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Abstract

In the context of increasing global maritime trade, emissions from marine

diesel engines, primarily using Heavy Fuel Oil (HFO) and Marine Gas Oil (MGO),

pose significant environmental and health risks. These emissions, especially par-

ticulate matter (PM), contribute to climate change, acid rain, and ecosystem

damage. Among the methods for reducing PM from marine diesel engines, elec-

trohydrodynamic techniques show promise.

This thesis proposes a theoretical model to describe particle movement in

a wet electrostatic scrubber (WES) for capturing emissions from marine diesel

engines. In the WES, exhaust gases pass through a high-voltage electric field,

ionizing particles which then interact with oppositely charged water droplets.

These droplets capture the particles through electrostatic attraction, resulting

in cleaner exhaust gas. A detailed scientific explanation of this particle-droplet

interaction is uncommon.

The model presented considers various factors such as electric field strength,

gas flow conditions, particle characteristics, and droplet size. By optimally se-

lecting conditions for electric and flow fields, particle removal efficiency can be

enhanced. The framework aligns gas flow, temperature, and electrostatic fields
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Chapter 0. Abstract

to optimize particle capture.

The thesis investigated the mechanism of particle capturing process in a

WES. The thesis proposes that through developing a theoretical description and

analysing the motion characteristics. The core of this thesis is threefold:

(1) A mathematical model incorporating electrostatic force and flow field dis-

tribution around the droplet is developed. By solving equations for particle move-

ment and stream function distribution, the model describes particle-droplet in-

teractions under an electrostatic field. Analysis shows that electric fields increase

particle velocity and capture efficiency, with larger particles being more affected.

Smaller droplet sizes enhance particle collection.

(2) A co-simulation method using ANSYS Fluent and MATLAB simulates

the particle motion process. Simulation results are consistent with mathematical

calculation data, showing an average error of 1.5%.

(3) An experimental platform was established to observe and record particle

motion using a high-speed camera. Analysis confirms that charged droplets ef-

fectively capture charged particles, with increased electric field strength boosting

capture efficiency.

In conclusion, this thesis develops a theoretical electrohydrodynamic method

to explain particle movement in WES, providing a scientific framework for re-

ducing PM emissions from marine diesel engines. A co-simulation method is

obtained to simulate this motion process and verify the theoretical results. Also,

an experiment is conducted to verify the results of the theoretical model.
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Chapter 1

Introduction

1.1 Background and motivation

Against the backdrop of contemporary economic globalisation, approximately

90% of global trading shipments utilise maritime routes, of which nearly 70% are

concentrated within a distance of 400 kilometres from the coastline [1–5]. As

the OECD (Organisation for Economic Co-operation and Development) reports:

As demand for global freight increases, maritime trade volumes are set to triple

by 2050 [6]. This brings opportunities for economic growth and technological

advancements, but also poses challenges in infrastructure capacity, environmental

impact, and regulatory oversight. The dominant energy sources currently used

in shipping are traditional fossil fuels like Heavy Fuel Oil (HFO) and Marine

Gas Oil (MGO), with HFO being the most common due to its cost-effectiveness.

Diesel engines are favoured for their efficiency and reliability. However, due to

environmental concerns, there is a growing interest in cleaner alternatives like
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liquefied natural gas (LNG) and various forms of renewable energy. Despite

this shift towards greener options, diesel remains the dominant fuel source in the

maritime industry due to its widespread availability and established infrastructure

[7,8]. The current state of marine conditions reveals that the emission of marine

diesel engines causes serious pollution to both the air and ocean environments.

Shipping emissions have a significant impact on air quality far from the source,

and some pollutants disperse globally, leading to effects on the climate as well

[9–11].

The exhaust gas discharged by marine diesel engines contains various pol-

lutants, including sulphur dioxide (SO2), nitrogen oxide (NOx), and particulate

matter (PM) [12–18]. In terms of potential to harm human health, PM poses

the greatest risk, as it penetrates into sensitive regions of the respiratory sys-

tem and can lead to health problems and premature mortality [19]. Although

ships contribute a relatively small fraction of global particulate emissions com-

pared to other sources, but has significantly affect environmental pollution levels

in key regions [20–22].Most of the ship emissions occur within 400 kilometers of

coastlines [5], significantly affecting air quality in coastal regions [23–25]. How-

ever, these emissions can disperse and travel hundreds of kilometers inland, in-

fluencing air pollution across a much wider region [3, 26]. In his comprehensive

study, James J. Corbett [27] assesses the emissions of particulate matter (PM)

from shipping and their negative health impacts. Detailed distributions of these

shipping-related PM emissions and their global health impacts are illustrated in

Fig. 1.1 and 1.2. Fig. 1.1 shows the annual average contribution of shipping to

PM2.5 concentrations in various regions worldwide. From this map, high concen-

trations of PM2.5 are observed in density trafficked shipping lanes and coastal

regions. For example, Europe, the Mediterranean, the eastern United States, and

17
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parts of Asia show significant increases in PM2.5 levels due to shipping activities

on this map. The areas with the darkest shades coincide with major shipping

routes and port cities. Fig. 1.2 shows the cardiopulmonary mortality rates at-

tributable to PM2.5 emissions from ships, represented by circles of varying sizes

and colours. From this map, higher mortality rates are observed in areas with

increased PM2.5 concentrations due to shipping, aligning with the observations

from Fig. 1.1. Europe, the eastern United States, and parts of Asia, particularly

around major ports and densely populated coastal areas, show significant car-

diopulmonary mortality. The size and colour of the circles indicate the number

of deaths, with darker and larger circles representing higher mortality rates. It

can be concluded from these two figures that there is a clear correlation between

regions with high PM2.5 concentrations due to shipping and areas with elevated

cardiopulmonary mortality rates. Besides, The data suggest a significant health

impact of shipping-related air pollution, particularly in regions with heavy mar-

itime traffic and dense populations. Studies have estimated that these emissions

are responsible for 60,000 cardiopulmonary and lung-cancer deaths every year

worldwide, with a majority of fatalities occurring in coastal areas near major

ports. More recent estimates indicate that this figure has increased to 87,000

deaths per year globally [27–29].

The particulate emissions from ships can contribute to environmental issues

such as acid rain and eutrophication of water bodies. These emissions can also de-

posit on soil and water, affecting agriculture and aquatic ecosystems. Diesel par-

ticles are mainly solid carbon (41% ), unburned lubricant (25% ), sulphate/water

(14% ), and other ash and unburned contents, which accounts for less than 20%

of the DPM [30–32]. Some components of ship particulate emissions, particularly

black carbon (a component of soot), are known to contribute to global warming.

18
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Figure 1.1: Annual average contribution of shipping to PM2.5 concentrations
(in µg/m3) [27]

Figure 1.2: Cardiopulmonary mortality attributable to ship PM2.5 emissions
worldwide [27]
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Black carbon particles absorb sunlight and heat the atmosphere. When deposited

on ice and snow, they can accelerate melting by increasing solar absorption. More-

over, particulate matter from ships can contribute to the formation of secondary

pollutants like ozone and fine particulate matter, further exacerbating air quality

issues. The impact of ship emissions is a growing concern, leading to increased

regulation and efforts to develop cleaner maritime outcomes. Reducing particu-

late emissions from ships is essential for improving air quality, protecting public

health, and mitigating environmental damage.

Unlike SO2 and NOx, PM emissions are more complex to measure and control

due to their varying composition and the technical limitations of current measure-

ment technologies. The difficulty in developing accurate and reliable PM emission

measurement methods for marine engines has hindered the establishment of ap-

propriate regulations [10] [33]. Therefore, efficient removal of PM emissions from

marine diesel engines remains a major technological challenge. Novel technolo-

gies need to be investigated to reduce PM pollution effectively. According to

Regulation (EU) 2016/1628 [34], a limit on PN (the number of particles with a

diameter over 23 nm) was added into it. The gradual introduction of PN emission

control is also one of the trends in ship emission precision control development

in the future. The International Maritime Organization (IMO) has set limits on

the sulphur content of marine fuels, which indirectly reduce PM emissions. In

designated Emission Control Areas (ECAs), stricter limits are enforced. Addi-

tionally, IMO 2020 regulations [35] mandate a significant reduction in sulphur

oxide emissions, aiming to improve air quality and reduce health risks. Ships can

comply with these regulations by using low sulphur fuel oils or installing exhaust

gas cleaning systems, such as scrubbers.

20
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As PM emissions from ships are harmful and emission regulations are becom-

ing increasingly strict, conducting relevant research on controlling PM emissions

from marine diesel engines has become imperative with significant theoretical and

practical importance. Controlling PM emissions from ships is vital for environ-

mental sustainability, public health, regulatory compliance, and the industry’s

social license to operate.

1.2 Aims and objectives

The primary aim of the present work is to reveal the fundamental mechanisms

and characterise the phenomena of electrostatic field interactions within WES,

seeking to essentially enhance the efficiency of PM abatement from marine diesel

engine emissions. An overview of the particle capturing process is shown in Fig.

1.3.

The specific research objectives are listed as follows:

1. To develop a novel theoretical model that integrates electrostatic and hy-

drodynamic forces, predicting particle trajectories with high-level accuracy

in a WES environment.

2. To design and implement a series of experimental and simulation studies

about particle motion, aiming to uncover new relationships between particle

characteristics and the combined effects of flow and electric fields.

3. To discover and characterise the mechanisms through which modifications

in field strength and droplet dynamics affect PM capture rates, assessing
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WES’s effectiveness in addressing the particle matter abatement in marine

diesel engines.

Figure 1.3: An overview of WES on particle capturing process.
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1.3 Organisation of the thesis

This thesis is organised to the following chapters and a brief outline of the

content of each chapter is given below:

• Chapter 1 Introduction

Give a brief introduction to the background of removal of PM emission from

marine diesel engines. Emphasis on the effective method of using WES for

PM abatement. Also, a summary of the research objectives of this work is

given in this chapter.

• Chapter 2 Literature review

Present a detailed and comprehensive literature review on particle emis-

sion situation, relative regulations, and abetment methods on marine diesel

engines. A review of the research progress on WES is proposed in this

chapter. For the application of WES technology, some frontier researches

are introduced in this chapter.

• Chapter 3 Adopted approach and innovations

Present the methodology used in this research work and the innovation

of this work. Besides, the working process and advantages of WES are

introduced in the part.

• Chapter 4 Mathematical model development

Establish and develop the theoretical model to describe the particle move-

ment characteristic when moving to approach the droplet in a gas flow field

under an electrostatic field. Present the solving process of the mathematical

model.
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• Chapter 5 Characteristics of particle motion process

Give the results of the theoretical model and analyse the effect of several

features on the particle motion process, such as electric field strength, par-

ticle size, droplet size, and particle density.

• Chapter 6 Co-simulation of Ansys fluent and MATLAB

Illustrate a co-simulating method of Ansys Fluent and MATLAB to simu-

late the particle motion process when associating the electrostatic field with

a gas flow field. Give the computational procedures, model development,

and simulation results of distinctive features.

• Chapter 7 Experiment on particle capture process

Introduce the designation and combination of an experimental platform.

Describe the experiment process and recorded data. Give the experimental

results processing and analysis.

• Chapter 8 Conclusions and future work

Conclude the work of this thesis and outline future work plans.
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Literature review

2.1 Combatting air pollution: policy approaches

and emission challenges

The air pollution is the foremost global threat to the public health and is a sig-

nificant contributor to the environmental decline. Those atmospheric pollutants

are generated from energy transformation, energy consumption, and industrial

processes. The most common air pollutants include particulate matter (PM2.5

and PM10), nitrogen dioxide (NO2), sulphur dioxide (SO2), carbon monoxide

(CO), ground-level ozone (O3), and volatile organic compounds (VOCs) [36, 37].

Particulate matter (PM2.5 and PM10) is generated from combustion processes,

industrial activities, and transportation emissions. PM2.5, in particular, poses

severe health risks as it can penetrate deep into the lungs and enter the blood-

stream. Nitrogen dioxide (NO2) is primarily produced from traffic and energy

production. It contributes to respiratory problems and the formation of ground-
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level ozone. Sulphur dioxide (SO2) is emitted from burning fossil fuels at power

plants and industrial facilities. SO2 can lead to acid rain, which harms ecosystems

and buildings. Unlike other pollutants, ground-level ozone is not emitted directly

but forms when NO2 and VOCs react in sunlight. It is a key component of smog

and can cause various respiratory issues. Moreover, greenhouse gases like carbon

dioxide contribute to global warming and climate change, altering weather pat-

terns and disrupting ecosystems worldwide. Air pollution is a leading cause of

premature death globally, with millions of deaths attributed to conditions such

as heart disease, stroke, lung cancer, and chronic respiratory diseases. The World

Health Organisation (WHO) estimates that air pollution is responsible for over

7 million deaths annually. Moreover, air pollution has significant environmen-

tal impacts, including reduced agricultural yields, acidification of water bodies,

and damage of forests [36]. Overall, atmospheric pollutants have far-reaching

and detrimental effects on the environment, affecting both natural systems and

human societies.

To reduce these emissions, action is taken on three aspects, transport, en-

ergy and agricultural sectors. Such as using cleaner fuels instead of dirty ones,

developing cleaner industries, reducing consumption of polluting products and

adopting cleaner technologies. Besides, some countries and organizations tailor

policies to specific local circumstances.

