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Abstract

The surge in global plastic production has led to increasing plastic pollution in aquatic

environments, where plastic debris fragments into microplastics (MPs), particles smaller than

5 mm, through weathering processes. MPs are transported by ambient flow across different

aquatic compartments, posing ubiquitous risks to the ecosystem health. Effective mitigation

of MPs’ risks requires a comprehensive understanding of MPs’ transport and mobility.

Turbulence and the natural settling or rising movements of MPs are fundamental transport

mechanisms, yet many aspects of how MPs’ diverse physical properties affect these processes

remain underexplored. Density, size, and shape are amongst critical physical properties

of MPs that shape their transport and affect flow interactions. This PhD dissertation

investigates the effects of MPs’ physical properties on their transport and mixing in turbulent

flows using numerical and experimental approaches. The findings of this research elucidate

how density, size, and shape affect the behaviour of MPs, providing explanations for their

selective abundance and distribution in aquatic environments. Results of this PhD dissertation

illustrate that lower marginal densities relative to the ambient fluid, smaller sizes, and non-

spherical shapes make MPs more susceptible to the transient dynamics of the ambient flow

as such MPs deviate significantly from their terminal behaviours. The findings explain the

distant transport of smaller non-spherical MPs and the absence of smaller MPs of common

polymers in offshore surface layers, as such particles are more likely transported to deeper

water columns by in-depth currents. This research also explores the advantages of dynamic

Lagrangian modelling over commonly used kinematic approaches, emphasizing the importance

of particle acceleration for MPs with higher mixing levels, particularly those with smaller
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sizes, lower marginal densities, and non-spherical shapes. These findings contribute to

understanding MPs’ transport and distribution based on their physical properties and flow

dynamics and offer a foundation for developing effective strategies to mitigate the ecological

impacts of MPs.
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Ū Mean velocity in x-direction

v Instantaneous velocity of the flow in y-direction

v′ fluctuating velocity components in y-direction

V , Vp Particle volume

Vs Stokes settling velocity of the particle

VT Terminal velocity of the particle

xxii



Vslip Slip velocity of the particle

V̄ Mean velocity in y-direction

w Instantaneous velocity of the flow in z-direction

w′ fluctuating velocity components in z-direction

wp Steady state particle velocity (terminal velocity)

W̄ Mean velocity in z-direction

x Position in the streamwise direction

y Position in the depthwise direction

z Position in the spanwise direction

Greek Symbols

∆ Filter size of the LES model

δ Thickness of the viscous sublayer

δij Kronecker delta tensor

η Length scale

ε Dissipation rate per unit mass

µ Dynamic viscosity of the ambient fluid

µt, µSGS Subgrid scale turbulent dynamic viscosity

ν Kinematic viscosity of the ambient fluid

νt, νSGS Subgrid scale turbulent kinematic viscosity

ϕ Sphericity

ρ Density

ρf Density of the ambient fluid

ρp Particle density

ρs Density of the sediment particle

ρw Density of the water

σ (in Chapter 6) Grid solidity

σ (in other Chapters) Flow velocity scale

θ Shields number

xxiii



τSGS Subgrid-scale turbulent stresses

τl Turnover time scale

τo Shear stress

τp Particle relaxation time

τν Kolmogorov’s time

ζ, Ω Vorticity

Index notation

x Streamwise direction

y Depthwise direction

z Spanwise direction

i x-direction

j y-direction

k z-direction

xxiv



Chapter 1

Introduction

1.1 Background and motivation

Access to safe and clean water is essential for human health and well-being, as highlighted by

the 6th Sustainable Development Goal [1]. Water pollution, caused by introducing harmful

substances such as chemicals, microorganisms, and waste materials, degrades water quality

and disrupts aquatic ecosystems [2, 3]. Plastic debris, which constitutes approximately 75%

of marine litter, has become a major environmental issue [4]. Since the commercialization

of plastic polymers in the 1950s, global plastic production has surged by about 620% [5, 6].

This increase in plastic production, along with the surge in demand for single-use plastics

due to the COVID-19 pandemic, has significantly worsened plastic pollution. For instance,

more than three billion single-use plastic face coverings were disposed of globally each day

during the COVID-19 pandemic [7].

Approximately half of the plastic generated is disposed of immediately after single-use

applications, such as plastic bags, water bottles, single-use cutlery, and packaging [8, 9].

This short-lived plastic waste is often mismanaged, entering aquatic environments through

various pathways, including rivers, wind, wastewater treatment plants, stormwater run-off,

and waste disposal across coastal areas, as demonstrated in Figure 1.1 [10]. Rivers play a

significant role in transporting land-based plastic waste to the aquatic environment, as they
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transport between 1.15 and 2.41 million tonnes of plastic litter annually to the oceans [11].

Without proper end-of-life management, plastic litter accumulates in aquatic environments,

fragmenting into smaller pieces due to UV radiation and particle erosion [12].

Figure 1.1: Different pathways through which mismanaged plastic waste enters the aquatic
environment.

Plastic particles are classified into macroplastics (larger than 5 mm) and Microplastics (MPs)

(10 µm to 5 mm), with some classifications also including mesoplastics (5 to 20 mm). MPs

can be manufactured in factories for various commercial purposes, known as primary MPs,

or can be generated from the degradation of larger plastic particles, referred to as secondary

MPs. Even if the release of larger plastic items were to cease immediately, the number of
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MPs would likely continue to increase due to the ongoing fragmentation of existing debris [12].

Since the first reports of MP abundance in aquatic environments in 1972 [13], MP pollution

has drawn growing concern.

The presence of MPs in aquatic environments poses a significant threat to aquatic species

and ecosystem health. Numerous studies have documented the ingestion of MPs by marine

organisms and birds [14, 15, 16, 17, 18]. Based on a recent study, MPs are even detected in

the human placenta [19]. MP particles absorb various additives, such as chemicals, metals,

and antibiotics, transferring them into the bodies of species that ingest them [20, 21, 22, 23,

24]. Despite some recent advances in removing MPs from aquatic environments, challenges

persist, including high costs, difficulties in removing very small particles, and dealing with

the diverse types of MPs [25, 26, 27]. In order to understand the selective presence of MPs

in different aquatic compartments and to develop effective risk management and mitigation

strategies, a thorough understanding of the behaviour, transport, and fate of MPs is required.

For instance, based on recent studies, the physical properties of MPs, such as size and shape,

affect their ingestion rate by aquatic species [16, 28]. Therefore, understanding the selective

abundance and accumulation of MPs based on their physical properties in different aquatic

regions can help build a foundation for the future risk assessment of MPs ingestion by aquatic

species.

Continued research is needed to enhance the existing knowledge on MPs’ mixing and transport

in aquatic environments and to develop more efficient techniques for their removal. This

dissertation will explore various aspects of MPs’ behaviour and distribution in turbulent flow,

focusing on the effect of their physical properties as well as the flow dynamics. The outcomes

of this research can improve the understanding of unexplored aspects of MP pollution, such as

different transport mechanisms and the effects of their physical properties on their distribution

and fate, thereby aiding future mitigation efforts.
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1.2 Questions and research gaps

In recent decades, MP pollution in aquatic environments has become an increasingly severe

problem, prompting numerous studies to explore various aspects of MPs. Once released into

water bodies, MPs exhibit diverse behaviours regarding their transport with the ambient flow

and their eventual destinations. Almost no environment on Earth has remained untouched by

MP pollution. MPs have been detected throughout aquatic environments, from coastal areas

[29, 30] to remote Arctic and Antarctic marine systems [31, 32], and at varying water depths

and compartments, from surface waters to deep sediments [33, 34]. This wide distribution of

aquatic MPs is influenced by several factors, including their physical properties, weathering

processes, biofilm growth, and ambient flow dynamics.

The multifaceted nature of these particles creates innumerable combinations of physical

characteristics, making the comprehension of their transport and distribution very challenging

compared to other natural particles. MPs comprise various polymers with densities ranging

from 0.88 to 2.30 g/cm3 [35]. Biofouling, the accumulation of microorganisms and algae

on MP surfaces, further alters their density and impacts their sinking or rising behaviour

based on their buoyancy [36]. This mechanism is recognized as one of the possible reasons

for the abundance of naturally buoyant MPs, such as polyethylene and polypropylene, in the

sediment layers of aquatic compartments [37, 38]. MPs are found in a wide size range, from

10 µm to 5 mm, across different aquatic compartments [39, 40]. Most MPs originate from the

fragmentation of larger plastic items (Duis and Coors [41]), resulting in diverse shapes [42].

These diverse physical properties significantly influence MPs’ transport and distribution in

aquatic environments. Moreover, weathering processes and UV irradiation constantly modify

MPs’ size and shape, adding to the complexity of predicting their behaviour in natural water

bodies [12].

In addition to particle characteristics, turbulent flow dynamics can significantly alter the

behaviour of particles. Turbulent regimes are quite common in aquatic environments, driven
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by mechanisms such as density or temperature gradients, wind forces on surface layers,

and abrupt topographical changes. Turbulent eddies influence the transport and mixing of

natural suspended particles, like sediments, as well as emerging contaminants like MPs, often

overriding their natural vertical movements governed by buoyancy or gravity. Consequently,

the properties of MPs—such as size, shape, and density—combined with turbulence dictate

their vertical and horizontal distribution throughout the aquatic system. A notable example

of how turbulence can alter the natural fate and behaviour of MPs is the observed absence of

millimetre-sized plastic debris from the ocean’s surface layer, first reported by Thompson

et al. [43]. Although most abundant plastic polymers in aquatic environments, such as

polyethylene and polypropylene (as reported by Schwarz et al. [35]), are less dense than water

and are expected to remain in surface layers, multiple field investigations have documented

the absence of buoyant MPs from surface waters and highlighted their distribution at greater

depths [34, 44, 45]. The combination of various physical characteristics and turbulent flows

has made the transport and mixing behaviour of MPs in aquatic environments very diverse

and complex compared to other natural particles.

Despite the fast-growing body of research on MP pollution in aquatic environments, several

factors affect their distribution and fate. Still, significant gaps remain in comprehending

their mobility in the aquatic environment. Numerous site-specific studies have examined the

abundance and characteristics of MPs in various aquatic regions. However, a comprehensive

discussion of their transport mechanisms—and the relationship between their physical prop-

erties, travel distances, and accumulation hotspots in marine environments—is still lacking.

At the start of this PhD research in 2019, several challenging and unresolved questions were

identified, including:

• What is the relationship between particle physical properties and their selective abun-

dance across different aquatic compartments?

• How do particle physical properties, such as density, size, and shape, influence the

transport, mobility, and fate of MPs?
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• Given that turbulence is a frequent flow regime in many aquatic compartments, what

effect does turbulent mixing have on MPs’ trajectories and dispersion?

• What is the impact of MP properties and turbulent mixing on their proximity to source

regions?

• What are the most suitable computational modelling approaches for simulating the

transport and mobility of MPs in aquatic environments? Is a more detailed approach,

such as advanced turbulence models or a dynamic Lagrangian particle tracking method

that considers active forces and particle acceleration, required for accurately simulating

the transport and turbulent mixing of MPs?

This PhD research addresses the questions above to bridge fundamental gaps in understanding

the hydrodynamic aspects of aquatic MPs distribution and fate using numerical and empirical

investigations. The chapters of this dissertation examine the interactions between the physical

properties of MPs and the dynamics of ambient turbulent flow. Several numerical experiments

were conducted to explore the complexities of MPs’ interactions with turbulent flow based on

their diverse physical properties to achieve this. Additionally, multiple preliminary laboratory

experiments were designed and performed to validate our understanding of the effects of MPs’

size and shape on their turbulent mixing and to assess their tendency for deposition versus

long-range transport. This research also highlights the importance of particle acceleration

in various scenarios and evaluates the suitability of dynamic versus kinematic modelling

approaches. The following sections provide a detailed discussion of the identified research

gaps and explain how each chapter of this dissertation addresses them.

1.2.1 Linkage between MPs physical properties and their distribu-

tion in the aquatic environment

Among the various physical characteristics of MPs, polymer density is a well-recognized factor

influencing their abundance and distribution across aquatic environments [27, 35]. Polymer

density directly affects the gravitational forces acting on MPs, determining whether they will
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sink or float. Particle size is another critical factor that governs the transport and mobility

of MPs by affecting forces such as gravity, buoyancy, and drag. Although many site-based

studies have documented the size range of abundant MPs in various marine and freshwater

systems [30, 32, 34, 46], a gap remains in understanding how particle size, in combination

with polymer densities and shapes, influences the spatial distribution and selective presence

of MPs. To address this gap, evidence was collected on the most common properties of MPs,

with a primary focus on size, in an effort to link these properties to the final destinations

of MPs. Chapter 3 of this dissertation presents a comprehensive review of the key particle

properties, examining their distribution from surface waters to deeper layers and across

coastal, near-shore, offshore, and remote areas, with a particular focus on particle size. This

review provides beneficial insights into the approximate distribution and behaviour of MPs

of various sizes, laying the groundwork for the subsequent analysis of how particle size, along

with other properties, impacts the specific behaviour of MPs.

1.2.2 Investigation of microplastics entrainment with turbulent

flow based on their physical properties

Understanding the effect of turbulence on MP behaviour is crucial for predicting their

distribution and potential accumulation zones within aquatic environments. To date, most

studies investigating the impact of turbulence on MP transport have focused on large-scale

circulations in oceans, such as thermohaline currents. While this approach is valuable for

simulating the long-term transport of MPs and identifying potential accumulation hotspots,

it overlooks the impact of smaller-scale turbulent perturbations, particularly at depth. This

dissertation, however, aims to investigate the effect of different turbulent flow scales on the

vertical entrainment and transport of MPs with various physical properties using a Large

Eddy Simulation (LES) turbulence model. The LES model resolves the majority of large,

energy-containing eddies while modelling only the smallest scales through sub-grid approaches.

This enables a more accurate representation of the effect of turbulent scales compared to

the random-walk technique commonly used to incorporate the effect of turbulent dispersion

7



on MP transport in aquatic environments. LES strikes a balance between computational

efficiency and the resolution of turbulence scales, enabling a more accurate capture of the

entrainment and mixing behaviour of MPs in turbulent flows.

This research incorporates the effect of density, size, and shape as the most important

physical characteristics of MPs. Three primary polymers are considered: Polyethylene

(PE), Polystyrene (PS), and Polyethylene Terephthalate (PET), which were chosen due to

their abundance in the aquatic environment. MPs possess a wide range of particle sizes,

from micron-sized particles barely visible to the naked eye to millimetre-sized particles

comparable to small gravel, as illustrated in Figure 1.2. The wide range of MP sizes can

result in diverse behaviours and entrainment of these particles, especially in turbulent

flow configurations. Using computational fluid dynamics, we conducted several numerical

experiments to understand the effect of MP size and polymer density on the mixing behaviour

and distribution of these particles in response to turbulent flow, which is provided in Chapter

4 of this dissertation. The results of this section show that MPs’ mixing levels in turbulent

flow can vary significantly based on their size and polymer density. Large particles are

more influenced by gravity, while fine MPs are primarily driven by turbulent entrainment,

explaining their presence in remote areas, as reported in the literature.

Figure 1.2: A comparison of the range of MPs sizes and sediments (left panel). The schematic
turbulent-mixing of MPs of different physical characteristics (right panel).
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MPs exhibit a wide variety of shapes, from spheres and isometric forms found in manufactured

primary MPs to irregular shapes like fragments and fibres, which result from the degradation

of larger particles through various weathering processes. Among the physical characteristics of

MPs, understanding how their diverse shapes, particularly irregular ones, influence turbulent

entrainment is one of the most complex aspects. These varying shapes significantly affect

a particle’s drag coefficient, which in turn impacts MPs’ mixing and transport. However,

the effect of MP shapes—especially irregular ones—on the drag-driven behaviour of MPs

remains an unresolved question and still faces many challenging questions [47, 48, 49]. To

address this gap, we conducted a vast series of numerical experiments examining the impact

of particle shape on MPs’ turbulent mixing and entrainment. These experiments considered

both spherical and non-spherical MPs with varying aspect ratios. A detailed discussion of

this aspect of our research can be found in Chapter 5 of this dissertation.

Furthermore, to deepen our understanding of the effects of MP size and shape, we designed

and conducted a series of preliminary laboratory experiments. These experiments assessed

the impact of size and shape on the entrainment and long-range transport of MPs in a

grid-generated turbulent flow. The details and results of these experiments are discussed

in Chapter 6 of this dissertation. Our findings indicate that smaller MPs and those with

non-spherical shapes have a higher likelihood of remaining suspended in the turbulent flow,

allowing them to be transported to farther distant locations.

1.2.3 Impact of modelling approach for the transport of MP in

ambient turbulent conditions

Modelling has become an essential tool for understanding and predicting the complex

behaviour of MPs in aquatic environments, particularly in large systems like lakes, seas,

and oceans. It improves time and cost efficiency by reducing the need for extensive field

investigations, which are resource-intensive and logistically challenging. Modelling techniques

offer insights into MP transport and distribution across various compartments, enabling better
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resource allocation for sampling and mitigation efforts [50]. Additionally, numerical models

help establish relationships between existing site-based data and provide predictions about

MPs’ behaviour, allowing researchers to experiment with different scenarios and accelerate

research compared to physical experiments or fieldwork.

Figure 1.3: A comparison kinematic and dynamic approach in Lagrangian particle-tracking
models.

Many Lagrangian particle-tracking models used in recent studies on MP transport in aquatic

environments adopt a kinematic modelling approach [30, 51, 52]. In this approach, it is

assumed that the net force acting on the particle is negligible (dynamic equilibrium), and

the particle experiences no acceleration relative to the ambient flow. As a result, kinematic

Lagrangian particle-tracking models do not explicitly account for the primary active forces

that initiate transport mechanisms such as advection, turbulent diffusion, or sinking/rising.

Instead, a corresponding displacement is used to represent these mechanisms. One key

assumption in kinematic Lagrangian modelling is that the slip velocity of the MP relative to

the ambient flow equals its terminal velocity in a quiescent fluid. However, this assumption

may become inaccurate when the particle undergoes significant acceleration or deceleration
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in the ambient flow, causing the instantaneous slip velocity to deviate substantially from its

terminal velocity.

Figure 1.3 shows a schematic comparison of kinematic and dynamic Lagrangian particle-

tracking models. In this study, we investigate the transport and instantaneous mobility of

MPs using a dynamic Lagrangian particle-tracking model that accounts for Newton’s second

law and incorporates active forces such as gravity, buoyancy, drag, and virtual mass. The

inclusion of virtual mass is particularly important when the acceleration of particles in the flow

is significant. Our findings show that, under turbulent flow conditions, the physical properties

of MPs, such as lower specific gravity, fine particle sizes, and non-spherical shapes with high

aspect ratios, result in significant particle acceleration and substantial deviations in slip

velocity compared to terminal velocity. This highlights the limitations of kinematic models in

accurately predicting MP transport and trajectories. Chapter 7 of this dissertation presents

the results of our 3D numerical simulations, detailing the ranges of particle acceleration and

slip velocity for MPs with varying densities, sizes, and shapes.

1.3 Research objectives

To achieve the overall goals of this project, five specific objectives have been established, with

each forming the foundation of a chapter in this dissertation:

• Objective 1: Study the relationship between the physical properties of MPs and their

selective abundance across different aquatic compartments, with a focus on particle

size (Chapter 3).

• Objective 2: Perform a numerical investigation into the effect of particle physical

properties (density and size) on MP transport and fate in turbulent flow (Chapter 4).

• Objective 3: Conduct a numerical investigation into the combined effects of particle

physical properties, with a primary focus on shape, in conjunction with size and density,

on MPs’ entrainment and turbulent mixing (Chapter 5).
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• Objective 4: Carry out an experimental investigation into the impact of MP properties,

focusing on size and shape, on their distribution and long-range transport (Chapter 6).

• Objective 5: Evaluate the advantages of dynamic modelling approaches in Lagrangian

particle tracking for MPs, emphasizing the critical role of particle acceleration in

accurately capturing their transport and distribution in a turbulent structure (Chapter

7).

1.4 Dissertation structure

This dissertation is organised into eight chapters, each addressing specific objectives:

• Chapter 2 provides a comprehensive literature review focusing on the physical properties

of aquatic MPs, their distribution in different compartments, and previous studies on

MP transport based on both numerical and experimental methods used in MP research,

highlighting areas that require further investigation.

• Chapter 3 examines the distribution of MPs across various aquatic environments, from

surface waters to deep sediments and coastal to remote areas, focusing on their reported

sizes and other properties. This chapter addresses Objective 1 outlined in Section 1.3.

Shamskhany, A., Li, Z., Patel, P., & Karimpour, S. (2021). Evidence of microplastic size

impact on mobility and transport in the marine environment: a review and synthesis of

recent research. Frontiers in Marine Science, 8, 760649.

• Chapter 4 details the 2D numerical investigation of MP transport and mixing, focusing

on the effect of particle size and density on their behaviour in turbulent flow. This

chapter addresses Objective 2 outlined in Section 1.3.

Shamskhany, A., & Karimpour, S. (2022). Entrainment and vertical mixing of aquatic

microplastics in turbulent flow: the coupled role of particle size and density. Marine

Pollution Bulletin, 184, 114160.
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• Chapter 5 builds upon the findings of Chapter 3 by expanding the investigation to

include the impact of particle shape. This chapter presents simulations exploring the

effect of MPs’ sphericity and aspect ratios, in addition to their sizes and densities, on

their turbulent entrainment. This chapter addresses Objective 3 outlined in Section 1.3.

Shamskhany, A., & Karimpour, S. (2024). Microplastics Entrainment in Turbulent

Flow: A Numerical Study on the Effect of Shape and Other Physical Particle Properties.

Submitted.

• Chapter 6 describes the experimental investigations designed to evaluate and complement

the numerical findings, focusing on the impact of MP size and shape on their long-

range transport and entrainment in turbulent flow. This chapter addresses Objective 4

outlined in Section 1.3.

Shamskhany, A., & Karimpour, S. (2024). Experimental Investigation of Microplastics

Entrainment in Grid-Generated Turbulence: Effect of Size and Shape. Submitted.

• Chapter 7 presents the 3D numerical investigations, evaluating the advantages of

dynamic versus kinematic modelling approaches in predicting MP behaviour under

turbulent conditions. This chapter highlights the critical role of particle acceleration and

active forces in accurately capturing MP transport and distribution within turbulent

structures. This chapter addresses Objective 5 outlined in Section 1.3.

Shamskhany, A., & Karimpour, S. (2024). Microplastics Entrainment in Turbulent

Flow: A Three-Dimensional Numerical Investigation. Draft for submission.

• Chapter 8 concludes the dissertation by summarizing the key findings and discussing

their implications for future research and MP mitigation. The chapter also outlines

potential strategies for improving MP transport models and suggests areas for further

investigation.
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Chapter 2

Literature Review

2.1 Sources and pathways of microplastics

Microplastics (MPs), plastic debris ranging from 10 µm to 5 mm [53], are emerging contam-

inants in different aquatic compartments. Aquatic MPs can be classified into two general

groups based on the source of emanation:

• Primary MPs: manufactured for different industrial purposes, such as cosmetic products

like cleansers/exfoliators, textile industry, air-blasting, and etc [54, 55, 56]. These

MPs usually have regular shapes, and are released to the aquatic environment through

wastewater treatment plants (WWTPs) [55].

• Secondary MPs: emerge from the degradation of larger plastic debris over time, due

to different causes, such as physical abrasion due to different weathering procedures,

photo-oxidation, and UV irradiation [55, 57, 58, 59, 60, 61].

MPs predominantly enter aquatic environments from land-based sources, accounting for

approximately 80% of marine MPs [62, 63, 64]. These sources include WWTPs [65, 66], waste

landfills, and coastal waste deposition [6]. WWTPs play a crucial role in filtering MPs, with

retention rates exceeding 98% for particles larger than 300 µm; however, smaller particles

often escape into aquatic systems via treated effluent [67]. Wind and atmospheric transport
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also plays a role in delivering MPs to water bodies[68]. Another major pathway for MPs

to aquatic systems is stormwater runoff [69]. Urban activities, such as street traffic that

causes the erosion of tires [70], and construction and industrial activities that primarily use

expanded polystyrene and polyvinyl chloride, which are brittle materials [71], contribute

to the breakdown of larger plastic debris into MPs. These particles are then carried by

stormwater into nearby rivers or water bodies [72, 73]. Rivers are a major pathway for MPs

to the aquatic environment, contributing between 1.15 and 2.41 million tonnes of plastic

annually [11].

The behaviour, transport, and fate of aquatic MPs significantly depend on their physical

characteristics. The size, shape, and density of MPs, in particular, play a critical role

in determining their movement, interaction with the ambient flow, and their preferential

accumulation or transport regions. In the following section, we will explore the diverse

physical properties of MPs in aquatic systems.

2.2 Review of the selected MP physical properties

2.2.1 Size

Similar to sediment particles, size is one of the most effective physical properties influencing

the motion of MPs. A comprehensive literature review about the effect of size on the

distribution and fate of MPs in the aquatic environment was conducted as part of this

research, and the results are published as a review paper in the Journal of Frontiers in Marine

Science. This review study is presented in Chapter 3 of this manuscript.

2.2.2 Density

There are many different synthetic polymers used for commercial purposes, each chosen based

on characteristics such as flexibility, strength, heat resistance, cost, and density. While the

majority of plastic polymers are made from oil-based materials, there are also polymer types

15



derived from non-oil-based sources such as rayon and cellulose [35]. In general, high-demand

polymers can be classified into Polyethylene (PE), Polypropylene (PP), Polystyrene (PS),

Polyethylene Terephthalate (PET), Polyvinyl chloride (PVC), and Polyurethane (PUR) [74,

75, 76]. Other common polymer types, such as Acrylic, Nylon or Polyimide, Acetal, Polyvinyl

acetate, and Poly(methyl methacrylate)—here categorized as others—are typically associated

with densities higher than that of water [74, 75]. The density of the most common polymer

types is represented in Table 2.1. According to global plastic production records [5, 76, 77,

78], PE, PP, and PS account for approximately 60% of total plastic production, as shown in

Table 2.1, while less than 3% of the plastic waste made from these polymers is recovered, with

the remainder disposed in the environment [12]. This contributes to the fact that the majority

of MPs detected in aquatic environments are composed of PE, PP, and PS, respectively [35,

79].

MPs are associated with a wide range of densities, depending on their original polymer

type. Additionally, the density of MPs can be influenced by additives introduced during the

commercial production process, physical processes such as biofouling and aggregation, and

the particle’s retention history, including deterioration due to UV irradiation and exposure

to chemicals as they travel through the aquatic environment [80]. Density plays a significant

role in determining the mobility and distribution of MPs in aquatic environments, as it

governs the gravitational forces acting on the particles. The vertical movement of a suspended

MP particle, whether rising upward or sinking downward, is dependent on its marginal

density—the difference between the particle’s density, ρp, and the density of the surrounding

flow, ρf . The marginal density of aquatic MPs, (ρp − ρf ), as shown in Table 2.1, governs the

balance between gravity and buoyancy, indicating whether MPs naturally rise ((ρp − ρf )<0)

or settle ((ρp − ρf )>0).

Marginal density plays a significant role in determining how particles mix with the flow.

When marginal density is close to zero, MPs experience higher levels of mixing, leading

to significant deviations from their terminal behaviour observed in quiescent conditions.

This trend is evident in the distribution of MPs across various aquatic environments, which
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Table 2.1: Properties of the common high-demand polymers [35, 74, 80].

Polymer Density Marginal density∗ Frequent site Global demand∗∗

ρp (ρp − ρf )
(g/cm3) (g/cm3) [35, 46, 79, 81] [5, 76, 77, 78]

PE [0.88, 0.97] [-0.14, -0.05] Epipelagic zone,
Beach,Deep-sea

sediment,Water-column

29.14%

PP [0.90, 0.92] [-0.12, -0.10] Epipelagic zone, Beach,
Deep-sea sediment

19.73%

PS [1.04, 1.10] [0.02, 0.08] Epipelagic zone, Beach,
Deep-sea sediment

6.25%

PET [1.37, 1.45] [0.35, 0.43] Deep-sea sediment,
Water-column

7.30%

PVC [1.15, 1.58] [0.13, 0.56] Deep-sea sediment,
Water-column

11.66%

PUR [0.01, 1.26] [-1.01, 0.24] Epipelagic zone,
Beach, Deep-sea sed-
iment, Water-column

6.96%

Others [0.10, 2.20] [-0.92, 1.18] Beach, Deep-sea sed-
iment, Water-column

18.95%

∗ Based on the seawater density at a temperature of 25◦C, salinity of 35 g/kg, and 1 atm
pressure, ρf = 1020 kg/m3.
∗∗ The plastic demand by resin type is averaged over 2020 to 2023.

correlates with their polymer densities. Recent global reviews based on field measurements

have documented the widespread presence of PE, PP, and PS, which have marginal densities

close to zero, throughout marine environments—from surface layers to water columns and

deep-sea sediments, as shown in Table 2.1. Furthermore, the vertical movement of MPs

in flow is heavily influenced by flow dynamics, which can significantly alter their natural

behaviour in still water and entrain them into the flow. This dynamic interaction between

MPs’ natural vertical movements and ambient flow motions explains the presence of naturally

buoyant particles, with densities lower than the surrounding fluid, in sediment samples [32, 33,

79]. It also accounts for the reported abundance of heavier polymer types in surface waters
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[30, 34, 82, 83, 84]. However, as marginal density increases, MPs tend to follow their natural

sinking or rising behaviour more closely. Therefore, MPs with higher marginal densities, such

as PET and PVC, are more likely to resist weaker ambient flow dynamics. This may explain

the predominant presence of such polymers in sediment samples and water columns [35, 46,

79, 81]. In contrast, MPs with lower marginal densities, such as PE, PP, and PS, are more

sensitive to ambient flow dynamics compared to polymers with higher marginal densities,

such as PUR or PVC. Nonetheless, several factors, in addition to marginal density, influence

the transport and fate of aquatic MPs, potentially overriding their natural motion based on

marginal density.

Additionally, marginal density can enhance long-range transport of particles to remote regions

from their initial source of entry, as it increases particle mixing with the ambient flow.

This mixing prevents natural rising or sinking motions, keeping the particles suspended

in the flow. The dominant presence of PE, PP, and PS MPs in offshore surface waters

confirms that densities closer to that of the ambient water are associated with higher levels

of flow mixing, and thus a greater potential for distant transport from their source in the

aquatic environment [30, 79, 82]. However, as previously noted, the original density of plastic

polymers can significantly change due to chemical processes and exposure to UV irradiation.

As a result, discrepancies exist among the reported properties of abundant MPs in different

aquatic compartments. For example, heavy MPs with high densities, such as heavy-PUR

and polyamide, have been found in the ocean surface and around the Antarctic Peninsula,

with UV irradiation and oxidation suggested as possible causes for this unusual behaviour

[12, 81, 82]. Moreover, the diversity of sampling methods used to detect and quantify aquatic

MPs has likely influenced the results, contributing to the inconsistencies observed in various

studies [85].

2.2.3 Shape

Shape is a key factor influencing particle motion in flow, as it directly affects the drag

coefficient and, consequently, the settling behaviour of suspended particles. Aquatic MPs
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exhibit a wide range of shapes, from regular forms such as spheres, cylinders, pellets, and disks,

to highly irregular shapes such as fragments, sheets, fibres, and films, as shown in Figure 2.1.

