technologies such as gravitational settling chambers, cyclonic separators, and
standard wet scrubbers exhibit poor capture efficiencies for particles smaller than 2.5 pm.
This inefficacy arises because, at these scales, inertial and gravitational forces become neg-
ligible compared to Brownian motion and viscous drag. Consequently, a substantial fraction
of fine and ultrafine particles remains airborne, exacerbating ambient PM levels and asso-

ciated respiratory risks [8].

High energy requirement

While systems like electrostatic precipitators (ESPs) and high-efficiency particulate air (HEPA)
filters demonstrate superior removal efficiencies for fine particles, they often suffer from

considerable drawbacks. These include the requirement for high-voltage systems with as-

2



sociated safety concerns, elevated pressure drops necessitating greater energy input, and
frequent maintenance due to electrode fouling or filter clogging [8]. Such factors increase

the overall operational cost and hinder applicability in decentralized or mobile applications.

Traditional capture techniques predominantly rely on passive physical mechanisms such
as inertial impaction, sedimentation, or filtration without leveraging electrostatic or physic-
ochemical interactions to actively enhance capture [9]. Moreover, they typically lack the
ability to modulate key parameters of the capture medium, such as droplet charge, size, or

surface chemistry, limiting their tunability and responsiveness during operation.

These limitations collectively highlight the need for novel, adaptable, and energy-efficient
mitigation strategies. Charged droplet-based systems, by integrating electrohydrodynamic
principles and droplet properties, offer a promising alternative for enhanced removal of sub-

micron particles in both static and mobile scenarios [10].



Organization of the thesis

The thesis has been compiled with the following chapters.
1. Chapter 1: Introduction.
2. Chapter 2: Literature review.

3. Chapter 3: Study of electro-migration and capture of particles by a charged pendant

droplet.

4. Chapter 4: Charged drop impinging on particles dispersed over a metallic plate: An

experimental method of self-cleaning.

5. Chapter 5: Mitigation of fine hydrophobic liquid aerosols by uncharged and charged

spray.

6. Chapter 6: Conclusion and future scope.