The 1979 Convention on Long-Range Transboundary Air Pollution (LRTAP)

is the first multilateral agreement addressing transboundary air pollution and

sets emission reduction targets for various air pollutants, including sulphur diox-

ide (SO2), nitrogen oxides (NOx), ammonia (NH3), volatile organic compounds

(VOCs), fine particulate matter (PM2.5), and black carbon [38]. With the in-
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creasing attention to air pollution and the advancement of scientific and tech-

nological levels, more rigorous and specific policies and regulations have been

proposed.

India National Clean Air Programme (NCAP), which launched in 2019, aims

to reduce particulate matter (PM10 and PM2.5) concentrations by 20-30% by

2024 compared to 2017 levels in 122 Indian cities. It focuses on city-specific

action plans, technology interventions, and source-based initiatives to combat air

pollution.

China publishes action plan to reduce air pollution in 2023. The plan contains

a series of measures to achieve bluer skies by 2025. Its goals are to reduce PM2.5

density at the level and above by 10 percent by 2025 and to cut emissions of

nitrogen oxides (NOx) and volatile organic compounds (VOCs) by over 10 percent.

In October 2022, a revision of the Ambient Air Quality Directives is proposed.

This revision aligns the air quality standards more closely with the recommenda-

tions of the World Health Organisation (WHO). For example, the annual limit

value for fine particulate matter (PM2.5) will be reduced by more than half (Eu-

ropean Commission, 2022) [39].

South Korea introduced a National Action Plan on Air Pollution in 2019 to

address fine particle matter (PM2.5) pollution. The plan includes measures to

reduce emissions from vehicles, industries, and power plants, as well as promoting

clean energy and enhancing monitoring and enforcement efforts.

Also, there are many other countries and regions that have implemented poli-

cies and regulations to address air pollution and improve public health. As re-

ported in the publication of Air pollution in Europe: 2023 reporting status under
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the National Emission Reduction Commitments Directive, to fulfill their 2030

commitments the greatest challenge will be reduced NH3, NOx and PM2.5 emis-

sions (European Environment Agency, 2023) [40]. While there is progress in some

regions, global air pollution remains a significant challenge, especially in rapidly

developing countries. The future will likely depend on stronger international co-

operation, improved regulatory frameworks, and widespread adoption of cleaner

technologies. Addressing air pollution is not only a health imperative but also

essential for tackling broader environmental issues, including climate change.

2.2 Gas emission from marine diesel engine

2.2.1 Air pollutants from marine exhaust emissions

Marine diesel engines are a significant source of various air pollutants, in-

cluding sulphur oxides (SOx), nitrogen oxides (NOx), particle matter (PM), car-

bon monoxide (CO), volatile organic compounds (VOCs), and greenhouse gases

(GHGs) like carbon dioxide (CO2) and methane (CH4) [41–43]. These emissions

can have adverse effects on both human health and the environment, especially

in the regions of coastal areas and along shipping routes [44].

Sulphur oxides are generated from the sulphur content in marine fuels. The

combustion process converts sulphur into SO2, which can further oxidize into SO3

and contribute to the formation of acid rain. Studies such as those by Corbett and

Wang [45] highlight that shipping contributes approximately 13% of global SOx

emissions, with significant implications for both human health and ecosystems.
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NOx emissions from marine vessels result from high-temperature combustion

in ship engines. These pollutants contribute to the formation of ground-level

ozone and photochemical smog, which are harmful to human health and vege-

tation. Research by Endresen et al. [2] indicates that NOx from ships accounts

for about 18-30% of global NOx emissions, making it a major contributor to air

pollution.

Particulate matter from marine vessels includes both primary particles (di-

rectly emitted) and secondary particles (formed in the atmosphere from SOx and

NOx). PM is associated with adverse health effects, including respiratory and

cardiovascular diseases. According to Eyring et al. [3], ships are responsible for

a significant fraction of the fine particulate matter (PM2.5) observed in coastal

and port cities.

CO2 is the primary greenhouse gas emitted by marine vessels. The Interna-

tional Maritime Organization (IMO) estimates that shipping contributes about

2-3% of global CO2 emissions, a significant figure given the role of CO2 in climate

change. Studies like those by Buhaug et al. [46] emphasize the importance of

addressing CO2 emissions from shipping to meet global climate targets.

VOCs are released during fuel combustion and from cargo handling, particu-

larly from oil tankers. These compounds contribute to the formation of ground-

level ozone and secondary organic aerosols, both of which have significant envi-

ronmental and health impacts [47].

The climate impact of CO2 emissions from shipping is substantial, contribut-

ing to global warming and associated climate change effects such as rising sea

levels and extreme weather events. Additionally, VOCs and NOx emissions lead
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to the formation of ground-level ozone, a pollutant with significant health im-

pacts, including exacerbation of asthma and other respiratory conditions [4].

The pollutants emitted by marine vessels have far-reaching environmental and

health consequences. Sulphur oxides and nitrogen oxides contribute to the acid-

ification of oceans and terrestrial ecosystems, leading to biodiversity loss and

the degradation of aquatic habitats [24]. Particulate matter, particularly PM2.5,

poses serious health risks, including respiratory and cardiovascular diseases, and

has been linked to premature mortality in populations exposed to high concentra-

tions, especially in port cities [27].It is found that 94 200 (95% confidence interval:

84,800–103,000) premature deaths were associated with PM2.5 exposure due to

maritime shipping in 2015 [48].

Historically, marine vessels have relied heavily on heavy fuel oil (HFO), a

byproduct of crude oil refining with high sulphur content. The combustion of

HFO in ship engines has been the primary source of SOx emissions from the mar-

itime sector. Data from the late 20th and early 21st centuries show that marine

vessels were responsible for a significant percentage of global SOx emissions, with

estimates ranging from 10% to 15% of the total anthropogenic SOx emissions [4].

Similarly, NOx emissions from ships, resulting from high-temperature combustion

processes, accounted for 18-30% of global NOx emissions during this period [2].

In the early 2000s, the global fleet continued to grow, leading to an increase

in overall emissions. For instance, Corbett et al. [27] reported that the global

shipping fleet’s CO2 emissions were approximately 1,000 million tonnes per year,

contributing around 2-3% of global CO2 emissions. This period also saw a rise in

particulate matter emissions, particularly PM2.5, which posed significant health

risks, especially in densely populated coastal areas.
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The introduction of regulatory measures by the IMO has played a pivotal role

in altering the emission conditions of marine vessels. The IMO’s MARPOL Annex

VI, adopted in 1997 and implemented in 2005, established the first international

limits on SOx and NOx emissions from ships. Over the years, these regulations

have been progressively tightened, with key milestones including the ECAs and

the global sulphur cap.

One of the most significant regulatory changes was the implementation of the

global sulphur cap on January 1, 2020, which reduced the permissible sulphur

content in marine fuels from 3.5% to 0.5%. Data trends before and after this

implementation reveal a substantial reduction in SOx emissions. For instance,

Johansson et al. [21] projected that the global sulphur cap would reduce SOx

emissions from shipping by 77% compared to pre-2020 levels. Indeed, preliminary

studies conducted post-2020 indicate that SOx emissions decreased by up to 70%

compared to 2019 levels [49]. This substantial reduction reflects the direct impact

of the sulphur cap on emission levels globally. In ECAs such as the Baltic Sea

and North Sea, SOx emissions decreased by over 80% between 2000 and 2020 [50].

NOx emissions have also been significantly affected by regulatory measures,

particularly through the establishment of Tier I, II, and III standards under

MARPOL Annex VI. These regulations, especially the Tier III standards applied

in ECAs to ships built after 2016, have led to notable changes in NOx emissions

data. Recent data indicate that NOx emissions have stabilised or slightly de-

creased in regions with strict ECA regulations. For example, in the North Sea

and Baltic Sea, where Tier III standards are enforced, NOx emissions have shown

significant reductions [50].

The trend in CO2 emissions from shipping has been less responsive to reg-
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ulatory measures, as CO2 emissions are directly linked to fuel consumption,

which has continued to increase with global trade growth. The Third IMO GHG

Study [51] highlighted that CO2 emissions from shipping continued to rise until

around 2010. However, after 2010, CO2 emissions began to stabilise, partly due

to the gradual shift towards more energy-efficient ship designs and operational

practices aimed at reducing fuel consumption. The introduction of the Energy

Efficiency Design Index (EEDI) by the IMO, which mandates incremental im-

provements in the energy efficiency of new ships, is expected to contribute to

further reductions in CO2 emissions in the future [52].

Reducing the pollutants from marine gas emissions remains a long-term tar-

get, which is addressed in most countries in the world. According to reported

data by Olaf MERK [53], in 2011, the shipping emissions were substantial and

accounted for around 900 million tonnes of CO2 emissions, 2 million tonnes of

NOx emissions, 10 million tonnes of SOx emissions and 1.5 million tonnes of

PM10 emissions. In 2015, maritime shipping was responsible for an estimated

866 million tonnes of CO2 emissions, constituting 2.7% of the world’s energy-

related CO2 emissions. in 2018, the amount of the CO2 emissions grew to 1, 056

million tonnes. Additionally, maritime shipping contributed 10.0 million tonnes

of sulphur oxides (SOx) emissions and 18.0 million tonnes of nitrogen oxide (NOx)

emissions. The share of shipping emissions in global anthropogenic emissions has

increased from 2.76% in 2012 to 2.89% in 2018 [48].
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2.2.2 PM emission status from marine vessels

PM emissions from marine vessels have exhibited a complex and nuanced trend

over recent years. PM emissions primarily consist of primary particles emitted

directly from ship exhausts and secondary particles formed from gaseous precur-

sors such as SO2 and NOx. The reduction in SOx emissions due to the switch

to low-sulphur fuels, following the global sulphur cap regulation enforced by the

IMO in 2020, has led to a significant decrease in the formation of secondary sul-

phate particles. As a result, regions with strict emission control regulations, such

as ECAs in the Baltic Sea and North Sea, have observed substantial reductions in

secondary PM levels, contributing to improved air quality and health outcomes.

However, the impact of low-sulphur fuels on primary PM emissions is more

complex. Some studies, such as those by Lack et al. [54], have indicated that while

low-sulphur fuels reduce secondary sulphate formation, they may also lead to an

increase in the emission of primary particles. These primary particles include

elemental carbon (black carbon) and organic carbon, which can vary significantly

depending on the engine type, operating conditions, and fuel composition. In

particular, the combustion of certain types of low-sulphur fuels, such as very low

sulphur fuel oil (VLSFO) and marine gas oil (MGO), can produce higher levels

of black carbon, a potent climate forcer and harmful air pollutant.

It is important to note that while regulations have been effective in reducing

PM emissions in specific regions, there remains a concern regarding the global

status of PM emissions. Areas outside ECAs, where less stringent regulations

apply, continue to experience higher levels of PM emissions. Additionally, the

variability in PM composition and the emerging evidence on the potential increase
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in black carbon emissions necessitate further research and monitoring to better

understand and mitigate the overall impact of shipping on air quality and climate

change.

According to the dataset about the emissions to the atmosphere released as a

result of production and consumption processes published by the Organisation for

Economic Co-operation and Development (OECD), the emission amount of pol-

lutants in specific areas could be concluded. Figure 2.1 indicates the contribution

of water travel, which includes maritime and inland waterway transportation, to

PM10 emissions across the European Union over a time period from 2008 to 2021.

The over trend of this graph has decreased in nearly the decade years, followed

Figure 2.1: Annual PM10 emissions from water transportation in EU (2008-
2022)(data from OECD).

by fluctuations but with a generally stable trend. The decrease from 2008 to 2011

could reflect the impact of the global financial crisis on trade and shipping ac-
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tivities, resulting in reduced emissions. The slight decrease in shipping emissions

around 2020 could be a combined effect of ongoing environmental policy efforts

and the impact of the COVID-19 pandemic, which led to reduced economic ac-

tivity, travel, and industrial output due to lockdowns and other restrictions. In

summary, the graph shows that PM10 emissions from water travel in the EU have

decreased since 2008, with some subsequent fluctuations. This trend could be in-

fluenced by economic factors, pandemic-related reductions in shipping activities,

and the gradual implementation of stricter environmental regulations.

Figure 2.2: Proportion of PM10 emissions from water transportation to total
emissions in EU transportation sector (2008-2021)(data from OECD).

Figure 2.2 shows the proportion of PM10 emissions from water transport

relative to the total emissions from transportation over the time period from 2008

to 2021. The proportion seems quite stable, staying mostly between 70% to 80%

throughout these years. The proportion suggests that shipping is a consistently

significant contributor to PM emissions within the transportation sector in the
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EU. The fact that the proportion never falls below 70% suggests that shipping is

one of the largest sources of PM emissions in the transportation sector.