Duis and Coors [41] identified fragmentation and the breakdown of larger plastic pieces as the

primary sources of aquatic MPs. However, fragmentation predominantly produces irregular

shapes, leading to a higher abundance of irregularly shaped MPs in aquatic environments

[42, 79, 82]. The characteristics of different shapes of MPs depend on their source and

retention time in the aquatic environment. MPs that have been present in the environment

for extended periods tend to exhibit more rounded shapes due to erosion and weathering

processes, whereas newly introduced MP fragments often display sharp edges and corners

[79].

Figure 2.1: Typical shapes of aquatic MPs; the top row shows irregular shapes resulting from
the fragmentation of larger plastic pieces, while the bottom row depicts regular shapes of
manufactured MPs.

Many sediment transport investigations recommend using the equivalent or nominal diameter-

defined as the diameter of a sphere with the same volume-for analysing the particle-flow

interaction of non-spherical shapes, such as drag coefficient calculation [86, 87, 88]. However,
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MP non-spherical shapes are usually anisodiametric, meaning they might have considerably

different dimensions along different axes. For such particle shapes, approximating the drag

calculation and predicting behaviour using an equivalent sphere can lead to significant errors.

Experimental observations suggest that these approximations often introduce deviations to

some extent from the actual behaviour of non-spherical particles. For instance, Chubarenko

et al. [85] reported that the retention time of naturally buoyant MPs in surface layers depends

on particle shape, and for a similar range of sizes, spherical MPs had retention periods up to

20 times longer than non-spherical shapes. Similarly, Kowalski et al. [89] identified shape

as a key factor influencing the vertical distribution of MPs, as non-spherical MPs show a

more dispersed distribution compared to spherical particles.Rosal [90] described the diverse

morphology of MPs using three dimensionless parameters based on the particle dimensions,

and represented that for MPs associated with high aspect ratios, the equivalent diameter

cannot adequately predict the behaviour of the particle. Therefore, while using the equivalent

diameter can help investigate the effect of size, it is important to consider a suitable criterion

to also incorporate the effect of shape.

Finding an accurate definition and assessment criteria for the diverse shapes of MPs, especially

irregular ones, remains challenging [91]. However, based on natural particles and sediment

analogy, multiple methods have been developed to classify different shapes and quantify their

effects. Wadell [87] introduced the sphericity of a particle of any shape as the ratio of the

surface area of the equivalent sphere-with the same volume as that of the particle-to the

surface area of the particle. Shape factor is another common parameter that is used by many

sediment transport studies to distinguish the effect of particle shape [92]. One of the most

common shape factor equations is proposed by Corey [93], based on the assumption that

particles fall with the maximum projection area. Janke [94] introduced a shape measurement

criterion based on a surface area coefficient and a form coefficient, which both have a value

of one for a perfect sphere. Aspect ratio of a particle, defined as the ratio of the longest axis

to its shortest one, is another well-known parameter for characterizing non-spherical shapes.

The aspect ratio can indicate the level of anisotropy of a shape and is therefore a useful
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parameter for describing MP shapes such as fibres and films. Finding the aspect ratio of

MPs of irregular shapes is quite challenging, as most of the existing studies reported particle

dimension in one direction solely. However, based on the reported diameter of synthetic

fibres [95, 96, 97, 98] and thickness of the plastic films and sheets [99], as well as several field

investigations that reported the average length of MP particles in different regions of the

marine environment [79, 96, 100, 101, 102], the aspect ratio, AR, of MPs of irregular shapes,

such as fibres and films, is in the range of 1 < AR < 60, while a value of 25±10 seems the

most repeated based on the mentioned different studies at different regions.

During the past decades, several field investigations presented evidence of the distribution

of MPs in the aquatic environment based on their shapes. However, it is important to

note that the field sampling technique has a significant effect on the reported abundance

of MPs of different properties. For instance, using the Neuston net can lead to significant

underestimation of the abundance of MP fibres, as they can escape the net due to high

aspect ratios [96, 103, 104, 105]. Despite the sampling limitations, several field investigations

reported MP fibres as one of the most abundant shapes in different aquatic compartments

[100, 101, 106, 107]. Moreover, fibres are reported as the most prevalent shape of MPs in

sediment samples [37, 106, 108, 109, 110, 111]. Fragments and beads or spheroids are also

dominantly reported among abundant shapes of MPs in WWTPs samples [112]. Cordova and

Wahyudi [113] also reported granule shapes as the most dominant form of MPs in sediment

samples from the eastern Indian Ocean. MP fragments are also recognized as the most

abundant shape, especially in water surface [34, 114, 115]. According to observations by

Cózar et al. [31], both shape and size play significant roles in the distant transport of MPs,

where smaller non-spherical shapes more likely to be found in distant and deep layers of

the aquatic environment. It is evident that the distribution of aquatic MPs based on their

abundant shapes is quite diverse, and understanding the effect of particle shape on MP

transport and fate is a very important step toward future mitigation protocols. However,

it is important to note that the combined effect of different particle properties dominates

the behaviour of MPs, and it is still not quite clear which properties have a more significant
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impact on the transport and fate of MPs [28, 48].

2.3 Transport mechanisms of MPs and effective physi-

cal processes

Plastics from land, rivers, and marine sources follow various pathways and enter the marine

environment, where they ultimately accumulate in beaches, tidal wetlands, and marine

sediments. According to a recent analytical modelling study on the vertical distribution of

MPs in the marine environment, by 2016, 99.8% of the global plastic input to the ocean since

1950 had settled below the surface, with an additional 9.4 million tons settling each year

[116]. Multiple factors affect the transport and mobility of aquatic MPs, including terminal

movements, physical processes such as degradation and biofouling, windage, surface and

subsurface turbulent currents, and sediment-laden flow, as demonstrated in Figure 2.2. In the

following section, the effect of these processes on the transport, deposition, and entrainment

of MPs is discussed.

2.3.1 Movements of MPs under quiescent condition

Similar to any natural suspended particle, under quiescent conditions, MPs move in the

vertical direction with a terminal settling or rising velocity, as demonstrated in Figure 2.3.

The terminal velocity of a suspended particle in still fluid is derived based on the vertical

forces equilibrium and, thus, depends on the particle and the ambient flow physical properties,

such as density of the particle and the flow, particle shape and size, and flow viscosity.

MPs have diverse physical properties compared to sediment and other naturally suspended

particles, which affects their vertical movements.

In contrast to sediment particles commonly associated with regular and isometric shapes,

MPs are quite diverse in shapes, including irregular and non-spherical shapes such as fibres

and films. MP shapes, particularly non-spherical ones, significantly impacts the settling
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Figure 2.2: Physical processes and transport mechanisms affecting the transport and distri-
bution of marine MPs: (1) advection; (2) turbulent dispersion; (3) and (4) terminal settling
and rising movements, respectively; (5) transport by wind; (6) coastal beaching and wash
off; (7) transport with sediment gravity flow; A and B present fragmentation and biofouling,
respectively.

velocity of MPs, making some of the original sediment-based theoretical methods associated

with high errors for calculating the MPs settling velocity [117]. The effect of non-spherical

shapes on the settling behaviour of particles is highlighted in multiple pioneering studies, for

instance, Willmarth et al. [118] and Jayaweera and Mason [119] who discussed the oscillations

and complex settling dynamics of particles with non-spherical shapes at different Reynolds

numbers, further establishing the importance of shape. Yang et al. [120] conducted similar

experiments on the settling behaviour of MP disks with both positively and negatively

buoyant densities. They demonstrated that the rising trajectory of buoyant particles is linear,

while the settling trajectory of heavier MP disks exhibits oscillations and zigzag patterns.
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Figure 2.3: The terminal vertical movement of a positively buoyant MP (Right) and a
negatively buoyant one (Left); FG, FB, and FD represent Gravity, buoyancy, and the drag
force; The terminal velocity of the particle, VT , can be upward for a rising particle (Right),
or downward for a sinking one (Left).

The effect of shape on the settling behaviour of MPs is further supported by recent exper-

imental investigations, demonstrating that the settling behaviour of MPs is complex and

highly dependent on their morphology. Wang et al. [49] reported that irregularly shaped

MPs experience considerably lower terminal velocities compared to spherical counterparts

at different flow regimes. Similar results are reported by Kaiser et al. [121], indicating that

terminal velocities of irregularly shaped particles are considerably lower than theoretical

values for spheres of the same size range. The various and oscillatory settling behaviour

of non-spherical MPs can be due to their rotation and orientation angles in the ambient

flow. Bagaev et al. [122] and Khatmullina and Isachenko [47] have shown that smaller fibres’

settling velocities vary significantly based on their orientation relative to the flow, and the

shape of MPs substantially affects their drag coefficient, complicating settling dynamics.

Goral et al. [123] found that MPs tend to settle with their largest projected area perpendicular
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to their direction of motion, maximizing the effect of drag.

In addition to the complex effect of particle shape, MPs are associated with a wide range

of marginal densities, which makes their natural settling behaviour very different from that

of heavy sediment particles. The most abundant reported polymer types in the aquatic

environment, such as PE, PP, and PS [117], are associated with marginal densities close to

zero, which makes these particles, especially for small sizes, very sensitive to the ambient

flow movements. Recent studies highlighted the effect of density, size, and shape of MPs

on the deviations in their settling velocity under quiescent and dynamic flow conditions [49,

117, 124]. Despite the recent advancements in understanding the settling behaviour of MPs,

challenges remain in elucidating their dynamics in complex scenarios such as mixing and

transport in turbulent flows. Additionally, ongoing physical and chemical processes, such as

fragmentation, deterioration, photo-oxidation, and biofouling, affect the physical properties

of aquatic MPs over time. Such physical mechanisms make the prediction of the settling

behaviour of MPs in the aquatic environment even more complex.

2.3.2 Fragmentation and deterioration

Plastic particles continuously fracture and break down into smaller pieces through fragmenta-

tion due to various weathering and chemical processes [59]. Fragmentation affects the physical

properties of the particles and, therefore, their transport and distribution. For instance,

the fragmentation of MPs in aquatic environments enhances their mixing and transport

within the water column and deeper parts of water bodies [44]. Erosion is a primary cause of

fragmentation and degradation, resulting from the abrasion or collision of plastic particles

with one another or with sediment and other natural particles, for instance in density currents.

Approximately two-thirds of the global MP input to the oceans originates from the erosion

of synthetic textiles and tires during driving [10]. A recent study indicates that different

polymers respond differently to erosion in water, with PP exhibiting significant rates of

surface erosion [125]. PE seems to be one of the most resistant polymers to mechanical

erosion [44, 126].
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Moreover, oxidation and UV irradiation (or photodegradation) are recognized as primary

causes of the deterioration and fragmentation of plastic debris [58, 59, 127]. The rate at

which polymers deteriorate influences the abundance of MPs derived from them, as different

polymers respond differently to UV irradiation and oxidation over time. PS, widely used for

single-use packaging, is identified as the most sensitive polymer to UV light and oxidation [128],

and PE fragmentation due to photo-oxidation is also reported repeatedly in the literature

[44, 126, 129, 130]. As a result, rapid deterioration may be a key factor contributing to the

significant abundance of PE and PS MPs in the aquatic environment [80, 128]. Oxidation

and photodegradation can further alter the original molecular constitution of MP polymers

and increase their original density [128, 131]. On the other hand, biofouling—discussed in

detail in the next subsection—adds complexity to the fragmentation process of MPs during

their ageing, as it creates a protective layer around the particles, thereby altering the rate of

fragmentation [129, 132].

2.3.3 Biofouling

In addition to MPs’ wide range of physical properties, the accumulation of microorganisms

and algae on the surfaces of these particles, known as biofouling, modifies their density and

enhances their settling behaviour. When the net density of biofouled particles becomes

greater than that of the surrounding fluid, the particles begin to sink. The density increase

of light plastic particles, such as PE and PP, due to biofouling has been reported in multiple

experimental studies [82, 132]. However, biofouling significantly depends on the properties of

the surrounding environment, such as sunlight exposure, nutrient availability, temperature,

competing algal growth, and salinity [132, 133]. It can reverse when the sinking particles

descend to greater depths with limited light exposure or unsuitable conditions for biofilm

growth. In such cases, the rate of biofilm growth decreases through a phenomenon called

defouling, and MP particles may rise back to the surface layers, where they are once again

exposed to sunlight and other favourable conditions for biofouling. Consequently, these

particles may sink again, repeating the cycle. Kooi et al. [133] investigated the effect of
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biofilm growth on MPs’ up and down vertical transport in water columns, showing that the

effect of biofouling is more pronounced on the vertical movement of smaller MPs.

The rate of biofouling increase rapidly on small non-spherical MPs, due to their higher surface

area-to-volume ratio. While the buoyancy and weight of a particle are proportional to its

volume, its susceptibility to biofouling largely depends on its surface area, and thus, smaller

particles lose buoyancy much faster than larger ones [134]. Chubarenko et al. [85] conducted

an analytical study on the biofouling of MPs of different shapes, showing that biofouling

rates are influenced by the particle’s surface area and the time required for its net density to

reach that of the surrounding fluid, with fibres being affected more quickly than fragments

due to their higher surface area-to-volume ratio. Van Melkebeke et al. [135] further discussed

the potential effect of biofouling on the polarity of MPs, which in turn affects its sinking

behaviour and may potentially impact the effectiveness of remediation techniques designed

for particle separation.

2.3.4 Windage and the wind-driven Ekman currents

The effect of wind on the transport of plastic debris is determined by the ratio of afloat

to submerged volume, which depends on the polymer density relative to the density of the

surrounding fluid [85, 136]. consequently, low-density plastic debris, such as polyethylene and

polypropylene, is particularly sensitive to transport by wind. This wind-driven transport,

often resulting from direct drift, is known as windage or leeway drift. [136, 137, 138]. As the

density of a polymer decreases, the effect of windage becomes more dominant, intensifying the

mobility and transport of very light MPs, such as polyethylene and light foam, in surface layer

currents, which can explain their dispersed abundance in the oceans [85]. Additionally, strong

winds and the resulting Ekman currents can induce vertical mixing within the water column,

leading to the resuspension of plastics from the seabed [39, 52, 139, 140]. Brignac et al. [141]

field investigations in Main Hawaiian Islands showed that windward beaches, despite smaller

human populations, had about two orders of magnitude more plastic pollution compared to

leeward beaches, with the former dominated by light floating polymers such as PE and PP,
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while the latter and sediment debris were mainly composed of dense polymers such as PS,

Nylon, and PET. However, biofouling can increase the density of the buoyant particles, and

as the particles sink in the water column, the leeway effect becomes less pronounced [85].

2.3.5 Tidal movements and beaching

Coastal regions are one of the major sources of land-based plastic waste, and the plastic

concentration in these regions has a direct relationship with the population [12, 80, 105,

142]. Some field investigations reported the highest concentration of MPs in coastal regions

with industrial and commercial activities [100, 110]. Tidal moves and wind-driven waves can

transport coastal plastic waste to the aquatic environment [143, 144]. Zhang [145] reported

the significant effect of tidal currents on the residence duration and remote transport of

MPs in the coastal regions through flood-ebb and spring-neap tidal currents. Similar to the

effect of windage, the role of waves and tidal movements also becomes more effective for

light-density polymers, which are abundant in the surface layers of the marine environment

[146].

2.3.6 Flow mixing and turbulent entrainment

The ambient flow patterns and regime affect suspended particles’ behaviour. The Reynolds

number, Re, is a dimensionless parameter that characterizes the flow regime from laminar

(Re <2000) to transient (2000<Re <4000) and turbulent (Re >4000) regimes. Turbulent

conditions are prevalent in aquatic compartments generated by density currents, tidal forces,

wind-driven mixing in surface layers, or topographic changes, including along continental

shelves and estuaries. The scales of turbulence vary in size, ranging from smaller scales in

vertically stratified flows (centimetres to meters) to large oceanic gyres and thermohaline

(tens to hundreds of kilometres) [147, 148]. The Reynolds number in highly turbulent regions

of the aquatic environment, for instance, due to the effect of the large-scale thermohaline

circulations, can reach up to 108 Bray [149]. In the deeper layers of the ocean or below the

thermocline, where the temperature and density gradients are reduced, the turbulent mixing
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is weaker, and the Reynolds number can range from 103 to 105 [147, 148]. Still, the turbulent

regime in these regions can significantly impact the suspended particle transport, particularly

those associated with low marginal densities, such as MPs [150]. Various field observations

and computational studies indicate that ocean circulation and bottom currents are among

the main transport processes driving the distribution of aquatic MPs [52, 108, 150, 151, 152].

Figure 2.4: Schematic of the (a) enhanced motions track and (b) the vortex trapping, where
Ωz is the vorticity in z-direction, uf is the velocity of the ambient flow, VT is the terminal
velocity of the particle in still fluid, uP is the velocity of the particle, and rET is the radius of
eddy trapping (regenerated based on Dey et al. 2019).

Turbulence has been recognized as a major driver of particle mobility and transport since

early studies on the settling trajectories of heavy particles in convection cells [153]. Since

then, several studies have investigated the effect of turbulence on the settling velocity of

suspended particles, describing different phenomena such as sweeping and enhanced settling

[154, 155, 156, 157, 158], vortex trapping [159, 160], and the loitering effect on accelerated or

decelerated settling of particles passing through turbulent eddies [161, 162, 163, 164, 165]. A

schematic of these transport phenomena under the influence of turbulent eddies is shown in

Figure 2.4.

Primary discussions on the effect of particle size on the settling behaviour of suspended

inertial particles in turbulent flow date back to Nielsen [159], who introduced the concept of
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loitering, which has since been explored further in several studies [160, 162, 166]. Loitering

refers to the settling behaviour of larger particles that are more likely to deviate from ambient

flow trajectories and become trapped in low-vorticity regions. The occurrence of loitering

depends on turbulence intensity, which can keep particles suspended longer than expected

based on their size. Stout et al. [154], another key investigation into the settling behaviour of

heavy particles, demonstrated that particles with small to moderate inertia—defined as when

the ratio of the ambient flow velocity scale to the particle’s terminal velocity is approximately

unity—experience accelerated settling due to preferential sweeping into downdraft regions.

Similar findings were reported in a more recent Direct Numerical Simulation (DNS) study

by Good et al. [162], who showed that when particles are large enough to be comparable

to the Kolmogorov scale of the turbulent flow, they tend to over-sample the downward-

moving motions of the flow—referred to as preferential sweeping—leading to an increase

in their settling velocity. Furthermore, the experimental study by Wang et al. [158] on

sub-millimetre-sized inertial particles revealed that when the ratio of particle diameter to

the Kolmogorov length scale is less than 0.5, settling is hindered rather than enhanced. For

MPs, turbulence can play a key role in transporting MPs from upper layers of the aquatic

environment to deeper parts of the water column and bed sediment [30, 109, 110, 146, 167]

and theoretical models developed based on experimental results have demonstrated that

smaller MPs experience greater vertical dispersion [30, 89].

The effect of shape on particles settling behaviour becomes very significant in turbulent flow.

Vaseleski and Metzner [168] experimented the drag reduction for suspended Asbestos fibres

of different high aspect ratios (above 70) in the turbulent flow. Wang et al. [49] performed a

series of experiments to examine the settling velocity of MPs with irregular shapes under the

effect of turbulence and indicated that the irregularity of MPs shapes substantially reduces

their settling velocities compared to spherical MPs. Similarly, Goral et al. [123] investigates

the settling velocities of MPs with both regular and irregular shapes under transient regimes,

highlighting the importance of orientation angles of non-spherical particles on their settling

behaviour. Bagaev et al. [122] conducted empirical studies to establish a precise correlation
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for the settling velocity of non-spherical MPs, also demonstrating that the settling velocity of

smaller fibres varies significantly depending on their orientation relative to the flow. Turbulent

entrainment and vortex trapping instantaneously affects particles rotations in the flow, and

therefore, the effect of particle shapes, particularly for high aspect ratios, is very important

[121, 122].

2.4 Particle interaction with the ambient flow

2.4.1 Regimes of particles motion

Drag force is the flow resistance to an immersed moving object which is generated by pressure

and viscous stresses acting on the surface of the object, opposing its relative velocity with

respect to the ambient flow. Drag has a crucial role in dominating the settling behaviour

and transport of suspended particles, and governing the settling velocity. Calculation of the

drag depends on the flow regime around the particle, which is characterized by the particle

Reynolds number, which under quiescent conditions is calculated as:

Rep = ρfVTdp

µ
(2.1)

where µ is the dynamic viscosity of the flow, VT is the terminal velocity of the particle under

vertical force equilibrium, and dp is the particle diameter. Based on the Stokes law, the drag

force, FD, on any immersed object can be calculated as:

FD = 3πµVTdp (2.2)

The equation of Stokes, however, is only valid for Stokesian regimes of the flow around the

submerged particle, where Rep < 0.1. In case the particle Reynolds number does not fall in

31



the Stokesian regime, the drag force (under vertical force equilibrium) is calculated as:

FD = 1
2ρfCDApV

2
T (2.3)

where CD is the drag coefficient, and Ap is the projected area. Drag coefficient of a particle

significantly depends on its size and shape. Calculation of the drag coefficient for spherical

particles is very clear and there are several existing methods to determine the drag coefficient

of spherical particles, which is a prevalent shape among sediment and other natural particles.

Early attempts to understand particle motion in ambient flow can be traced back to Oseen

(1927) [169], focusing on laminar flow regimes where Rep < 1, and the drag coefficient

was calculated using Stokes’ law. Later, Schiller and Naumann (1933) developed a more

comprehensive empirical model that extended beyond the Stokesian regime, applicable for

particle Reynolds numbers in the range of 0.1 < Rep < 1000. Putnam [170] was one of

the first studies that introduced a correction to drag coefficient models, accounting for all

regimes of particle motion, from transitional to turbulent. Similarly, Flemmer and Banks

[171] proposed one of the most widely used drag coefficient correlations, applicable across a

broad range of flow regimes, from Stokesian to turbulent, with Re < 105. Table 2.2 provides a

summary of the most common drag coefficient correlations used in particle-laden flow studies.

Multiple studies compared the common empirical drag coefficient correlations for spherical

shapes and demonstrated that the results of different equations have minimal differences

Aggarwal and Peng [169], Flemmer and Banks [171], Hartman and Yates [172], and Clift

et al. [173]. The drag force on non-spherical particles is affected by both the shape properties

and the orientation angle of the particle relative to the flow. Drag calculation for irregular

shapes poses significant challenges due to difficulties in accurately measuring the orientation

angle and projected area, the scarcity of experimental data under creeping flow conditions,

the insufficient documentation of their shape characteristics, and the random orientations of

their protrusions, which result in large statistical variations in drag forces [174].

The non-spherical shapes of particles can be classified as regular shapes-such as cylinders,
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Table 2.2: Most common empirical drag coefficient correlations for spherical particles.

Author(s) Equation Range of applicability

Oseen (1927) [171] CD = 24
Rep

(1 + 3
16Rep) Rep < 1

Schiller & Nau-
mann (1933) [171]

CD = 24
Rep

+ 3.6
Re0.313

p
0.1 < Rep < 103

Putnam (1961) [170] CD = 24
Rep

(1 + Re
2/3
p

6 ) Rep < 103

CD = 0.424 Rep > 103

Flemmer & Banks (1986) [171] CD = 24
Rep

10E Rep < 3 × 105

E = 0.261Re0.369
p − 0.105Re0.431

p

cuboids, cones-and irregular and anisometric shapes, like MP fragments and fibres. Several

studies focused on understanding the effect of particular non-spherical shapes on the drag

coefficient. Table 2.3 presents some of the most well-known studies which developed empirical

correlations for the drag coefficient of non-spherical shapes. Each of these empirical investi-

gations uses a parameter that defines the shape characteristics of the particle, like sphericity,

nominal diameter, aspect ratio, etc., to incorporate the effect of non-spherical shapes on the

drag coefficient. Among the listed correlations, Haider and Levenspiel [175] is one of the

most popular equations, which includes a wide range of non-spherical shapes, from regular to

irregular ones, for a vast range of particle Reynolds numbers, from Stokesian to turbulent

regimes.

Loth [174] compared different empirical correlations for calculating the drag of non-spherical

shapes across different regimes and found that aspect ratio is the most suitable shape

parameter for cylinders, as well as prolate and oblate spheroids, while sphericity is more

suitable for other regular shapes. For irregular shapes, the ratio of maximum, medium, and

minimum surface areas is suggested as the most suitable parameter to incorporate shape effects
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Table 2.3: Most common empirical investigations on the drag coefficient of non-spherical
shapes.

Author(s) Shape Shape
parameter

Range of applicability

Marchildon et. al. (1964) [176] Cylinders Front-surface
centre of
pressure

70 < Rep < 2400

Willmarth et. al. (1964)[118] Disks Moment
of inertia

Rep < 10000

Jayaweera & Mason (1965) [119] Cylinders Aspect ratio 0.01 < Rep < 1000

Haider & Levenspiel (1989) [175] Isometric
and ani-
sometric
shapes

Sphericity Rep < 25000

Tran-Cong et. al. (2004) [177] Isometric
and ani-
sometric
shapes

Sphericity,
nominal
diameter,
roundness

0.05 < Rep < 1500

[174]. Non-spherical and irregular shapes exhibit significantly different settling behaviours

compared to spherical particles, where drag force is affected by more complex processes [47,

158]. For example at sufficiently high particle Reynolds numbers, turbulence can add to

this complexity by causing non-spherical particles to rotate and oscillate continuously, which

further complicates drag calculations. Further investigation is essential to understand the

hydrodynamics of MPs, especially those with non-spherical shapes, in turbulent flows.
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2.4.2 Coupling systems

Another fundamental step toward understanding particle hydrodynamics is clarifying the

interaction between particles and the ambient flow, as well as potential interactions between

particles. Elghobashi [178] categorized the interaction between particles and turbulent flow

into three groups based on the volume fraction of particles in the flow:

• One-way coupling: This occurs when the particle concentration is dilute in the ambient

turbulent flow, with a volume fraction smaller than 10−6. In this case, the effect of

particles on the ambient flow and on each other is negligible, and the particle-flow

interaction is unidirectional, meaning only the flow impacts the particles’ motion.

• Two-way coupling: This occurs when the particle concentration spans between 10−6 and

10−3, leading to a bi-directional interaction. In such conditions, the energy dissipation

in the flow increases due to the concentration of particles.

• Four-way coupling: This occurs when the particle volume fraction exceeds 10−3. In

addition to the bi-directional interaction between particles and the turbulent flow, the

effect of particle collisions also becomes significant.

In sediment-laden flows and density currents the particle volume fraction is usually consider-

able, and most studies recommend a two-way or four-way coupling approach. Aliseda et al.

[156] and Bosse et al. [157] conducted experimental and numerical investigations, respec-

tively, showing that in homogeneous turbulence, the settling velocity of inertial particles is

enhanced as particle concentration increases. This enhancement is due to the preferential

accumulation of particles in low-vorticity regions, with the dissipation of turbulent energy

becoming more significant as particle concentration rises. However, based on the literature,

the reported concentration of MPs—defined as the ratio of MPs’ volume to the total volume

of the sample—in different aquatic compartments never exceeds 10−6 [34, 100, 101, 179, 180].

This concentration falls within the range recommended for a one-way coupling approach to

model the interactions between the particle and the ambient turbulent flow, as proposed by
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Elghobashi [178] (see Figure 2.5).

Figure 2.5: Classification of coupling mechanisms for turbulent suspensions; τp/τk is the
ratio of the particle relaxation time, which is the response time-scale of the particle, to the
Kolmogorov time scale of the turbulent flow, when molecular viscosity affects the coherent
structure, and Vp/V is the volume fraction of the particle in the ambient flow (regenerated
based on Elghobashi, 1994).

2.5 Numerical modelling and computational fluid dy-

namics

Based on the discussion so far, understanding the behaviour of MPs in aquatic environments

presents unique challenges due to their varied physical properties compared to natural

particles, as well as their complex interactions with flow dynamics. Computational Fluid

Dynamics (CFD) modelling has become a vital tool for examining the intricate behaviour

and transport of MPs, particularly in turbulent environments, offering significant time and

cost advantages over field investigations. Numerical simulations of MP transport in marine

environments are relatively recent, with most studies emerging over the past few decades
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[181]. Different CFD models have been employed in the literature to explore various aspects

of MP transport and the role of flow dynamics. These numerical studies can be classified

into two categories of Eulerian and Lagrangian, based on their particle modelling approach.

2.5.1 Eulerian models

Eulerian frameworks model the transport of particles in the flow from a fixed spatial reference

point. This approach considers a particular control volume and calculates the concentration

of particles within the domain based on the advection-both by terminal settling/rising

and ambient flow-and diffusion of the particles. This model is useful for gaining a general

understanding of MPs’ dispersion and accumulation concentration when the trajectory and

behaviour of individual particles are not the primary focus. Mountford and Morales Maqueda

[182] developed the first Eulerian model for a large-scale, coarse-resolution simulation of MP

distribution in aquatic environments. Their results highlight the significant role of vertical

transport and the abundance of MPs in water columns. Guerrini et al. [183] used an Eulerian

framework to model the advection and diffusion of plastic-related organic pollutants, carried

with MPs in the aquatic environment, in the surface layer of the Mediterranean sea.

In an Eulerian model, representing various MP characteristics—such as variations in settling

or rising velocities due to differences in density and size—requires the definition of discrete

classes. Nordam et al. [184] compared the Eulerian and Lagrangian approaches for simulating

the advection-diffusion of MPs in the water column and demonstrated that increasing the

number of settling/rising classes improves the convergence of the Eulerian model’s results

with those of the Lagrangian model. However, to balance the computational efficiency and

accuracy of the simulation, only a limited number of specified classes can be applied in an

Eulerian model. Therefore, given the versatile physical properties of MPs and their varied

settling and rising behaviours, developing a comprehensive Eulerian model that accurately

simulates the specific transport and behaviour of MPs in aquatic environments is challenging.
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2.5.2 Lagrangian particle-tracking models

On the other hand, the Lagrangian modelling approach also called the particle-tracking

method, calculates the trajectories of individual particles. This method is advantageous for

understanding the behaviour of individual MPs rather than the MP concentration and is

commonly used for particle tracking in turbulence flow. Lagrangian particle tracking models

can be categorized to two main groups of kinematic and dynamic approaches. In a kinematic

Lagrangian approach, the displacement of the particles is calculated as the superposition of

displacements due to different transport mechanisms. Dynamic modelling, on the other hand,

consider the active forces on the particle which dominate its transport and displacement. The

detailed definition of these two Lagrangian modelling approaches are provided in Section 1.2.3.

This section delves to the existing literature on each of these modelling approaches.

Kinematic modelling approach

Kinematic modelling studies typically focus on the long-range transport of MPs governed by

large-scale ocean dynamics. These modelling frameworks are often linked to hydrodynamic

models that represent major averaged oceanic circulations, such as thermohaline and Ekman

currents. Consequently, although they often employ schemes such as the random-walk method

to approximate small-scale perturbations in the ambient flow, they may still lack accuracy

in studying fine-scale fluctuations that impact MP transport [185]. Lebreton et al. [186]

was among the first to model the long-term planar transport of large floating plastic debris

using a global ocean circulation model, identifying the formation of garbage patches. Ballent

et al. [152] examined the distribution of MPs in European waters, analysing both surface and

subsurface levels, and studied the transport of non-buoyant particles under the influence of

large-scale turbulence. Kukulka et al. [140] investigated the impact of wind-driven mixing

within the upper layers of the water column on the vertical distribution of MPs. Isobe et al.