Figure 2.3 shows the trends in PM2.5 emissions from water transport in the

EU from 2008 to 2021. Like the emission of PM10, PM2.5 emissions also display

a general downward trend over the years. It is notable that PM2.5 emissions are

consistently lower than PM10 emissions throughout the period. This may suggest

that larger particulate matter (PM10) is easier to reduce through filtration and

other control technologies. Figure 2.4 depicts the proportion of PM2.5 emissions

Figure 2.3: Annual PM2.5 emissions from water transportation in EU (2008-
2022) (data from OECD).

from water transportation relative to the total emissions in the EU transportation

sector from 2008 to 2021. The proportion of PM2.5 emissions from water trans-

port is relatively stable, remaining within the 80-90% range throughout the entire

time period. This stability suggests that, while absolute emissions of PM2.5 from
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Figure 2.4: Proportion of PM2.5 emissions from water transportation to total
emissions in EU transportation sector (2008-2021)(data from OECD).

water transport might have decreased (as seen in Fig. 2.3), the relative contribu-

tion of water transport to the total PM2.5 emissions within the transportation

sector has not changed dramatically. The consistently high proportion could also

reflect that water transport is a significant source of PM2.5 within the transporta-

tion sector. When comparing Fig. 2.2 and Fig. 2.4, it can be concluded that both

PM2.5 and PM10 proportions show remarkable stability over the years, indicat-

ing that water transport consistently contributes a substantial part of the total

PM emissions within the transportation sector. The proportions for PM2.5 are

slightly higher than those for PM10 in most years. This could suggest that wa-

ter transport is a relatively more significant source of finer particulate emissions

(PM2.5) than coarser particulate emissions (PM10) within the transportation

sector. In summary, despite absolute reductions in emissions, water transport

remains a consistently dominant source of particulate matter emissions.
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As of 2024, the shipping industry faces several challenges and changes con-

cerning emissions and energy consumption. Global maritime container shipping

emissions, particularly during cruising mode, form a significant part of the in-

dustry’s total emissions. These emissions have shown notable changes in re-

cent years, influenced by factors like geopolitical issues and international trade

patterns. An increase in emissions per nautical mile during ocean cruising has

been observed, attributed to shifts in trade structures and the efficiency of ships.

Additionally, port operations have experienced fluctuations in hourly emissions,

influenced by operational inefficiencies and the impact of the pandemic on ship-

ping activities [7]. The international shipping industry is exploring alternative

fuels like biofuels, methanol, hydrogen, and ammonia to reduce dependency on

oil-based fuels. However, the adoption of these fuels faces challenges such as

the need for technological development, infrastructure upgrades, and addressing

safety hazards [55,56]. In summary, the shipping industry is in a state of transi-

tion, grappling with the need to reduce emissions while facing external pressures

from geopolitical developments and the need for technological innovation and

infrastructure development.

2.2.3 Policies to limit the gas emission from marine diesel

engine

To reduce the environmental footprint of shipping, protect public health,

preserve marine ecosystems and contribute to the global effort against climate

change, regulations for shipping emissions are essential. The regulations vary

across different areas, because of the emissions control areas (ECAs), such as the

Baltic Sea and North American areas are designated ECAs with more stringent
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limits on SOx, NOx, and particulate matter. Besides, the regional environmental

properties, technological feasibility and economic considerations may also cause

variations in regulations. International agreements like MARPOL Annex VI set

global standards, but individual countries or regions can impose stricter controls

based on local legislation and environmental policies.

The International Maritime Organisation (IMO) has set specific emission stan-

dards for marine applications under MARPOL Annex VI. These standards aim

to control air pollution from ships and include regulations for various pollutants.

The first IMO emission regulation is initially targeted NOx and SOx. Then IMO

Tier II and Tier III further reduced NOx and SOx emissions. The most signifi-

cant regulation impacting PM emissions is in MARPOL Annex VI implemented

on January 1, 2020. The global sulphur cap limits the sulphur content in fuel

oil used on board ships operating outside designated ECAs to 0.50% m/m out-

side designated Emission Control Areas (ECAs). In ECAs, the sulphur content

limit is even lower, at 0.10% m/m. While there are no specific numeric limits

for PM emissions in the IMO regulations, the reduction in sulphur content in

marine fuels indirectly leads to a decrease in PM emissions. Although current

regulations focus on sulphur content in fuels as a means to control PM emissions,

future regulations may address particulate matter more directly as technology

and measurement techniques evolve.

China implemented the Emission Standards for Marine Engines in 2016. These

standards became effective in 2018 (China I) and 2021 (China II). The standards

set limits for pollutants such as carbon monoxides (CO), hydrocarbons plus ni-

trogen oxides (HC and NOx), methane (CH4, applicable to natural gas engines),

and particulate matter (PM). Marine engines complying with Stage 2 emission
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regulations exhibit significant improvements in reducing emissions compared to

Stage I. Specifically, there is a 19% reduction in hydrocarbons and nitrous oxides

(HC and NOx), limiting these emissions to 5.8 g/kWh. Methane (CH4) emissions

are reduced by 33%, with a new limit set at 1 g/kWh. Moreover, particulate

matter (PM) emissions see a 40% reduction, leading to a new emission ceiling of

0.12 g/kWh.

The United States Environmental Protection Agency (EPA) has specific reg-

ulations for emissions from marine applications, primarily targeting marine diesel

engines. The latest EPA Tier 4 standards, which are implemented in 2014, are

applicable to new engines above 600 kW. These standards are the most stringent

and require significant reductions in NOx and PM emissions. Tier 4 regulations

have introduced a further reduction in emissions of particulate matter, nitrous

oxides and hydrocarbons compared to Tier 3 regulations. Engine manufactur-

ers commonly use a separate exhaust aftertreatment technology to accomplish

these emission reductions, such as selective catalytic reduction (SCR) and diesel

particulate filters (DPF).

The EU regulations apply to diesel engines used in selected marine applica-

tions, particularly focusing on vessels operating in inland waterways. The EU

regulations aim to reduce the emission of carbon monoxide (CO), hydrocarbons

(HC), nitrous oxides (NOx), and particulate matter (PM) from these engines.

The latest one of these regulations is Stage V. Compared with Stage III A, the

emission of nitrous oxides and hydrocarbons has a 70% reduction. And the re-

duction in the emission of particulate matter is 93%. Besides, the introduction

of particulate number (PN) can further limit the emission of PM.

In addition to the mentioned emission regulations for marine applications,
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vessels are also subject to specific national emission standards when operating

within certain regions. The overarching goal of these diverse emission regulations

is to minimise environmental pollution and protect public health. To meet these

objectives, the shipping industry is increasingly adopting innovative strategies

across various domains, including fuel composition, combustion methods, and

emission aftertreatment technologies. Such advancements are essential for com-

pliance with increasingly stringent regulations, as they collectively contribute to

reducing harmful emissions and mitigating the environmental impact of maritime

operations.

In conclusion, while regulatory measures have led to significant reductions in

PM emissions in controlled regions, the status of PM emissions globally requires

ongoing attention. Future policies may need to address not only sulphur content

but also other components of PM, such as black carbon, to achieve comprehensive

improvements in air quality and public health outcomes associated with marine

vessel emissions.

2.3 Method to reduce PM emission from marine

diesel engines

2.3.1 Technologies for reducing PM emission from marine

diesel engines

PM emissions from marine diesel engines are a significant environmental con-

cern, accounting for a substantial share of emissions in the transportation sector.
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These emissions contribute to air pollution and have multiple environmental and

health effects [57–59]. Black carbon, a major component of PM, absorbs sunlight

and heats the atmosphere, accelerating the melting of snow and ice in polar re-

gions and contributing to sea-level rise [60]. PM emissions are also recognized

as the second most significant human-made contributor to global warming, after

carbon dioxide (CO2). Strategies to achieve this include adopting cleaner fuels,

enhancing engine efficiency, and implementing emissions treatment technologies.

On of the primary methods to reduce the PM emissions from shipping is

switching to cleaner fuels. Low-sulphur fuels and alternative fuels like Liquefied

Natural Gas (LNG) and biofuels produce fewer PM emissions. Even as the mar-

itime industry moves towards more sustainable options, diesel continues to be

the primary fuel choice, mainly due to its abundant availability and the well-

established support infrastructure [7, 8]. Besides, the global supply chain for

diesel is robust and well-established. Transitioning to alternative fuels requires

significant changes in the supply chain, which takes time to develop. Even with

a strong push towards greener alternatives, the transition away from diesel is a

gradual process. Current ships have long operational lifespans, and the switch to

alternative fuels will occur over several years or decades [61].

The method of using Diesel Particle Filter (DPF) to reduce PM emissions has

been widely used for decades connected with high-speed diesel engines, such as

small engines in vehicles, inland ships and luxury yachts. The core of the DPF is

typically made from a ceramic material with a honeycomb structure. As exhaust

gases pass through this structure, the soot particles are physically captured on

the walls of the honeycomb cells. Over time, these trapped particles accumulate

and are eliminated in regular intervals through a process called regeneration. Re-
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generation involves burning off the trapped soot, usually at high temperatures,

to prevent the filter from becoming clogged. This process can be initiated either

passively, by the heat in the exhaust system, or actively, by additional heating

elements or catalysts within the filter [62, 63]. But for large marine diesel en-

gines, the volume of filter tends to be rather oversized. This may cause high

requirements for production and technical methods [64]. Besides, DPFs require

regular maintenance to function effectively. The accumulation of soot can lead

to clogging. Sometimes, the added back pressure from a DPF can impact engine

performance and efficiency.

Wet scrubbers equipped with marine engines are effective for sulphur dioxide

abatement. The scrubber also can reduce the emissions of PM [33,65]. It works by

spraying water or a water-based solution into the exhaust stream. As the exhaust

gases pass through this mist, particles are captured by the water droplets due to

collision. The resulting mixture of water and particulate matter is then removed

from the exhaust stream. Fridell and Salo [66] studied the particle emissions from

a marine engine equipped with an open-loop wet scrubber using seawater. They

found that there’s a 92% reduction in total particle number and a 75% decrease in

particulate mass suggesting the scrubber is effective, particularly against soluble

and large particles. However, the less significant reduction (48%) in smaller,

solid particles like black carbon (BC) indicates a limitation in the scrubber’s

effectiveness for these types of particles [67]. The efficiency in reducing PM

can be influenced by several conditions, such the type of PM, scrubbing liquid

properties, flow rate of exhaust gas, and design and operation of scrubber [68,69].

Electrostatic precipitators (ESP) work by charging the particles in the ex-

haust stream electrically and then using an electric field to attract and collect
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them onto plates or other collection devices [70,71]. While effective in capturing

fine particles, ESPs in marine applications face challenges such as handling the

high volume and variable nature of ship exhausts, coping with space constraints

on vessels, and dealing with the corrosive marine environment, which can af-

fect the durability and maintenance requirements of the system. Thus, though

electrostatic precipitation is a widely used method for particle removal, it is not

currently used in combination with marine engines.

There are studies about the method consisting of a scrubber and a Wet Elec-

trostatic Precipitator (WESP) in series to reduce the PM emissions for marine

applications [72–74]. Their studies showed that the combination of a scrubber

and a WESP is a potential aftertreatment system for large marine engines run-

ning with HFO, leading to significantly lower emissions than the use of scrubbers

only. However, considering the space and energy constraints, this method is not

an ideal approach since it requires a large installation space and regular cleaning

and maintenance.

2.3.2 Comparison of methods on reducing PM emission

from marine applications

According to Sobczyk et al. [69], electrohydrodynamic methods, notably the

water electrified spray technique, are effective for particulate matter (PM) re-

moval from marine diesel engines, achieving high efficiency even with very small

particles. This method is utilised in vessel wet electrostatic scrubbers (WES),

which show promise in reducing emissions. An experimental work made by Di

Natale et al. [76] demonstrated that this technology is more effective in removing
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Table 2.1: Comparison of methods applied for marine vessel diesel PM emission.
[69,75]

Method applied in
marine vessels

Reduction of PM emis-
sion

Limitation

Fuel borne additive 35%
Lowest reduction ef-
ficiency among those
methods

Venturi scrubber

Over 90%

High pressure drops<70% for submicron parti-
cle

Diesel particle filter
(DPF)

85%-95%

Regular maintenance
to avoid clogging; In-
creased back pressure
on engine

Wet scrubber
70-99% for >pm1.0 Affected by many

About 50% for <pm1.0 factors in scrubber

Electrostatic precipita-
tor

80%-93%
Re-entrainment of
particles after a cer-
tain time operation

Electrified water spray
Capture efficiency over 95%
(<pm0.4)

Operational charac-
teristics are not yet
fully understood

SO2 and PM than conventional wet scrubbers, highlighting its potential in marine

applications. Table 2.1 compares different methods applied to reduce particulate

matter (PM) emissions from marine vessel diesel engines.

Among these methods, the electrified water spray shows the highest reduction
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efficiency for very small particles. The Venturi scrubber is highly effective but

has the downside of creating high-pressure drops. The wet scrubber is quite ef-

fective, especially for larger particles, but its performance can be inconsistent due

to variable factors. The electrostatic precipitator offers a good balance between

efficiency and operational consistency but can suffer from particle re-entrainment

over time. Finally, the fuel-borne additive provides the least reduction in PM

emissions, making it the least desirable option based on this data alone. Con-

fronted with the detrimental effects of particulate matter emissions on environ-

mental and human health, alongside the tightening emission standards for marine

applications, the future maritime industry necessitates the development of more

effective and practical particulate matter removal techniques.

When considering the use of WES for controlling PM emissions from marine

vessels, several specific research gaps need to be addressed. These gaps relate to

the unique conditions of marine environments, the nature of marine PM emis-

sions, and the technical and operational challenges associated with deploying

WES systems on ships. There is a research gap in understanding the effective-

ness of WES systems in capturing fine particles and nanoparticles emitted from

marine engines. These smaller particles are more challenging to capture due to

their low mass and high mobility. Research could focus on optimizing the elec-

trostatic field strength, droplet size, and water flow rate to enhance the capture

of these fine particles. Thus, this research work is focused on the characteristics

and optimization of WES for marine PM capture.
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2.4 Research progress on WES technology

Recent research into the performance of WES has been conducted. Studies

show that WES can be significantly effective under droplet and particle charging

conditions. Numerical and experimental techniques are both employed to inves-

tigate the elimination of particles in wet electrostatic scrubbers [77–81]. Jaworek

et al. [82, 83] did detailed theoretical and simulated work about both charged

particle-droplet. In their theoretical work, they described the coordinate mo-

tion of the droplet-particle system by Newton’s vector differential equations, in

which aerodynamic drag and image-charge effects were considered. Then Krupa

et al. [84] proposed a theoretical basis for the electro-hydrodynamics of submicron

particles, which can describe the droplet-particle intersection movement in a wet

electrical scrubber, but without derivation and analysis. Through a wet electro-

static scrubber experiment tests the results of high sulphur heavy fuel oil and

marine gas oil, in his research, they analysed PM removal efficiency of charged

or not and different engine loads. The results showed that PM is efficiently re-

moved from diesel engine exhaust by using a wet electrostatic scrubber system.

An experiment study was made by Lipeng Su et al. [85], which is about wet

electrostatic scrubbing on capturing submicron particles like fly ash and black

carbon from small-scale industrial boilers. Droplet charging was found to be ef-

fective on capturing the pollutants, suggesting a promising avenue for enhancing

traditional wet scrubber performance. The research indicated that this method

could be especially beneficial for improving air quality by targeting pollutants

that are challenging to capture.

D’addio et al. [86] conducted an experimental study under the background

of marine diesel engine emission control. They highlighted the advantages of a
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wet electrostatic scrubber compared to other PM removal methods. their results

showed that particle abatement efficiency increases dramatically when spray and

particles are both charged with opposite polarities. if either the spray or the

particles are not charged, the abatement efficiency does not change significantly.

Tests were carried out in various conditions, which are wet scrubber, charged

droplet and opposite polarities charged droplet and particles respectively [10].

Besides, Hirotsugu Fujita and his team [78] investigated the diesel particulate

matter (DPM) emission control of marine diesel engines and conducted experi-

ments on electrostatic water-spraying scrubber, using both fresh water and sea-

water. Based on the numerical and experimental results, it can be concluded that

the efficiency of particle removal is significantly higher when both particles and

droplets carry opposite charges. However, it may be difficult to generalise the

results due to variations in operating conditions and scrubber gas characteristics

used in the experiments.

The basic mechanism of a WES is capturing these small-size particles, even

micron particles, by spraying charged droplets and applying electric forces to at-

tract oppositely charged particles. Then, the droplets and settled particles are

removed from the scrubber through a process of drainage or flushing. Diesel par-

ticles are mainly solid carbon (41%), unburned lubricant (25%), sulphate/water

(14%) and other ash and unburned contents, which account for less than 20% of

the DPM [30–32]. Zhou et al. [87,88] investigated the influence of fuel properties

and particle size distributions on particle emissions from marine diesel engines.

These investigations found that different types of diesel fuel oil influence the spe-

cific emissions of total PM and its composition. Additionally, droplet size was

found to be a critical parameter influencing the efficiency of particle capture.
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However, in the current body of literature, there exists a noticeable paucity

of comprehensive and rigorous scientific elucidations regarding the phenomena of

charged particles being captured by charged droplets within a gaseous flow field.

This gap is primarily due to an underdeveloped comprehension of the intricate

interplay among the governing parameters of this process. Consequently, the

primary objective of this research is to clarify the mechanism underlying the

movement of charged particles that are captured by charged droplets, and to

develop a comprehensive scientific framework for the WES technology. Since

the shipping industry significantly contributes to global emissions and with the

introduction of stricter regulations on ship emissions, it is vital to understand how

WES technology can be adapted for marine use. Optimising this technology for

maritime applications is crucial for effective PM emission control. Additionally,

this research can help ensure operational efficiency in the face of unique challenges

presented by marine environments, such as high humidity and limited space,

which can affect the performance of WES.
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Adopted approach and

innovations

3.1 Approach adopted in this work

The chapter briefly describes the approach adopted to achieve the aims and

objectives of this research work. The mind map of the complete approach is given

in Fig. 3.1, which broadly comprises of three main flows. Those approaches were

adopted to help study the movement mechanism of charged particles captured

by charged droplets. The first one is to learn the theoretical mechanism of the

particle motion process. A connection between the electrostatic field and the

flow field could be established in theory to describe the particle motion process.

The second one is to develop a numerical system to describe the particle motion

process when captured by a droplet under the existence of an electrostatic field.

The third one is to develop an experiment to watch the particle movement before
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Figure 3.1: Mind map of the approach adopted.

when arriving at the droplet under the electrostatic field.

3.2 Innovations of this work

Compared to previous work reviewed in chapter 2, the innovations of this

work can be outlined as follows:

• Developed a novel approach that combines electric and fluid flow fields to ef-

fectively address complex two-phase flow problems, particularly in scenarios

involving charged particles and droplets.

• Provided a comprehensive and novel mathematical model describing the
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mechanism of charged particle motion and capture by a charged droplet

within a gas flow field, enhancing understanding of particle-droplet interac-

tions under electrostatic forces.

• Developed an integrated numerical co-simulation model combining ANSYS

Fluent and MATLAB, specifically designed to simulate and analyze the

particle motion process in a gas flow field around a droplet under the influ-

ence of an electrostatic field, enabling more accurate predictions of particle

behavior.

• Designed a novel experimental setup to observe and quantify the particle

motion process upon approaching the droplet surface in a gas flow field

under the influence of an electrostatic field, providing empirical validation

for the theoretical and simulation models.

3.3 The advantages of WES technology

The WES is an advanced technology designed to remove fine particulate mat-

ter, aerosols, and gaseous pollutants from industrial exhaust streams and emis-

sions. This system combines the features of a wet scrubber and an electrostatic

precipitator to enhance pollutant removal efficiency. Compared to other tech-

nologies, the WES presents a balanced solution that effectively captures particles

while optimising energy and water usage, minimising pressure drop, and conserv-

ing space [89].

Figure 3.2 gives an overview of the process flow and the basic components of

a WES, illustrating how it cleans the exhaust gases. In this type of scrubber,

52



Chapter 3. Adopted approach and innovations

Figure 3.2: An example of WES with counter-current gas flow.

the gas stream flows through a scrubber tower that contains a liquid film or

droplets that are charged with high voltage electrodes. Before the polluted gas

stream enters the scrubber, it passes through an area with charged electrodes.

These electrodes impart a charge to the particulate matter within the stream. As

the gas stream passes through the WES, the charged liquid droplets attract the

oppositely charged particles in the gas stream due to electrostatic forces. The

electrostatic force plays a crucial role in the particle capturing efficiency of the

vessel WES, as it increases the capture efficiency of the scrubber by attracting

more particles to the charged liquid droplets. Researchers have made diligent

efforts to apply this technology to shipping exhaust.

Not only the highly efficient at capturing fine particles, but WES also has
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several advantages when it comes to removing fine PM and aerosols from marine

applications. The system can handle a variety of pollutants, including both PM

and gaseous pollutants in one step, which can be more cost-effective than using

separate systems. Besides, the system operates with a relatively low pressure drop

across the system, which can lead to energy savings. They often require less space

than other control systems with similar capacities. These benefits make WES a

valuable tool for maritime industries seeking to comply with emission regulations

and improve air quality. However, they do require careful design and operation

to ensure optimal performance and handling of the resultant wastewater.
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Chapter 4

Mathematical model

development

4.1 Introduction

To reduce PM emissions from marine diesel engines that cannot be removed

using conventional methods efficiency, a wet electrostatic scrubber appears to be

highly effective. The efficiency of WES largely hinges on the intricate motion

of particles within the scrubbing process. Understanding how these particles

interact with electric fields and liquid droplets is key to enhancing the efficacy

of pollutant removal. Establishing the mathematical model describing particle

motion in WES presents unique challenges, such as accurately representing the

interactions between charged particles, electric fields, and fluid dynamics within

the scrubbing medium.

This chapter aims to outline the development of a comprehensive mathe-
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matical model that captures the complex dynamics of particle motion in WES,

addressing both theoretical and practical aspects. Firstly, the moving model of

a particle in a gas flow field is illustrated. In this section, the effect of elec-

trostatic force is combined into the function. Then consider about the gas flow

field distribution around droplets, the gas flow velocity distribution around the

droplet is clarified. At last, through combing the effect of electrostatic field, the

particle movement and the specific flow field around droplets, the defined math-

ematical model to describe the particle movement in WES could be conducted

and solved. This study explores the fundamental principles governing particle

behaviour in WES, establishing a mathematical model contains multi field and

multiphase that describe these processes. Developing an advanced mathematical

model for particle motion in WES not only contributes to learning the particle’s

motion characteristics but also contributes to more effective air pollution control

strategies.

4.2 Theoretical model assumptions

Before implementing this technology on boats, a thorough understanding of

the theoretical mechanism of particle and droplet transport is essential. Electro-

hydrodynamics are utilised in the mechanics study of particle capture by charged

droplets. For the theoretical model, there are some assumptions:

• Ideal steady incompressible viscous flow field.

• Laminar flow field.

• Black carbon particle and droplet are both single solid spherical particles.
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• The droplet is static in the flow field, the movement of particle in the flow

field around the liquid droplet are the main target considered in this study.

• The direction of gas flow and particle movement is vertical upward.

Figure 4.1: Forces acting on the particle and flow field near the droplet.

Analysing the forces acting on charged particles captured by charged droplets

is a necessary step to understanding their movement characteristics. This pre-

liminary analysis is crucial before establishing the equations that govern their

motion. Figure 4.1 shows the analysing work that conducted about forces acting

on the particle and flow field near the droplet. For this part, an investigation

is conducted under the setting of the particle moving in the vertical direction.

Without considering about the motion of droplet, the particle moves upwards

with the gas in the vertical direction and as shown in Fig. 4.1 the direction of
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gravity is vertically downwards.

4.3 Particle motion mechanism

For a particle in fluid, gravity, added mass force, Basset force, thermophoresis,

drag force, and Brownian force should be all taken into consideration, as shown

in Fig. 4.1. Besides these common forces, because the particle and droplet are

both electrified, electric force is the dominant force that exits in this research

condition. The electronic force considered here is the Coulomb force, since it has

much more effect than particle image force when the particle and droplet are both

charged [86]. Therefore, a vector differential equation can be used to describe the

motion of a small-scale particle in an electric fluid field.

mp
dvp
dt

= Fg + Fbuo + Fadd + Fd + FBasset + Fth + FBrownian + Fe (4.1)

where mp is the mass of a particle, vp is the velocity of a particle, Fg, Fbuo,

Fadd, Fd, FBasset, Fth, FBrownian, Fe are the gravity, buoyancy, added mass force,

drag force, Basset force, thermophoresis force, Brownian force and Electrostatic

force, respectively. Particles are suspended and move with the gas flow at the

same velocity by default when there is no additional force. Thus, gravity and

buoyancy can be ignored simultaneously.

The added mass force in Eq. 4.1 is given by the following:

Fadd =
1

2
ρfVp(

du

dt
− dvp

dt
) (4.2)
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where ρf is the density of gas fluid, Vp is the volume of particle, and u is the

velocity of flow field. In this study, the magnitude of density ratio of gas and

particle is 10−3 approximately, as shown in Tbl. 5.1. Their velocity magnitudes

are in the same order in this research. Thus, the impact of added mass force is

not considered.

The drag force in the Eq. 4.1 can be written in the following form:

Fd = 3πµdp(1 +
3

16
Re)(uf − vp) (4.3)

in which µ is fluid viscosity, dp is the diameter of particle, ρp is the density of the

particle, Re =
ρfdp(uf−up)

µ
is the Reynold number. The Basset force exists when

the particle moves in an unstable flow field, which is not the condition in this

model assumption. Thus, this force is not considered in this study. The force can

be described as follows:

FBasset =
3

2
dp

2(πρfµ)1/2
∫ t

t0

(t− t′)
1
2 (

duf

dt
− dup

dt
)dt′ (4.4)

in which t is the time period of the particle moving.

The thermophoresis force can be written in the form as follows [90]:

Fth = 1.15
Kn

4
√

2α(1 + π1

2
Kn)

[1 − exp(− α

Kn

)](
4

3π
ϕπ1Kn)1/2 · k

d2p
∇Td2 (4.5)

where Kn = 2λ/d is the Knudsen number, k is the Boltzmann constant, and

ϕ = 0.25(9γ − 5)
Cv

R
(4.6)

in which R = 287 J/kgK, where R is the fluid constant. Cv = 718 + 0.1167ρf
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J/kgK, where Cv is the constant volume specific heat. γ=1.4, where γ is the

specific heat ratio.