[52] developed a simplified Lagrangian particle tracking model using a kinematic approach,

simulating MP transport in coastal regions as a combination of displacement due to Stokes
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drift in finite ocean depth and a random walk model to represent turbulent perturbations.

Similar studies on the transport of MPs in large water bodies are conducted using existing

hydrodynamic modelling software [187, 188].

In addition to simulating the transport of MPs in the aquatic environment, the kinematic

approach is also used to study the influential factors on the preferential accumulation of MPs

in aquatic environments [189]. Bagaev et al. [122] used the kinematic approach to model

the effect of irregular shapes on the transport, settling, and distribution of MPs. Studies

such as Kane et al. [150] and Shiravani et al. [190] also contributed to understanding MP

distribution, emphasizing the role of deep-sea sediment currents and the effect of particle

proprieties, such as density, size, and shape. Jalón-Rojas et al. [51] and Pilechi et al. [191]

developed 3D kinematic models for the transport and fate of MPs, integrating the effect of

turbulent dispersion with ocean circulation and random-walk models.

Overall, kinematic models are cost-effective tools that facilitate the large-scale modelling of

the long-term transport of MPs and their widespread distribution across aquatic environments,

from surface waters to deep-sea sediments. Based on the results of these models, turbulence

has a critical role in the transport and distribution of MPs in aquatic environments [52,

122, 140]. However, kinematic models assume that particles move at their terminal velocity

relative to the ambient flow, which may not be accurate under the influence of turbulence or

certain particle properties. These models neglect particle acceleration due to active forces

and their nonlinear effects on particle motion. A clear understanding of MPs transport and

mobility, as well as the effect of their various physical characteristics, requires further detailed

numerical investigation.

Dynamic modelling approach

Dynamic modelling studies usually focus on specific aspects of MP transport, such as settling,

resuspension, and turbulent dispersion, within a more confined region. These numerical

models elucidate the complexities of MP transport and their interactions with the flow. A
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prime example of small-scale modelling is the study of MP settling behaviour, an intricate

process discussed in Sections 2.3.1 and 2.4.1. A common assumption in kinematic modelling

studies is that the settling velocity of MPs sinking through the water column or resuspended

from bed sediments is equivalent to their terminal velocity in still water. However, the

settling velocity of MPs in turbulent flow, particularly for non-spherical particles, can deviate

considerably from their terminal velocity [122, 123, 158]. Multiple studies used a dynamic

approach to model the settling behaviour of MPs with various regular and irregular shapes,

accounting for the equilibrium of active forces [145, 192, 193, 194].

Quyen et al. [195] implemented a dynamic Lagrangian particle-tracking model to investigate

the impact of wave breakers on the distribution and accumulation of MPs. Fatahi et al. [196]

employed a turbulence model with a dynamic approach in Ansys-Fluent to examine how

particle properties, including size, shape, and density, affect MP accumulation and distribution.

Quyen et al. [197] used dynamic approach to investigate the effect of different transport

mechanisms, such as deposition and accumulation, resuspension, and turbulent dispersion, on

the distribution of MPs near artificial structures. Dynamic Lagrangian modelling utilization

for understanding the transport, mixing, and entrainment of MPs in turbulent flow is a

relatively recent topic, and significant research gaps still exist that need further investigations,

such as understanding the effects of various particle properties, as well as the interplay of

different transport mechanisms and physical processes.

Nabi et al. [198] Used a Large Eddy Simulation (LES) model to investigate the turbulent

mixing of spherical sediment particles of varying sizes. The study revealed that smaller

particles are more likely to be resuspended and undergo turbulent mixing. Similarly, Wang

et al. [199] conducted an LES study to explore the preferential distribution of suspended

sediments with different sizes and densities in a partially vegetated channel flow. Their findings

indicated an uneven distribution of particles and centrifugal ejection from the vortex core for

spherical sands with Stokes numbers greater than unity [199]. Despite the effective use of

LES turbulence models in sediment transport studies, comprehensive numerical investigations

into the entrainment of MPs in large-scale turbulent configurations remain lacking. This gap
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presents a significant opportunity for future research on the transport of MPs under turbulent

conditions. The insights gained from sediment transport studies can serve as a framework for

developing analogous models to investigate the transport and mixing behaviour of MPs in

turbulent flows.
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Chapter 3

Evidence of Microplastic Size Impact on Mobility and

Transport in the Marine Environment: A Review and

Synthesis of Recent Research

A. Shamskhany, Z. Li, P. Patel, & S. Karimpour (2021), Evidence of Microplastic Size Impact

on Mobility and Transport in the Marine Environment: A Review and Synthesis of Recent

Research, Frontiers in Marine Science, 8, 760649 [200].

3.1 Abstract

Marine Microplastics (MPs) exhibit a wide range of properties due to their variable origins

and the weathering processes to which they are exposed. MP’s versatile properties are

connected to their dispersal, accumulation, and deposition in the marine environment. MP

transport and dispersion are often explained by analogy with sediments. For natural sediments,

one of the key features linked to transport and marine morphology is particle size. There

is, however, no size classification defined for MP particles and MPs constitute all plastic

particles sized smaller than the threshold of 5mm. In this study, based on existing knowledge

in hydrodynamics and natural sediment transport, the impact of MP size on turbulent

entrainment, particle settling, and resuspension is described. Moreover, by analyzing several
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quantitative studies that have provided size distribution, size-selective accumulation of MPs

in various regions of the marine environment is reported on. The preferential presence of

MPs based on their size in different marine compartments is discussed based on the governing

hydrodynamic parameters. Furthermore, the linkage between polymer properties and MP

shape and size is explored. Despite the evident connection between hydrodynamic transport

and MP size presented, classification of MP size presents challenges. MP size, shape, and

density appear simultaneously in the definition of many hydrodynamic parameters described

in this study. Unlike mineral sediments that possess a narrow range of density and shape,

plastics are manufactured in a wide variety of densities and marine MPs are versatile in

shape. Classification for MP size should incorporate particle variability in terms of polymer

density and shape.

3.2 Introduction

Plastics are used for a wide spectrum of products and their production has increased drastically

over the past decades. Due to improper or lack of end-of-life plastic management, plastic

wastes appear globally from mountaintops [4] to seafloors (e.g., Van Cauwenberghe et al. [33]).

Plastic emission to freshwater and marine environments occurs through various pathways such

as stormwater runoffs, rivers, wastewater discharge, and wind. Once plastic debris reaches a

body of water, water acts as a transport vehicle and distributes and spreads the particles.

Due to their slow decomposition processes, plastics can last in aquatic environments for

centuries, if not millennia. In the past decade, concerns about Microplastics (MPs), plastic

debris sized smaller than 5mm, have emerged due to MP pollution impacts on the health

of aquatic animals and humans. MPs can be ingested by various animals, ranging from

micro-sized zooplankton [201] to whales [202], and move up into the food chain. Furthermore,

once ingested, toxins and microbes absorbed by MPs or accumulated on the surface can affect

the host organism’s health [21, 203].

In marine and freshwater ecosystems, MPs have been reported in high concentrations both in
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the vicinity of their emission source, for instance, downstream of wastewater treatment plants

[204, 205], as well as in remote areas distant from the source [206]. Quantitative site-based

studies in different water bodies have shown a varied assembly of MP properties in terms

of their polymer, density, shape, and size (e.g., Morét-Ferguson et al. [82] and Naidoo et al.

[207]). Many studies have identified the preferential presence of MPs based on their numerous

properties in different compartments of aquatic systems [31, 35, 43, 208, 209]. Marine and

freshwater MP particles are transported and dispersed by physical hydrodynamic processes.

The importance and role of each process in MP mobility and deposition vary from site to site

and are also dependent on MP properties (e.g., Zhang [145] and Van Sebille et al. [210]).

One of the physical properties frequently associated with the distribution and mobility of

MPs is density. Plastic density in freshwater and marine environments depends on the type

of polymers and can be significantly affected by biofouling, that is the formation of biofilms

on particles’ surfaces (e.g., Lagarde et al. [211] and Long et al. [212]). Plastics with densities

higher than the density of the ambient water are negatively buoyant and tend to sink, while

plastics lighter than the ambient fluid are positively buoyant and tend to rise and float in

a quiescent fluid (see Figure 3.1). For accumulation in surface water, for instance, some

studies have found substantial quantities of polyethylene (PE) and polypropylene (PP) (e.g.,

Suaria et al. [213]), whereas others have identified polymers such as polystyrene (PS) to be

abundantly present (e.g., Di and Wang [214]). Review studies by Erni-Cassola et al. [46]

and Schwarz et al. [35] have found PE and PP to be predominant in surface water, followed

by PS. The overall data suggests that low-density polymers, PE and PP, both lighter than

water, and PS, with densities only marginally different from that of water (Table 3.1), are

predominant in surface water.

Similarly, MP shape is also linked to its mobility. MPs are either engineered as small-sized

plastics, primary MPs, or they are the by-product of fragmentation of larger plastic debris,

secondary MPs. While primary MPs are often in the form of spheres or pellets, secondary

aquatic MPs exist in different shapes depending on their origin and exposure to fragmentation

processes [79]. Tanaka and Takada [16], among others, presented shapes for MPs, from
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Figure 3.1: Range of physical processes that affect the transport and distribution of marine
MPs (modified from Karimpour et al. (2021): 1) advection; 2) entrainment by turbulent
structures; 3) sinking of negatively buoyant or biofouled MPs, and vertical forces including
drag force, FD, gravity, FG, and buoyant force, Fb; 4) rising of positively buoyant or defouled
MPs; 5) transport by wind; 6) coastal beaching and wash off; 7) transport with sediment
gravity flow. A and B present fragmentation and biofouling, respectively. These two processes
are assumed to play significant roles in altering MP transport [215].

fragments and microbeads to sheets, films, and fibres. MP shape affects the particle’s drag

force, FD, shown in Figure 3.1, and their rise and fall velocity [47, 89]. The biofouling rate is

also strongly linked to particle shape and the particles’ exterior surface to volume ratio [133,

216]. Furthermore, sedimentary records have shown a higher presence of a specific MP shape,

microfibres [217].

Another characteristic that can strongly impact MP dispersal is size. MPs are reported in

a wide range of sizes across freshwater and marine compartments, varying from 10 µm to

5 mm (e.g., Reisser et al. [39] and Bergmann et al. [40]). Compared to natural sediments,

the particle size of 5 mm, the upper size limit for MPs, is equivalent to the size of fine
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gravel, while the size of 10 µm is equivalent to that of silt. Among sediment properties,

size classification is one of the most important sediment features affecting hydrodynamic

transport and aquatic morphology (e.g., Yang and Shi [218] and Heitmuller and Hudson [219]).

Despite its importance, a limited number of quantitative studies have sorted MPs based on

size. In addition, in site-based quantitative studies that have provided size distributions, size

classification and categories are inconsistent due to varying objectives, sampling locations

and techniques, preparation, and analytical limitations. Filella [104] has first highlighted the

lack of attention to standardized size classification and its importance, using the sediment

analogy. MP ingestion and ecological impacts are also tied to their size. Lehtiniemi et al.

[28] suggested that the size of MP fragments is a crucial factor, influencing the number of

plastic particles ingested by small predators. In their study off the coast of South Africa for

larger plastic debris, Ryan [208] stressed the importance of plastic size in their long-distance

transport. Furthermore, Kooi et al. [133] noted the importance of size in MP biofouling

and defouling. They have attributed size-dependent biofouling to the absence of finer MPs

from the surface layers, reported by Cózar et al. [34]. Although the impact of MP size on

some transport mechanisms has been discussed in several recent studies, a comprehensive

understanding of this MP feature and its role in the mobility of MPs is still required.

In this study, some of the hydro-environmental factors that affect the transport of MPs are

critically discussed. The impact of particle size and its linkage to these physical processes

are explored in-depth. Furthermore, by consolidating the data on MP size distribution from

different regions of the marine environment including sediments, the interconnections of size to

transport process and accumulation are assessed. Evidence based on plastic composition and

polymer types is also presented when reviewing the impact of polymer type and associated

fragmentation rate on MP mobility. The objective is to provide a new narrative for MP size

based on existing knowledge in sedimentology and to identify existing gaps in this area.
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3.3 Microplastic size impact on hydrodynamic parame-

ters

Owing to the unique set of characteristics including their density, range, shape and morphology,

MPs’ behaviour is different from that of natural sediments and other contaminants. Knowledge

regarding the transport of natural sediments, however, can be utilized to formulate the unique

hydrodynamic behaviour of MP particles. In this section, the role of selected hydrodynamic

processes in MP transport and their relation to particle size are discussed. Figure 3.3

illustrates the role of particle size in MP response to the physical processes discussed in this

section.

3.3.1 Effect of size on turbulent mixing and MP entrainment

In turbulent flow, the particle entrainment process is an interplay of turbulence features,

gravitational effects, and particle morphology. This interaction between the turbulent flow

and gravitational effects of particles appears in different scales of the flow, from larger

integral-scale eddies to small dissipative Kolmogorov’s scale. The energy-containing eddies

are presented by the integral scale, while the viscous range is presented by the Kolmogorov’s

scale. In formulating this interaction, parameters associated with turbulence length and time

scales must be accounted for. The larger scale of turbulence is presented by integral length, l,

and turnover time scale, τl. The small Kolmogorov’s time, τν , and length scale, η, are defined

as (e.g., Good et al. [162]):

τν = (ν
ε

)1/2 (3.1)

η = (ν
3

ε
)1/4 (3.2)

where ν is the kinematic viscosity of the fluid and ε is the dissipation rate per unit mass.

Particle engagement also depends on particle size and density, as well as the density of the
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ambient fluid [160]. These factors are reflected in particle relaxation time, τp:

τp =
d2

p(ρp − ρw)
18µ (3.3)

where dp is the particle diameter, ρp is the particle density, ρw the density of the ambient

water, and µ is the dynamic viscosity of fluid. The particle relaxation time is sometimes

defined by the absolute density (e.g., Wang and Maxey [220]); however, the more general

equation considers the density difference between the particle and the ambient fluid, as

demonstrated in Eq. 3.3 [158]. Two dimensionless parameters, based on turbulent time scales

and particle relaxation time, can be defined to describe the relative significance of natural

vertical movements of particles due to gravity and buoyancy, compared to turbulent-induced

particle entrainment. The effects of small-scale turbulence on particle motion are ascertained

by the Stokes number as defined by Kolmogorov’s time scale:

Stν = τp

τν

(3.4)

The integral time and length scale are dependent on the magnitude of the geometry of

the problem, as well as the initial instability conditions (e.g., Karimpour et al. [221] and

Karimpour and Chu [222]). The effect of integral scale eddies on entrainment is formulated

using the integral time scale:

Stl = τp

τl

(3.5)

Large Stokes numbers associate with higher particle relaxation time or smaller turbulence

time scales. In such conditions, particle engagement with the ambient structure lags, and

particles move following their natural sinking or rising behaviour. For suspended sediments,

large Stokes numbers lead to sinking and deposition to bed. On the contrary, for small Stokes

numbers, particles are entrained in the flow and when the Stokes number is very low, particle

behaviour will be similar to that of a passive scalar. The relevance of these two dimensionless

Stokes numbers depends on the particle’s size compared to integral and Kolmogorov’s length
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scales (e.g., Gorokhovski and Zamansky [223]).

Figure 3.2: Relaxation time, τp, for sediment particles (ρp =2.65 g/cm3) and microplastic
particles (ρp=0.88 to 1.37 g/cm3). Figure on the left shows τp for particle sizes ranging from
0.1 to 2 mm, whereas figure on the right highlights the range for smaller sizes of 0.1 to 0.5
mm.

As can be seen in Eq. 3.3, particle relaxation time, τp, is a function of the particle size, dp,

as well as the particle’s marginal density from that of ambient water, (ρp − ρw). Sediment

particle density, composed of minerals, is typically between 2.50 to 2.80 g/cm3. Plastics, on

the other hand, possess a wide range of densities: density of foamed PS is a fraction of the

density of water, PS can be marginally heavier or lighter than water, whereas PVC can be

up to 60% heavier than seawater and freshwater. About 50% of plastics have densities within

the 20% margin of seawater and freshwater densities (Table 3.1). The most common polymer

types, PE and PP, are marginally lighter than seawater. Figure 3.2 is the plot of relaxation

time for sediment particles with density of ρp= 2.65 g/cm3, positively buoyant plastics with

densities between 0.88 and 0.97 g/cm3, and negatively buoyant plastics with densities of 1.15

49



and 1.37 g/cm3. These densities are selected as they represent the minimum and maximum

ranges of some of the most common polymer types listed in Table 3.1. Particles with smaller

marginal density compared to that of seawater, e.g., 0.97 g/cm3, correspondingly have a very

low overall relaxation time.

Table 3.1: Density of high-demand plastics [74], seawater, freshwater, and common range for
mineral sediments. The last column provides the global demand for each plastic polymer.

Polymer type Min
(g/cm3)

Max
(g/cm3)

Global plastic demand and
distribution, 2019 [5]

Polyethylene (PE: LDPE, HDPE,
LLDPE, MDPE) 0.88 0.97 29.8%

Polypropylene (PP) 0.90 0.92 19.4%
Polyvinyl Chloride (PVC) 1.15 1.58 10.0%

Polyurethane (PUR) 0.01 1.26 7.9%
Polyethylene Terephthalate

(PET/PETE) 1.37 1.45 7.9%

Polystyrene (PS/EPS) 1.04 1.10 6.2%
Others 0.10 2.20 18.8%

Freshwater∗ 1.000 -
Seawater∗∗ 1.025 -

Mineral sand/silt/clay 2.50 2.80 -

∗ 4 ◦C.
∗∗ 25 ◦C, salinity of 35 g/kg, 1 atm pressure.

A sand particle with a diameter of 0.2 mm, has a relaxation time of about τp= 0.0036 s. This

relaxation time is attributed to the small particle diameter and marginal density, (ρp − ρw).

Particles smaller than fine sands (including silt and clay) are often entrained with the ambient

flow and are transported to distant areas where samples from deep sediments often include

silt, clay, and fine sands (e.g., Cunningham et al. [224]). However, MPs have a lower marginal

density compared to natural sediments. Therefore, for a turbulent flow with an integral time

scale of τl and Kolmogorov’s time scale of τν , MP particles identical to sediments in terms
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of size and shape exhibit lower Stokes numbers. Due to the lower marginal density of MPs,

larger MP particles may entrain in various scales of the turbulent flow. For instance, for a

density of 0.88 g/cm3 and 1.37 g/cm3, MPs with diameters of 0.7 and 0.4 mm respectively,

exhibit the same relaxation time as sand particles with a diameter of 0.2 mm. For a MP

particle, made of heavy PE with a density of 0.97 g/cm3, particles with a diameter of 1.15

mm exhibit a similar range of relaxation time as fine sand particles. Due to their smaller

marginal density in turbulent flow, MP particles deviate from their natural sinking or rising

behaviours as defined by their density. A combination of MP’s marginal density and size

will govern the process. As demonstrated in Figure 3.3, small size MP particles with small

marginal density can be entrained and transported to areas distant from MP emission sources.

Figure 3.3: Schematic representation of MP size linkage to different processes: from entrain-
ment and sinking to resuspension. In this figure, MPs of different shapes are illustrated,
where red and blue colours present negatively and positively buoyant plastics, respectively.
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3.3.2 Rising and settling velocities of microplastics

MP particles can either be positively or negatively buoyant, leading to the rising or settling

of these contaminants in a motionless water column (Figure 3.1). The rising and settling

velocities of MP particles are often assumed to be calculated similarly to those of natural

sediments with similar characteristics (e.g., Waldschlager and Schuttrumpf [117]). However,

MP particles have shapes that exhibit complex sinking or rising behaviours [16]. In motionless

fluid, assuming that vertical forces are limited to gravity, buoyancy, and drag, the steady

state particle velocity, wp, can be estimated based on the following equation:

1
2CDρwApw

2
p = |ρp − ρw|gV (3.6)

where CD is the drag coefficient and depends on particle shape and flow regime (e.g.,

Chubarenko et al. [80] and Clift et al. [225]), Ap is the particle projected area resisting the

relative fluid motion, and V is the volume of the particle. Re-arranging Eq. 3.7 yields:

wp =

√√√√ 2g
CD

|ρp − ρw|
ρw

V

Ap

(3.7)

In Eq. 3.7, the volume to projected area ratio, V/Ap, is affected by particle shape which plays

a key role in the settling pattern of MPs as it influences the drag coefficient as well as the

volume to projected area ratio. MP shape can further affect the sinking or rising behaviour

of particles in favourable biofouling conditions (see Section 3.3.3). The volume to projected

area ratio additionally signifies the role of particle size on settling and rising velocities. The

particle size also affects the flow regime that is surrounding the MP particle by impacting

the particle’s Reynolds number:

Rep = wpdp

ν
(3.8)

For laminar particle Reynolds number, the drag coefficient is larger for smaller particles.

Along with a smaller volume to projected area ratio, V/Ap, this leads to a smaller steady
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state rising or settling velocity for finer particles. For MPs, Kooi et al. [133] have shown

the sinking velocity variability with size. Similar to Eq. 3.3 for particle relaxation time,

Eq. 3.7 for settling and rising velocity is derived from the particle’s force balance, therefore,

marginal density, (ρp − ρw), also appears in this equation. Due to a smaller marginal density

in comparison to mineral sediment particles, MPs exhibit smaller settling velocities. The

settling velocity of an MP particle with a density of 1.30 g/cm3 is about 2.3 times slower than

the settling velocity of a similarly sized and shaped sediment particle. The ratio for an MP

particle of a density of 1.10 g/cm3 is about 4.0. This leads to longer exposure of small MP

particles to in-depth currents and mixing induced by waves, roller, and other wind-induced

structures, as well as structures such as thermohaline circulations. Such entrainment and

mixing of MP particles, as evidenced by the Stokes number, results in inhibited sinking and

rising.

3.3.3 Biofouling

Biofouling is an important mechanism that impacts the buoyancy of MPs in aquatic systems.

The growth and accumulation of microbes, algae, and invertebrates alter the density of MPs,

affecting their buoyancy and sinking or rising patterns [36, 212]. Some of the environmental

parameters that affect biofilm formation, growth rate, and composition are depth profiles

of light extinction, salinity, density, and viscosity [133]. Due to the variability of these

environmental factors, the biofouling effect on MP vertical transport is reported to vary

in different marine regions and seasons (e.g., Kaiser et al. [226] and Artham et al. [227]).

Biofouling formation also depends on polymer composition, surface energy, and the particle’s

surface roughness [63, 227].

For naturally buoyant particles, biofouling results in an increase in apparent density and

ultimate sinking. Biofouling also affects the settling behaviour of negatively buoyant and

naturally sinking particles [228]. The change in apparent density of biofouled MPs is directly

related to the exterior surface area to volume ratio. This exterior surface area to volume

ratio is affected by MP shape (e.g., Fazey and Ryan [134] and Ballent et al. [229]) and size
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[133]. Based on the exterior surface to volume ratio analysis, Chubarenko et al. [85] suggested

that, for MP shapes of smaller characteristic length in similar environmental conditions,

the impact of biofouling progression on density appears faster. Therefore, among different

MP shape categories, those with a larger exterior surface area to volume ratio, such as

fibres and filaments, will sink faster when exposed to biofouling in contrast to fragments and

beads which are slower to respond to biofouling. Kaiser et al. [226], however, that even in

similar environments, the biofilm composition may be dependent on MP shape. Especially in

microfibres, small exterior surface areas and characteristic length may prevent the attachment

of some macro-foulants.

For MP particles of similar shapes, when particles are small, due to their large exterior

surface area to volume ratio, the buoyancy changes immediately after the particle is exposed

to biofouling. On the other hand, for larger particles, the impact of biofouling on particles’

buoyancy only emerges after longer exposure, as illustrated in Figure 3.3. Kooi et al. [133]

evaluated settling onset time with different particle radii and densities. For spherical particles

of different buoyant polymer types, the sinking onset was estimated at about 26 days for

those with a radius of 1 to 10 mm, while the onset for smaller particles was estimated to

occur more rapidly.

Moreover, the impact of biofouling on MP sinking behaviour is complex and not solely due to

the change in the particle’s density. The accumulation of biofilm may alter the overall shape

of the particles and affect their roughness. Furthermore, biofilm aggregates can be permeable,

affecting the vertical transport patterns [212, 230]. Change of buoyancy due to biofouling is

evidently affected by the plastic size, where smaller buoyant MPs change buoyancy faster.

However, further studies will be required to examine the sinking behaviours of various sized

and shaped MPs with different fouling conditions.
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3.3.4 Critical velocity for resuspension

Negatively buoyant particles that have settled experience shear stress caused by flow velocity.

The shear stress exerted on settled particles eventually reaches a value that will force the

particles to resuspend, get entrained with the ambient flow, and be transported. A major

advancement in sediment resuspension threshold determination was provided by the Shields

diagram (Shields, 1936). The threshold developed by Shields (1936) is based on dimensional

analysis where:

Threshold = f(ν, ds, τo, ρs, ρw, g) (3.9)

which yields:
τo

(ρs − ρw)gds

= f(u∗ds

ν
) = f(ds

δ
) (3.10)

where δ is the thickness of the viscous sublayer, ds is the sediment size, ρs is sediment particle

density, and τo is the shear stress. The ratio of particle to viscous sub-layer thickness on the

right-hand side of Eq. 3.10, ds/δ, is defined as the boundary layer Reynolds number, Re∗.

Based on the shear stress, τo, shear velocity is defined as u∗ =
√

(τo/ρw), which is a measure

of the shear stress in the flow. The dimensionless variable on the left-hand-side denotes the

ratio of forces acting on a particle affecting its motion and is recognized as Shields number, θ.

The Shields diagram identifies the motion threshold based on the Shields number, θ, as a

function of the boundary layer Reynolds number, Re∗. The Shields diagram and its variants

are discussed in Miller et al. [231]. Similar to sediment particles, MPs that have settled in

sediments are prone to resuspension. Chubarenko et al. [80] have plotted experiments by

Ballent et al. [152] for MP pellets on the Shields diagram and identified the discrepancies in

behaviour observed between Shields material and MPs. Kane et al. [150] have used the Shields

number to assess the mobility of sedimentary MPs. Re-writing dimensional analysis and

incorporating MP particle density, ρp, and size, dp, the MP resuspension threshold becomes:

Threshold = f(ν, ds, τo, ρs, ρw, g, dp, ρp) (3.11)
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which yields:
τo

(ρp − ρw)gdp

= g(u∗ds

ν
,
ds

dp

) (3.12)

In Eq. 3.12, the Shields number, θ, is defined based on MP density, ρp, and size, dp, as this

dimensionless number denotes the forces on a MP particle. On the other hand, the boundary

layer Reynolds number, Re∗, is governed by bed roughness size, for sediments denoted by

ds, and δ that is the thickness of the viscous sublayer. The impact of sediment to settled

MP particle size ratio, ds/dp, on boundary layer development is not clear. However, in a

few studies on sedimentary MPs, authors have reported sediment aggregate size and alluded

to its potential impact on boundary layer development and resuspension thresholds [150,

224]. The impact of MP size on resuspension is clearly demonstrated in Eq. 3.12. MPs with

a smaller characterized dimension, dp, possess a higher Shields number, and are of greater

probability to exceed the threshold of motion. The fine settled particles are more likely

to resuspend in a weak flow field and surrender to long-distance transport. The particle’s

marginal density, (ρp − ρw), also appears in the definition of this hydrodynamic parameter.

With a marginal density difference between the ambient water and MP, smaller shear stresses

and shear velocities lead to the resuspension of MPs.

3.4 Evidence of size-selective distribution and transport

For this section, literature on marine MP presence and detection is systematically reviewed,

focusing on studies that have investigated size and density in various marine compartments.

Among more than 200 reviewed studies, although many have reported the size range, only

15 provided size distribution for MP particles. These studies are summarized in Table 3.2

and categorized on the basis of the region of the study and vicinity to nearshore for both

sediments and surface water. The depth of the sampling is governed by the sampling method.

In studies listed for surface water, a variety of sampling techniques, including bulk and

volume-reduced sampling methods, were used. In volume-reduced methods employing manta

and neuston nets listed in Table 3.2, the depth of the sampling did not exceed 75 cm from the
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free surface. While for the bulk sampling employed by Enders et al. [30], the inlet of the pump

was submerged to a depth of 3.0 m below the free surface. For studies in sediments, the depth

of sampling was measured from the bed and was limited to 65 cm. The reported abundance,

concentration, and polymer type depend on source vicinity, discharge routes, and locally used

plastics. The size distribution, however, is an indication of flow hydrodynamics dominating

the MP spread and dispersal. Despite the provision of the size range in many reviewed studies,

the size distribution is not widely available. In studies that have provided size distribution,

there is no standardized size classification as observed by Filella [104]. Furthermore, the

lower and upper size limits are bounded by sampling and analytical methods, as well as the

objective of the study (see Table 3.2 for size range). The lack of a unified and standardized

approach amongst different studies has limited the analysis presented in this paper. However,

the size distribution in these studies provides insight into the frequency and concentration of

various size categories and qualitative descriptions of size distribution profiles.

3.4.1 Impact of MP size on surface water presence

Waves and currents in coastal regions are the most important factors in the transport, erosion,

and deposition of sediments [232]. In nearshore areas, the effect of breaking waves along with

the presence of longitudinal currents generated by waves creates a size-selective distribution

of sediments. This leads to a heterogeneous sediment distribution, with coarse material

remaining on the beach and fine material being washed away. Inman and Bagnold [233] were

among the first to examine nearshore sand distribution based on their size. Finn et al. [234]

analysed the motion of coarse and fine sand particles under passing surface waves, and found

strong spatio-temporal particle size sorting patterns, where vertical size sorting of grains in

suspension has been reported. Correspondingly, for microplastics, transport and entrainment

induced by coastal sub-surface currents and vortices are size-dependent.
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Table 3.2: Studies that have identified the size distribution of MPs in nearshore (NS) and offshore (OS) surface water
(SW) and offshore sediments (Sed.). In surface water sampling, depth indicates the depth from the free surface, while in
sediments, depth is measured from the bed. Size limitation indicates the minimum threshold dictated by sampling and/or
characterization method. Square brackets in size range indicate that the size range is limited to the endpoint, whereas
round parentheses mean size range contains values beyond the endpoint.

Location Sampling depth Sampling technique Size range Dominant shape
(cm) (µm)

SW
-N

S

Coastal waters of China [235] not available Volumetric steel samplers [20 5000] Fibres
Hiroshima Bay, Japan [236] 0.00-75.00A Neuston net;

75×75×300 cm3
(355 5000) -

Korean West Coast [237] 0.00-0.04 Stainless steel sieve;
20 cm diameter

[50 1000) -

Atlantic European Coastal [30] 0.00-300.00 Volumetric sam-
pling using pump

[10 10000] Other than fibres

SW
-O

S

Mediterranean Sea, Arctic Ocean,
Subtropical Gyres [31] 0.00-15.00 Manta net; 86 cm width [320 860] Fragments

North Atlantic Subtropical Gyre,
Atlantic Open Ocean, Atlantic

European offshore [30]
0.00-300.00 Volumetric sampling

using pump [10 10000] Other than fibres

North Atlantic sub-tropical gyre [39] 0.00-50.00 Filter net [500 5500) Fragments
Malaspina Circumnavigation [34] 0.00-50.00A Neuston net; 50×100 cm2 [200 10000] Fragments and Sheets

Atlantic Ocean [82] 0.00-25.00 Neuston net; 50×100 cm2 [335 15000) Fragments
North Pacific Central Gyre [238] 0.00-15.00A Manta trawl;

15×90×350 cm3
[355 4760] Fragments

Se
d.