α = 0.22[
π
6
Φ

1 + π1

2
Kn

](1/2) (4.7)

and

π1 = 0.18
36
π

(2 − Sn + St)
4
π

+ Sn

(4.8)

where Sn and St are the normal and tangential movement accommodation coef-

ficients. This thermophoresis force exists when the temperature difference exists

between the gas flow field and the droplet.

The Brownian force effect is quite negligible when compared with the electrical

force and drag force effect.

The electrostatic force can be given out in the form proposed by A. Jaworek

[91]:

Fe =
QpQc

4πε0r2
+

rpQ
2
c

4πε0r3
(r4/(r2 − r2p)2 − 1) +

rcQ
2
p

4πε0r3
(1 − r4

(r2 − r2c )2
) (4.9)

where Qp and Qc are the charges on the aerosol particle and droplet, respec-

tively, r is the distance between the particle and the droplet centre, and ε0 is

the permittivity of the free space. The first term on the left in the equation

represents the Coulomb force and the other two terms represent Image force.

The main electrostatic force considered here is Coulomb force, since it has much

more effect than particle image force when the particle and droplet have opposite

charges [86].
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The expression of the particle movement can be concluded as follows:

mp
dvp
dt

=3πµ dp (1 +
3

16
Re)(uf − vp)

+ 1.15
Kn

4
√

2 α(1 + π1

2
Kn)

[1 − exp(− α

Kn

)](
4

3π
ϕπ1Kn)1/2

k

d2p
▽ Td2

+
QpQc

4πε0r2
+

rpQ
2
c

4πε0r3
(

r4

(r2 − r2p)2
− 1) +

rcQ
2
p

4πε0r3
(1 − r4

(r2 − r2c )2
)

(4.10)

This function can be used to describe the particle motion process when the

flow field, electrostatic field, and temperature field exist.

4.4 Air flow field distribution

According to the analysis of forces on the particle motion, as shown in Fig.

4.1, particle moving characteristic is affected by the surrounding gas flow field

distribution. This motion mechanism coupled particle velocity, gas flow field

velocity, particle position, and also the electrostatic field strength in our research.

Thus, a coupled mathematical model is needed to describe the particle-droplet

intersection motion characteristics under the condition of an electrostatic field.

In this study, the steam function φ is utilised to obtain the velocity distribution

around a sphere droplet. The equations are as follows:
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
▽2 φ = 0 (in flow field)

∂φ

∂r
= 0 (on the surface of droplet)

∂φ

∂r
= v0 cos θ,

∂φ

r∂θ
= −v0 sin θ (at infinity)

(4.11)

After derivation, the velocity distribution can be described as follows:

vr =
∂φ

∂r
= v0 cos θ (1 − r2c

r2
) (4.12)

vθ =
1

r

∂φ

∂θ
= −v0 sin θ (1 +

r2c
r2

) (4.13)

The function 4.12 and 4.13 describes the gas flow velocity distribution around

a sphere, where vr represents the radial velocity component and vθ represents the

angular velocity component. For the research work of this article, the value of θ

is set to 0.

4.5 Derived Mathematical Model for particle mo-

tion in WES

The velocity of the gas flow field surrounding a particle can be determined

based on the distance between the particle and the droplet. Using simultaneous

equations of the air velocity distribution around the droplet and the particle

motion equation, a mathematical model can be obtained to describe the motion

of a charged particle around an oppositely charged droplet in a gas flow field. The
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mathematical model is presented in Eqs. 4.14 to 4.16. By determining the motion

characteristics of particles in the flow field around the droplet, the mechanism

behind the capture of small-scale particles by electrostatic liquid droplets can be

explained in detail.

For this study, the temperature parameters were selected at a fixed temper-

ature of 80◦C. Therefore, the effect of thermophoresis force resulting from tem-

perature variations was not taken into consideration in this research. Thus, this

study firstly mainly considers the drag force, FD, and the electrostatic force, FE,

specifically the Coulomb force, as the predominant forces acting on the particle

based on the theoretical model proposed in this thesis.

mp
dup

dt
= −3πµdp(1 +

3

16
Re)(uf − up) +

QpQc

4πε0r2
(4.14)

uf = u0cosθ(1 − r2c
r2

) (Gas flow field around sphere droplet) (4.15)

Relationship of a particle or a droplet saturation charge Q with E and d:

Q =
3εr

εr + 2
πε0d

2E (4.16)

where d is diameter, εr is the relative dielectric constant, ε0 is the dielectric

constant of vacuum whose value is 8.8510−12 F/m, and E is electric field strength,

which value is ranged from 10 kV to 30 kV according to the ESP utilisation [92].
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The ultimate charge of a liquid droplet is known as Rayleigh limit [93]:

Qdc = 8π(ε0σc rc
3)(1/2) (4.17)

where σc is surface tension of droplet, which value is 71.95 × 10−3N. For

the condition shown in Tbl. 5.1, the value of Qdc is 6.342 × 10−10. When the

electrostatic field strength is 10 kV, the droplet charge Q is 3.256× 10−12, which

is much less than the value of Qdc. The value Reynolds number of the particle in

the gas flow field is:

Re =
ρfdp(uf − up)

µ
= 0 − 5.23 (4.18)

4.6 Summary

A mathematical model, describing the particle motion process in the gas flow

field in one WES, is developed in this chapter. In the mathematical model, the

electrostatic effects are introduced into the equations of particle motion in the

fluid, and then coupled with the flow field distribution characteristics around the

spherical droplet for a combined solution.

The description of particle motion is based on the classic BBO (Boussinesq-

Basset-Oseen) equation, which is used for describing the motion of a small spher-

ical particle in a viscous fluid [94–96]. Through force analysis, the electrostatic

force is added into the particle motion equation. The electric field strength is

considered into the model which is directly adapted to practical application. In
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the particle motion equation, the fluid factors are relative to the particle position

in the flow field around the droplet. The flow field distribution is affected by the

droplet features.

Thus, the mathematical model is coupled with the particle motion equation

and the flow field distribution equations around a spherical droplet. During the

solving process, the fluid factors around the particle is dependent on the particle

position, while the position of the particle is associated with the particle motion

process. Thus, the mathematical model is solved by iterative calculations with

the method of 4-th order Runge-Kutta method.
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Characteristics of particle motion

process

5.1 Introduction

Through the analysis of the mathematical model in chapter 4, especially con-

sidering Eq. 4.14 which describes the particle motion process combined with the

effect of an electrostatic field, there are varied conditions that could influence the

particle motion. This chapter aims to systematically investigate the influences

on the particle capture process.

In this chapter, parametrisation research of Eq. 4.14 is conducted, enabling a

comprehensive analysis under varied conditions. Specifically, we focus on exam-

ining the impact of electric field strength, particle size, and droplet size on the

behaviour of charged particles. This approach allows us to gain detailed insights

into the characteristics of particle movement influenced by different factors. The
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complexities of these interactions between gas flow field, electrostatic field and

particle movement are addressed through computational analysis, employing the

4th order Runge-Kutta method for solving the Eqs. 4.14 to 4.16. This methodi-

cal examination promises to deepen our understanding of the electrostatic effects

on particle dynamics in the given context. Parameters chosen when solving the

equations are listed in Table 5.1. The angle (θ) of the particle moving towards

the droplet is set to 0 to simplify the equation solving.

Table 5.1: Model properties.

Droplet radius/ rc 0.1 mm, 0.5 mm, 1 mm, 2 mm

Particle radius/ rp 5 µm, 10 µm, 20 µm, 50 µm

Density of particle/ ρp 1.05 × 103 kg/m3

Density of gas fluid/ ρf 1.019 kg/m3

Dynamic viscosity of gas fluid/ µ 1.948 × 10−5 Pa · s

Inlet velocity of flow field/ u0 5 m/s

Vacuum dielectric constant/ ε0 8.85 × 10−12 F/m

Relative dielectric constant (particle)/ εrp 30

Relative dielectric constant (droplet)/ εrc 81.5

5.2 Effect of electrostatic field strength

Firstly, particle moving characteristics are compared when electric force exists

or not. In the process of the theoretical calculation, the particle was defined as

moving towards the vertical axis of the droplet. In this research, collision and

rebound were not considered. The droplet radius (rc) was 1 mm. When the

distance between a particle and the centre of a droplet is less than 1mm, it is
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considered that the particle has been captured by the droplet theoretically. The

initial distance between a particle and the centre of a droplet is set to 6 mm here,

which means the distance between the particle and the surface of the droplet is

5 mm.

The distance in the figures represents the distance between the particle and

the droplet surface. When t= 0 ms, the distance represents the initial distance

of the particle in the flow field around the droplet. When the distance is equal

to 0 mm, that represents the particle reaches the droplet surface. The initial

particle velocity equals the flow velocity of the particle initial position in the

flow field. The trends of distance between the particle and droplet surface, with

and without an electric field, are shown in Fig. 5.1. The Y-axis represents the

distance from the particle to the droplet surface. It can be seen from the figures

that the changing trend of the two curves is generally similar when the electric

field exists or not. That means the times of particles reaching the droplet were

almost the same under these two conditions, whose value is approximately 1.05

ms as shown in Fig. 5.1.
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Figure 5.1: Trend of distance change with and without electric force when
droplet radius is 1 mm and particle radius is 10 µm.
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Figure 5.2: Trend of velocity change with and without electric force when
droplet radius is 1 mm and particle radius is 10 µm.
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As for the trend of the particle velocity, it can be illustrated from Fig. 5.2

that the electrostatic force can help increase the velocity of particle when it moves

close to the droplet. The velocity difference was 0.028 m/s or 28 mm/s before

the particle was captured by the droplet.

To verify the influence trend and extent of each factor, different electric field

strengths, droplet radii and particle radii are defined when solving the equations.

Thus, a series of trend changes in distance and velocity can be concluded.

It can be seen from Fig. 5.3, that the particle starts 5 mm away from the

droplet, with an initial velocity of approximately 4.85 m/s. The different lines (0

kV, 30 kV, 50 kV, 100 kV) show that stronger electric fields result in a greater

velocity, particularly as the particle approaches the droplet. Focusing on the final

approach, just before the particle approaches the droplet surface, under different

electric fields, the velocity at 1.05 ms varies slightly depending on the electric

field applied. With a strong electric field (cyan line, E=100 kV), the velocity

remains higher at 4.3007m/s. Without a field (red line, E=0 kV), the velocity

is reduced to 4.27237 m/s. The difference between these different electric field

strengths is 2.57 mm/s, 4.5 mm/s, and 21.28 mm/s respectively. In summary,

this figure shows that although the drag force is the dominant factor over the

5 mm distance, the electrostatic field reduces particle deceleration, particularly

in the final stage of its motion (close to the droplet surface). This subtle but

significant effect becomes more apparent as the electric field strength increases.
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Figure 5.3: Trends of velocity under different electric field strength when droplet
radius is 1 mm and particle radius is 10 µm.
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Figure 5.4: Magnitude comparison of drag force and electric force when droplet
radius is 1 mm and particle radius is 10 µm.

Then the magnitude of drag force Fd and electrical force Fe was compared

in Fig. 5.4, when the electric field strength was 100 kV. The magnitudes are

presented using a logarithmic scale to show their magnitudes more clearly. It

can be seen that the magnitude of the electric force was far less than that of the

drag force even though the electric field strength was 100 kV. Therefore, simply

improving the electrostatic field strength will not influence the particle motion

process obviously. Even though the drag force is much larger than the electric

force, the particle still moves toward the droplet because the electric force is

attractive and acts continuously over time. The drag force, while resisting motion,

does not push the particle away but only slows it down. Hence, the electric force

is still effective in guiding the particles toward the droplet despite the larger drag

force.
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5.3 Effect of particle size

Figures 5.5 and 5.6 depicts the time history curve of particle displacement

of particles of different sizes (5 µm, 10 µm, 20 µm, and 50 µm) under identical

electric field strength (20 kV). The result indicates that larger particles are easier

to capture by the droplet. In Fig. 5.5, the 50 µm particle reaches the droplet’s

surface more rapidly than other particles. The capture time of the 50 µm particle

is 1.028 ms approximately, while the capture time of the 20 µm particle is 1.035

ms, of 10 µm is 1.051 ms, and of 5 µm is 1.103 ms. From this figure, it can be

concluded that when the particle of 50 µm radius reaches the droplet surface, the

particle of 5 µm radius is 0.25 mm away from the droplet surface.

In Fig. 5.6, the velocity of particles decreases with time as the particles move

closer to the droplet. Before the particles were captured, the particle velocity of

50 µm is much greater than that of 5 µm. It is annotated in Fig. 5.6, and the

difference in particle velocities of different sizes is obvious. For the particle size

below 10 µm, when the particle radius decreases by 50%, from 10 µm to 5 µm,

the particle velocity of reaching the droplet surface decreases by 30.28%. For

particle sizes beyond 10 µm, the velocity is still over 4 m/s before arriving at

the droplet surface. When particle radius decreases from 20 µm to 10 µm, the

change in radius is large, but the particle velocity reaching the droplet surface

only decreases by 9.01%. Under this condition, particles can maintain their high

velocity upon reaching the surface of the droplet, thereby significantly enhancing

the efficiency of particle capture [97]. This indicates that under the electrostatic

field condition, for particle size beyond 10 µm, the influence of particle size is not

obvious. Thus, the electrostatic effect was much greater for larger particles.
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Figure 5.5: Trends of distance change under different particle diameters when
droplet radius is 1 mm and electric field strength is 20 kV.
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Figure 5.6: particle velocity changes with time under different particle diameters
when droplet radius is 1 mm and the electric field strength is 20 kV.

5.4 Effect of droplet size

Figures 5.7 and 5.8 present the results of particles’ movement with different

droplet sizes (0.1 mm, 0.5 mm, 1 mm, and 2 mm) under identical electric field

strength (20 kV). The time when these particles arrive at the droplet surface are

1.021 ms, 1.031 ms, 1.051 ms, and 1.097 ms, respectively. Comparing the results

in Fig. 5.7, the distance between the particle and the droplet decreases over time

for all droplet diameters. The curves are linear initially, indicating a constant

velocity, but then they start to curve as the distance decreases, indicating a

reduction in velocity.
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Figure 5.7: Distance between particle to the droplet surface changes with time
under different droplet diameters when particle radius is 10 µm and electric field
strength is 20 kV.

77



Chapter 5. Characteristics of particle motion process

As shown in 5.7, when the distance is 0 m, that means the particle reaches

the droplet surface. For larger droplets (rc=2mm and rc=1mm), the distance de-

creases more gradually compared to smaller droplets (rc=0.5mm and rc=0.1mm).

This implies that particles approaching larger droplets slow down earlier and more

gradually than those approaching smaller droplets. From this figure, it can be

found that when a particle reaches the droplet surface of 0.1 mm radius, the par-

ticle is 0.3 mm away from the droplet surface of 2 mm radius. It can be concluded

that smaller droplets can attract the particle more quickly.

Figure 5.8: Particle velocity changes with time under different droplet diameters
when particle radius is 10 µm and electric field strength is 20 kV.

Figure 5.8 shows that the size of droplets has a significant impact on particle

velocity. When the droplet size is small (radius is 0.1 mm), the particle keeps

moving at a relatively high speed before arriving at the droplet surface. As shown

in Fig. 5.8, at the moment attracted by the droplet, the particle velocities are

4.86 m/s, 4.58 m/s, 4.27 m/s, and 3.75 m/s respectively when droplet radii are
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0.1 mm, 0.5 mm, 1 mm, and 2 mm. This implies that when droplet size decreases

by 50% from 2 mm to 1 mm, the final particle velocity increases by 13.85%.

When droplet size decreases by 50% from 1 mm to 0.5 mm, the final particle

velocity increases by 7.26%. The increase in final particle velocity is significant

with the decrease in droplet size. Figure 5.9 illustrates the ratio of drag force

to electrostatic force acting on a particle in the present research work. This

figure helps explain the results analysed regarding the relationship between the

FD/FE and rc/rp. The four cases presented correspond to the same position (r

= 0.0001 mm) near the droplet surface. The results suggest that droplet size has

an influence on the velocity distribution of the gas flow field around the droplet.

Simultaneously reducing the droplet size can lead to a diminished impact of the

drag force. While this reduction also lessens the influence of the electrostatic

force, it’s important to note that the drag force plays a more dominant role in

the particle motion process as shown in section 5.2. Consequently, a decrease in

droplet size can effectively facilitate the accelerated capture of particles.
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Figure 5.9: Drag Force to Electrostatic Force Ratio (FD/FE) as a Function of
Droplet to Particle Size Ratio (rc/rp)

5.5 Effect of particle density

The specific particle density emitted from marine diesel engines can vary

widely depending on the type of engine, the fuel used, operating conditions, and

the presence of emission control technologies. The true density of carbon particles

is approximately between 1.7 and 1.9 g·cm−3. But normally the carbon particles

emitted from marine diesel engines may form agglomerated structures. The car-

bon particles often have a high porosity because of the air spaces between the

particles. Thus, the bulk density of the emitted particles is much lower than their

true density, potentially a few hundred kilograms per cubic meter (kg/m3) [98,99].

This parameter may play a crucial role on the particle motion process in the

WES. Taking the particle density in the range of 0.1 g·cm−3 to 1.5 g·cm−3 as
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Figure 5.10: Particle velocity distribution of different particle densities.

an example, the variations in their motion characteristics under different particle

densities are compared. It’s noticeable in Fig. 5.10 that for all particle densities,

the velocity decreases as the particles approach the droplet surface. The final

velocities of the particles at the droplet surface are shown on the graph by the

points at the vertical axis (0, Velocity). The particles with the highest density

(1.4×10³ kg/m³) decelerate to a velocity of approximately 0.069 m/s, while the

lowest density particles (0.145×10³ kg/m³) come to a near stop at the droplet

surface with a final velocity closest to zero. The trend indicates that despite

starting at higher velocities, heavier particles (higher density) slow down more

significantly than lighter ones as they reach the droplet surface. This could be

due to the increased momentum of the heavier particles making them more sus-

ceptible to the electrostatic force. This analysis suggests that particle density

has a direct correlation with the ability of particles to retain their velocity as

they approach the droplet surface. This is crucial for applications where particle
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capture efficiency is important.

In practical applications, the density of particles emitted under actual oper-

ating conditions can be determined by effective measurement methods [98]. This

parameter can then be used to accurately calculate and simulate the movement

of particles in a WES.

5.6 Summary

There are several key factors that can affect the particle motion process un-

der the presented fields. To evaluate the effectiveness of those factors, the motion

characteristics were calculated by solving the mathematical model by changing

one of those factors. Four factors were mainly considered in this thesis research.

They are electrostatic field strength, particle size, droplet size, and particle den-

sity.

To evaluate the effect of electrostatic field strength, particle movement char-

acteristics are calculated when electrostatic field exists and not and also several

electrostatic field strengths. The results show that the movement of particles

could be affected when there is an electrostatic field, and the velocity when the

particle arrives the droplet is increased. But when changing the electrostatic field

strength, the change in particle movement is not obvious, since the drag force is

still dominant in the particle motion process. Thus, a proper electrostatic field

strength range is supposed to be defined in follow-up research work.

When comes to the effect of particle size and droplet size, the results showed

that the electrostatic effect is much greater for larger particles. The effect of

82



Chapter 5. Characteristics of particle motion process

particle size is different for the range of particle radius. Under the electrostatic

field condition (20 kV), for particle size beyond 10µm, when particle radius de-

creases by 50%, the particle velocity of reaching the droplet surface decreases by

9.01%. While the particle radius is below 10µm, the particle velocity of reaching

the droplet surface decreases by 30.28% when particle size decreases by 50%. Be-

sides, the droplet size has a great influence on the particle motion characteristics.

Results in this thesis show that when droplet size decreases by 50%, the particle

velocity at the droplet surface increases by 7.26% to 13.85%. Thus, decreasing

the droplet size can help improve the collection effect. Thus, the larger particle

and the smaller droplet can help increase the particle movement when particles

moving to the droplet under the effect of electrostatic field.

Besides, when studying about the effect of particle density, the efficiency of

particles capturing under the electrostatic field condition can be determined by

the characteristics of the PM emission. Thus, it would be accurately when cal-

culating and simulating the movement of particles in a WES with the accurate

PM emission parameters.
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Chapter 6

Co-simulation of Ansys fluent

and MATLAB for particle

motion around a sphere droplet

6.1 Introduction

In the ever-evolving landscape of computational fluid dynamics (CFD), the

integration of robust simulation tools like Ansys Fluent with powerful compu-

tational platforms such as MATLAB presents unparalleled opportunities for ad-

vanced analyses. This chapter delves into the intricate world of particle motion,

specifically around spherical droplets under the condition of the electrostatic field,

through the lens of co-simulation using Ansys Fluent and MATLAB. This syn-

ergy of software tools opens up new avenues for precision, efficiency, and depth

in understanding particle dynamics. The simulation results can provide a much
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more intuitive understanding of the motion characteristics of particles around

droplets under the influence of the electrostatic field.

Ansys Fluent, renowned for its detailed CFD capabilities, offers a comprehen-

sive framework for simulating fluid flow and interactions with particles. When

coupled with MATLAB’s extensive data analysis, the combined power of these

tools enhances our ability to investigate complex physical phenomena with greater

accuracy.

This chapter first introduces the process framework of the simulation. In

Fluent, conditions are set and initialised for the flow field around the droplet.

Then, in MATLAB, a connection with Fluent is established through code. This

allows for the calculation of particle motion using the flow characteristics around

the particle, and the results are then fed back into Fluent for simulation. The

entire process involves iterative calculations until the particles reach the surface

of the droplet. Then, the development of the model within Fluent is presented in

this part, including the generation of overset meshing. Finally, the chapter con-

cludes with an analysis of the simulation results, comparing them with theoretical

solutions to validate and contextualise the findings in this work.

6.2 Co-simulation mechanism

For the simulation of the particle moving process, in this study, a co-simulation

approach using ANSYS Fluent and MATLAB is employed to realise a coupled

simulation of the flow field and electrostatic field. The flow field distribution

around the particle and the droplet obtained from the ANSYS Fluent simulation
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is combined with particle movement models that take the presence of electrostatic

fields into account.

The flow chart of the computational procedures for the co-simulation ap-

proach is shown in Fig. 6.1. As shown in this figure, running the command code

in MATLAB realises the initialisation of Fluent, and reading data from the mon-

itoring points. The monitoring points are points chosen around the particle and

move with the overset system. Overset meshing involves creating multiple, over-

lapping meshes that cover different parts of the computational domain. These

meshes are allowed to overlap with each other, and the solution is interpolated

between the meshes in the overlapping regions. This approach is particularly

useful for modeling moving parts within a fixed background mesh without the

need for re-meshing and allowing localized mesh refinement by using finer meshes

in regions of interest without affecting the global mesh. In the computational

procedures, the velocity of the monitoring point, which represents the flow field

velocity at the particle’s position, is read into MATLAB for the calculation of

particle movement in MATLAB. While solving the particle movement equation,

besides basic movement laws of sphere particles in a flow field, the function of

electrostatic force was added to the computational process. Then a description of

particle motion at this moment in a gas flow field under the action of a charged

droplet in an electrostatic field was obtained. A user-defined function (UDF) is

employed to incorporate the effects of electrostatic fields into the simulation pro-

cedure. However, the MATLAB solution needs to be converted to C language,

which could be recognised by Fluent, before being written into the UDF file.

Then the motion UDF was compiled in Fluent software to complete the particle

moving simulation. The next step is judging whether the particle is captured by

the droplet after simulating under a given time step size. If not, the updated flow

86



Chapter 6. Co-simulation of Ansys fluent and MATLAB

Figure 6.1: Flow chart of the computational procedures for the co-simulation
approach.

field data of the monitoring points were rewritten into MATLAB to complete the

next iteration. Iterative computation was finished when the particle arrived at

the droplet surface. Thus, the simulation of a particle moving towards to droplet

under the acting of an electrostatic field was obtained.
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6.3 3-D model development

The particle moving numerical model in a wet electrostatic scrubber is shown

in Fig. 6.2. The model consists of a cylindrical flue gas channel (100mm×⊘50mm),

a flue gas inlet and an outlet at both ends of round-through. Detailed design

parameters of the model are presented as the properties in Tbl. 5.1. Gravity

direction is the opposite direction of X-axis. During the simulation, it was found

that the effect of electrostatic force is not obvious when the particle was far from

the droplet. Thus, the initial distance between droplet and particle was defined

as 6 mm in this simulation model.

Figure 6.2: Coupled motion model of particle and droplet for simulation.

Figure 6.2 shows the general configurations of the boundary conditions. The

inlet velocity was set at the upstream inlet boundary, the below surface of the
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tube. Here the fluid material that fully filled the tube was air, whose parameter

is the same as flue gas, as shown in Tbl. 5.1. Material of droplet is defined as

solid without considering its movement and deformation.

Figure 6.3: Illustration of the particle overset mesh.

Since the model is a rotationally symmetrical structure, to improve the calcu-

lation accuracy and operation efficiency, only a quarter of the model is considered

in the simulation. According to the mainstream and flow field distribution, the

model mesh was divided into several parts and locally refined as well, as shown

in Fig. 6.2. The particle moving simulation is based on an advanced overset

moving grid method that accurately considers the local and global motion of a

three-dimensional wet electrostatic scrubber. The overset mesh system consists

of the background mesh, which is the whole computational fluid domain, and

the refined overlapping meshes. In the present study, as shown in Fig. 6.3 a

sphere overset mesh was designed outside the particle to compute the flow field

distribution around the moving particle.
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6.4 Co-simulation results

In the co-simulation of flow field distribution in the cylindrical flue gas channel

around a solid sphere, the model used is the standard k-epsilon viscous model.

The kinetic energy and turbulent dissipation rate equations are both first-order

upwind. The particle movement is simulated by adding the motion function on

the overset mesh. The motion function, which takes the electrostatic force into

consideration, is solved in MATLAB and then written into a UDF file. Figure 6.4

shows a contour plot of the velocity magnitude when the particle is approaching

the droplet. It can be seen in this figure, under the presence of electrostatic

effect, the velocity of the particle is much greater than that of the surrounding

flow field when the particle approaches the droplet surface. Through changing

certain model parameters and electrostatic field strengths, simulation results of

particle moving characteristics under some features were concluded.