–
O

S

Rockall Trough North Atlantic
Ocean [83] 0.00-60.00 Sediment core samples;60

cm height & 10 cm diameter [52 6500) Fibres

Western Pacific Ocean [239] 0.00-5.00 Stainless-steel box corer [100 5000) Fibres
Eastern Indian Ocean [113] 0.00-60.00B Main samples: box corer;

60×40×50 cm3; Sub-samples:
stainless steel shovel

(20 500) Granules

A
rc

tic
Se

d.
–

O
S Arctic Ocean [32] 0.00-5.00 Video-guided multiple corer;

8 cores (100 mm diameter) [11 100) Fibres

Arctic Ocean [106] 0.00-65.00B Stainless-steel box
corer; 50×50×65 cm3

[100 2000) Fibres

Arctic Ocean [40] 0.00-5.00 A video-guided multiple
corer with eight cores
of 100 mm diameter

[11 500) -

A Water depth was not explicitly provided. Therefore, the maximum net mouth dimension is assumed as the depth.
B Sediment depth was not available. Therefore, the maximum core dimension is assumed as the depth.
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Ryan [208] has reported the size distribution for plastic debris in nearshore and offshore sites

for plastic pieces sized smaller than 60 cm. In the coastal areas, the results indicate that

about 60% of plastic pieces were sized smaller than 5 cm. While in offshore regions, about

65% of plastics were sized between 5 to 30 cm. This shows a preferential abundance of larger

floating plastic pieces offshore in surface water.

Figure 3.4: Size distribution characteristics for surface water sample (A) nearshore and (B)
offshore. (c) The mean size for MP particles excluding fibres by Enders et al. (2015). The
box in each study identifies the size bin with the highest concentration. The size of the box is
unique in each study and is consistent with the bin size reported. The horizontal bar in each
study is the D50 or its proximity. Since bin sizes vary among these studies, D50 is determined
within ±5%. The circles are the average MP size presented by selected studies, where size
distribution was available but could not be extracted.

Figure 3.4 reports the size characteristics for studies in Table 3.2 that provided size distribution

for surface water in nearshore and offshore regions. In this figure a few features are extracted

from the size distribution reported in the original studies: peak size distribution and D50,

or vicinity thereof. The peak size boxes in Figure 3.4 have variable sizes as the bin sizes

vary in different studies. D50 is the particle diameter at 50% in the cumulative distribution,

demonstrated by a horizontal line for each study. Sagawa et al. [236], Chae et al. [237], and

Qu et al. [235] are among the studies that investigated the size distribution of microplastics
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in coastal areas. The peak size bins in all three studies lie between 100-750 µm, whereas D50

is approximately smaller than 1200 µm as shown in Figure 3.4 (A).

Offshore studies, shown in Figure 3.4 (B), reported peak frequency or concentration at

larger size categories. The peak size bin varies from Reisser et al. [39], who have reported

a peak size of 500-1000 µm, to Morét-Ferguson et al. [82] with a peak of 3000-4000 µm.

Morét-Ferguson et al. [82] have also used larger bin sizes to provide size distribution. The

peak of the distribution, however, lies at a larger size. Furthermore, the vicinity of D50 is

also identified at a larger size range. Enders et al. [30] have looked at individual MP particle

and fibre size. The mean size reported for particles with shapes other than fibres was notably

smaller for both nearshore and offshore regions compared to other studies, as demonstrated

in Figure 3.4 (C). They, however, reported mean size values from nearshore samples that

were smaller compared to samples extracted from offshore, open ocean, and subtropical gyres.

For low-density buoyant MPs, with apparent density lower than that of seawater, particle size

affects the relaxation time. Smaller MPs have smaller particle relaxation times. Therefore, as

buoyant plastics and MPs reach coastal areas, small-sized particles are more likely to separate

from the surface layer and get entrained with wave-, wind-, or thermal-induced currents and

subsequently get advected and transported offshore. Additionally, small MPs have a larger

exterior surface area to volume ratio and therefore, when exposed to biofouling, their onset

of sinking is shorter. Due to the combined influence of biofouling effect and higher potential

for entrainment, they appear less abundant in offshore surface water samples.

Similarly, for fine negatively buoyant MPs, biofouled or pristine, entrainment with in-depth

vortices and their offshore transport can be induced by weaker currents. This is further

reinforced as smaller negatively buoyant particles sink gradually. Therefore, the presence of

small-sized high-density MPs, both biofouled and pristine, in the water column is prolonged.

This increases the likelihood of entrainment over time. While, for larger sinking MPs, only

strong currents can entrain the particles and lead to offshore transport. Furthermore, the

resuspension and mobility of settled MPs are also size dependant. Smaller sized MPs that
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have settled have a higher Shields number, θ, which leads to a lower resuspension threshold,

and a higher likelihood of resuspension.

3.4.2 Deep-sea MP presence

Once sediments are transported by fluvial means into marine environments, larger sediments,

such as sand, settle in shallower marine environments in nearshore areas. Smaller sediments,

such as silt and clay, remain entrained in the currents and are transported offshore. These

particles are carried to regions with lower velocity currents and, with a very slow rate, are

deposited to the bed. Another main mechanism leading to the bed deposition of sediments is

turbidity currents. Turbidity currents originate over continental shelves, where high-density

sediment-laden flow plunges down to the seabed. These currents are the primary processes

for carrying fine sand to deep-sea sediments. Similarly, MP debris accumulates in seafloor

sediments either directly by sinking through the water column, or via currents and sediments

transported from the fluvial regions [217, 240]. Some studies suggest that deep-sea sediments

can be the sink for lost MPs (e.g., Anderson et al. [241] and Chiba et al. [242]). However,

Barrett et al. [243] have shown the contrary, where the sedimentary deep-sea MPs account

for only a small portion of lost MPs. Nevertheless, our analysis of the existing studies on

size distribution in nearshore and offshore areas on surface water shows that smaller MPs

are missing from the water surface. This corroborates findings by Cózar et al. [34] that have

shown a size-selective absence of MPs from the ocean surface.

Figure 3.5 (A) shows the peak bin size with the highest concentration and D50, or its proximity,

for deep-sea sediments. D50 in all cases falls below 1000 µm, and this value never exceeds the

peak bin size. This signifies the abundance of narrow particle size distribution that is limited

to very fine MPs in deep-sea sediments. For nearshore surface water samples, although the

peak size bin was also reported to be small, D50 extended beyond this size showing a wider

spread of size distribution. This is attributed to the impact of size in hydrodynamic processes

outlined in Section 3.3. Intrusion of fine MPs in deep-sea sediments can partly explain the

absence of these MPs from the water surface in offshore regions.
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Figure 3.5: Size distribution characteristics for sediment samples for (A) offshore and (B) the
Arctic. The box in each study identifies the size bin with the highest concentration. The
horizontal bar in each study is the D50, or its proximity. The circles are the average MP
size presented by selected studies, where size distribution was available but could not be
extracted.

3.4.3 Remote areas and size distribution

In recent years, the prevalence of MPs in remote Arctic and Antarctic regions has drawn

the attention of researchers around the world. MP particles have been found in Arctic and

Antarctic surface water [31, 32, 206] as well as in deep-sea sediment samples [32, 40, 106, 206,

244]. The high abundance reported had no correlation with upstream population and was

associated with long-distance transport from remote sources [206]. Thermohaline currents are

among the important processes in the transport of deep fine sediments [245], and Cózar et al.

[31] attributed the prevalence of MPs in Arctic remote areas to these global currents. The

shallow thermohaline currents can redistribute floating plastics from different latitudes [31].

On the other hand, deep thermohaline currents will interact with deep-sea sediments and

sediment currents, and transport settled, settling, and neutrally buoyant MP pieces [121].

A few studies have provided the size distribution of MPs in the sediments extracted from

Arctic regions (Figure 3.5). All these studies have noted the abundance of fine MPs in

sediment samples. In fact, Bergmann et al. [40] have reported that about 80% of MP particles

were sized smaller than 25 µm. The mobility of MP particles induced by the thermohaline

62



currents is dependent on their size. The shear velocity imposed by deep thermohaline currents

can lead to resuspension of fine sediments, as well as fine MPs. The turbulent structures

induced by this velocity gradient in a thermohaline current [246] can lead to the entrainment

and long-distance transport of sediment and MP particles, depending on their size and

relaxation time.

3.5 Polymer type and relation to particle size and shape

Plastics are made of different polymers with a wide variety of properties. Plastic density

has been highlighted as one of the important properties affecting transport and distribution.

Density evidently impacts aquatic MP distribution as it affects the buoyancy of the particle

in quiescent fluid. In recent years, Schwarz et al. [35] and Erni-Cassola et al. [46] have looked

at plastic distribution in different freshwater and marine regions. Schwarz et al. [35] have

consolidated literature on marine sediments, while Erni-Cassola et al. [46] have gathered

evidence on polymer type accumulation in intertidal, subtidal, and deep-sea sediments

separately. Both studies have discussed the selectiveness of MP distribution based on density.

Table 3.3: Young’s Modulus of elasticity and elongation for selected polymer types [74].

Polymer type Young’s Modulus (MPa) Elongation (%)
Polyethylene HDPE 1069 – 1089 10 – 1200
Polyethylene LDPE 172 – 282 100 – 650
Polypropylene (PP) 1138 – 1551 100 – 600
Polyvinyl Chloride (PVC), hard 2413 – 4137 40 – 80
Polyurethane (PUR) 0.17 – 34.47 250 – 800
Polyethylene Terephthalate (PET/PETE) 2758 – 4137 30 – 300
Polystyrene (PS/EPS) 2275 – 3275 1.2 – 2.5
Polyamide (PA6) 2000 65 – 150
Polyamide (PA66) 1586 – 3447 150 – 300

Plastics, however, possess other properties that affect their distribution; among these prop-

erties are brittleness and flexibility. Table 3.3 presents two material properties: Young’s
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Modulus of elasticity, in MPa, and Elongation, in percentage. Young’s Modulus is a measure

of the ability of a material, plastics in this case, to withstand changes in length when it

undergoes tension or compression. Elongation, on the other hand, is a measure of deformation

before a material breaks if subjected to a tensile load. Plastic polymers such as HDPE,

LDPE, PUR, and PP, have high elongation and can be categorized as ductile, while hard

plastics such as PVC, PS, and PET have relatively lower elongation. All three polymers also

have high Young’s Modulus of elasticity and are more brittle than other plastics listed. This

is consistent with the study by Efimova et al. [247] that examined the fragmentation rate for

PS, PS foam, LDPE, and PP. They reported that PS, listed with the lowest elongation in

Table 3.3, has the highest fragmentation rate and after 15-18 days of mixing with sediment

and water it reached about 80% fragmentation in the form of MPs, in terms of its original

mass. Whereas, for PP, a ductile plastic polymer, only 0.07% of the original mass was

fragmented into MPs after about 24 days of mixing. Due to their low brittleness, HDPE,

LDP, PUR, and PP are resistant to fragmentation. Whereas fast fragmentation to smaller

plastics and eventually to smaller-sized MPs is anticipated for PVC, PS, and PET.

As described in Section 3.3, long-distance transport is size-selective. Given that PVC, PS, and

PET are fragmented rapidly, under favourable conditions, they will most likely be entrained

and transported farther. The meta-analysis by Erni-Cassola et al. [46], clearly demonstrated

this polymer selectiveness, established by a combination of fast fragmentation, density, and

impact of size on transport. In their analysis for subtidal and intertidal sediments, they

reported a concentration of between 25-40% for polyester, polyamide, and acrylic. Whereas,

in deep-sea marine sediments their compilation yielded a higher concentration of roughly

75% for polyester, polyamide, and acrylic. The demand for polyester, made of PET, is about

8% and demand for polyamide is 2%. If the density is considered as the sole plastic property

governing the distribution, all land-based debris pieces composed of PET, polyamide, and

acrylic should settle nearshore as these polymers have densities higher than those of both

seawater and freshwater. Due to their high fragmentation rate and smaller size, particles

made of these polymers can be transported offshore and settle in areas with slow ambient
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velocities. The high concentration of polyester, polyamide, and acrylic in deep-sea sediment

is due to the combination of polymer properties, including their brittleness, measured by

elongation and density, as well as particle’s shape. The presence of small-sized MPs, based

on the evidence presented in this paper, along with the abundance of polyester, polyamide,

and acrylic in deep-sea sediments conform with observations reported for MP shape in this

compartment. All the studies listed in Table 3.2 for deep-sea sediments have reported MP

shape categories. Courtene-Jones et al. [83] and Zhang et al. [239] have distinctly reported

fibres as the dominant shape. Microfibres are also found in higher percentages in other

studies conducted for deep-sea sediments (e.g., Woodall et al. [111]). The abundance of

microfibres is consistent with the reported polymer types, as microfibres used in textiles are

commonly made of polyester, polyamide, and acrylic [56]. Other factors have also been linked

with the abundance of microfibres in deep-sea sediments. Owing to their distinct shape,

Kane and Clare [217] suggested that microfibres can be transported by gravity currents

to deeper sediments. Furthermore, as discussed in this paper, microfibres possess a larger

exterior surface to volume ratio, which would lead to fast alteration in buoyancy if exposed

to biofouling. The combination of brittleness and density of these polymers with the unique

shape of microfibres leads to their intrusion into deep-sea sediments.

For offshore surface water, a compilation by Erni-Cassola et al. [46] shows that more than 75%

of polymers present are either PP or PE, while the demand for these 2 polymers combined

is about 50%. These polymers are ductile and are not easily fragmented. As described in

this study, in this compartment, MPs have a larger mean particle size. Due to their size,

stemming from their slow fragmentation, these plastics remain afloat as they are associated

with larger Stokes numbers. Moreover, among the studies compiled here for surface water

offshore, all have provided shape categories. Aside from Enders et al. [30], all studies in

this category have identified fragments as the dominant shape which was also reported by

Woodall et al. [111], among others. The combination of buoyancy and slow fragmentation

rate leads to the presence of PP and PE particles in the surface, which is also related to a

higher concentration of larger fragments in this compartment.
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In nearshore surface water, however, authors did not find a consistently dominant shape in

various studies. While Qu et al. [235] reported fibres as the dominant shape, other studies

such as Song et al. [42] have reported fragments to be dominant. Furthermore, polymer

analysis, conducted by Erni-Cassola et al. [46] in the intertidal region, has shown the presence

of multiple polymer types. This is likely due to the closer proximity of nearshore water to

both marine and terrestrial plastic sources. Due to source variability in different geographical

regions, plastic shapes and polymers found in studies conducted in the nearshore water are

diverse.

As noted by Schwarz et al. [35], the abundance of PVC in all freshwater and marine

compartments is very low, while its production comprises about 10% of plastic demand. PVC

is mainly used in building and construction [5] and, due to its extended life-cycle and better

end-of-life waste management, provides a smaller contribution to freshwater and marine

plastic pollution. Similarly, PUR is highly used in automotive and building and construction

sectors, hence they also have not been reported in high concentrations in aquatic systems.

PS is the polymer with the smallest elongation listed in Table 3.3. This polymer has been

reported in various environmental compartments in both freshwater and marine surface and

sediment samples [35, 46]. This is due to the small marginal density of this polymer, (ρp −ρw),

combined with fast fragmentation. Once broken down into fine MPs, PS particles behave

similarly to a passive scalar and disperse easily with the flow.

3.6 Discussion and recommendation for future work

Aside from hydrodynamic and environmental factors, MPS’ mobility is affected by their

properties. These properties include polymer density, particle shape, and size. Motion of a

MP particle, even in a quiescent fluid, is affected by all three properties: density dominates

the buoyancy of the particle, shape affects the drag force, and size affects the magnitude

of buoyant and gravitational forces as well as the magnitude of the drag force. Significant

emphasis has been put on plastic density in the literature, as it is undeniably a critical factor
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in the distribution of plastics. Furthermore, to understand the mobility of MPs in terms of

natural sediment particles, efforts have been made to define MPs by shape categories and,

accordingly, define shape factors [89, 248]. MP shape is also strongly linked to biofouling.

The analogy with sediment particles infers that MP size is another important driver in MP

distribution and mobility. Our assessment of several hydrodynamic factors, namely relaxation

time, settling and rise velocity, and Shields parameter indicates that MP particle size is

directly tied to these parameters. Smaller-sized MPs exhibit lower relaxation time, lower

settling velocity, faster onset of sinking if exposed to biofouling, and a lower Shields number.

These parameters affect the mobility of MP particles and their transport to regions distant

from their source of emission. Our analysis of 15 studies that have provided size distribution

for different regions of marine systems, also confirms this correlation. Nearshore surface

water samples that are often closer to the emission source have exhibited a smaller D50,

while offshore surface water samples have shown a larger D50, where aged plastics have

undergone weathering and smaller MPs should be more abundant. This trend has been

previously attributed to biofouling and faster onset of sinking for small MPs [133]. Our

analysis suggests that other factors may contribute to the absence of small-sized MPs from

the surface in offshore areas. Entrainment and in-depth mixing lead to the entrainment and

long-distance transport of fine MPs. Similarly, small MPs can be entrained and advected

with thermohaline circulation resulting in their deposit in remote Arctic areas. Furthermore,

polymer fragmentation rates affect plastic size and, ultimately, its transport. Brittle polymers

are fragmented into smaller MPs and are more abundant in far and remote areas. Along with

microfibres’ unique shape, this supports the presence of fibres in deep-sea sediments. On

the other hand, polymers with slow fragmentation rates are found in larger fragment shapes

in the offshore water surface. The studies that were presented in Table 3.2 and analysed

in Figures 3.4 and 3.5 were selected based on size distribution availability. However, these

studies did not employ a standardized sampling, separation, and identification method or

protocol. For in-depth and meaningful comparison and monitoring, it is critical to define and

implement a standard method for all three steps to estimate the abundance, distribution,
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and composition of MPs. The size distribution range and bin sizes reported, therefore, were

different since authors used different approaches. This has limited our analysis of existing

literature and adds uncertainty to the analysis. Hence, we have limited our discussion and

examination of these studies to qualitative analysis and have not provided aggregated size

ranges herein.

This study highlights the importance of MP size, along with polymer composition and shape,

in their mobility. Given the lack of data in size distribution, future quantitative studies should

carefully examine the size distribution and limitations imposed by sampling and analysis. In

using the analogy with natural sediments in terms of MP size, further research is required to

investigate the linkage between MP shape, size, and density. Unlike mineral sediments, MPs

are versatile in terms of their density and shape. As outlined in this study, marginal density,

shape, and size appear in most hydrodynamic parameters, therefore, the definition of size

categories for MPs should include consideration for other MP properties.
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Chapter 4

Entrainment and Vertical Mixing of Aquatic Microplas-

tics in Turbulent Flow: the Coupled Role of Particle

Size and Density

A. Shamskhany & S. Karimpour (2022), Entrainment and Vertical Mixing of Aquatic Mi-

croplastics in Turbulent Flow: the Coupled Role of Particle Size and Density, Marine Pollution

Bulletin, 184, 114160 [249].

4.1 Abstract

Diversity in microplastics’ characteristics, including their size, affects their transport and

distribution in aquatic systems. Furthermore, turbulent induced mixing is often considered

dominant in the dispersion of sediments and contaminants in marine and freshwater systems,

which is also affected by particle size. The aim of this study is to investigate the effect of

microplastics’ size and polymer density on their mixing behaviour in response to turbulent

structures. Using sediment analogy, several parameters are defined to describe entrainment

patterns of microplastic particles of common polymers. Our results indicate that the level

of mixing of microplastics in turbulent flow can vary several orders of magnitude. While

large particles’ vertical motion may be dominated by the gravitational settling or rising, the
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motion of fine microplastics is highly affected by the ambient turbulent flow. Our findings

provide a plausible explanation for the abundance of fine microplastics in remote areas.

Figure 4.1: Graphical abstract.

4.2 Introduction

Features such as strength, durability, low cost, and versatility have led to plastic proliferation

over the last few decades. Along with their benefits, the exponential growth of mismanaged

plastic waste has brought catastrophic pressure upon the environment. Plastic debris

enters freshwater and marine environments through different pathways such as rivers, wind,

wastewater treatment plants, stormwater run-off, waste disposal across coastal areas, and surge

waves [10]. Due to slow degradation, plastic debris can remain in the aquatic environment

for decades, if not centuries, turning into ever smaller pieces through various weathering

processes [12]. Therefore, the presence of Microplastics (MPs), plastic debris sized smaller

than 5 mm, grows exponentially over the years. MP pollution in aquatic environments has

drawn significant attention due to its adverse impact on aquatic health. Numerous studies

have documented the ingestion, assimilation, and accumulation of MPs in aquatic species

[250, 251]. MPs are found in various aquatic compartments, from deep-sea sediments [33] to

the remote Arctic and Antarctic areas [32, 40].

MPs in aquatic environments are exceptionally diverse in terms of their properties. They

possess a wide range of shapes, from spheres to completely irregular shapes, such as fragments

and fibres. In addition, MPs are made of various polymers with densities ranging from 0.88 to
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2.80 g/cm3 [200]. Moreover, biofouling, the accumulation and growth of micro-organisms and

algae on MP’s surface, affects the density of the particle and its sinking behaviour [36, 133].

Aquatic MPs are also reported in different size ranges, varying from 10 µm to 5 mm, in various

aquatic compartments [39, 40]. Similar to sediments, particle size affects MPs’ transport and

fate in the aquatic environment significantly. Evidence on MPs’ size distribution corroborates

the preferential presence of MPs in different aquatic compartments based on their size [200].

The distribution and fate of MPs in freshwater and marine environments are dominated by

characteristics of both the MPs and the ambient flow [35, 46, 200]. Most abundant plastic

polymers in aquatic environments, such as polyethylene and polypropylene, have densities

lower than the density of water. Therefore, based on the buoyancy alone, the majority of

MPs are expected to be present in surface layers of aquatic environments. However, Cózar

et al. [34] first observed the absence of millimetre-sized plastic debris from the ocean’s surface

layer. Other studies have also supported the absence of buoyant MPs from surface layers and

discussed their in-depth distribution [44]. The absence of MPs from the surface layer has

been attributed to many factors, including biofouling followed by settling [133] and vertical

mixing [39]. The latter is mainly induced by turbulent flow, induced by different mechanisms,

such as temperature or density gradient, wind, and sudden topography changes, which can

potentially affect transport and vertical distribution of MPs [200].

Studies on the hydrodynamics of aquatic MPs have mainly been undertaken since 2010. The

impact of vertical mixing and the role of turbulence on the settling/rising behaviours of MPs

have been barely studied so far. However, sediment analogy has been widely used to describe

the behaviour of MPs, both in quiescent and dynamic ambient fluids [47, 49, 51]. Decades of

research in sediment transport have demonstrated the undeniable effect of size on particle’s

entrainment and sinking [154, 159, 162, 166]. For instance, both silt (0.004 – 0.062 mm)

and sand (0.06 – 2 mm) are heavy particles, but their behaviour in turbulent flow can be

entirely different [200]. Similarly, MPs’ behaviour in turbulent flow can be quite diverse due

to their size. Filella [104] was the first to highlight the lack of attention to standardized

size classification and its importance, using the sediment analogy. The question arising is
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the role of particle size on MPs’ entrainment and transport. Similar to other contaminants

and natural sediments, distribution, accumulation, and overall fate of MPs are rooted in

fluid dynamics. This paper, therefore, aims to investigate the response of MP particles of

different sizes and densities to turbulent flow using computational fluid dynamics. For this

purpose, we conducted multiple numerical experiments with various particle sizes ranging

from 100 µm to 2 mm, and densities associated with abundantly found polymers, from

Polyethylene and Polypropylene to Polyester and Polyvinyl Chloride [35]. We exposed these

particles to fully developed two-dimensional (2D) turbulent structures of different intensities

and observed particle mixing and mobility. Well-established hydrodynamic and sediment

transport parameters are employed to quantify the combined effect of size and density on

MPs’ entrainment and their vertical mixing based on the results of the present study.

4.3 Methodology

A backward-facing step (BFS) geometry is selected in this study to investigate the entrainment

behaviour of MPs in a turbulent flow. Flow over a BFS creates self-sustained oscillations and

vortex shedding, initiating from the corner of the step. BFS is among the most fundamental

benchmark configurations in turbulent flow and has been historically studied for decades [252].

This flow exhibits many features of a mixing layer, from shear layer formation, re-circulation,

detachment, and reattachment (see e.g., Driver and Seegmiller [253]). Current simulations are

2D and transverse averaged. Observations made in this paper exclude any additional three-

dimensional effects and rather focus on the formation of 2D structures. This approximation

eliminates turbulent dissipation in the lateral direction. However, the formation of the vortex

shedding originated at the corner of the BFS is a 2D feature of this three-dimensional flow

[252]. Furthermore, this study is a pragmatic study and aims to investigate the effect of

particle properties on MPs’ vertical mixing in an induced turbulent flow. Thus, transverse

averaging does not affect the role of MPs’ size and density on their in-depth entrainment and

transport.
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Open Source Field Operation and Manipulation (OpenFOAM-v6) is used to simulate the

numerical experiments in the present research. This computational hydraulic package contains

several pre-developed solvers for single- and multi-phase flow simulations, with Eulerian and

Lagrangian approaches. Here, a modified single-phase flow solver is employed to create a

hybrid Eulerian-Lagrangian computational model with a two-stage process. In the first step,

the Eulerian sub-model calculates the hydrodynamics of the turbulent structure behind the

BFS. Next, MP particles are injected into the fully developed turbulent ambient flow, and

their trajectories and distribution are modelled through the particle-tracking Lagrangian

sub-model.

4.3.1 Eulerian sub-model

Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) turbulent flow mod-

elling combined with Lagrangian particle tracking is known as one of the most accurate

numerical solutions for particle mixing and transport [254]. Due to the extreme computational

cost of DNS [255], here we resorted to LES modelling for the simulation of the induced

turbulent flow over the BFS. First, the turbulent ambient flow is simulated using the Eulerian

sub-model. For this purpose, conservation of mass and momentum equations are discretized

using a finite volume scheme. The continuity and momentum equations for an incompressible

flow in the index notation are [256]:

∂(ρfui)
∂xi

= 0 (4.1)

∂ui

∂t
+ ∂(uiuj)

∂xj

= − 1
ρf

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

− 1
ρf

∂τSGS
ij

∂xj

(4.2)

where ρf is the density of the ambient fluid, and here it is assumed to be 1020 kg/m3 as a

representative for density of seawater, P is the pressure, ν is the kinematic viscosity of the

fluid, g is the gravitational acceleration, ui is the larger than scale instantaneous velocity of

the flow, and τSGS
ij represents the subgrid-scale turbulent stresses. In the index notation, i, j
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= 1, 2 present x-, y-directions, respectively. The governing equations for LES are derived

by applying a convolution filter to the unsteady Navier-Stokes equations. The Smagorinsky

subgrid-scale viscosity, which is the pioneer subgrid-scale model, is implemented in this study

[257].

τSGS
ij − 1

3τkkδij = 2νtSij (4.3)

νt = Cs∆2
√

2SijSij (4.4)

Sij = 1
2(∂ui

∂xj

+ ∂uj

∂xi

) (4.5)

where νt is the turbulent viscosity, Sij is the strain rate tensor, δij is the Kronecker delta

tensor, ∆ =
√
dxdy = dx is the filter size, and Cs is the Smagorinsky constant considered as

a default value of Cs = 0.094.

4.3.2 Lagrangian sub-model

Lagrangian models are classified into four groups based on the coupling scheme, which dictates

the interaction between particles, and particles and the ambient flow [178]. In the current

simulation, the solid phase concentration of MPs is dilute and dispersed. Therefore, a one-way

coupling scheme is applied to describe the interaction between particles and the ambient flow.

In a one-way coupling system, only the ambient flow affects the behaviour and trajectories of

particles, and MPs collision and their effect on the surrounding flow are deemed negligible.

In this Lagrangian solver, MP’s displacement is computed after each Eulerian time step using

the following equation:
dxip

dtp
= uip (4.6)

where uip and xip are the velocity and the position of the particle, respectively, and dtp is the

Lagrangian time step. Each particle’s instantaneous velocity is based on the active forces

equilibrium,

mp

duip

dtp
= FD + FG + FB (4.7)
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where, mp is the particle’s mass, and FD, FG, and FB are drag, gravitational, and buoyancy

force components, respectively. The Basset history force and the forces due to added mass

effects are neglected, as the implementation of these forces makes the simulation more complex

and computationally expensive [258]. The active force components are calculated as:

FD = 1
2ρfCDAp|ui − uip |(ui − uip) (4.8)

FG = ρpgVp (4.9)

FB = ρfgVp (4.10)

where Ap is the particle’s projected area, ρp is the density of the particle, Vp is the volume of

the particle, and CD is the drag coefficient. The drag coefficient affects particles’ settling/rising

velocity and is a fundamental parameter in MP simulations. However, quantifying MPs’ drag

force is challenging due to variability in particles’ shapes. So far, few studies have investigated

settling/rising velocities of irregular-shaped MPs [47, 49]. Since the drag coefficient, and thus

the settling/rising behaviour of an idealized sphere is well studied, we focused on spherical

MP particles. In the present study, the drag coefficient is calculated using the Putnam [170]

method for spherical MP particles.

CD =


24

Rep
(1 + 1

6Re
2
3
p ), Rep ≤ 1000

0.424, Rep > 1000
(4.11)

where Rep is the particle Reynolds number, and is defined based on the particle diameter,

dp, kinematic viscosity of the ambient fluid, ν, and the relative velocity of the particle with

respect to the ambient flow, ui − uip , as:

Rep = dp|ui − uip|
ν

(4.12)
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Figure 4.2: Geometry of the BFS; L1 = 20.0, L2 = 30.0, d = 7.0, and h = 3.0 m with
sequential multiple injections of MPs every 10 s at x = 0.5 m and, y = 0.0 m. The coordinate
system is located at the corner of the BFS.

4.3.3 Numerical model set-up

Current simulations are based on the PimpleFoam solver, which employs the PIMPLE

algorithm to solve the pressure equation in an unsteady flow. The temporal and spatial

discretization schemes are Backward Euler and Gauss Linear, respectively. Here the solver is

implicit in time. The computational grid size in the current simulations is always greater

than the particle size. Therefore, in each time step, the ambient flow characteristics need to

be interpolated at the location of the particle inside a grid. However, there is a significant

difference between the particle and the grid size, and relatively large Eulerian time steps

create significant gaps in the particle’s updated position and velocity. Thus, in order to

increase the accuracy of particle tracking, a Courant cap is used to limit the time steps in

Eulerian phase calculations. Furthermore, the Courant number is also employed to regulate

the Lagrangian time marching in the particle tracking sub-model. Based on the maximum

particle Courant number, the Lagrangian time step, dtP , is defined as the time the particle

needs to exit the containing cell, and is a fraction of the Eulerian time step.

The simulation’s geometry is demonstrated in Figure 4.2, where d is the inlet water depth, h

is the step height, and L1 and L2 are lengths of the domain in the x-direction before and

after the step, respectively. Boundary conditions used in this study are uniform flow with an

inlet velocity of Uo at the upstream inlet boundary (A-B), zero-gradient at the outlet, and
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Table 4.1: MP properties and IDs. These cases are studied at three inlet velocities of Uo =
0.025, 0.100, and 0.400 m/s

Density, ρp Particle diameter, dp (mm)
(kg/m3) 0.1 0.2 0.5 2.0
PE:940 PE-S1 PE-S2 PE-S3 PE-S4
PS:1100 PS-S1 PS-S2 PS-S3 PS-S4
PET:1410 PET-S1 PET-S2 PET-S3 PET-S4

free surface boundaries (C-D and B-C, respectively), and no-slip at the lower wall boundary

(A-F-E-D). Particle injection into the ambient flow starts at t = tq, when the turbulent flow is

fully developed and reaches the quasi-steady state. The location of MP injection is illustrated

in Figure 4.2.

Table 4.1 summarizes particle parameters included in numerical simulations. PE with an

average density of 940 Kg/m3 renders a representation for Polyethylene with a density range

of 880 to 970 Kg/m3. Mobility and entrainment of Polypropylene MPs with a density ranging

from 900 to 920 kg/m3 will be similar to the behaviour of PE [200]. PS presents Polystyrene,

with a density ranging from 1040 to 1100 kg/m3. PET presents the average density range for

Polyethylene Terephthalate, which has a similar density range to Polyvinyl Chloride. We

have opted for these polymers and associated densities due to their reported abundance in

the aquatic environment [35]. These densities can also represent the overall density of aquatic

MP particles, considering both polymer and biofilm accumulation. Furthermore, among these

densities, PE has a lower density compared to the ambient fluid, whereas PS and PET have

densities higher than that of the ambient fluid, ρf . Four size classes are considered in the

present study, in the range of 2 mm to 100 µm. The selected size classes are based on the

MPs’ size abundance reported by Cózar et al. [34] for the sea surface, and the smaller size

range reported by Courtene-Jones et al. [83], Zhang et al. [239], and Cordova and Wahyudi

[113] for sediments. Three inlet velocities are considered to reproduce recirculating zone and

turbulent perturbations of different intensities [259].

In the computational setup, grid resolution impacts the truncation error and accuracy of the
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numerical scheme [260]. Also, in LES modelling, the grid size affects the fraction of resolved

turbulent scales [256]. Here we used structured orthogonal square grids in the computational

domain. A series of sensitivity and convergence analyses is conducted to establish the optimal

grid resolution in terms of computational cost and accuracy. This includes analysis of ambient

flow characteristics as well as particles’ trajectories to gauge the appropriate grid resolution

for the Eulerian-Lagrangian solver. Results included in the paper are based on the optimal

grid resolution of dx = dy = 5.00 cm in the exterior area, shown in blue in Figure 4.2.

However, an area of refinement spans downstream of the BFS in order to further resolve the

2D turbulent coherent structures of smaller than scale perturbations in the LES modelling.

In this area (shown in orange in Figure 4.2), the grid size is refined to dx = dy = 1.25 cm.

Further information and discussion on sensitivity and convergence analysis and criteria are

available in Appendix A.

4.4 Results

4.4.1 Hydrodynamics of a two-dimensional backward-facing step

Flow separation over a 2D BFS is illustrated in Figure 4.3. This figure shows the contour

plot of instantaneous velocity in the x-direction, u, and vorticity, ζ, in the spanwise direction.

As described earlier, 2D flow over a BFS is an established benchmark, in this study generated

to gauge the vertical entrainment and transport of MP particles.

In this set-up, turbulent circulations induced by the step corner exhibit detachment and

reattachment. As shown in Figure 4.3(b), vortices start to develop behind the BFS at

t = tq+150 s, pushing against existing vortical structures, which subsequently detach as

shown in Figure 4.3(b) at t = tq+250 s and t = tq+350 s. The coherent detached vortices are

then convected in the streamwise direction and move downstream. During this reattachment

and detachment period, vortices coalesce and interact. In each simulation, we used the Fourier

transform to find the dominant frequency and associated period, T , of the self-sustained
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Figure 4.3: An example of the detachment and reattachment of circulations behind the BFS
for inlet velocity of Uo = 0.1 m/s; (a) is the ambient flow x− velocity component, u, and (b)
is the spanwise vorticity in the z-direction, ζ = ∂v

∂y
− ∂u

∂x
.

oscillations behind the BFS. The frequency analysis and comparison with literature are

presented in Appendix B. In a turbulent flow, instantaneous velocity can be decomposed into

a mean and a fluctuating component:

u = Ū + u′, v = V̄ + v′ (4.13)

where u and v are the instantaneous velocity components, Ū and V̄ are the mean velocity

components, and u′ and v′ are the fluctuating velocity components in x- and y-directions,

respectively. To determine the mean and fluctuating components, time-averaging with an

interval of 1s, as a means of ensemble averaging, is conducted over the period of oscillation,

once the flow has reached the quasi-steady state at tq. Turbulent kinetic energy, k, is the
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parameter frequently used to quantify turbulent intensity, and in a 2D flow is defined as:

k = 1
2(u′2 + v′2) (4.14)

Table 4.2 summarizes the range of maximum mean velocities, Ū and V̄ and turbulent kinetic

energy, k, for different ambient flow inlet velocities of Uo= 0.025, 0.1, and 0.4 m/s. As shown

in Table 4.2, the maximum and minimum velocity range for Ū and V̄ grow with the inlet

velocity magnitude. In the current BFS turbulent flow simulation, the turbulent fluctuations,

presented by
√
kmax in Table 4.2, also grow with the inlet velocity and have the same order

of magnitude as the mean velocity components. Figure 4.4 demonstrates contours of the

turbulent kinetic energy, k, and mean velocity components, Ū and V̄ , behind the step. While

the coherent turbulent structure behind the BFS has a similar pattern, the turbulent intensity

increases with the inlet velocity enhancement.

Table 4.2: The range of mean velocities, Ū and V̄ , and the maximum turbulent kinetic energy,
kmax, at different inlet velocities, Uo, in the present simulations

Uo Ūmin Ūmax V̄min V̄max

√
kmax

(m/s)
0.025 -0.013 0.027 -0.008 0.0104 0.016
0.100 -0.048 0.105 -0.038 0.032 0.062
0.400 -0.193 0.428 -0.120 0.158 0.234

To study the exposure of MPs to the temporal variation of turbulent coherent structures,

particles are injected with intervals of 10 s, once the flow has reached a quasi-steady state

at tq. Figure 4.5 demonstrates the time-lapse of MP movement up to 40 s after the onset

of injection, focusing on the recirculating zone immediately downstream of the BFS. This

sequential injection enables us to study the entrainment behaviour over an entire detachment

and reattachment cycle. As demonstrated in Figure 4.5, the instantaneous behaviour of the

turbulent flow affects particle mixing and transport, i.e., particles with the same properties

have different trajectories based on the injection time.

80



Figure 4.4: Turbulent kinetic energy, k, and mean velocity in x- and y-directions, Ū and
V̄ . (a), (b), and (c) demonstrate results for inlet velocities of Uo = 0.4, 0.1, and 0.025 m/s,
respectively.

4.4.2 Particle relaxation time and settling parameter

Existing studies on sediment particles have established several parameters to describe their

motion in a turbulent flow. The entrainment regime depends on particle characteristics as

well as those of the ambient flow. As one key parameter, particle relaxation time, τp, is often

used to describe a particle’s response to the ambient flow [158, 200], which is defined as:

τp = |ρp − ρf |dp
2

18µ (4.15)

Due to the wide spectrum of size and density for MPs, the range of their relaxation time

is correspondingly broad. Larger particles or particles with high marginal density from the

ambient fluid, ρp − ρf , possess a higher relaxation time, and small-sized particles or particles

with low marginal density, have a lower relaxation time. In the Stokes realm for low particle
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Figure 4.5: MP trajectory of PET-S3 case at inlet velocity of Uo = 0.4 m/s. The age of
particles after the injection, Tp, and the vorticity in z-direction, ζ, are used to represent
particles’ and turbulent ambient flow characteristics, respectively.

Reynolds numbers of Rep < 1, the relaxation time is related to the particle’s settling velocity.

Stokes settling velocity, Vs, in a quiescent fluid is defined as Vs = gτp, which can be simply

derived from Eq. 4.7. Historically, to assess the entrainment of the particle, the velocity scale

of the particle, i.e. its Stokes settling velocity Vs, is compared to the flow vertical velocity

scale, σ [154]. This ratio, Sν = Vs/σ, has been described by Good et al. [162], among others,

as the settling parameter. As shown in Table 4.2, in the present study, the range of mean

vertical velocity, V̄ , proportionally changes with the magnitude of the incoming velocity,

Uo. Similarly, the maximum resolved turbulent kinetic energy, kmax, also grows with the

magnitude of the incoming velocity. Hence, the incoming velocity, Uo, is adopted as the flow

velocity scale, leading to the following definition for the settling parameter in this study:

Sν = gτp

Uo

(4.16)

The settling parameter defined by Eq. 4.16 describes the combined effect of the gravitational

settling and turbulence on a particle’s mobility. However, it does not demonstrate the effect

of varying turbulent scales on particle entrainment [162]. Figure 4.6 illustrates the settling
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Figure 4.6: The range of settling parameters, Sν , for different particle properties at inlet
velocities of Uo = 0.025, 0.1, and 0.4 m/s.

parameters, Sν , for particle properties (size and density) presented in Table 4.1, exposed to

three inlet velocities of Uo = 0.025, 0.1, and 0.4 m/s. The marginal density is the same for

PE and PS particles, with densities above and below that of ambient water, respectively.

The minimum settling parameter in Figure 4.6 is Sν = 0.0011, which is obtained for PE-S1

and PS-S1 in the inlet velocity of Uo = 0.4 m/s. On the other hand, the maximum settling

parameter is Sν = 33.341, which is associated with PET-S4, for an inlet velocity of Uo =

0.025 m/s. The range of settling parameters for these three polymers, with sizes ranging

from 2.0 to 0.1 mm, varies more than four orders of magnitude. This has a significant impact

on MPs’ response to the ambient flow, and thus, the behaviour of MPs with different sizes

differs in a turbulent flow, as described in the following sections.
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4.4.3 Coupled impact of size and density on entrainment

Figure 4.7 demonstrates size-classified trajectories of selected MPs of different densities,

exposed to a range of turbulent intensities. As demonstrated in Figure 4.7(a), for the inlet

velocity of Uo = 0.025 m/s, S4 MPs with a diameter of dp = 2 mm are not engaged with the

ambient turbulent flow. In a flow with such low turbulent intensity, the behaviour of large S4

MPs is dominated by buoyancy and resembles their behaviour in quiescent fluid. At the inlet

velocity of Uo = 0.025 m/s, the range of S4 particles’ settling parameter is from Sν = 6.84,

for PE and PS, to 33.34, for PET. As we progressively refined the particle size, the particles’

response at this inlet velocity gradually changed. For S3 particles, dp = 0.5 mm shown in

Figure 4.7(b), the movement of particles is mainly dominated by their buoyancy. However,

during settling or rising, their pathways are slightly altered by the turbulent ambient flow.

This is specifically visible for the PS particle in Figure 4.7(b) at Uo = 0.025 m/s, where

the particle meanders from its linear settling path. For the finest size classes, S2 and S1

with dp = 0.2 and 0.1 mm, the effect of gravitational settling or rising becomes smaller and

particles are entrained with the ambient flow. For the inlet velocity of Uo = 0.025 m/s, the

settling parameter for S2 and S1 particles ranges from Sν = 0.07 to 0.33, and Sν = 0.02 to

0.08, respectively (see Figures 4.7(c) and (d)).

At the inlet velocity of Uo = 0.1 m/s, a similar pattern is observed for the particle tra-

jectory, where the particle entrainment is enhanced with the reduction of MP size. This

again can be attributed to the reduction of the settling parameter in small particle sizes.

However, increasing turbulent intensity, k, also enhances particle entrainment. As shown in

Figures 4.7(b) for inlet velocities of Uo = 0.025 m/s and 0.1 m/s, S3 particles’ mixing with

turbulent flow increases with the flow velocity. At the inlet velocity of Uo = 0.4 m/s, the

turbulent intensity is vigorous, and it overcomes the effect of the particles’ buoyancy, even at

the largest size of S4. This can be observed in Figure 4.7(a) at Uo = 0.4 m/s, where PS and

PE particles are entrained in the turbulent flow with a settling parameter of Sν = 0.43. In

the PET-S4 case, the particle is visibly entrained with the flow but ultimately settles to the
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Figure 4.7: Selected particle trajectories for cases demonstrated in Table 4.1. (a), (b), (c),
and (d) associate with S4, S3, S2, and S1 MP sizes, respectively. Particle trajectories are
demonstrated for a duration of T for the inlet velocities of Uo = 0.1 and 0.4 m/s (centre
and right columns), and T/2 for the inlet velocity of Uo = 0.025 m/s (left column). The
corresponding range of settling parameters is demonstrated on the right-hand side.
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bed. This particle possesses a higher marginal density compared to PE and PS and therefore

has a higher settling parameter of Sν = 2.08. Similar to the other two inlet velocities, the

size reduction increases the level of entrainment at the inlet velocity of Uo = 0.4 m/s. The

superposition of size refinement and turbulent intensity creates the most entrained case, as

shown in Figure 4.7(d) for S1 particles at the inlet velocity of Uo = 0.4 m/s. In this case, the

settling parameter is within the lowest range of Sν = 0.001 to 0.005, and all three MPs follow

a similar pathway, regardless of their densities.

Evidently, the particle’s settling parameter, Sν , can describe the combined effect of MP size

and density in turbulent motion. The settling parameter of Sν < 1.0 corresponds to small

particles and/or very vigorous turbulent motion. For the inlet velocity of Uo = 0.4 m/s, most

particles, regardless of their densities and sizes, possess settling parameters below 1 (except

for PET-S4). Similarly, for fine MPs of S1 and S2 sizes, at the inlet velocities of Uo = 0.025

m/s and 0.1 m/s, the settling parameter was reportedly smaller than 1. All these particles

have shown entrainment with the flow, and over one (or half a) period of oscillation, T , they

remain entrained.

On the contrary, Sν > 1.0 associates with the movement of heavy large MPs and/or weak

turbulent flow. This is evidently the case for S4 particles of the largest diameter in weak

turbulent flow generated behind the BFS of Uo = 0.025 m/s. Finally, when a particle’s

settling parameter is Sν ≈ 1.0 or is in the order of 1, particles mainly rise or settle due to

gravity and buoyancy, while their trajectories may somewhat be affected by turbulent motion.

This is observed for PE-S3 and PS-S3 in Uo = 0.025 m/s (Sν = 0.43) and for PE-S4 and

PS-S4 in Uo = 0.1 m/s (Sν = 1.71), among other cases.

In the current BFS study, small particles of S2 and S1 with diameters of dP = 0.2 and 0.1

mm, are all entrained in turbulent ambient flow of all intensities from the weakest turbulent

flow at Uo = 0.025 m/s to the flow of inlet velocity of Uo = 0.4 m/s, which exhibited the

strongest turbulent intensities. For such small sizes of MPs, buoyancy has a minimal effect,

and these particles are mainly dispersed by the turbulent ambient flow. This behaviour is also
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in effect for PET with the highest marginal density in this study, as shown in Figures 4.7(c)

and (d).

4.4.4 Microplastic’s response to instantaneous flow features

To illustrate the response of MPs to the instantaneous features of a turbulent flow, particles

are injected at an interval of 10 s to the flow. In Figure 4.8, we have identified the number

of particles in each of the twelve PET cases that settled after a full period of oscillation, T .

PET particles possess the highest marginal density among polymers selected for this study

and exhibit a higher relaxation time compared to PS and PE. Since PET particles have the

highest tendency to gravitational settling/rising, they have been selected for this analysis.

As expected, for inlet velocities of Uo = 0.025 and 0.1 m/s, the vertical movement of all PET

particles with a diameter of dp = 2 mm is dominated by their buoyancy, and they all settle

after a period of T . Gradually, with a decrease in size, the percentage of settled particles

drops. For MPs with a diameter of dp = 0.1 mm at inlet velocities of Uo = 0.025 and 0.1 m/s,

the percentage of settled particles reduces to 36.67 and 10%, respectively. Moreover, this ratio

also declines with increasing inlet velocity. This demonstrates that, although the response of

individual MPs to instantaneous features of the flow may vary, their overall entrainment and

vertical diffusion are highly dependent on particle size and turbulent intensity.

4.5 General discussion and conclusion

Deposition and distribution of aquatic Microplastics (MPs) are the culmination of many factors

including source vicinity, exposure to weathering, as well as ambient flow hydrodynamics.

Turbulent mixing is often considered the dominant component of dispersion in freshwater and

marine environments [261], and similar to sediments and other contaminants, it is critical to

investigate turbulent induced mixing and transport of MPs. Here, we explored the interaction

of MPs with the turbulent ambient flow, while focusing on particle’s size combined with

density. This is particularly important, as a size-selective distribution of MPs has been
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Figure 4.8: Percentage of settled particles in twelve PET cases. This percentage is obtained
using the trajectories of thirty particles after a full period of oscillation, T .

repeatedly reported in the literature [200]. For instance, studies observed the absence of MP

particles with dimensions of 1 mm and smaller in the ocean surface layers [34], while others

reported the abundance of fine MPs in remote deep-sea sediments [40].

Here, MPs’ mixing and entrainment in the coherent turbulent structure induced over a

backward-facing step is investigated using MPs’ analogy with sediment particles. We described

MPs’ entrainment with the ambient turbulent flow using the settling parameter, as defined

in Eq. 4.16. The settling parameter integrates the effects of particle size and density with

the ambient turbulent flow intensity. This parameter may vary several orders of magnitude

in the same ambient flow based on MPs’ characteristics. Our results indicate that large

dimensions of MP particles and/or weak turbulent flow correspond to settling parameters

above unity, which leads to their gravitational settling/rising. On the other hand, small MPs

and/or vigorous flow indicate settling parameters below unity, which results in MPs mixing

and entrainment with the ambient turbulent flow.

Furthermore, in the present study, we observed that for fine MPs the impact of density on

particle motion is not significant. In other words, for MPs sized 0.1 and 0.2 mm, all particles,

regardless of their densities, were mixed with the ambient flow. In such small sizes, MPs’
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vertical motion is mainly dominated by turbulent dispersion, and the density has a minimal

effect on their dispersal. This is also evident in the definition of the settling parameter

(Eq. 4.16), where particle size has an exponent of two, which signifies the role of size in their

mixing. Additionally, such small MPs are mobile and transported with the vortical structures

far from their source of injection.

MPs’ motion and dispersion cannot be solely described by their density and buoyancy. Mixing

induced by turbulent flow can lead to entrainment and transport of particles to distances far

from their source. Fine MPs are more responsive to turbulent induced mixing, which leads

to their transport to remote areas or deep-sea sediments. This research sheds light on the

importance of plastic size on their dispersal and vertical motion, which along with biofouling

can explain the absence of fine microplastics in marine water surface, as reported in literature.

The present study does not incorporate the effect of shape, as there is no generalized formula

for drag coefficient for MPs with complex shapes [262]. Therefore, further work is required to

investigate the impact of shape on MPs’ entrainment and behaviour in turbulent flow.

4.6 Appendix A: Numerical convergence and verifica-

tion

Herein, we present convergence studies, conducted for numerical simulations to estimate the

error associated with the results. PE-S1 case, with the density of ρp = 940 kg/m3 and the

size of dp = 0.1 mm, at the inlet velocity of 0.1 m/s is selected as the pilot simulation for

convergence tests. As shown in the manuscript, these particles are fully entrained with the

flow. Both the Eulerian and Lagrangian phases of the pilot simulation are conducted at three

grid sizes with a refinement ratio of r = 2. Here we used the normalized vertical position,

measured from the bottom of the channel, at y/h = -1, to evaluate the error convergence and

accuracy of the model. For each of the three simulations, thirty different particles’ trajectories

are recorded during a full period after each particle’s injection, T (see appendix B), with an
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Table 4.3: Percentiles, fractional error, and order of convergence after two levels of refinement
for r = 2.

Percentile ∆x (y + h)/h Pk PR∆x−→0 FE N
(%) (m) (%)

2.500 1.286 18.188 120
85 1.250 1.107 3.345 1.088 1.790 240

0.625 1.090 0.176 480
2.500 1.384 18.382 120

90 1.250 1.217 2.154 1.169 4.131 240
0.625 1.180 0.928 480
2.500 1.510 11.019 120

95 1.250 1.381 2.829 1.360 1.551 240
0.625 1.363 0.218 480

interval of 1 s after being injected into the ambient flow. Then 85, 90, and 95 percentiles

(PR) are calculated for vertical locations in each of the simulations. The order of convergence,

Pk, is defined by Karimpour Ghannadi and Chu [260] as:

Pk = 1
ln r ln

(
PRk − PRk−1

PRk+1 − PRk

)
(4.17)

where PR is the percentile rank, k − 1, k, and k + 1 are the simulation results obtained from

the sequential refinement of the grid as k is the original grid size. The estimated ‘exact’ value,

PR∆x−→0, is extrapolated and the fractional computational error, FE, for each of the three

simulations is defined accordingly:

PR∆x−→0 = rPkPRk+1 − PRk

rPk − 1 (4.18)

FEn = PRn − PR∆x−→0

PR∆x−→0
100 (4.19)

where n in Equation 4.19 is the corresponding percentile. Table 4.3 reports the properties as

well as the convergence parameters for each of the three cases.

As demonstrated in Figure 4.9, simulation results confirm the convergence of the fractional

computational error with the grid refinement. The horizontal axis, N , represents the number
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Figure 4.9: Fractional computational error, FE, convergence for three grid sizes; (a), (b),
and (c) correspond to 85, 90, and 95 percentiles, respectively.

of grids along the step height, h. The fractional error in all cases reduces with grid size.

Results presented in the manuscript are based on N = 240. As demonstrated in Table 4.3, the

fractional error for this level of refinement remains below 4.1%, which verifies the presented

results. Furthermore, in all grid sizes, the entertainment depth, (y + h)/h, progressively

increases from 85 to 90, and ultimately 95 percentile. For instance, in the finest grid size

simulation where N = 480, over one period of T , 85% of particles remain at positions lower

than y/h = 0.090 and 95% of particles are positioned lower than y/h = 0.363.

4.7 Appendix B: Frequency analysis of flow behind

backward-facing steps

The detachment and reattachment of turbulent flow is an important process and has a large

number of applications in areas such as channels with sudden expansions, diffusers, airfoils,

and combustors. Among two-dimensional turbulent structures, flow over a Backward-Facing

Step (BFS) is an established benchmark to study such intermittent flow behaviours. This flow

has features such as shear layer development, formation of recirculating zone, and separation
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Figure 4.10: Detachment and reattachment of the vortices behind the BFS for the inlet velocity
of Uo = 0.4 m/s. The spanwise vorticity in the z-direction, ζ = ∂v

∂x
− ∂u

∂y
, is demonstrated for

a full period of detachment, that is 120 s.

and reattachment of vortical structures. Figure 4.10 shows the detachment and reattachment

process behind the BFS in one of the present simulations. A shear layer is initiated from the

corner of the step and expands towards the recirculating zone behind the step. The vortical

structures interact with the recirculating zone, gradually detach from the step corner, and

subsequently are replaced by a new recirculating zone and shear layer.

Here, an existing experimental study is used to validate the hydrodynamics of turbulent

flow over BFS [252]. Strouhal number characterizes the dominant oscillation frequency, and

therefore, is used to investigate such intermittent behaviour. The Strouhal number, Str, is

defined as:

Str = f
h

Uo

(4.20)

where f is the frequency, h is the step height, and Uo is the inlet velocity. To obtain the
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Figure 4.11: The change of Strouhal number with distance from the corner, x/h, for (a) Wee
et al. (2004), (b) Uo = 0.1 m/s, and (c) Uo = 0.4 m/s.

frequency, Fourier analysis is conducted on the x component of the velocity adjacent to the

wall. Figure 4.11 shows the change in Strouhal number against distance from the step corner.

The top figure demonstrates results by Wee et al. [252] reported for turbulent flow with a low

Reynolds number. As shown by Wee et al. [252], the Strouhal number gradually decreases

behind the step and reaches an almost constant value at x/h = 2. Here Reynolds number,

Re, is defined as:

Re = Uoh

ν
(4.21)

where ν is the kinematic viscosity of the ambient flow. Figures 4.11(b) and (c) demonstrate
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the change of Strouhal number for two inlet velocities of Uo = 0.1 and 0.4 m/s, respectively.

The Re number in this study is significantly higher than the value reported by Wee et al.

[252]. However, we have observed a similar trend in the change of Strouhal number behind

the step. The Strouhal number reaches an approximately constant value at x/h = 2 and 3

for inlet velocities of Uo = 0.1 and 0.4 m/s, respectively.
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Chapter 5

Microplastics Entrainment in Turbulent Flow: A Nu-

merical Study on the Effect of Shape and Other Physical

Particle Properties

A. Shamskhany & S. Karimpour, Microplastics Entrainment in Turbulent Flow: A Numerical

Study on the Effect of Shape and Other Physical Particle Properties, Submitted, 2024.

5.1 Abstract

Diversity in microplastics’ (MPs) characteristics, including shape, size, and density, signifi-

cantly affects their transport and distribution in aquatic systems. Turbulence-induced mixing

plays a crucial role in shaping the dispersion of sediments and contaminants in marine and

freshwater environments. This study investigates how MP shape, density, and size influence

their entrainment in turbulent flows using computational fluid dynamics and sediment analogy.

Results show that MPs with lower density differences with the ambient flow, smaller sizes,

and non-spherical shapes exhibit higher entrainment levels, while larger, denser, and spherical

particles align more with gravitational behaviour. MPs with low Stokes numbers, such as

fine, non-spherical particles, tend to follow fluid trajectories and become entrained in smaller

vortices. In contrast, MPs with higher Stokes numbers deviate from flow paths, avoiding
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smaller flow perturbations. These findings provide insight into the varying abundance of

MPs, particularly the prevalence of smaller, non-spherical MPs in remote aquatic regions.

5.2 Introduction

Over the last decades, the presence of non-biodegradable plastic waste has surged due to

the increasing demand for plastic polymers, valued for their durability, versatility, and low

cost [6]. Plastic pollution severely impacts the aquatic ecosystem, with microplastics (MPs)

being one of the contributors. MPs, usually defined as pieces of polymer smaller than 5 mm,

enter aquatic environments through various sources, including rivers, wastewater treatment

discharge, tidal waves, and stormwater runoff. Since the first report of MP abundance in

1972 by Carpenter et al. [13], their presence in aquatic environments has been increasingly

reported, in different environmental matrices and corners of the aquatic system, from deep-sea

sediments to polar regions [200]. MPs pose a significant threat to aquatic ecosystems, with

numerous studies documenting their ingestion by aquatic species and marine birds [16].

Understanding the transport and fate of MPs is an undeniable prerequisite for mitigating

their adverse impacts.

The mobility, distribution, and fate of aquatic MPs are dominated by their physical properties

and the dynamics of the surrounding flow [200]. The multifaceted nature of MPs creates

innumerable combinations of physical characteristics, making their transport and distribution

challenging to comprehend. MPs are composed of different polymers with densities ranging

from 0.88 to 2.30 g/cm3, as recorded in various aquatic compartments [35, 200]. Additionally,

biofouling—the accumulation of microorganisms and algae on particles—can alter the densities

of MPs [133]. MPs also vary widely in size, ranging from 10 µm to 5 mm, with smaller

particles being barely visible and larger ones comparable to small gravels [200]. Particle size

is crucial in determining the gravitational and drag forces, playing a significant role in the

transport of MPs. Previous studies have extensively discussed the effects of particle size and

density on the transport and fate of MPs in induced turbulent structures [249]. Furthermore,
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MPs exhibit a wide variety of shapes, from spheres and isometric forms for manufactured

primary MPs to irregular shapes like fragments and fibres resulting from the degradation

of larger particles through various weathering processes [42]. The shape of the particle is

known to impact its drag coefficient. Among the different physical characteristics of MPs,

understanding the effect of their diverse shapes, especially irregular shapes, on drag coefficient

calculation remains a challenging question that has not been clearly answered [47, 48].

In recent years, multiple experimental and numerical studies have investigated the effect

of the physical properties of MPs—primarily density, size, and shape—on their vertical

transport in quiescent conditions [47, 89, 133]. In such conditions, the vertical movement

of a suspended particle is dictated by its physical properties, which is to either rise to the

surface for positively buoyant particles or sink to the bottom for negatively buoyant particles.

However, in aquatic environments, the transport and distribution of MPs depend on particle

properties as well as the dynamics of the carrier flow. Turbulence, a common phenomenon in

aquatic environments arising from temperature or velocity gradient or topography changes,

can interfere with the natural rising/sinking behaviour of MPs and entrain these particles.

Under the effect of turbulence, MPs’ vertical movements might differ from their behaviour

under quiescent conditions. The absence of the majority of MPs from the surface layers of

aquatic environments, despite most being buoyant, as Schwarz et al. [35] reported, is an

indicator of the effect of flow dynamics and particle entrainment within the flow [34, 44].

Variations in the properties of aquatic MPs result in complex interactions with the surrounding

flow, many aspects of which remain poorly understood. The irregular shapes of MPs, combined

with a wide range of sizes and densities, cause them to behave differently in turbulent flows,

with their instantaneous settling velocities often deviating significantly from those observed in

quiescent conditions [49]. Natural suspended particles, which also exhibit a broad spectrum

of physical properties, have been extensively studied over the years. Decades of research on

natural particle transport have yielded a deep understanding of particle entrainment and the

key factors involved. The effect of non-spherical shapes on the drag coefficient of particles has

been widely studied in the context of sediments and other natural particles [88, 263]. Moreover,

97



the impact of turbulence on the entrainment of natural suspended particles has been explored

through various mechanisms, including the effects of nonlinear drag, vortex trapping, and

loitering on accelerated/decelerated settling, as well as the preferential transport and mixing

of heavy particles of different characteristics [154, 160, 161]. Despite the significant differences

between the characteristics of MPs and natural particles, the sediment analogy remains a

valuable framework for investigating the effects of MPs’ physical properties in combination

with turbulent flow on particle entrainment. Multiple recent studies have applied the sediment

analogy to describe the behaviour of MPs in both quiescent and dynamic ambient conditions

[133, 217, 264].

Here, we conducted several numerical experiments to investigate the effect of particle physical

characteristics on turbulent-induced mixing and transport, with a particular focus on particle

shape. Our experiments included the densities of commonly encountered polymers as reported

in the literature [35]. We tested a broad range of particle sizes and shapes, including both

spherical and non-spherical forms. These particles were subjected to a fully developed two-

dimensional (2D) turbulent structure to observe their entrainment and transport behaviours.

To understand the overall and instantaneous entrainment behaviours of MPs in turbulent

flow, we used established hydrodynamic and sediment transport parameters, such as the

Particle Reynolds number, relaxation time, settling parameter, Stokes number, and the radius

of eddy trapping, to quantify the combined effects of particle properties and flow dynamics.

Our results revealed a wide range of Particle Reynolds numbers, spanning both the Stokesian

and transient regimes, highlighting the diverse effects of drag on MPs’ transport in flow.