Through the method of co-simulation of ANSYS Fluent and MATLAB, the

entire process of a charged particle moving towards the charged droplet in a fuel

gas flow field under the effect of electrostatic force can be described. In the

meanwhile, the influence of some features on the movement characteristic can be

observed by changing the corresponding parameters during simulation.

Referring to the theoretical results, moving processes of different particle sizes

and droplet sizes under electrostatic field strength of 20 kV were simulated in this

section. Fig. 6.5 demonstrates the velocity change trend with the time of different

particle radii (10 µm, 20 µm, 50 µm). Comparing with the mathematical result,

a consistent conclusion is obtained that the larger the particle, the greater its

velocity will be before being captured. Meanwhile, the velocity of particle is zero
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Figure 6.4: Contour plot of the velocity magnitude when the particle is ap-
proaching the droplet when droplet radius is 1mm and particle radius is 10 µm
and electric field strength is 20kV.

when it arrives at the droplet surface in simulation. Thus, the time when velocity

equals zero means the particle arrives at the droplet surface. In Fig. 6.5, under

the same movement conditions, for particles with radii of 10 µm, 20 µm, and 50

µm, the lengths of time for them to reach the surface are 1.079 ms, 1.031 ms,

and 1.010 ms respectively. The results show that the larger particles are captured

faster than the smaller ones under the effect of electrostatic force.
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Figure 6.5: Comparison of the velocities of particles with different particle radii
when droplet radius is 1 mm.

Figure 6.6: Comparison of the velocities of particles with different droplet radii
when particle radius is 10 µm.
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As for different droplet sizes, the co-simulation results of velocity change

trends are shown in Fig. 6.6. The velocity change tendency of three droplet

sizes (0.5 mm, 1 mm, 2 mm) are basically the same as in Fig. 5.8. The tendency

indicates that smaller droplet shows a better capture effect. For droplet radii of

0.5 mm, 1 mm, and 2 mm, the time for particles to reach the droplet surface is

1.018 ms, 1.052 ms, and 1.121 ms respectively. Meanwhile, the flow field distri-

bution around the droplet is affected by the droplet size. The increase of droplet

size decreases the effect of drag force and increases the effect of electrostatic force.

Thus, the velocity of particle around smaller droplets is greater than that around

larger droplet. Then, the velocity distributions of particle and flow field during

particle motion are conducted when particle sizes are 10 µm and 20 µm. The

change in velocity distribution of the flow field along the particle motion path

during the particle motion process is obtained in simulation. Figure 6.7 shows

the velocity distribution of 0.2 ms, 0.4 ms, 0.6 ms, and 0.8 ms of particle size 10

µm and 20 µm, respectively. The horizontal coordinate represents the position

on the motion path. Zero on the horizontal coordinate is the spherical centre of

the liquid droplet, whose radius is 1 mm. It can be seen in this figure, during

the particle moving process, the velocity difference between the particle and the

gas flow field is increasing as the particle approaches the droplet. Comparing the

velocity distribution of gas flow field of size 10 µm and size 20 µm particles, it

is found that the larger particle has a greater impact on the flow field around

it. This impact is mainly manifested in the reduction of flow field velocity in the

area where the particles pass through.
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Figure 6.7: Instantaneous velocity distribution plots of particle and flow field
when droplet radius is 1 mm and electric field strength is 20 kV.
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6.5 Comparison of simulation and theoretical

results

Comparing the particle velocity change trend in mathematical and simulation

results in Fig. 6.8, the changing tendencies of particle velocity solved in simulation

and mathematical model are compared under the electrostatic field strength of

20 kV. The changing trends in these two results show general consistency. The

difference between these two results in the last part of Fig. 6.8 is mainly because

the influence of the droplet surface on the flow field is ignored in the mathematical

calculation, while the droplet surface is regarded as the wall surface in simulation.

As a result, the velocity is zero when the particle reaches the droplet surface

in simulation, which is not the case in the mathematical calculation. Besides,

the velocity change curve in the theoretical results is slightly lower than that of

the simulation curve. That is because the surrounding gas flow field velocity is

affected by the moving particle, which is ignored in theoretical calculation.
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Figure 6.8: Comparison of simulation and theoretical results under the electric
field strength of 20 kV.

Figure 6.9 shows the velocity distribution around the droplet and moving par-

ticle. It can be seen in this figure that the flow field around the particles is affected

by moving particles. The velocity of particles on the windward side increases and

the velocity on the leeward side decreases. However, in this simulation condition,

the affected area is not large when compared with the droplet size.
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Figure 6.9: Side view of instantaneous velocity magnitude profiles when droplet
radius is 1mm and particle radius is 10 µm and electric field strength is 20 kV.

The mathematical calculation and simulation results under the condition of

20 kV electrostatic field strength are summarised in Tbl. 6.1 and Tbl. 6.2.

Comparing the particle movement characteristics under different particle sizes

and droplet sizes, the conclusions obtained from the previous analysis in this

thesis are more apparent in this table. Besides, the results for the time it takes for

particles to reach the droplet surface in this table are compared in mathematical

calculation and in simulation under the same conditions. The relative error ranges

from 0.4% to 2.6%, and the average error is 1.5%.

97



Chapter 6. Co-simulation of Ansys fluent and MATLAB

Table 6.1: Results of mathematical calculation and simulation of different par-
ticle sizes when droplet radio is 1 mm.

rp (µm) t (ms) ∆ϵ

In theory
10

1.051
2.6%

In simulation 1.079

In theory
20

1.035
0.4%

In simulation 1.031

In theory
50

1.028
1.8%

In simulation 1.010

Table 6.2: Results of mathematical calculation and simulation of different
droplet sizes when particle radio is 10 µm.

rc (mm) t (ms) ∆ϵ

In theory
0.5

1.031
1.3%

In simulation 1.018

In theory
1

1.051
0.9%

In simulation 1.052

In theory
2

1.097
2.1%

In simulation 1.121
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These results indicate that co-simulation results and mathematical calculation

results are basically consistent, which can be used to describe the charged particle

moving characteristics when approaching the oppositely charged droplet in a gas

flow field under the effect of electrostatic effect. Also, particle sizes and droplet

sizes have a significant influence on the particle motion characteristics.

6.6 Summary

To realise the utilisation of WES on marine vessels, the definition and veri-

fication of the theoretical mechanism of this technology are very essential in the

research of this field. This chapter established a co-simulation method to sim-

ulate the particle motion process towards a droplet in the gas flow filed with

the electrostatic effect. Through co-simulation of ANSYS Fluent and MATLAB,

the simulation of the particle motion being captured by droplet is performed,

which verifies the reliability of the mathematical model. Also, the particle mo-

tion processes of different particle size and droplet size are simulated separately.

Meanwhile, the flow field distribution around the particle during the particle

movement can be performed.

The mathematical calculation results and co-simulation results are basically

consistent, which indicates that the two methods are both reliable in describing

the process of a charged particle moving in gas flow field when attracted by

charged droplet. The existence of an electrostatic field can improve the particle

velocity when it approaches the droplet, making the velocity greater than that

of the surrounding flow field. Meanwhile, this effect is much more obvious with

the particle approaching the droplet. Besides, simulation results show that the
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moving particle can affect the surrounding velocity of the gas flow field, which

is ignored in theoretical calculation. This effect becomes more apparent as the

particle size increases.
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Chapter 7

Experiment on particle capture

process

7.1 Introduction

This chapter integrates an experimental approach to validate the reliability

of the mathematical models and simulations used to understand charged particle

motion towards a charged droplet. An experiment is designed and detailed, aim-

ing to observe this phenomenon while taking into account variables such as elec-

trostatic field strength. The designed experiment allows for the separate charging

of droplets and particulate matter. The droplets remain suspended, while the par-

ticles move towards the droplets under the influence of a gaseous flow field and

are captured by the droplets under the action of electrostatic forces. In the exper-

iment, parameters such as wind speed and electric field strength can be adjusted

through the input device.
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The experimental methodology involves monitoring particle motion around

the droplet and capturing video footage of particles with clear trajectories. This

visual data is then analysed using TRACKER software to extract detailed infor-

mation on the trajectories and velocities of the particles. At last, the experimental

results are analysed and compared with the theoretical results. This approach not

only reinforces the theoretical predictions but also provides empirical evidence for

a deeper understanding of particle-droplet interactions.

7.2 Experimental set up

Considering the properties of particle emission from marine diesel, the particle

used in the experiment are carbon. The standard radius particles are obtained

through the process shown in Fig. 7.1. In this process, irregular large carbon

particles are ground in a mortar to small size particles. Then by 300 mesh and

2300 mesh stainless steel mesh filter, standard particle radius from 2.5 µm to 25

µm are obtained. Besides, the liquid of the droplet is water. And the temperature

of the condition is 20 ◦C. The temperature difference of gas and droplet is not

considered in this experiment.

Figure 7.1: Particles production process
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Figure 7.2: Schematic diagram of the experimental system

The experimental system, as shown in Fig. 7.2, is mainly consist of four parts.

The first part is the gas flow field and particle injection section. In this section,

gas flow field is generated through a fan blowing wind towards the gas flow pipe.

The flow velocity of the wind is controlled by adjusting the voltage of the DC

power supply. Then the particles are injected into the mainstream region from

a 90-degree tube linked with a syringe. The second part is the particle charging

section. In this part, particles moving with the flow gas are charged by metal wire

high voltage corona discharge. The third part is the droplet generated section.

In this part, a droplet is generated through a peristaltic pump extracting liquid

from the water tank to a steel flat-ended needle and hovering at the needle. The

droplet is charged through a high voltage electrostatic generator linked to the steel
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needle. The fourth part is the particle and droplet intersection section. In this

part, high speed camera perpendicular to the particle motion path watches and

records the particle motion process to the droplet surface. Relative parameters in

the experiment are shown in Tbl. 7.1. The experimental equipment information

is shown in Tbl. 7.2.

Table 7.1: Results of mathematical calculation and simulation of different
droplet sizes when particle radio is 10 µm.

Droplet radius 1 mm

Particle radius 2.5 µm - 25 µm

Density of particle 0.145×103 kg/m3

Density of gas fluid 1.205 kg/m3

Dynamic viscosity of gas fluid 1.79×10−5 Pa·s

Velocity of gas flow field 0.8 m/s

Electric field strength 0 - 8 kV

In the experiment, the velocities of the gas flow at the outlet of the pipeline

are 0.8 m/s and 1.5 m/s when the voltage of the fan’s power supply is 4 V and 5

V respectively. In the whole flow field, the material of the pipes is PVC in spite of

the particle charging device part, which is a stainless steel pipe. Those two high

voltage electrostatic generators are one positive high voltage and one negative

high voltage respectively. In this experiment, the particles are negative charging,

while the droplet is positive charging. The Reynolds number of the particle in

the gas flow field is:

Re =
ρfdp(uf − up)

µ
= 0 − 2.69 (7.1)
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7.3 Data processing of particle moving towards

the droplet

In the experiment, a high-speed camera is used to record the particle motion

process when it approaches the droplet surface. A microlens is linked to the

high-speed camera to zoom in on the watching zone. The camera focuses on the

lower surface of the droplet to record the particles moving with the gas flow field

upwards to the lower surface of the droplet. A light source behind the droplet

and opposite and on the same horizontal line as the lens. During the experiment,

the window size of the high-speed camera is 512×512 (resolution ratio). The

frame rate is 4000 frames per second. Start running the experimental system

until motion particles appear in the camera and start recording the video.

Those recorded videos then are processed by the software TRACKER. In this

software, the particle of clear trajectory is chosen to be tracked. Fig. 7.3 shows

an example of particle trajectory processed by the software. The red points in

the picture represent the particle position of each frame. The black sphere is the

droplet. The gas fluid field flows upwards in the vertical direction. It can be seen

in this figure, that on the seventh frame, the particle reaches the droplet surface

at last. In this figure, the particle’s trajectory is tracked. The final position of

the particle reaching the surface of the droplet is set as the coordinate origin.

Then a coordinate system is established. And according to the position of the

particle per frame, the velocity of the particle can be obtained.
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Figure 7.3: An example of particle trajectory processed by the software.

7.4 Particle motion behaviour of different con-

ditions

Particles moving to the droplet under different electrostatic field strengths

were recorded in the experiment. During the experiment process, adjusting the

electric field strength generated by the high-voltage electrostatic generator to

change the charge of particles and droplets. Then the electric force between the

particles and the droplet is changed. The charge on the particles is achieved by

their contact with stainless steel wires connected to a high-voltage electrostatic

generator in the particle charging device as shown in Fig. 7.2. The charge on the

droplet is achieved by the steel flat ended needle connected with a high-voltage
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Figure 7.4: Droplet deformation with the electric field strength increases.

electrostatic generator, which also is shown in Fig. 7.2. In the experiment, the

electrodes of the two high-voltage electrostatic generators, which are used to

charge particles and the droplet respectively, are opposite. And the electric field

strengths of them are same in value. During the experiment, open the fan and

start injecting particles when the electrostatic generator reaches a stable output

state, and then begin recording.