Based on our findings, particle size and shape can significantly influence the drag force, with

smaller sizes and non-spherical shapes associated with higher drag coefficients. The results of

this study demonstrate that reducing the particle size, sphericity, and density difference with

the ambient fluid can increase the effect of the drag force, potentially surpassing the effect of

gravity.
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5.3 Methodology

Numerical experiments in this study are conducted using Open Source Field Operation and

Manipulation (OpenFOAM-v6), an open-source computational fluid dynamics tool. To induce

turbulence and mixing, a Backward Facing Step (BFS) geometry is selected in this study,

where the passage of the approaching flow over the edge leads to the formation of a shear

layer (spreading from the edge) and a recirculating region which is confined between the shear

layer and the lower wall [265]. This geometry is paramount to hydraulics as it applies to

numerous natural and artificial geometrical configurations, such as downstream areas of weirs

and gates, estuaries, and continental slopes, where sudden change in depth or bathymetry

is expected. In this study, we employed a single-phase Eulerian approach to compute the

flow configuration over the BFS and a Lagrangian model to simulate MP particle movement

in a fully developed turbulent flow. Here we employed Newton’s second law for Lagrangian

particle tracking, without the prior assumption that the particle’s terminal velocity is valid

under turbulent conditions. This assumption has been shown not to be valid in several studies

on the movement of other particulates under turbulent conditions [154, 161].

5.3.1 Eulerian and Lagrangian Solvers

Herein, the turbulent model utilized is the Large Eddy Simulation (LES), where the governing

equations are derived from the filtered Navier-Stokes equations:

∂ui

∂xi

= 0 (5.1)

∂ui

∂t
+ ∂(uiuj)

∂xj

= − 1
ρf

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

+ 1
ρf

∂τR
ij

∂xj

(5.2)

where, ρf represents the density of the ambient flow, which is assumed as 1020 kg/m3 (density

of seawater) and ν represents the kinematic viscosity of the fluid [266]. u and p denote the
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LES resolved velocity and pressure, respectively, where the index notation is used to specify

Cartesian coordinates. Additionally, τR
ij accounts for residual LES stresses. To model the

subgrid scale motions, k-equation is employed [267].

τR
ij = −2νtSij + 1

3τ
R
kkδij (5.3)

Sij = 1
2

(
∂ui

∂xj

+ ∂uj

∂xi

)
(5.4)

νt = Ck∆2
√
kR (5.5)

∂(ρfkR)
∂t

+ ∂(ρfuikR)
∂xi

= ∂

∂xi

[(µ+ µt)
∂kR

∂xi

] − ρfτ
R
ijSij − Ce

ρfk
3/2
R

∆ (5.6)

where kR represents the residual turbulent kinetic energy, δij is the Kronecker delta tensor, νt

and µt are the kinematic and dynamic eddy viscosity of the subgrid scale motions, respectively,

µ represents the dynamic viscosity of the fluid, ∆ =
√

(dxdy) is the filter size, and Ce and

Ck are constant coefficients equal to 1.05 and 0.094, respectively.

The interaction between particles and turbulent flow can be categorized into three groups—one-

way, two-way, and four-way coupling—based on the volume concentration of particles in

the flow [178]. The reported concentration of MPs, defined as the ratio of MPs’ volume to

the sampled flow volume, never exceeds 10−6 in various marine compartments [34]. This

concentration falls within the recommended range for dilute suspensions, as proposed by

Elghobashi [178], where particles are not expected to influence the turbulent structure or

interact with each other. Therefore, a one-way coupling scheme is adopted to elucidate

the interaction between particles and the ambient flow. In this system, only the ambient

flow influences the behaviour and trajectories of particles, and any collision among MPs,

along with their impact on the surrounding flow, is considered negligible. The instantaneous
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velocity of the particle is calculated based on Newton’s second law:

mp
Dup

Dt
= FD + FV M + FG + FB (5.7)

where mp is the particle’s mass and up is the particle’s instantaneous velocity in vertical

direction. Here, drag, FD, virtual mass, FV M , gravity, FG, and buoyancy , FB, are considered

as active forces on MP particles and are defined as:

FD = 1
2ρfCDAprj|u− up|(u− up) (5.8)

FV M = −CmρfVp(dup

dt
− du

dt
) (5.9)

FG + FB = gVp(−ρp + ρf ) (5.10)

Aprj is the projected area of the equivalent sphere with an identical volume, ui is the ambient

flow instantaneous velocity in the vertical direction, ρp is the density of the particle, CD is the

drag coefficient, Cm is the virtual mass coefficient derived based on the particle’s shape [268],

and Vp is the volume of the particle. To capture the response of particles to instantaneous

turbulent flow features, multiple particles are injected sequentially into the flow at two-second

intervals. As discussed in the results section, this time interval is selected due to the period of

intermittent separation and replacement of eddies from the corner of the step in the current

BFS set-up.

5.3.2 Drag coefficient of the spherical and non-spherical particles

The Drag Coefficient, CD, versus particle Reynolds, Rep, relationship presented by Putnam

[170] for spherical particles:

CD =


24

Rep
(1 + 1

6Re
2
3
p ), Rep ≤ 1000

0.424, Rep > 1000
(5.11)
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Rep = dp|u− up|
ν

(5.12)

where dp is the particle diameter. The Haider and Levenspiel [175] (1988) method is

implemented, where drag coefficient, CD, in addition to ReP , is also a function of geometric

properties of the particle based on the ratio of the area of an equivalent sphere with the same

volume to the particle’s surface area, ϕ.

CD = 24
Rep

(1 + AReB
p ) + (CRep)/(D +Rep) (5.13)

A = exp(2.3288 − 6.4581ϕ+ 2.4486ϕ2) (5.14)

B = 0.0964 + 0.5565ϕ (5.15)

C = exp(4.9050 − 13.8944ϕ+ 18.4222ϕ2 − 10.2599ϕ3) (5.16)

D = exp(1.4681 + 12.2584ϕ− 20.7322ϕ2 + 15.8855ϕ3) (5.17)

In Equations 5.14 to 5.17, ϕ is particle sphericity, defined as ϕ = Ssph/S, which S is the

surface area of the particle, and Ssph is the surface area of the equivalent sphere with the

same volume.

5.3.3 Numerical set-up and modelling

The temporal discretization method is the second order backward scheme and implicit. This

method is conditionally stable and therefore, we use a Courant stability condition for temporal

discretization. Spatial discretization of the advection flux in the momentum equation, Eq. 5.2,
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and the subgrid-scale turbulent kinetic energy flux in the k-equation, Eq. 5.6, is performed

using a limited linear divergence scheme, a second order accurate method, which leans towards

upwind in regions with a rapidly changing gradient. Other non-advective terms are discretized

using Gauss integration with linear interpolation.

Figure 5.1 illustrates the current BFS set-up, where the domain has an inlet water depth of d,

a step height of h, and lengths L1 and L2 before and after the step, respectively. A uniform

flow boundary condition is applied at the upstream inlet boundary (A-B) with an inlet

velocity of Uo, while the outlet and free surface boundaries (C-D and B-C, respectively) have

zero-gradient and symmetry conditions. The lower wall boundary (A-F-E-D) has a no-slip

condition. A structured, orthogonal, square mesh is employed, where the size of the base

mesh is dx = dy = 5 cm and in the refinement zone, grid size is reduced to dx = dy = 1.25 cm.

These grid sizes were chosen to reliably capture the energy-containing scales of turbulence in

the LES model. Based on an analysis of the LES model’s quality, it was determined that

the ratio of resolved to total turbulent kinetic energy exceeds 80%, in accordance with the

guidelines suggested by Pope [255]. Further details can be found in the supplementary file.

Figure 5.1: Geometry of the BFS; L1 = 20, L2 = 30, d = 7, and h = 3 m; Coordinates of the
injection point = (0.5 m, 0.0 m). The coordinate system is located at the corner of the BFS.

The injection of MPs starts once the turbulent flow attains a fully developed quasi-steady

state. As illustrated in Figure 5.1, this injection point remains consistent across all simulations

and is situated at a sufficient distance from the boundaries and the step edge. Particles are

periodically released in the domain with zero initial momentum and velocity. The injection

site is selected within a region where there is a greater probability of the injected MP being
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entrained by the vortices emanating from the corner of the step. This injection site creates

an opportunity for MP particles to get exposed to a varying range of turbulent scales.

5.3.4 Particle properties

Two categories of density are selected based on the abundance of the related polymer reported

in both sediments and water in aquatic environment, both negatively buoyant. Polystyrene

(PS), with densities ranging from 1040 to 1100 kg/m3, is a polymer commonly identified in

bed sediments in the form of fibres and filaments [200]. Another polymer considered here is

Polyethylene Terephthalate (PET), with a reported density range of 1370 to 1455 kg/m3,

similar to the range of density for Polyvinyl Chloride. Additionally, four size classes, ranging

from a spherical equivalent diameter of 2 mm to 100 µm are considered. These size ranges

were selected based on the prevalence of MPs in various aquatic compartments, spanning

from surface waters to bed sediments [34, 200].

Figure 5.2: Cylindrical shapes in the present study for non-spherical cases presented in
Table 5.1 ; (a) and (b) represent elongated and flattened cylinders resembling MP fibres and
films, respectively, with two different aspect ratios of 8 and 24.

The study of shape effects presents challenges, particularly because there are uncertainties
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Table 5.1: MP particles properties and IDs. All cases are studied at the inlet velocity of
Uo = 0.4 m/s. For non-spherical cases, E1/F1 and E2/F2 are associated with the aspect
ratios of AR = 8 and 24, respectively.

PS:1100 (kg/m3) PET:1410 (kg/m3)
Size (mm) Sphere Sphere Fibre (E) Film (F)
0.1 S1-B S1-B S1-E1/E2 S1-F1/F2
0.2 S2-B S2-B
0.5 S3-B S3-B S3-E1/E2 S3-F1/F2
2.0 S4-B S4-B

reported for the drag coefficient for spherical and irregularly shaped MPs. Kowalski et al.

[89] documented a notable inconsistency between the observed sinking speed of irregularly

shaped MPs and the theoretical projections proposed by Dietrich (1982), which rely on the

assumption of a perfect sphere with an equivalent diameter. This incongruity has prompted

ongoing investigations into determining the terminal velocity, VT , and drag coefficient, CD,

for non-spherical MPs [47]. Herein, to leverage the existing relationship developed for drag by

Haider and Levenspiel [175], fibres and films are described as elongated or flattened cylindrical

shapes, respectively. As illustrated in Figure 5.2, four cylindrical shapes are selected, in

addition to spherical particles, to represent non-spherical MPs. Elongated cylinders resemble

fibres, while flattened ones resemble films. The two non-spherical shapes are categorized

into two different Aspect Ratios (AR), defined as the ratio between the longest and shortest

dimensions. Aspect ratios are selected to resemble the characteristics of the MP fibres most

commonly reported in the aquatic environment [96]. This decision facilitates a more thorough

investigation into the impact of the particle surface area-to-volume ratio on drag.

Table 5.1 compiles the simulation IDs, considering the particle density, size, and shape.

Each row corresponds to a specific size, ensuring that all cases within the same row share

equal volumes (V ) and equivalent diameters (deq), but different shapes and ARs. Cylindrical

shapes are employed for specific PET sizes, which include both entrained and deposited

particles (discussed further in section 5.4.4). These combinations facilitate an investigation

into the combined impact of size and shape on particle entrainment within the ambient flow.
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Table 5.2: Characteristics of the non-spherical shapes with AR = 8, in SI units, a, b, and c
are the longest, the intermediate, and shortest axes.

PET S1-E1 S3-E1 S4-E1 S1-F1 S3-F1 S4-F1
deq (mm) 0.10 0.50 2.00 0.10 0.50 2.00
a (mm) 0.35 1.75 6.99 0.17 0.87 3.49
b (mm) 0.04 0.22 0.87 0.17 0.87 3.49
c (mm) 0.04 0.22 0.87 0.02 0.11 0.44
V ∗ 102 (mm3) 0.05 6.54 418.88 0.05 6.54 418.88
S (mm2) 0.05 1.27 20.38 0.06 1.50 23.97
S/V (mm−1) 97.30 19.46 4.87 114.47 22.89 5.72
Ssph (mm2) 0.03 0.79 12.57 0.03 0.79 12.57
ϕ 0.62 0.62 0.62 0.52 0.52 0.52

Table 5.3: Characteristics of the non-spherical shapes with AR = 24, in SI units, a, b, and c
are the longest, the intermediate, and shortest axes.

PET S1-E2 S3-E2 S1-F2 S3-F2
deq (mm) 0.10 0.50 0.10 0.50
a (mm) 0.73 3.63 0.25 1.26
b (mm) 0.03 0.15 0.25 1.26
c (mm) 0.03 0.15 0.01 0.05
V ∗ 102 (mm3) 0.05 6.54 0.05 6.54
S (mm2) 0.07 1.76 0.11 2.70
S/V (mm−1) 134.83 26.97 206.36 41.27
Ssph (mm2) 0.03 0.79 0.03 0.79
ϕ 0.45 0.45 0.29 0.29

Tables 5.2 and 5.3 present a detailed overview of characteristics of non-spherical particles for

aspect ratios of AR = 8 and 24, respectively.

5.4 Results and discussion

5.4.1 Hydrodynamics of the backward facing step

The flow over the BFS exhibits intermittent behaviour, characterized by turbulent eddies

generated from the corner of the step, detaching after a period, and advecting downstream,

while new eddies are generated at the corner. Here we applied the Fourier transform
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analysis previously established in our publications to determine the dominant frequency

and associated period, T = 120 s, of the self-sustained intermittent oscillations behind the

BFS [249]. Figure 5.3 depicts the normalized mean velocity profiles and Reynolds stress

components of the BFS prototype used in this study. All parameters presented in Figure 5.3

are averaged over three periods of intermittency, T . This ensemble averaging is conducted

after a fully developed flow and when the quasi-steady state was reached.

Figures 5.3 (a) and (b) illustrate the normalized resolved mean streamwise, U , and depthwise,

V , velocity profiles across the BFS, respectively, enabling assessment of the flow impact

on MP transport in these directions. Additionally, Figures 5.3 (c), (d), and (e) show the

normalized streamwise, u′2, depthwise, v′2, and shear Reynolds, −u′v′, stresses behind the

step, providing insights into the overall intensity of turbulence affecting particle transport.

These Reynolds stress components only represent the resolved components.

Figure 5.3: (a) Normalized streamwise mean velocity profile, (b) normalized depthwise
mean velocity profile, (c) normalized streamwise Reynolds stress, (d) normalized depthwise
Reynolds stress, (e) normalized shear Reynolds stress.

The instantaneous dynamic of the flow significantly affects the trajectories and fate of

suspended particles. To maintain consistency in ambient flow turbulent structures, the

same onset of injection and injection interval are applied across all cases. Results in the

upcoming sections present instantaneous and averaged response of particles of different
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physical characteristics to this ambient flow.

5.4.2 A glance at the regimes of MPs motion

This study includes a broad spectrum of particle Reynolds numbers, Rep (See Eq. 5.12),

from Stokesian regimes, Rep < 1, to transitional regimes where 1< Rep <1000. Figure 5.4

(a) and (b) depict the range of drag coefficient, CD, plotted against the particle Reynolds

numbers, Rep, for spherical and non-spherical particles, respectively. Discrete points indicate

the terminal particle Reynolds numbers, calculated based on Putnam [170] for spherical

particles and Haider and Levenspiel [175] for non-spherical particles. These points are aligned

with the reference curves provided by Putnam [170] and Flemmer and Banks [171].

Figure 5.4: Drag coefficient as a function of particle Reynolds number; comparison of present
case studies calculated based on the equations of Putnam (1961) for spherical shape (a), and
Haider and Levenspiel (1988) for non-spherical ones (b), with Flemmer and Banks (1986)
correlations.

The size of the particles has a direct impact on the particle Reynolds number, Rep , as

indicated by Eq. 5.12. Figure 5.4 (a) demonstrates that, as the particle size increases from

the smallest size in this study, dp = 100 µm, to the largest size, dp = 2.0 mm, the particle

Reynolds number changes from Stokesian to transitional regime, leading to reduction in drag

108



coefficient. Additionally, the shape of the particle plays a fundamental role on particles’

regime and drag coefficient. As shown in Figure 5.4 (b), for MPs with the same equivalent

diameter, increasing the surface area-to-volume ratio leads to a decrease in the particle

Reynolds number and an increase in the drag coefficient. This can be achieved by altering

the shape from sphere to film and fibre or by increasing the aspect ratio from AR = 8 to

AR = 24 for non-spherical shapes. As an example, the terminal particle Reynolds numbers

for PET-S1-F2 and PET-S1-B are Rep = 0.10 and 0.20, with associated drag coefficients

of CD = 493.20 and 130.46, respectively. Therefore, for the same equivalent diameter, deq,

transitioning from a sphere to the most flattened film results in an almost fourfold increase

in the drag coefficient, while the terminal particle Reynolds number is halved. Notably, the

PET-S1-E2 case, i.e., the smallest deq and most elongated fibre, and the PET-S1-F2 case,

i.e., the smallest deq and most flattened film, are associated with the highest drag coefficient

amongst all case studies.

5.4.3 MP particles entrainment with the ambient flow

Settling parameter, defined as the ratio of the particle velocity-scale to the flow velocity-scale,

functions as a key metric in sediments and heavy particles’ transport and entrainment with

turbulent flow [154, 161]. Settling parameter is defined based on the particle relaxation time

as indicated in Eq. 5.18 [161]:

Sν = τpg

σf

(5.18)

where g is the gravitational acceleration, σf is the velocity-scale of the ambient flow, τp

is the particle relaxation time, and µ is the dynamic viscosity of the ambient flow. The

derivation of particle relaxation time relies on the particle’s terminal velocity under Stokesian

conditions, that is VT = (|ρp − ρf |d2
pg)/(18µ). However, our study includes a wide range of

particle Reynolds numbers, spanning from Stokesian to transitional regimes (see Figure 5.4).

Furthermore, the definition of the particle relaxation time only accounts for the equivalent

diameter of the particles, and thus, neglects the particle shape as a factor contributing to the
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response of MP particles. To address these limitations, and in accordance with the original

derivation, here we re-defined particle relaxation time, τp, as:

τp = VT

g
(5.19)

where VT is the particle terminal velocity across all particle regimes, from laminar to turbulent.

The updated definition of the relaxation time also integrates the effect of particle shape for

non-spherical particles. Consequently, the definition of the settling parameter will be updated

as Eq. 5.20. Here, we consider the flow velocity scale to be the inlet velocity, Uo.

Sν = τpg

σf

= VT

Uo

(5.20)

The settling parameter governs the interplay between particle entrainment with the ambient

flow and adherence to their terminal sinking behaviour. When the settling parameter is low

and the particle terminal velocity is considerably smaller than the ambient flow velocity,

depthwise particle trajectory becomes heavily affected by the ambient flow. Conversely, when

the settling parameter is relatively high, particles are predominantly influenced by terminal

sinking, experiencing minimal entrainment with the turbulent flow. However, as stated in

Eq. 5.20, in this study settling parameter does not incorporate the instantaneous features of

the ambient flow.

Stokes number, defined as the ratio of the particle time-scale, τp, to the flow time-scale, τl,

is another commonly used parameter in sediment transport [154, 161]. In this study we

have leveraged this parameter to capture the time-dependant response of the particles to

the instantaneous flow features. The flow time-scale in this parameter is defined using the

ratio of the step height to the instantaneous depthwise velocity of the flow at the location of

particle, h/vf :

St = τp

τl

= VTvf

gh
(5.21)
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The Stokes number serves as an indicator of the particle’s instantaneous ability to adjust

to fluctuations in the surrounding turbulent flow, as it represents the ratio of particle and

flow time-scales. In other words, lower Stokes values indicate a higher potential for the MP

particle to adapt to the velocity changes of the ambient flow, while MPs associated with

higher Stokes number may not have sufficient time to adjust to the oscillations in the ambient

flow.

Figure 5.5: The average Stokes number, St = (1/n)∑n
1 St, versus settling parameter for case

studies outlined in Table 5.1.

Figure 5.5 illustrates the averaged Stokes number, St, over a period, T , plotted against

the associated settling parameter for cases presented in Table 5.1. The PS-S1-B and PET-

S1-F2 cases exhibit the minimum settling parameter and Stokes numbers, as shown in

Figure 5.5. These two cases also demonstrate the lowest Reynolds numbers and the highest

drag coefficients, as depicted in Figure 5.4 (a) and (b). Therefore, when the particle equivalent

diameter, deq, and/or sphericity, ϕ, decrease, the settling parameter and the Stokes number

decrease. This indicates that these particles can adjust to changes in the ambient flow

immediately. Moreover, the PS-S1-B exhibits a lower Stokes number and settling parameter

compared to the corresponding PET particle. Therefore, reducing the marginal density

between the particle and the fluid leads to increased drag coefficient and higher levels of
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particle entrainment. A more comprehensive discussion on the impact of the particle’s

marginal density on entrainment and mixing with the ambient flow has been presented in a

previous publication [249].

On the other hand, the PS-S4-B and PET-S4-B cases are associated with the maximum settling

parameter and Stokes numbers, as depicted in Figure 5.5. Thus, when the particle size or

sphericity increases, particles are more influenced by their terminal sinking, and consequently,

they skip smaller-scale features of the turbulent flow as discussed in section 5.4.6.

5.4.4 The instantaneous effect of drag on entrained MPs

To further develop the discussion surrounding the instantaneous effect of drag on particle

entrainment, the instantaneous Reynolds numbers of selected particles for each case are

plotted in Figure 5.6. For a more effective comparison across different cases, all selected

particles in Figure 5.6 are injected into the flow simultaneously, and their instantaneous

velocity and trajectory are recorded over a period of T .

The top row in Figures 5.6 (a) and (b) represent the size-dependent comparison of instanta-

neous particle Reynolds numbers of PS and PET beads, respectively. For smaller particles of

sizes of S1 and S2, the instantaneous particle Reynolds number remains within the Stokesian

regime, Rep < 1. Therefore, these small particles are associated with a higher range of drag

coefficients. However, as particle size increases to sizes of S3 and S4, particles’ movement

become more aligned with their terminal sinking behaviour. For PS-S4-B and PET-S4-B

cases, this trend continues until they are fully deposited on the bed, as demonstrated in

Figure 5.6 (a) and (b).

Figures 5.6 (c) and (d) in the top row depict the shape-dependent comparison of the

instantaneous particle Reynolds number for cases presented in Table 5.1. Similar to the

PET-S1-B, the instantaneous particle Reynolds number of the PET-S1 fibre (E1 and E2) and

film (F1 and F2) particles also falls within the laminar Stokesian regime, Rep < 1. However,

it is evident from Figures 5.6 (c) and (d) that among the PET-S3 cases of different shapes, the
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Figure 5.6: Instantaneous behaviour of selected MPs particles. Columns (a) and (b) correspond
to PS and PET beads, respectively. Columns (c) and (d) compare spherical and non-spherical
particles of equivalent sizes, illustrating fibre and film particles, respectively. The top and
bottom rows represent the instantaneous particle Reynolds number, Rep, and the radius of
eddy trapping, rET , within a period of T . The vertical dashed lines in columns (a) and (b)
demonstrate the full deposition of particles.

PET-S3-E2 and PET-S3-F2 demonstrate lower instantaneous Reynolds numbers and a higher

effect of drag. Therefore, for a constant equivalent diameter, as the sphericity decreases from

ϕ = 1 (a perfect sphere) to ϕ = 0.29 (films with an aspect ratio of 24), the range of the

instantaneous particle Reynolds numbers also decreases. Nevertheless, as observed in the top

row of Figure 5.6, the ranges of instantaneous particle Reynolds numbers are very similar

for PET-S1 particles of different shapes, making it challenging to build a distinct discussion

around the effect of shape at smaller sizes of S1 and S2.

Vortex trapping is the process by which vortices in the turbulent flow entrain and carry
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particles. The eddy trapping process can be measured by a radius defined by [160]:

rET = VT

Ωz

(5.22)

In this definition, it is assumed that a particle’s depthwise velocity is the summation of its

terminal velocity, VT , and the depthwise velocity of the flow at the particle’s instantaneous

location [160]. When the radius of eddy trapping is small, particles closely follow the trajectory

of adjacent fluid parcels, whereas, when the radius of eddy trapping is large, particles deviate

from the movement of the adjacent fluid parcels, and potentially escape the nearby vortices.

Figure 5.6 bottom row demonstrates the radius of eddy trapping, rET , for the same selected

particles. The bottom row of columns (a) and (b) in Figure 5.6 compares different sizes of

PS and PET beads, respectively. As the size of the particle increases, the radius of eddy

trapping also increases and therefore, larger particles are deviating more from the fluid parcel

trajectories. This was also supported by higher Stokes numbers and settling parameters

for these particles. The bottom row of Figures 5.6 (c) and (d) compares the radius of eddy

trapping for PET-S1 and PET-S3 cases listed in Table 5.1, focusing on the effect of shape. As

evident from these panels, the radius of eddy trapping decreases as the sphericity decreases.

Building on the earlier discussion regarding the influence of particle size on the radius of

eddy trapping, it is notable that the PET-S1-E2 and PET-S1-F2 cases are associated with

the lowest values of radius of eddy trapping among all cases considered in this study.

5.4.5 Comparison of instantaneous and terminal settling velocities

of MPs

Figure 5.7 illustrates the instantaneous settling velocity of 100 particles, each recorded over a

period of T , versus their associated settling parameters across different case studies. The

top row of Figure 5.7 displays the ratio of average settling velocity to terminal velocity,

Vsm/VT . The left column compares different sizes of PS and PET beads, while the right

114



column compares PET-S1 and S3 cases of different shapes. In quiescent ambient conditions,

the instantaneous settling velocity of a particle equals its terminal velocity, resulting in

Vsm/VT ≈ 1. As demonstrated in the top row of Figure 5.7, when the settling parameter

increases with size and sphericity, the ratio of average settling velocity to terminal velocity

approaches unity. Therefore, particles with higher settling parameters are minimally affected

by the turbulent ambient flow, and their instantaneous settling velocity closely matches their

terminal velocity.

Figure 5.7: Relative settling velocity of MPs. (a) The ratio of average settling velocity to the
terminal velocity. (b) The ratio of the settling velocity standard deviation to the terminal
velocity. The first and second columns from the left represent spherical and non-spherical
particles, respectively. The dashed-lines in the top row demonstrate Vsm/VT = 0.

On the other hand, physical characteristics that correspond to lower settling parameters

cause greater deviations in the instantaneous settling velocity of particles from their terminal

velocity. For the smallest particle size of 0.1 mm, Vsm is nearly 15 times the particle’s terminal

velocity, indicating a significant impact of the coherent structures on in-depth movement of

these particles. Similarly, for PET-F2 particles (films with AR = 24), this value is 7 times

that of the terminal velocity. This illustrates the importance of in-depth turbulent motion
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for particles of small size and low sphericity. Additionally, for spherical particles (left column

of Figure 5.7) with low settling parameters of Sν < 0.02, this ratio, Vsm/VT , is negative,

indicating that the particle’s in-depth motion on average is upwards. For non-spherical

particles (right column of Figure 5.7), those with 0.03 < Sν < 0.05, are positioned in the

vicinity of the Vsm/VT = 0 line, while for smaller settling parameters, this ratio becomes

negative. To further illustrate this dependency, the standard deviation, defined in Eq. 5.23,

is used:

SD =
√∑n

i=1(vsm − vsm)2

n
(5.23)

where Vsm is the instantaneous settling velocity, Vsm is the ensemble averaged settling velocity,

and n is the total number of instantaneous data recordings, n = 12000, in each case.

The bottom row of Figure 5.7 illustrates the ratio of the settling velocity standard deviation,

SD, to the terminal velocity, VT , plotted against the settling parameter, Sν . This parameter

exhibits an inverse relationship with the settling parameter, Sν , where relative standard

deviation decreases with an increase in the settling parameter. This indicates that character-

istics that result in smaller settling parameters—such as reduction in size, lower marginal

density, and lower sphericity—would experience a wide range of in-depth particle velocities. In

contrast, those particles with higher settling parameters exhibit a lower normalized standard

deviation, indicating the dominance of terminal velocity on their in-depth motion.

5.4.6 Entrainment of particles across different turbulent flow scales

Figure 5.8 shows the normalized velocity of the ambient flow at the instantaneous location of

selected particles from the cases presented in Table 5.1, each over a period of T . Rows (a)

and (b) in Figure 5.8 demonstrate the size-dependent comparison of flow velocity fluctuations

adjacent to a selected bead particle in the PS-B and PET-B cases of different sizes, respectively.

It can be observed from Figures 5.8 (a) and (b) that the frequency of perturbations for

smaller sizes, S1 and S2, as shown in the left column of each row, is higher compared to
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Table 5.4: Integral length scale of turbulent eddies, l, across the shear layer evolved from the
corner at y = h = 3 m

x/h 0.5 1 2 4
l (m) 1.05 1.11 1.65 2.10

that of the larger sizes, S3 and S4, which are shown in the right column. The fluctuations in

the normalized local flow velocity, evident in Figure 5.8, indicates particle entrainment with

varying scales of the flow, where the smaller periods associate with smaller temporal and

spatial scale of the flow while larger periods in Figure 5.8 present larger scale flow features.

To illustrate the varying scale of the turbulent flow in the current 2D BFS set-up, Table 5.4

presents the integral length scale of turbulent eddies across the shear layer. In the current

2D simulation set-up, an inverse energy cascade is expected with the growing scale of eddies,

moving from the corner in the downstream direction. This trend is clearly evident in results

presented in Table 5.4.

In Figures 5.8 (a) and (b), one clear observation is the entrainment of S1 and S2 in smaller

scale motion for t/T < 0.4 and then engagement with both small scale and larger scale

motions after t/T > 0.4. This is consistent with the scale of motion reported in Table 5.4.

Additionally, the general pattern and the scales of perturbation are similar for PS and

PET smaller cases, S1 and S2. However, as the particle size increases to S3, the effect of

density becomes more prominent. In row (a) right column, the PS-S3-B is entrained by some

smaller-scale perturbations at the beginning of the period, while the equivalent PET case in

row (b) right column skips these small scales, as we no longer see the smaller fluctuations

in the velocity. For the largest size, S4, both PS and PET beads escape the smaller scale

motions at the beginning of the period and end up being fully deposited on the bed before

mid-period.

Rows (c) and (d) in Figure 5.8 compare the flow velocity fluctuations adjacent to the

trajectories of selected spherical and non-spherical PET particles of sizes S1 (left column) and

S3 (right column). Row (c) refers to fibres, while row (d) refers to films. For the smallest S1
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Figure 5.8: Ambient flow velocity at the location of particles. Rows (a) and (b) correspond
to spherical PS and PET particles, respectively. Rows (c) and (d) compare spherical and
non-spherical particles of equivalent sizes, illustrating fibres and films, respectively. The
vertical dashed lines in panels (a) and (b) demonstrate the full deposition of particles.

cases, all spherical and non-spherical particle trajectories coincide before the mid-period when

particles are entrained with smaller eddies close to the source of injection, near the corner of

the BFS. On the other hand, in the right columns of rows (c) and (d), the PET-S3-B particle

escapes the smaller-scale motion at the beginning of the period, while all non-spherical cases

of equivalent size get entrained in the smaller-scale eddies close to the corner.

The difference between the trajectories of spherical and non-spherical MPs of equivalent sizes

can be explained by the associated radius of trapping, rET in each case. For fibres and films

with low sphericity, the radius of eddy trapping decreases, leading to particle engagement

with all flow scales, whereas beads with ϕ = 1, comparatively, have higher rET , illustrating

selective entrainment. Therefore, the PET-S1-E2 and PET-S1-F2 cases, with the lowest

sphericity values in rows (c) and (d), respectively, are entrained with small to large scales.

Similarly, the radius of trapping, rET , is smaller for small sized particles, S1 and S2, and
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therefore, these compared to S3 and S4 are engaged more actively with varying scale of the

flow in the domain.

5.5 Conclusion

Over the past decade, microplastic (MP) pollution has surged drastically, causing severe

impacts on aquatic ecosystems. The transport and fate of MPs are influenced by their

physical properties—density, size, and shape—as well as the dynamics of the ambient flow.

These factors complicate predictions of MPs’ behaviour in water systems compared to natural

particles like sediments. While previous studies have examined the effects of particle size and

density on MP transport in turbulent flows, the role of particle shape has been less explored.

This research delved into the effect of particle shape—in conjunction with density and size—on

the transport and fate of MPs in turbulent flow using computational fluid dynamics. We

conducted several numerical experiments to study the mixing and entrainment of MPs with

varying physical properties in a two-dimensional coherent turbulent structure induced over

a backward-facing step. Our study spanned a wide range of particle Reynolds numbers,

from Stokesian to transient regimes. We redefined the particle relaxation time, initially

based on Stokesian terminal velocity, to be applicable to transient regimes and included the

effect of particle shape in this updated definition. We described the MPs’ entrainment using

parameters such as the settling parameter, Stokes number, and radius of eddy trapping, which

integrate particle characteristics with flow dynamics. Consequently, these parameters can

vary by several orders of magnitude within a consistent ambient flow structure, depending on

the MPs’ characteristics.

Our results indicate that characteristics leading to relatively lower settling parameters and

Stokes numbers—such as reducing the density difference between the particles and the

flow, decreasing particle size, or lowering particle sphericity—result in higher levels of MP

entrainment with the ambient flow. In contrast, larger and heavier particles and those with

spherical shapes exhibit higher settling parameters and Stokes numbers and tend toward their
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natural sinking behaviour. Additionally, the radius of eddy trapping, which measures how

particles deviate from adjacent fluid parcels, showed that smaller, non-spherical particles follow

nearby fluid trajectories more closely and become entrained in smaller vortices. Conversely,

larger spherical MPs that are entrained with the flow have a larger radius of eddy trapping,

causing them to deviate more from fluid parcels and settle more readily.

The transport and distribution of MPs are dominated based on both their diverse physical

properties and the dynamics of the ambient flow. Turbulence-induced mixing can lead to the

entrainment and transport of MPs over significant distances from their source. MPs of smaller

sizes and non-spherical shapes exhibit higher drag coefficients and greater entrainment, which

leads to their transport to remote areas or deep-sea sediments [200]. However, the effect of

shape becomes less pronounced for very fine MPs. Specifically, for MPs with sizes equal to or

smaller than 100 µm, the distinct impacts of shape and density on their entrainment and

mixing behaviour become difficult to distinguish.

5.6 Appendix: The resolution of the LES model

To assess the effectiveness and quality of a Large Eddy Simulation (LES) model, it is essential

that the majority of turbulent kinetic energy is resolved explicitly, with only a minimal

amount modelled according to residual stresses. Pope [255] introduced a widely accepted

criterion for evaluating the quality of LES models, suggesting that the resolved turbulent

kinetic energy, kres, should represent at least 80% of the total turbulent kinetic energy. This

benchmark helps ensure that the LES model provides a sufficiently accurate resolution of the

turbulence. The resolved turbulent kinetic energy, kres, can be calculated as:

kres = 1
2(u′u′ + v′v′) (5.24)

where u′u′, and v′v′ are the diagonal components of the Reynolds stress tensor, referred to

as the normal Reynolds stresses. Here we used the k-equation to model the subgrid scale
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Figure 5.9: The resolution of the LES model. (a) The ensemble averaged resolved turbulent
kinetic energy, kres. (b) The ensemble averaged residual turbulent kinetic energy, kR. (c) The
ratio of the quality of the LES model, kratio, with a threshold of 80%, as suggested by Pope
(2000).

motions of the turbulent flow, as stated in Section 5.3.1 of the paper. Therefore, the ratio of

the quality of the LES model is calculated as:

kratio = kres

kres + kR

(5.25)

where kR is the residual turbulent kinetic energy, modelled using the k-equation.

Figure 5.9 illustrates the resolution of the LES model used in this study, based on ensemble

averaging over two periods of T . As shown in Figure 5.9 (a), the majority of the large-scale,

energy-containing eddies are concentrated in the recirculating region behind the step. To
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enhance the accuracy of the LES model in this area, two levels of grid refinement were

applied to better capture these energy-containing turbulent motions (for more details, see

section 5.3.3 of the paper). Conversely, as depicted in Figure 5.9 (b), the residual turbulent

kinetic energy in the recirculating region is nearly four orders of magnitude smaller than the

resolved turbulent kinetic energy shown in Figure 5.9 (a). As a result, the quality ratio of

the LES model, kratio, which is presented in Figure 5.9 (c), consistently exceeds 90% in the

recirculating region and downstream of the step. This confirms that the LES model resolution

is sufficient to resolve more than 80% of the turbulent kinetic energy, as recommended by

Pope [255]. It is noteworthy that, in the vicinity of the lower wall upstream of the step,

where the boundary layer is present, there are some red regions in Figure 5.9 (c) where kratio

falls below 80%. However, since the focus of these simulations is on the downstream region,

where the turbulent structures are of primary interest, grid refinement was not applied to the

upstream boundary layer, as this area has minimal impact on the downstream turbulence.
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Chapter 6

Experimental Investigation of Microplastics Transport

in Grid-Generated Turbulence: Effect of Size and Shape

A. Shamskhany & S. Karimpour, Experimental Investigation of Microplastics Transport in

Grid-Generated Turbulence: Effect of Size and Shape, Submitted, 2024.

6.1 Abstract

Microplastic (MP) pollution has surged dramatically over the past decade, severely impacting

aquatic ecosystems. This study investigates the combined effects of MP size and shape on

their behaviour and long-range transport in turbulent flow, within an experimental flume. A

series of laboratory experiments in a grid-generated turbulent flow are conducted to evaluate

how particle properties and flow dynamics influence MP settling and entrainment, with

accumulation measured at two downstream stations. Our results indicate that smaller,

non-spherical MPs exhibit higher accumulation rates on downstream capturing nets compared

to larger or spherical particles. These MPs settle more slowly and remain entrained in the

flow for longer periods, resulting in farther transport from their injection point. This research

underscores the significant role of particle characteristics, such as size and shape, as well as

flow dynamics, in MP mixing behaviour and long-distance transport.
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6.2 Introduction

Global plastic production, and consequently the input of plastics into aquatic environments,

is expected to increase significantly over the next decade [6]. Mismanaged plastic waste

can enter aquatic systems through various pathways, such as waste water treatment sludge,

stormwater runoff, and rivers. Despite the versatility and benefits of plastics, their adverse

impact on aquatic environments, particularly through microplastic (MP) pollution, is a

growing concern. MPs, defined as plastic particles ranging from a few micrometers to 5 mm,

originate either as manufactured particles or from the degradation of larger plastic debris.

MPs exhibit a diverse range of densities, sizes, and shapes compared to natural particles,

leading to their complex hydrodynamics in aquatic systems [35, 42, 200].

Recent research has documented the abundance and widespread distribution of MPs in

various aquatic compartments, including surface waters, bed sediments, and the water

column, and linked their physical properties to their environmental distribution [30, 31,

34, 200]. Turbulence, which is generated by various flow processes such as wind, tides,

temperature gradients, and sudden bathymetrical changes, plays a crucial role in the mixing

and entrainment, suspension, and long-range transport of MPs across aquatic environments.

Studies have shown that turbulence can significantly alter particle trajectories, enhancing

the vertical and horizontal mixing of MPs [122, 150, 167]. Understanding how turbulence

interacts with MPs is therefore critical for predicting their mobility and fate in aquatic

systems.

Shape, as one of the most important particle characteristics, directly affects the drag coefficient

and, therefore, MP transport. MPs exhibit a wide range of shapes, from regular spheres

to irregular fragments, which complicates their interaction with the flow. For instance, the

settling velocity of particles varies significantly with particle shape, as demonstrated in

the laboratory experiments of Khatmullina and Isachenko [47]. Laboratory experiments by

Bagaev et al. [122] showed that the sinking behaviour of small MP fibres varies significantly
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based on their random curvature during the settling in the flow. Similarly, Wang et al. [49]

investigated the settling trajectories of MPs with irregular shapes under both static and

dynamic flow conditions, highlighting the complexities of MP movement in natural waters.

While these studies provide valuable insights into the settling behaviour of non-spherical

MPs, the role of turbulence in the transport and mixing of these particles remains poorly

understood.

Field observations have revealed that turbulence not only impacts MP settling but also

plays a key role in long-range transport, often displacing MPs from surface layers to deeper

waters [269]. Morét-Ferguson et al. [82] reported that small fragments are the most abundant

particles in the surface layers of the North Atlantic Ocean. According to observations by

Cózar et al. [31], both shape and size play significant roles in the distant transport of MPs,

with smaller non-spherical shapes more likely to be found in distant and deep layers of

the aquatic environment. This observation challenges the conventional assumptions that

low-density polymers remain suspended in surface waters and suggests that MPs may be

transported significant distances from their source [34, 43, 44], due to turbulence-driven

mixing and entrainment.

This study aims to build upon the effect of turbulence on MP mixing and long-range transport

by presenting an experimental investigation into the response of MP particles of varying sizes

and shapes to turbulent flow. We investigate the entrainment and long-range transport of

MPs of diverse properties in an experimental flume subjected to grid-generated turbulence.

Previous studies have investigated the longitudinal transport and dispersion of buoyant MPs

in an open channel flow using fluorescent dyes, with behaviour similar to Rhodamine particles

[270]. In this study, we applied a similar approach to investigate the transport and mobility

of negatively buoyant MPs. By exposing MPs to turbulent flows of varying intensities, we

assess their behaviour in terms of settling prohibition and long-distance transport. This

research provides new criteria for understanding how particle properties and turbulence affect

the mobility and fate of MPs in aquatic environments.
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6.3 Methodology

Experiments are conducted in a Gunt HM 162 experimental recirculating flume with a length

of 5 m, a width of 0.309 m, and a maximum depth of 0.45 m. The flume has a tank capacity

of approximately 1.1 m3 and an adjustable inclination slope ranging from -0.5% to 2.5%. The

flow rate in the setup can be adjusted between 5 and 100 m3/hr.

Our experiments are carried out within a confined test section of the flume, spanning a length

of 1.9 m. This section is isolated by installing two portable Plexiglas boxes—one at the

upstream end and the other at the downstream end of the measurement area—to separate it

from the rest of the flume. These Plexiglas boxes are designed to facilitate the installation

of a turbulence generator grid at the upstream end, where the flow enters the test section,

and a particle-capturing net at the downstream end. The mesh size of the net is adjusted

according to the particle dimensions used in each experiment. Figure 6.1 demonstrates the

location of the upstream turbulence-generating grid and the downstream capturing nets. The

channel is levelled to a zero slope, and the water depth is maintained using a sharp-crested

weir positioned at the downstream end of the experimental flume. The weir angle is adjusted

based on the flow rates to maintain a consistent water depth of 20 cm within the test section.

The shape and dimensions of the grid significantly affect the turbulence structure downstream

of the grid [271]. To reduce inhomogeneity and avoid secondary circulations, a grid solidity

of less than 40% is recommended De Silva and Fernando [272]. Grid solidity refers to

the proportion of the area of solid bars to the total area of the grid and is defined as

σ = (d/M)(2 − d/M), where M is the size of the grid opening and d is the width of the solid

gap between openings. The turbulence-generating grid used in this study features square

openings with M = 2 cm and solid gaps of d = 0.4 cm, resulting in a grid solidity of 36%.

These dimensions are selected to ensure a homogeneous turbulent structure downstream

of the grid, based on previous similar studies [271, 273, 274]. We utilized four different

flow rates in the range of the flume discharge range: Q1 = 6.30 × 10−3, Q2 = 1.23 × 10−2,
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Q3 = 1.89 × 10−2, and Q4 = 2.52 × 10−2 m3/s, to investigate the effect of varying turbulence

intensities on the advective transport, turbulent mixing and settling of MPs with different

properties.

Figure 6.1: Sketch of the experimental setup. The origin of the coordinate system is located
at the turbulence generator grid, where x is the stream-wise, y is the depth-wise, and z is the
span-wise direction. The injection point of MPs is approximately located at (50, 15, 0) cm.
The first and second capturing nets are located at L1 = 115 and L2 = 190 cm, respectively.

6.3.1 Particles: injection to net capturing

This study involves experiments with three distinct particle shapes: spheres, elongated

cylinders resembling fibres, and flattened cylinders resembling films, all fabricated using

a ProJet MJP 3600 3D printer. The material used for printing the MPs is M3 Crystal

(MJP), with a density of 1.22 g/cm3 after solidification through exposure to ultraviolet light.

Figure 6.2 presents a sample of the MPs used in this study. Selected MP shapes are tested

in three different equivalent diameters: deq = 5.0, 3.0, and 1.0 mm. The two non-spherical

shapes are characterized by an aspect ratio (AR) of 8, representing the ratio between the

longest and shortest dimensions. This value is selected based on the prevalent characteristics

of MP fibres commonly reported in aquatic environments [96, 100]. In the design of these

particles, the smallest dimensions are selected according to the printing limit of the available

3D printer. Table 6.1 provides the characteristics of the MPs used in our experiments along

with their corresponding IDs. In this table, ϕ represents the sphericity of the particle defined
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as ϕ = Ssph/S, where S is the surface area of the particle, and Ssph is the surface area of the

equivalent sphere with the same volume.

Figure 6.2: 3D printed particles. From left to right: spherical particles (Beads): S1-B,
S2-B, S3-B; Flattened cylinders to represent films: S1-F, S2-F, S3-F; Elongated cylinders to
represent fibres: S1-E, S2-E, S3-E.

Table 6.1: Characteristics of the MPs. Non-spherical shapes are defined by an aspect ratio
of AR = 8. The terms a, b, and c refer to the longest, intermediate, and shortest axes,
respectively.

deq (mm) S1=1.0 S2=3.0 S3=5.0
Shape Sphere Fibre Film Sphere Fibre Film Sphere Fibre Film
ID S1-B S1-E S1-F S2-B S2-E S2-F S3-B S3-E S3-F
a (mm) 1.00 3.49 1.75 3.00 10.48 5.24 5.00 17.47 8.74
b (mm) 1.00 0.44 1.75 3.00 1.31 5.24 5.00 2.18 8.74
c (mm) 1.00 0.44 0.22 3.00 1.31 0.66 5.00 2.18 1.09
S/V ∗ (mm−1) 600.00 973.01 1144.71 200.00 324.34 381.57 120.00 194.60 228.94
ϕ 1.000 0.617 0.524 1.000 0.617 0.524 1.000 0.617 0.524
VT (mm/s) 36.27 28.94 25.51 104.66 58.54 50.45 157.80 73.49 63.62
∗ S/V represents the ratio of the surface area to the volume

The literature on grid-generated turbulence indicates a near-field decay region extending

approximately 15 times the grid opening size, where turbulence energy decays more rapidly.

This region, typically found within the range of 15 < x/M < 60, has been widely documented
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for its inhomogeneous turbulence, which transitions into a more homogeneous and approx-

imately isotropic far-field turbulence downstream [274, 275]. In our study, we selected an

upstream position at x/M within this range to avoid the highly inhomogeneous near-field

turbulence and to ensure a fully developed, more homogeneous turbulence regime for the

particle entrainment experiments. Particles are injected at around x = 25M downstream of

the turbulence generator grid, as shown in Figure 6.1. Thirty particles of identical size and

shape are introduced into the fully-developed turbulent flow at varying flow rates. To ensure

the particles do not stick to each other and have minimal interaction once released into the

flow, they are first mixed with a dilute solution of water-soluble surfactant and then released

into the turbulent flow using a large syringe. The particles are subsequently captured using a

net with a grid size corresponding to the minimum dimension of particles with an equivalent

diameter, ensuring that all particles are collected. The net is positioned at specific stations

downstream in the flume, as shown in Figure 6.1.

Two particle-capturing locations are examined to assess the mixing levels and transport

distances of MPs with different characteristics in grid-generated turbulent flows at varying

flow rates. Each experiment is repeated once, and the results reported here represent the

average of these two trials. A camera records the total number of particles accumulating

behind the net over time, enabling the comparison of MP accumulation across different cases.

The position of the recording camera is shown in Figure 6.1. We employed Ultra-Violet

Induced Visible Fluorescence (UVIVF) photography, using a UV LED as the sole light source

in a dark room. To enhance the glow from energy re-emission, our 3D-printed MPs are dyed

with fluorescent, non-toxic paint and coated with UV varnish. This approach enables the

recording of the arrival and trapping time of individual particles throughout each experiment.

Manual particle counting is implemented to determine MP accumulation over time on the

downstream capturing nets. The UV LED light and camera angles are adjusted to ensure

full coverage of the wetted surface of the capturing net.
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Figure 6.3: In-depth flow velocity measurements at eight stations between the injection point
and the second capturing net for various flow rate. (a) and (b) depict the first and second
sets of four stations upstream and downstream of the first capturing net, respectively.

6.4 Results and discussion

The flow velocity is measured in the stream-wise (x) and depth-wise (y) directions, as shown in

Figure 6.1 using a Flow Tracker Handheld Acoustic Doppler Velocimeter (ADV). This device

is capable of measuring velocities from 0.001 m/s to 4.5 m/s at a small measurement point

located 10 cm from the acoustic transmitter. The ADV records velocity data at one-second

intervals over the selected measurement duration, with the values subsequently averaged to

compute the mean flow velocity. Eight longitudinal stations are selected along the x− y plane

between the injection point and the second capturing net, with intervals of 20 cm. Thus, the

first station is located at the injection point, and the last station is positioned at the second

net. Flow velocity components, u and v, are measured at four in-depth elevations of y = 1,

5, 10, and 15 cm at each station. Figure 6.3 presents the profiles of the flow velocity in the

x−direction at each station for different inlet discharges. The corresponding Froude number

for each inlet discharge, shown in Figure 6.3, indicates sub-critical flow in the measurement

section for all tests conducted in this study. We used the weighted average stream-wise

velocity based on depth, defined as Uavg, to report the Reynolds number, Re, and the Froude
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number, Fr, for different flow rates, as presented in Table 6.2.

Fr = Uavg√
gh

. (6.1)

Re = Uavgh

ν
. (6.2)

where Uavg is the weighted depth-averaged u-velocity, h = 20 cm is the water depth, and ν is

the dynamic viscosity of water, assumed as 10−6 at room temperature. In calculation of the

weighted average stream-wise velocity based on depth, it is assumed that the flow velocity at

the water surface is equivalent to the velocity at the highest measured point of y = 15 cm for

each station, with a no-slip boundary assumption at the bed, u0 = 0.

Table 6.2: Froude number, Fr, and Reynolds number, Re, for different flow rates.

Q (m3/s) Q1 =6.30E-3 Q2 =1.23E-2 Q3 =1.89E-2 Q4 =2.52E-2
Uavg 0.108 0.221 0.322 0.428
Fr 0.079 0.162 0.234 0.313
Re 2.16E4 4.42E4 6.44E4 8.56E4

6.4.1 Regimes of particle motion

In this study, the drag coefficient, CD, and particle Reynolds number, Rep, are calculated

using the equations from Putnam [170] for spherical particles and Haider and Levenspiel

[175] for non-spherical particles. The particle Reynolds numbers range from 25 to 800 that

fall within the transitional regime, with drag coefficients spanning from 0.5 to 4.0. Figure 6.4

illustrates the relationship between the drag coefficient, CD, and particle Reynolds number,

Rep, for each of the distinct particle shapes examined in this study. The discrete data

points in Figure 6.4 demonstrate the unique drag coefficients and particle Reynolds numbers

associated with each case study.

Sphericity plays a critical role in determining the drag force on particles, with spheres having

a sphericity, ϕ, of one, fibres having an intermediate value of 0.617, and films the lowest value
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Figure 6.4: Drag coefficient as a function of particle Reynolds number. The markers
demonstrate the anticipated drag coefficient, CD and particle Reynolds number, Re, for the
particles listed in Table 6.1 using expressions by Haider and Levenspiel (1989).

at 0.524, as shown in Table 6.1. Sphericity inversely relates to the surface area-to-volume ratio

of a particle, therefore, for a given equivalent diameter, films and fibres have higher surface

areas compared to spheres. As demonstrated in Figure 6.4, smaller equivalent diameters, deq,

and higher surface area-to-volume ratios, S/V , lead to increased drag coefficients, CD, and

lower particle Reynolds numbers, Rep. This correlation between drag coefficients and particle

Reynolds numbers with surface area-to-volume ratio can partly explain the transport and

deposition of MPs in turbulent flow. Smaller, non-spherical particles experience greater drag,

making them more susceptible to entrainment and long-range transport in turbulent flow.

These findings are consistent with the accumulation patterns and mobility of MPs observed

in our study, which will be discussed in the following sections.

6.4.2 MPs’ net accumulation in time

Figure 6.5 illustrates the percentage of MPs’ accumulation, Π, on each capturing net over

time. Fully deposited particles are excluded from net accumulation, even if they reach the net

by slithering along the bed. From left to right, it is evident that increasing the flow discharge,

from Q1 to Q4, proportionally increases the percentage of MPs captured by the nets, Π.
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Additionally, the dashed lines, representing MP accumulation on the second downstream net,

are visible only for the smaller particle sizes (S1 and S2) and at higher discharges (Q3 and

Q4). This observation suggests that smaller particles, due to their lower terminal velocities,

are less prone to immediate near-source deposition. They are, therefore, more likely to be

transported farther from the injection source compared to larger MPs.

Figure 6.5: Percentage of particles captured on Net#1 and 2, over time. (a), (b), and (c)
correspond to size S1, S2, and S3, respectively.

Turbulent entrainment plays a significant role in preventing settling and enabling the long-

range transport of MPs, with particle size and shape further influencing particle interactions

with the flow. Based on the reported size distribution of MPs across different aquatic regions,

smaller particles are the most prevalent in the water columns of remote areas and sediment

samples [79, 200]. This suggests an inverse relationship between particle size and suspension,

flow mixing, and long-range transport. Furthermore, previous numerical investigations

demonstrated a direct relationship between particle size and the proportion of fully deposited
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particles in sustained turbulent structures [249]. A similar trend is also reflected in our

experimental results. As demonstrated in Figure 6.5, moving from row (a) to row (c), it is

evident that increasing particle size results in a lower percentage of accumulation on the nets,

indicating that larger MPs are more prone to deposition, and they are associated with lower

mixing levels with the turbulent flow.

Moreover, our results show that a decrease in sphericity leads to an increase in net accumula-

tion, Π. This trend can be observed in Figure 6.5 rows (b) and (c), by comparing the black

lines—representing spherical shapes—with the blue and red lines—which correspond to fibres

and films, respectively. However, for the smallest particle size, S1, as shown in Figure 6.5

row (a), particularly at higher discharges of Q2, Q3, and Q4, the effect of particle shape on

net accumulation and long-range transport is less pronounced.

6.4.3 Assessment of MPs’ interaction with the ambient turbulent

flow

Various dynamic processes contribute to the long-range transport of MP particles, including

terminal settling, resuspension, and turbulence-induced mobility. Additionally, the physical

properties of MPs—such as density, size, and shape—play a significant role in governing

their transport and mobility in the ambient flow by influencing particle-flow interactions. For

instance, as demonstrated by the results of this study, the size, and sphericity of MPs have an

inverse relationship with their tendency to deposit, and therefore a direct relationship with

their long-range transport. In addition to size and shape, the marginal density of MPs—the

difference between the particle’s density and that of the ambient flow—is also a crucial factor

in governing their turbulent mixing, as demonstrated by previous numerical investigations

[249]. Based on the sediment analogy, marginal density and size are the dominant factors

influencing the deposition and transport of particles. Both size and density are directly

related to a particle’s terminal velocity, meaning that larger or heavier MPs sink more rapidly

compared to those with smaller sizes or lower densities.
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Similarly, the resuspension of fully deposited particles also depends on their size and marginal

density. A deposited particle will begin to move when the forces exerted by the flow, such

as drag, exceed the resistance by the particle’s gravitational forces. This relationship, first

described by Shields (1936), is expressed as a function of the Boundary Reynolds number,

Re∗, and the Shields parameter, θ, which is defined as:

θ = τ0

|ρp − ρf |gdeq

(6.3)

where τ0 is the critical shear stress, ρp is the particle density, ρf is the flow density, and

deq is the equivalent diameter. In the Shield’s diagram, for a given Boundary Reynolds

number, values of the Shields parameter higher than the threshold are associated with the

incipient motion of the particle, whereas lower values below the threshold indicate that

particles remain deposited. Based on Eq. 6.3, particle resuspension has an inverse relationship

with the marginal density and size of the particle. This relationship is further supported

by multiple experimental studies, which have demonstrated that reducing the size of MPs

enhances their incipient motion in turbulent flow [85, 276]. MP behaviour differs from that of

sediment particles, so commonly used sediment threshold motion correlations may introduce

errors when applied to predict MP movability and incipient motion [262]. Waldschlager

and Schuttrumpf [276] found that smaller particle sizes, non-spherical shapes, and lower

densities are associated with higher Shields parameters, making these particles more prone to

resuspension and flow mixing. In fact, such physical characteristics increase the sensitivity

of particles to changes in the dynamics of the ambient flow and reduce the time needed for

particles to respond to these updates.

Particle relaxation time represents the time required for a particle to respond to changes

in the ambient flow dynamics and adjust its velocity accordingly. Similar to the Shields

parameter, the definition of particle relaxation time, based on the Stokesian terminal velocity,
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also takes into account particle size and marginal density:

τp =
|ρp − ρf |d2

eq

18µ . (6.4)

where µ is the dynamic viscosity of the flow. In contrast to the Shields parameter, relaxation

time has a direct relationship to particle size and marginal density, meaning that larger and

denser particles are associated with longer relaxation times. Consequently, smaller MPs

and those with lower marginal densities respond more quickly to ambient flow dynamics,

increasing their likelihood of deviating from natural settling and remaining suspended in the

flow. As evident from Eq. 6.3, such MPs are also associated with higher Shields parameters,

making them more likely to become resuspended in turbulent flow. This tendency can also be

explained by the notion of the particle relaxation time, as a shorter relaxation time increases

the likelihood of MPs being resuspended, entrained, and transported in the turbulent flow

[277].

The original definition of particle relaxation time is derived from the ratio of a particle’s

terminal velocity in the Stokesian regime to gravitational acceleration. However, our study

examines a broader range of particle Reynolds numbers within the transitional regime (see

Figure 6.4). Additionally, as demonstrated in Eq. 6.4, the conventional definition of particle

relaxation time applies only to spherical and isometric shapes, as it is solely based on the

equivalent diameter, deq. To address these limitations, we revised the definition of particle

relaxation time to represent the ratio of particle terminal velocity, in any regime, to the

gravitational acceleration:

τp = VT

g
(6.5)

This inclusive definition accounts for MPs with varying physical characteristics, while pre-

serving consistency with the original derivation. Particle relaxation time only accounts for

the physical properties of MPs and the ambient flow. To incorporate the effect of ambient

turbulent flow on MP mobility and transport, we leveraged a dimensionless parameter,
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Figure 6.6: Percentage of the fully deposited particles versus the associated settling parameters
for each of the case studies. (a), (b), and (c) are associated with sizes S1, S2, and S3,
respectively.

combining relaxation time and flow velocity. This dimensionless number, known as Settling

Parameter, is widely recognized as a metric for assessing the mixing and entrainment of heavy

particles in turbulent flow [154, 161]. Settling parameter is the ratio of the particle velocity

scale to the flow velocity scale. The particle velocity scale is determined by the product of

the particle relaxation time, τp, and gravitational acceleration, g. This parameter, based on

Eq. 6.5, is defined as:

Sν = τpg

σf

= VT

Uavg

. (6.6)

The settling parameter quantifies the balance between a particle’s natural tendency to sink

in still conditions and the influence of turbulent flow on its movement. At low settling

parameters, where the particle’s terminal velocity is significantly lower than the flow velocity

scale, the particle’s vertical motion is predominantly controlled by the flow, often inhibiting

its sinking. Figures 6.6 (a), (b), and (c) display the maximum percentage of accumulated
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particles on the first capturing net, Πmax along with their corresponding settling parameters

for MPs of sizes S1, S2, and S3, respectively. As shown in all three panels, for settling

parameters below 0.1, all particles remain suspended in the flow and accumulate on the net.

However, as the settling parameter increases to a threshold value of Sν = 0.4, the particles’

natural tendency to deposit surpasses the influence of the flow, resulting in full deposition

before reaching the capturing net, as seen in Figures 6.6 (a), (b), and (c).

Figures 6.6 (a) to (c) illustrate a direct correlation between the size of MPs and their

corresponding settling parameters. Thus, as particle size increases, the settling parameter

also rises, resulting in a higher percentage of fully deposited particles and a reduced likelihood

of reaching the net. Consequently, particles of size S1, as shown in Figure 6.6 (a), exhibit the

highest percentage of net capture and are more likely to remain suspended in the flow, making

them more prone to being transported to farther downstream locations. This behaviour is

further highlighted in Figure 6.5 (a), where MPs of size S1 exhibit the highest accumulation on

the second net, suggesting a greater potential for long-range transport of smaller sizes of MPs

from their source of injection. Furthermore, for particles of consistent equivalent diameters,

non-spherical shapes (triangles and squares) are associated with lower settling parameters and

higher percentages of accumulation on the first capturing net, Πmax, compared to spherical

shapes. Therefore, physical characteristics that result in lower settling parameters, such

as lower marginal density or, as investigated in this study, smaller sizes and sphericities,

enhance particle entrainment with turbulent flow and inhibit natural settling and deposition.

Consequently, MPs with these properties are more likely to remain in the flow and be

transported farther from their injection source.

6.5 Conclusion

Microplastic (MP) pollution has significantly increased over the past decade, causing severe

disruptions to aquatic ecosystems. The transport and fate of MPs are influenced by their

physical properties as well as the dynamics of ambient flow, which collectively shape the
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transport and distribution of MPs. Despite numerous studies on MPs’ sinking behaviour and

vertical motion, the effects of particle characteristics, particularly shape, on MPs’ turbulent

mixing and transport remain inadequately addressed.

This research involved a series of laboratory experiments designed to evaluate the combined

effects of particle shape and size on the long-range transport and turbulent mixing of MPs.

We investigated the downstream transport and net accumulation of MPs with varying sizes

and shapes in different grid-generated turbulent structures within an experimental flume. The

study encompasses a wide range of particle Reynolds numbers in transitional regimes. Our

findings show that MPs with lower particle Reynolds numbers and higher drag coefficients,

non-spherical MPs, or smaller sizes, exhibit a lower terminal velocity and higher engagement

with the flow. Therefore, they are less likely to be deposited near their source, enabling their

long-range transport. Results can also be explained by the potential resuspension mechanism

of deposited particles, where MPs with higher Shields parameters, such as smaller or less

dense particles, are more likely to resuspend in turbulent flow.