The value range of electric field strength in the experiment is from 0 kV to 8

kV. When the electric field strength is beyond the range, the droplet will deform

and fall off the needle. Fig. 7.4 shows the change of droplet shape when the

electric field strength increases from 0 kV to 8 kV. As shown in Fig. 7.5, an
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Figure 7.5: Droplet deform and fall off when the electric field strength is 10 kV.

example of a droplet deforms and falls off from the needle when the electric field

strength is 10 kV. The number 1 to 4 in this figure shows four frames of images

captured from a video sequence. Thus, in the experiment, watching the particles

movement around a static droplet, the droplet is expected to be kept stationary

at the end of the tube. The electric field strength is chosen between the range of

0 kV to 8 kV.

As shown in Fig. 7.6, a series particle motion trajectory was obtained under

the electric field strengths of 0 kV, 2 kV, 4 kV, and 5 kV when the gas flow field

velocity is 0.8 m/s and the droplet size is 1 mm in radius. The right part of this

figure shows four images representing particle motion trajectories obtained in the

experiment of four electric field strengths respectively.

It can be concluded from the figure that for all electrostatic field strength the

particle velocity decreases as the distances to the droplet surface approaches 0

mm. When the electrostatic field strength is zero, the velocity remains relatively
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Figure 7.6: Velocity distribution before arriving at the droplet surface under
different electrostatic field strengths in lab condition.
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constant across the range of distances, with a slight fluctuation as it gets closer to

the droplet surface. The exist of an electrostatic field helps increase the particle

motion velocity before arriving at the droplet surface when compared with the

condition of without the electrostatic field. At E=2 kV, the velocity decreases

steadily as the distance to the droplet surface decreases. E=4 kV and E=5 kV

show similar behaviour, they both have a slight increase before declining sharply

towards 0 m/s at the droplet surface. The presence of an electric field (values

greater than 0 kV) influences the velocity of particles. The higher the electric field

strength, the more pronounced the variation in velocity as one approaches the

droplet surface. In summary, this graph indicates that the electric field strength

has a significant effect on the velocity profile as one approaches the droplet surface.

7.5 Experimental results

Taking the condition of a 4-kilovolt electric field strength as an example, com-

pare the particle motion characteristics in experimental and theoretical results.

To avoid the influence of randomness during the experimental process as much

as possible, an average of six sets of experimental data under the same lab condi-

tion was obtained. Fig. 7.7 shows a comparison of particle velocity distribution

on the distance to the droplet surface between the velocity from the theoretical

calculation and the average velocity observed in a lab experiment.

The black line with white square markers represents the theoretical velocities.

The red line with circular markers represents the average velocities of data 1

to 6 observed in lab experiments. Both the theoretical and experimental data

show that particle velocity decreases as the distance to the droplet surface gets
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Figure 7.7: Comparison of particle velocity distribution before arriving at the
droplet between the theoretical result and experimental test data.

closer to 0 mm. There is a fluctuation in the lab measured velocity and the lab

measurements show a more rapid decrease in velocity, reaching zero well before the

droplet surface, while the theoretical model predicts a more gradual decline until

it hits the droplet surface. The discrepancy is mainly caused by simplifications

in the theoretical model, where the flow field is steady, and the influence of the

droplet boundary layer is ignored. Meanwhile, the gas flow distribution around

the particle could be influenced by the moving particle, which is found in the

co-simulation research work. This affection is not considered in the theoretical

calculation and may also cause the difference between the theoretical result and

experimental test data.

Standard deviation is a measure of the dispersion or variability of a set of

data points around the mean. A lower standard deviation indicates that the data
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points are close to the mean, while a higher standard deviation suggests greater

spread or variability [100–102]. The equation for standard deviation (σ) is as

follows:

σ =

√√√√ 1

N

N∑
i=1

(xi − x)2 (7.2)

where: σ is the population standard deviation. N is the total number of data

points. xi represents each data point. x is the population mean.

In this experiment, the standard deviation was used to quantify the vari-

ability in particle motion velocities, providing insight into the consistency of the

results under different conditions. A smaller standard deviation suggests that the

measurements were consistent across trials, whereas a larger standard deviation

indicates greater variability. A result of the standard deviation calculated from

the experiment data from Fig. 7.7 could be found in Fig. 7.8. The figure illus-

trates the standard deviation ( σ) of six experimental data sets plotted against the

distance to the droplet surface (in mm). The standard deviation ( σ) gradually

decreases as the distance to the droplet surface reduces, approaching zero at the

surface (0 mm). The decreasing trend in the standard deviation suggests that

the variability of the measured parameter diminishes as the measurements are

taken closer to the droplet surface. This indicates more uniform conditions near

the droplet surface. Thus, the experimental results around the droplet surface

are much more reliable.
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Figure 7.8: Standard deviation for six sets of experimental data

The theoretical model describes the motion process of charged particles being

captured by a charged droplet due to the influence of electric field forces when

an electrostatic field is present. Although the impact of the electrostatic forces

on the collection efficiency cannot be intuitively determined from the results of

this theoretical model, the effect of the electric field strength on the collection

outcome can be observed by examining the adhesion of particles to the droplet

surface under different electric field intensities during the experimental process.
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Figure 7.9: Four photographs taken during an experiment involving particle
adhesion on a droplet under varying electric field strengths.

Figure 7.8 shows four photographs taken during an experiment involving par-

ticle adhesion on a droplet under varying electric field strengths. In this figure,

(a) shows the electrostatic field strength is 0 kV indicating no electric field is

applied. The droplet appears clear with minimal to no visible particles attached

to it. Image (b) shows a condition when electrostatic field strength is 2 kV indi-

cating a low electric field strength is applied. There are a few particles visible,

slightly more than in image (a). Image (c) shows a condition when electrostatic

field strength is 5 kV indicating a moderated electric field strength. There is a no-

ticeable increase in the number of particles attached to the bottom of the droplet.

Image (d) shows a condition when electrostatic field strength is 7 kV indicating a

high electric field strength. Here, the accumulation of particles is much greater,

especially at the bottom of the droplet, which appears to be heavily coated by

the particles.

115



Chapter 7. Experiment on particle capture process

The experiment visually demonstrates the effect of electric field strength on

the adhesion of particles to the droplet surface. As the electric field strength

increases, the number of particles adhering to the droplet surface also increases.

This suggests that electrostatic forces are indeed influencing the capture efficiency

of the droplet, capturing more particles as the field strength rises. The theoretical

model introduced in this thesis shows that electric field strength affects the mo-

tion process of charged particles before capture by the oppositely charged droplet.

The particle velocity increases before arrives at the droplet surface when a high

electric field strength is applied, which may have a relationship with the collection

efficiency of the particles captured by the droplet. To learn the relationship be-

tween them, further research may be needed on the interaction between particles

and droplet surfaces, which is expected to be conducted in future research.

7.6 Summary

Firstly, this chapter introduces the design and construction of the test bench,

detailing the equipment used and the settings of experimental parameters. Ad-

ditionally, a comprehensive overview of the experimental process is provided,

including the methodologies for data collection and analysis. In the experiment,

particle movement towards a droplet under various electrostatic field strengths,

ranging from 0 kV to 8 kV, was observed. The charge of particles and droplets

was manipulated using a high-voltage electrostatic generator. The experiment

showed that particle velocity decreases as it gets closer to the droplet surface,

with the decrease becoming more pronounced at higher electric field strengths.

Observations also included the deformation and detachment of droplets at higher
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field strengths, particularly at 10 kV. The study underscores the significant im-

pact of electric field strength on particle movement behaviour near the droplet

surface.

This chapter presents a comparison between the theoretical calculations and

experimental observations of particle movement as they approach a droplet under

the influence of a 4-kilovolt electric field. An average of six sets of experimental

data were obtained under controlled lab conditions to minimise randomness. The

comparison of theoretical and experimental particle velocities as they approach

the droplet surface is illustrated, highlighting differences like the more rapid ve-

locity decrease observed in the lab. This discrepancy could stem from various

factors, such as experimental errors or oversimplifications in the model. Addi-

tionally, the effect of the moving particle on the surrounding gas flow, found in

co-simulation research but not included in the theoretical calculations, might con-

tribute to these differences. It is also explored in this chapter that the influence

of electric field strength on particle adhesion to the droplet surface is visually

demonstrated through photographs under varying field intensities. This visual

evidence supports the idea that increasing electrostatic forces enhance particle

capture efficiency, a concept backed by the theoretical model. This leads to the

suggestion that further research is necessary to understand the detailed interac-

tion between particles and the droplet surface.
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8.1 Conclusions

The mechanism of the particle motion towards a droplet under the effect of an

electrostatic field is studied in this work. In this condition, particles suspended

in the gas are attracted by a droplet under the effect of both the gas flow field

and the electrostatic field. In this work, a mathematical model is established,

which describes the particle motion in the flow field around a sphere and also

adds the electric field effect. Besides, the thermodynamic effect is considered in

the model, which caused because of the temperature difference between the gas

and the droplet.

To simulate the particle motion process and watch the surrounding flow con-

dition, a method of co-simulation of Ansys Fluent and Matlab is utilized in this

research, which combines the electric force into the particle movement in the gas

flow field.
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Besides, an experiment is laid out to watch and record the particle motion

process around the droplet surface under different electrostatic field conditions.

Meanwhile, the phenomenon of particle adhesion on the droplet surface under

an electrostatic field is watched in this experiment. Through analysing the re-

search results obtained from these three approaches, several conclusions could be

concluded as follows:

1. A theoretical framework has been developed to describe the motion of par-

ticles in a flow field when captured by electrostatic droplets. The analytical

solution considers both thermodynamics and electrohydrodynamics, provid-

ing a comprehensive description of particle motion in a Water Electrostatic

Sprayer (WES) where both particles and droplets are charged.

2. The theoretical analysis and simulation results reveal that an electrostatic

field enhances the velocity of particles as they approach the droplet sur-

face. However, the increase in particle velocity prior to reaching the droplet

surface is not pronounced, due to the relatively weaker electrical forces com-

pared to drag forces. The relative error between mathematical calculation

and in simulation ranges from 0.4% to 2.6%, and the average error is 1.5%.

Additionally, the study shows that the electrostatic effect is more significant

for larger particles. The droplet size also plays a crucial role, with smaller

droplets improving particle collection efficiency.

3. Co-simulation studies indicate that the gas flow around a moving particle

can be influenced by the particle itself, a phenomenon not accounted for

in the theoretical models. This interaction may partly explain the discrep-

ancies observed between the theoretical predictions, co-simulation results,

and experimental data.
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4. Experimental observations show that beyond a certain threshold of electro-

static field strength, spherical droplets undergo shape deformation. This

deformation can hinder the observation of particle motion near the droplet

surface. Consequently, the applied electrostatic field strength in experi-

ments is maintained within a specific range to prevent such deformation

and ensure accurate measurement.

5. The experimental results not only corroborate the theoretical findings but

also provide visual evidence that charged droplets effectively capture charged

particles. The adhesion of particles to the droplet surface increases with

higher electric field strengths, significantly enhancing particle capture effi-

ciency.

According to the presented work, the main objectives of the subject have been

achieved which provide a theoretical method to describe the particle movement

behaviour in WES and can be considered as a theoretical foundation of charged

particles captured by charged droplets in the flow field for further study in the

relative field.

8.2 Recommendations for future research

Due to the complexity of the research topic and the time constraints. There

are several things that need further study in order to make a better analysis of

the WES on particles captured before actual application.

Firstly, this study mainly focuses on the particle motion process before ar-

riving at the droplet surface. The effect of an electrostatic field on one particle
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movement when captured by a droplet in a gas flow field is mainly considered in

this research. However, as a complete process of particles captured by a droplet,

the particle behaviour after arriving at the droplet surface is also crucial. The

particle droplet interaction is important in particle capturing process. Further

research should focus on the interaction on the droplet surface based upon the

research in this work with considering about the effect made by the electrostatic

field. By analysing the particle behaviour on the droplet surface, the effectiveness

of particle captured by the droplet under an electrostatic field could be obtained.

Further identify the range of electric field intensities that can efficiently capture

particles, considering various characteristics of emission gases and operating en-

vironments.

Secondly, in this study, the motion characteristics of individual charged parti-

cle were considered in the gas flow field around the charged droplet. The charged

particle moves in the gas flow field on the same axis as the charged droplet. The

drag force and the electrostatic force, that acting on the particle are on the same

vertical axis. There are no external forces in the other directions. In subsequent

research, the number of particles can be increased while considering the effects

between charged particles. The force analysis may be more complicated.

Finally, in the present research work, the droplet is the sphere and is con-

sidered to be static in the gas flow field. In the theoretical model, the gas flow

field distribution around the droplet is considered as the flow distribution around

a sphere. But in the practical condition, the shape of the droplet may change

in the flow or because of the electrostatic field effect. Thus, there may be some

differences between the theoretical results and the reality phenomenon. Further

research may should take this feature into consideration.
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Rämi. Black Carbon, Maritime Traffic and the Arctic. In: Pongrácz, E.,
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Päivi Koponen, Pekka Piimäkorpi, Eero Friman, Varpu Orasuo, Jaakko

Rintanen, Juha Jokiluoma, Niina Kuittinen, and Topi Rönkkö. Perfor-
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