The settling parameter, defined as the ratio of a particle’s terminal settling velocity to the

ambient flow velocity, is used to assess MPs’ mobility and long-range transport in turbulent

flow. This parameter incorporates particle size, shape, and marginal density, all of which

are critical factors influencing settling, turbulent entrainment, and resuspension. The results

of this study revealed that size and sphericity directly correlate with the settling, mixing,

and long-range transport of MPs in turbulent flow, with larger and spherical MPs indicating

the highest settling parameters as well as the highest tendency toward their natural sinking

behaviour and deposition on the bed. On the other hand, smaller non-spherical fibres and

films, which are associated with lower settling parameters skip the deposition and remain

suspended in the flow for a longer duration. Additionally, the plot of the accumulation rate

against the settling parameter indicates that this parameter effectively unifies the results

of the current experiment, capturing the key physical processes responsible for long-range

transport.
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Overall, the transport and fate of MPs are influenced by both their physical properties,

such as size and shape and the dynamics of the ambient flow. MP characteristics associated

with lower particle Reynolds numbers and higher drag coefficients, such as smaller sizes and

non-spherical shapes, lead to long-term suspension and potential entrainment in the turbulent

flow, facilitating their transport to remote areas or deep-sea sediments [200]. Furthermore,

such characteristics potentially result in enhanced resuspension and re-entrainment of MPs

with the turbulent flow. However, for very fine MPs, the effects of shape become less

pronounced, making it difficult to distinguish the impact of shape on their entrainment and

mixing behaviour.
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Chapter 7

Microplastic Response to Turbulent Flow in a Backward-

Facing Step: A Numerical Investigation

A. Shamskhany & S. Karimpour, Microplastic Response to Turbulent Flow in a Backward-

Facing Step: A Numerical Investigation, Draft for submission, 2024.

7.1 Abstract

Microplastic (MP) pollution is a ubiquitous threat to the aquatic environment. Understanding

the transport and mobility of MPs in the aquatic environment and the effective factors, such

as different transport mechanisms and physical properties, is a crucial step toward future

mitigation. This paper implements an Eulerian-Lagrangian numerical model to simulate the

three-dimensional transport and mixing of MPs with various properties in turbulent flow

over a backward-facing step geometry. The Lagrangian particle-tracking submodel is based

on Newton’s second law and follows a dynamic approach, allowing for the calculation of

instantaneous acceleration of different MPs and, consequently, the incorporation of the virtual

mass force. The results of this study indicate that the vertical slip velocity of MPs can deviate

from their terminal velocity in quiescent fluid, especially when their physical properties

correspond to low particle relaxation times. MPs with smaller sizes, non-spherical shapes

with high aspect ratios, and low marginal densities relative to the ambient flow exhibit a
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considerable range of particle acceleration. Consequently, the common assumption of vertical

forces equilibrium used in kinematic Lagrangian modelling studies, may be inaccurate for

such particle properties. This paper also investigate the effects of various physical properties

on the mobility and distribution of MPs within the simulation domain. MPs associated with

higher ranges of slip velocity and acceleration are more likely to remain entrained in the

turbulent structure and to be transported to regions farther from their source.

7.2 Introduction

Access to clean water is essential for human health and well-being, as emphasized by the United

Nations’ 6th Sustainable Development Goal [1]. In recent decades, global plastic production

has surged notably, driven by the low cost, durability, and versatility of plastic polymers

[6, 76], resulting in a proportional increase in global plastic pollution. Microplastics (MPs)-

plastic particles smaller than 5 mm—have become a major concern in aquatic environments.

MPs enter water bodies through various pathways, including rivers, wastewater discharge,

stormwater runoff, and coastal waste [10, 11]. MPs are widely distributed across aquatic

environments and have been detected in locations ranging from surface waters and estuaries

to deep-sea sediments and polar regions [30, 34, 200]. The abundance and distribution of

MPs in these systems are influenced by their physical properties—such as size, density, and

shape—as well as the dynamics of the ambient flow, which determine their transport, mixing,

and distribution patterns [200]. MPs can have ecological impacts, including ingestion by

marine species and transferring of additives, such as antibiotics and toxic chemicals, into their

bodies [18, 20]. A clear understanding of the transport and behaviour of MPs is essential for

predicting their accumulation and distribution in aquatic systems and for informing strategies

to mitigate potential risks to ecosystem health [17].

In aquatic environments, flow is often turbulent induced by temperature and density gradient

or sudden changes in bathymetry [147, 148, 149]. Turbulence can entrain the suspended

particles and prohibit their natural gravitational motions due to vortex trapping and loitering
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[159, 160, 161]. On the other hand, it can enhance the settling behaviour of particles and

sweep them in the downdraft regions [154, 158]. Another important role of turbulence based

on the sediment transport studies is sliding such particles on the bed„ or in case of adequate

turbulence intensity, the resuspension of deposited particles [277]. Multiple recent studies,

emphasized on the the significant effect of flow dynamics on particle entrainment [109, 110,

146, 150].

The interplay between particle physical characteristics and ambient turbulence governs

the transport and mobility of the particles. MPs are associated with diverse physical

characteristics, such as polymer density [35], size [200], and shapes [79], which make their

behaviour in the flow distinct from that of sediments and other natural particles which have

comparably narrower ranges of physical properties. Still, sedimentology provides valuable

insights into the complex interactions between MPs and the ambient flow. Similar to sediment

particles, size is a key factor in determination of the settling and mixing behaviour of MPs.

MPs span in a vast range of sizes, from 10 µm (invisible to the naked eye) to 5 mm (small

gravel). The size of MP significantly affects its sensitivity to the ambient turbulent flow

perturbations, and in the identical flow regimes, the motions and trajectories of MPs of

different sizes are significantly different [249].

Moreover, MPs exhibit a range of shapes, from spherical and isometric forms to irregular

shapes like fragments and fibres. These diverse shapes of MPs affect the drag force magnitude,

and therefore, their settling and transport behaviours. The impact of non-spherical shapes

on the settling patterns of sediment particles has been underscored in several studies, such

as Willmarth et al. [118] and Jayaweera and Mason [119], who reported the oscillatory and

complex settling dynamics of non-spherical particles across various particle Reynolds numbers.

Studying the effect of MP shape presents additional complexity, as these particles often have

highly irregular shapes, making drag calculation challenging and not yet fully understood

[47, 49]. Kowalski et al. [89] reported a significant discrepancy between the observed sinking

rates of irregular MPs and the theoretical estimates based on sediment correlations. This

inconsistency has prompted ongoing research into accurately determining the terminal velocity
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(VT ) and drag coefficient (CD) for non-spherical MPs [47, 48, 49, 124]. However, the persistent

tumbling and rotation of non-spherical shapes constantly changes their drag, and all existing

empirically developed correlations for the drag coefficient calculation of non-spherical particles

are associate with considerable errors [89, 124].

In addition to various sizes and shapes, MPs are initially associated with a wide range

of polymer densities, both positively and negatively buoyant. The density of the particle,

primarily, dictates its gravitational/buoyant settling behaviours. However, the combination

of the effect of density with different sizes and shapes results in significantly different motions

and settling/rising trajectories based on recent experimental and numerical investigations

[120, 249]. Thus, further investigations are required to examine different factors affecting MPs

transport, such as various physical properties, as well as less explored transport mechanisms,

such as turbulent dispersion.

Within the past decades, several numerical investigations used a Lagrangian particle-tracking

model with a kinematic approach to model the transport and fate of MPs in aquatic

environments. A kinematic Lagrangian model calculates the displacement of the particles as

the superposition of displacements due to different transport mechanisms. This modelling

framework has been used widely in recent years to simulate the transport of MPs in different

aquatic compartments, from coastal regions to sediment currents [51, 52, 150, 152]. In

a kinematic modelling approach, the slip velocity of a particle is assumed to match its

terminal velocity in quiescent fluid. However, this assumption may not be suitable under

turbulent conditions or for particles with specific physical properties, such as smaller sizes,

lower marginal densities relative to the ambient flow, and non-spherical shapes. Additionally,

kinematic models neglect particle acceleration resulting from active forces and the associated

nonlinear effects on particle motion. Based on the sediment analogy, when the size of a

particle is relatively small compared to the flow scales, it becomes more responsive to turbulent

perturbations and often exhibits higher acceleration in turbulent flow [278, 279]. Therefore,

the assumption of dynamic equilibrium and zero acceleration may be inaccurate for MPs

influenced by turbulence.
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A dynamic Lagrangian particle-tracking model, on the other hand, accounts for active

force equilibrium and calculates the instantaneous trajectory of individual particles based

on their accelerations. This paper examines the effects of shape, density, and size on the

mobility, mixing, and transport of MPs in turbulent flow, using a three-dimensional (3D)

hybrid Eulerian-Lagrangian numerical model. This model implements a dynamic Lagrangian

particle-tracking framework to assess the instantaneous hydrodynamics of MPs, focusing on

particle Reynolds number, slip velocity, and acceleration. The numerical experiments in this

study incorporate a wide range of MPs physical properties, extending beyond the common

characteristics of MPs in aquatic environments, and provide a thorough understanding of

how these physical properties influence the transport and behaviour of MPs. The results of

this study reveal a broad range of particle Reynolds numbers within the Stokesian and low

transitional regimes, highlighting the impact of particle properties on their interactions with

the ambient turbulent flow. The findings of this study indicate that MP particles with smaller

sizes, lower marginal densities, and non-spherical shapes are associated with considerable

ranges of particle accelerations. These properties also lead to deviation of particle’s slip

velocity from terminal velocity. The following sections will outline the methods employed

in this study and present the results, including validation analysis, regimes of the particles

motion, slip velocity of MPs, particle acceleration, and the distribution and distant transport

of MPs within the domain.

7.3 Methodology

The numerical simulations in this study were performed using OpenFOAM version 6, an

open-source computational fluid dynamics software. A 3D Backward Facing Step (BFS)

geometry was employed to generate turbulent mixing. In this setup, a shear layer forms

and extends downstream of the step as the flow passes over its edge. Consequently, a re-

circulation region develops between the shear layer and the lower wall [265]. This geometry is

fundamental in hydraulics, as it applies to various natural and artificial configurations, such
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as downstream regions of weirs and gates, spillways, channel expansions, river confluences,

and estuaries, where sudden changes in bed elevation or underwater topography occur. To

simulate the flow configuration over the BFS and the movement and entrainment of MPs in

fully developed turbulent flow, a hybrid Eulerian-Lagrangian model is used.. For Lagrangian

particle tracking, Newton’s second law was employed, incorporating the active force terms

on MPs in a dynamic modelling approach. Additionally, this study employed a Large Eddy

Simulation (LES) model to capture the larger, energy-containing motions of the turbulent

flow, while smaller-scale motions were modelled using a subgrid-scale viscosity equation.

7.3.1 Governing equations of the hybrid model

The LES model in the Eulerian sub-model is based on the filtered incompressible Navier-Stokes

equations.

∂ui

∂xi

= 0 (7.1)

∂ui

∂t
+ ∂

∂xj

(uiuj) = − 1
ρf

∂P

∂xi

+ 2ν ∂

∂xj

Sij + 1
ρf

∂τSGS
ij

∂xj

(7.2)

where, ρf represents the density of the ambient flow, which is assumed as 1020 kg/m3

(density of seawater) and ν represents the kinematic viscosity of the fluid [266]. u and

P denote the filtered resolved velocity and pressure fields, respectively, where the index

notation is used to specify Cartesian coordinates. Sij is the filtered strain rate, calculated as

Sij = 1/2 (∂ui/∂xj + ∂uj/∂xi), and τSGS
ij accounts for sub-grid scale viscose stresses, which

is calculated using the k-equation model [267].

τSGS
ij = −2ρfνSGSSij + 2

3kSGSδij (7.3)

νSGS = Ck∆2
√
kSGS (7.4)
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∂xi

[(ν + νSGS)∂kSGS

∂xi

]

−τSGS
ij Sij − Ce

k
3/2
SGS

∆ (7.5)

where kSGS represents the sub-grid scale turbulent kinetic energy, δij is the Kronecker delta

tensor, νSGS is the sub-grid scale eddy viscosity, Ce and Ck are constant coefficients equal to

1.05 and 0.094, respectively, and ∆ = 3
√
VCell is the filter size, where VCell is the cell volume.

The instantaneous velocity of each particle is then calculated using Newton’s second law:

mp
Dup

Dt
= FD + FV M + FG + FB (7.6)

FD = 1
2ρfCDAp|uf − up|(uf − up) (7.7)

FV M = −CmρfVp(dup

dt
− duf

dt
) (7.8)

FG = gVpρp (7.9)

FB = gVpρf (7.10)

where mp is the particle’s mass, up is the particle’s instantaneous velocity, FD is the drag,

FV M is the virtual mass, FG is the gravity, and FB is the buoyancy. Ap is the projected area

assumed as that of the equivalent sphere with an identical volume, uf is the ambient flow

velocity at the location of the particle (local velocity), ρp is the density of the particle, CD is

the drag coefficient, Cm is the virtual mass coefficient derived based on the particle’s shape

[268], and Vp is the volume of the particle.

The reported concentration of MPs, defined as the ratio of MPs’ volume to the sampled

flow volume, has not been reported to exceed 10−6 in various marine compartments [34, 179,

180]. This concentration level aligns with the recommended range for dilute suspensions, as

proposed by Elghobashi [178], indicating that MPs do not significantly influence the flow or

interact with each other. Consequently, a one-way coupling scheme is adopted, where only
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the ambient flow affects particle behaviour and trajectories.

Drag Coefficient Correlations for MPs of Different Shapes

The Lagrangian sub-model in this study applies the equations of Putnam [170] (Eq. 7.11) and

Haider and Levenspiel [175] (Eq. 7.12), to calculate the drag coefficient, CD, as a function of

the particle Reynolds number, Rep, for spherical and non-spherical MPs, respectively:

CD =


24

Rep
(1 + 1

6Re
2
3
p ), Rep ≤ 1000

0.424, Rep > 1000
(7.11)

CD = 24
Rep

(1 + AReB
p ) + (CRep)/(D +Rep) (7.12)

In the equation of Haider and Levenspiel [175], A, B, C, and D are equation coefficients,

which depend on the sphericity, ϕ, defined as the ratio of the surface area of an equivalent

sphere, having the same volume, to the surface area of the non-spherical particle [87]. The

definition of these coefficients is provided in Appendix C.

In both correlations for spherical and non-spherical shapes, the particle Reynolds number is

defined as:

Rep = deq|uf − up|
ν

(7.13)

where deq is the equivalent diameter of a sphere with the same volume as the particle.

7.3.2 Modelling setup and computational schemes

In this study, the single-phase solver for incompressible flow, pimpleFoam, is employed to

simulate the turbulent ambient flow in the Eulerian sub-model. The pre-existing solver is

adapted to handle the transport of MPs through the integration of a Lagrangian particle
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tracking scheme, which includes injection models, dispersion models, and active forces [280].

The temporal discretization method used in this model is the second-order implicit backward

scheme. This method is conditionally stable, and a Courant stability condition is applied for

the temporal discretization. Spatial discretization of the convection terms is performed using

the Gauss limited linear divergence scheme, a second order accurate method, which leans

towards upwind in regions with a rapidly changing gradient. Other non-advective terms are

discretized using Gauss integration with linear interpolation.

The sizes of the MPs in this study are significantly small in comparison to the dimensions of

the BFS geometry. As a result, the computational grid size is considerably larger than the

particle size. Therefore, the time step associated with the Eulerian LES sub-model can lead

to substantial changes in the particle’s position and velocity, potentially causing the omission

of intermediate movements of MPs during each time step. To address this, two distinct time

steps are employed for the Eulerian and Lagrangian sub-models. The Lagrangian time step

represents the time required for a particle to exit its containing cell and is a fraction of the

Eulerian time step. Therefore, the Lagrangian time step is smaller than or equal to the

Eulerian time step, which governs the Eulerian turbulent flow.

Figure 7.1 presents the 3D geometry of the BFS, consisting of an inlet water depth of d,

a step height of h, a width of w, and lengths L1 and L2 corresponding to the upstream

and downstream regions of the step, respectively. At the upstream inlet boundary (ABCD),

a uniform flow boundary condition with an inlet velocity of Uo is applied. For the outlet

(EFGH) and free surface (BCGF) boundaries, zero-gradient and symmetry conditions are

imposed, respectively. Here we use a cyclic boundary condition for the front and back patches

(ABFEIJ and DCGHLK), to transform the flow field between these two coupled faces [281].

The lower wall boundary (ADKJ, IJKL, and ILHE) has a no-slip condition. In order to

find the suitable width dimension for our simulations we conducted a sensitivity analysis, as

presented in Appendix B.

A structured, orthogonal square mesh is implemented with a base mesh size of dx = dy = dz =
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Figure 7.1: Geometry of the BFS; L1 = 3, L2 = 5, d = 1.5, h = 0.5 , and w = 0.75 m; X is
the streamwise direction, Y is the depth-wise direction, and Z is span-wise direction; The
injection point is located at (1.0, 0.0, 0.0) m.

1 cm. To capture the smaller scales of turbulence, grid refinement is applied near the wall

boundary and in proximity to the step corner, where the bed elevation drops and the velocity

gradient initiates the formation of the shear layer. In this refined zone, which is located

between x = −0.8h to h/2, y =0.00 to 1.25h, and z = −0.75h to 0.75h (as demonstrated in

Figure 7.1), the grid resolution is increased by reducing the mesh size to dx = dy = dz = 0.5

cm. These grid dimensions were selected to adequately capture the energy-containing scales

of turbulence in the LES model. An analysis of the model’s performance showed that the

resolved turbulent kinetic energy accounted for more than 80% of the total, in line with the

recommendations of Pope [255]. Further details can be found in the Appendix C.

The injection of MPs commences once the turbulent flow has reached a fully developed,

quasi-steady state. As depicted in Figure 7.1, the injection point remains consistent across

all simulations and is situated at an adequate distance from both the boundaries and the

step edge. To effectively capture the effect of the transient features of the turbulent flow on

MPs, multiple particles are periodically injected with zero initial momentum. The injection

location is strategically selected in a region where the probability of MPs becoming entrained
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Table 7.1: MP particles properties and IDs. All cases are studied at the inlet velocity of Uo =
0.4 m/s. For non-spherical cases, E represent fibres (Elongated cylinders) and F represent
films (Flattened cylinders). E1/F1 and E2/F2 are associated with the aspect ratios of AR =
8 and 24, respectively.

PS:1100 (kg/m3) PET:1410 (kg/m3)
Size (mm) Sphere Sphere Fibre (E) Film (F)

0.1 S1-B S1-B S1-E1/E2 S1-F1/F2
0.5 S2-B S2-B S2-E1/E2 S2-F1/F2

by vortices generated near the step corner is intensified. This placement ensures that the

injected MPs are exposed to a broad spectrum of turbulent scales.

7.3.3 MPs properties

Table 7.1 lists the simulation IDs, organised by particle density, size, and shape. Two

categories of MP density are selected, based on the reported prevalence of related polymers in

aquatic environments, both of which are negatively buoyant. The first polymer, Polystyrene

(PS), with a density ranging from 1040 to 1100 kg/m3, is commonly found in bed sediments,

particularly in the form of fibres and filaments [46, 200]. The second polymer, Polyethylene

Terephthalate (PET), has a density range of 1370 to 1455 kg/m3, similar to that of Polyvinyl

Chloride (PVC), another abundant polymer type found in deep-sea sediments and water

columns [35].

Four cylindrical shapes are considered to represent non-spherical MPs, in addition to spherical

particles. Elongated cylinders are used to simulate fibres (E), while flattened cylinders

represent films (F). These shapes are further classified by two different aspect ratios (AR),

defined as the ratio of the longest to the shortest dimension. The AR values are selected to

reflect the characteristics of MP fibres commonly found in aquatic environments [30, 96, 100,

102], enabling a deeper understanding of the behaviour of typical aquatic MPs in turbulent

flow. The shapes correspond to two size classes, with spherical equivalent diameters ranging

from 0.5 mm to 100 µm. These size ranges are chosen based on the widespread abundance
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Figure 7.2: Cylindrical shapes in the present study for non-spherical cases presented in
Table 7.1.

of MPs across various aquatic compartments, from surface waters to bed sediments [200].

Notably, the dimensions of non-spherical MPs, such as fibres, commonly reported in water

column and sediment samples fall within the size range selected for this study, as shown in

Table 7.2.

Table 7.2: Characteristics of the non-spherical shapes with AR = 8 (E1 and F1) and 24 (E2
and F2), in SI units, a, b, and c are the longest, the intermediate, and shortest axes.

PET S1-E1 S2-E1 S1-F1 S2-F1 S1-E2 S2-E2 S1-F2 S2-F2
deq (mm) 0.100 0.500 0.100 0.500 0.100 0.500 0.100 0.500
a (mm) 0.349 1.747 0.175 0.874 0.727 3.634 0.252 1.260
b (mm) 0.044 0.218 0.175 0.874 0.030 0.151 0.252 1.260
c (mm) 0.044 0.218 0.022 0.109 0.030 0.151 0.010 0.052
V × 102 (mm3) 0.052 6.545 0.052 6.545 0.052 6.545 0.052 6.545
S (mm2) 0.051 1.274 0.060 1.498 0.071 1.765 0.108 2.701
S/V (mm−1) 97.301 19.460 114.471 22.894 134.829 26.966 206.362 41.272
Ssph (mm2) 0.031 0.785 0.031 0.785 0.031 0.785 0.031 0.785
ϕ 0.617 0.617 0.524 0.524 0.445 0.445 0.291 0.291

The particle dimensions associated with the selected aspect ratios in this study extend the

threshold for the dimensions of abundant non-spherical MPs, allowing for a comparison of

the effects of size and shape. These particle properties are chosen to enable a comprehensive
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investigation into the interactions between abundant MPs and the ambient flow in aquatic

environments.

7.4 Results and discussion

7.4.1 Validation of the LES model

To validate the LES model in this study, we replicated the experimental study conducted

by Nakagawa and Nezu [282] on a BFS geometry. The vertical distributions of the mean

streamwise velocity profiles, Ū , were compared at eight longitudinal stations between the

numerical model and the experimental results, as illustrated in Figure 7.3. In this figure, the

x and y values are normalized by the step height based on the experimental configuration,

h = 0.02 m, and the mean Ū velocities are normalized by the maximum mean velocity,

Umax = 0.409 m/s, at the station approaching the BFS at x = 0 m. Figure 7.3 reveals

minimal differences between the numerical simulation results and the experimental data,

indicating that the LES model accurately captures the flow configuration observed in the

experiment. The root mean square deviation for these mean velocity profiles is limited to

4.6%. Additionally, we calculated the re-circulation length based on the zero stream-function,

defined as ψ =
∫ y

0 Ūdy, to evaluate the error between the LES results and the experimental

study by Nakagawa and Nezu [282]. The discrepancy between the re-circulation length

calculated by the LES model and that obtained from the experimental data was 0.743%,

indicating that the LES model closely aligns with the experimental results from Nakagawa

and Nezu [282]. It is important to note that studies on sediment transport in the BFS

configuration are very limited, and to the best of our knowledge, currently no experimental

data is available on the transport of MPs in turbulent flow over BFS. Consequently, the

results of the particle tracking module could not be calibrated against experimental tests.

However, we employed alternative verification methods, including numerical error convergence

analysis, which is detailed in Appendix D.
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Figure 7.3: Comparison of the mean velocity profiles, U/Umax (black), and the length of
the re-circulation, ψ =

∫ y
0 Ūdy = 0 (red), between LES model and the experimental values

reported by Nakagawa and Nezu (1987).

7.4.2 Particle Reynolds number

The selected particle properties in this study, such as density, size, shape, and aspect ratio as

discussed in Section 7.3.3, result in a wide range of particle Reynolds numbers, Rep, from

Stokesian regimes, Rep < 1, to transitional regimes where 1< Rep <1000. Figures 7.4 (a), (b),

and (c) show the range of drag coefficient, CD, of MPs plotted against the particle Reynolds

numbers, Rep, for spherical and non-spherical particles, respectively. The drag coefficient in

panel (a) of Figure 7.4 is calculated based on the terminal particle Reynolds numbers (under

quiescent conditions) with the equation of Putnam [170] for spherical particles, and Haider

and Levenspiel [175] for non-spherical particles (See Section 7.3.1).Figures 7.4 (b) and (c)

represent the range of instantaneous drag coefficient, CD, and particle Reynolds numbers,

Rep, based on the result of the LES simulations. This range encompasses the values between

the 10th and 90th percentiles of the instantaneous data for each simulation. The CD and Rep

bars for each case intersect at their 50th percentile (median). Similar to Figure 7.4 (a), the

discrete markers in panels (b) and (c) represent the terminal values in quiescent conditions.

A comparison between the range of Rep associated with the size of S1= 100 µm in Figure 7.4 (b)

and those of the size of S2= 500 µm in Figure 7.4 (c) demonstrates that as the size of the
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Figure 7.4: Drag coefficient as a function of particle Reynolds number; (a) comparison of
terminal values at still fluid for present case studies based on the equations of Putnam (1961)
for spherical shape, and Haider and Levenspie (1988) for non-spherical ones, with Flemmer
and Banks (1986) correlations; (b) and (c) represent the range of transient values based on
the result of the LES simulations for sizes of S1 (black) and S2 (yellow), respectively.

particle increase, the range of particle Reynolds number moves from Stokesian regimes toward

transitional regimes. Conversely, the range of drag coefficient significantly decreases with the

size increase. Furthermore, the shape of the particle plays a fundamental role on particles’

regime and drag coefficient. As depicted in Figures 7.4 (b) and (c), for each of the sizes S1

and S2, reducing the sphericity, moving from beads (B) to films of AR= 24 (F2), results

in decreased particle Reynolds numbers and increased drag coefficient. This means that

reducing the size and sphericity increases the effect of drag force on MPs. Notably, among

PET case studies, the S1-E2 (the smallest deq and most elongated fibre) and the S1-F2

(the smallest deq and most flattened film) are associated with the highest drag coefficient.

However, reducing the marginal density can intensify the effect of drag on MPs as a result

of lower gravitational forces on particles. It can be observed in Figure 7.4 (b) that for MP

beads of size S1, reducing the density from PET to PS, increases the range of transient drag

coefficients and consequently reduces the particle Reynolds numbers by almost an order of

magnitude.
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7.4.3 Slip velocity of the MPs

In a kinematic modelling approach, based on the assumption of vertical forces equilibrium, the

relative velocity of the particle with respect to the ambient flow (slip velocity) is considered

equal to the particle’s terminal velocity in quiescent conditions. In other words, this approach

assumes that the vertical mobility of MPs is the result of combined displacements from

various transport mechanisms, such as vertical advection, turbulent dispersion, and the

particle’s terminal sinking. However, in a dynamic modelling approach, where active force

terms govern the particle’s instantaneous motion, MPs can accelerate or decelerate within

the flow field, accounting for the effect of the virtual mass force and causing their slip velocity

to deviate from the terminal velocity. The ratio of the slip velocity, vSlip = vp − vf , to the

terminal velocity, VT , is used in this study to assess the extent of the deviation between the

particle’s actual instantaneous behaviour and its conjectural terminal behaviour, and thus, to

evaluate the importance of a dynamic modelling approach for MPs with different properties.

Figures 7.5 (a) and (b) show the range of vSlip/VT versus the ratio of the flow local velocity to

the inlet velocity, vf/Uo, for PS-B, PET-B, and PET-F2 MPs of size S1 and S2, respectively.

These ratios are calculated based on instantaneous settling velocity and local velocity of 80

particles, each recorded over a period of T = 40 s, for each case. Fully deposited particles are

excluded from these records.

A comparison of the range of local flow velocity to the inlet velocity, vf/Uo, between the two

panels in Figure 7.5, demonstrates an almost consistent range between -0.5 and 0.5. This

consistency implies that the range of local flow velocity based on the MPs’ instantaneous

trajectories are similar for all cases. Therefore, all cases demonstrate the potential for

entrainment and transport within various parts of the domain. However, the range of the

vSlip/VT is very different across different cases, which means the slip velocity of the MPs

depends on their physical characteristics. To investigate the effect of MPs size, density, and

shape, on their slip velocity and the deviation of their instantaneous behaviour from their

terminal settling, particle relaxation time is utilized in this study, defined as the time required

156



Figure 7.5: The range of slip velocity, vslip = vp − vf , for different MPs outlined in Table 7.1;
(a) and (b) represent sizes S1 and S2, respectively. Particle relaxation time, τp (in seconds),
and particle Reynolds number, Rep, are indicated in the legend.

for a particle to respond to updates in the ambient flow dynamics.

τpo =
|ρp − ρf |d2

eq

18µ (7.14)

The classical definition of particle relaxation time is formulated using the particle’s terminal

velocity in the Stokes regime relative to gravitational acceleration. However, our research

expands the scope to include a broader range of particle Reynolds numbers, particularly

within the transitional regime (see Figure 7.4). Additionally, as outlined in Eq. 7.14, the

classical definition is applicable to spherical and isometric particles, relying on the equivalent

diameter, deq. However, this study aims to investigate he effect of particle shape on behaviour

of MPs in the turbulent flow. Therefore, here the definition of the particle relaxation time is
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updated to address the mentioned constraints:

τp = VT

g
(7.15)

The relaxation time, τp, associated with size S1 is nearly an order of magnitude smaller than

that for the corresponding cases of size S2. This leads to greater mixing with the ambient

flow for smaller MPs and causes significant deviations in their vertical mobility from their

terminal sinking behaviour under quiescent conditions. As shown in Figures 7.5 (a) and

(b), the range of vSlip/VT almost doubles when comparing size S2 MPs in panel (b) to size

S1 MPs in panel (a). This indicates that smaller MPs deviate more from their terminal

behaviour than larger ones. For example, the ratio of vSlip/VT varies between approximately

0.4 and 1.8 for PS-S2-B, while for PS-S1-B, the same ratio fluctuates between -1.0 and 3.6.

A similar trend for vSlip/VT is observed when comparing PET-B and PET-F2 particles as the

size decreases from S2 to S1.

Reducing the marginal density of a particle relative to the ambient flow also decreases its

relaxation time, enabling MPs to adjust more quickly to changes in ambient flow velocity.

This leads to a significant deviation of the slip velocity, vSlip, from the terminal velocity, VT .

The impact of reducing marginal density on this deviation is illustrated in Figure 7.5 (a),

where the range of vSlip/VT expands from (0.2, 1.7) to (-1.2, 3.6)—a 3.2-fold increase—when

comparing PET-B (black line) to PS-B (red line). Similarly, in Figure 7.5 (b), the range

increases from (0.8, 1.2) to (0.3, 2.1), a 4.5-fold increase between PET-B (black line) and

PS-B (red line). Additionally, a comparison between Figures 7.5 (a) and (b) reveals that as

particle size decreases, the effect of marginal density becomes less pronounced, with the ratio

of the range increase between red and black lines decreasing from 4.5 for size S2 in panel (b)

to 3.2 for size S1 in panel (a).

In addition to size and density, decreasing the sphericity of MPs from PET-B cases to PET-F2

cases (film with the highest aspect ratio) of the same equivalent diameter also reduces their

particle relaxation time. As shown in the legend of Figures 7.5 (a) and (b), the relaxation
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times for PET-B (2.01E-4 for size S1 and 2.74E-3 for S2) are nearly double those of PET-F2

(1.03E-4 for S1 and 1.22E-3 for S2). This reduction in sphericity enhances the particles’ mixing

with the ambient flow and increases the range of vSlip/VT , giving non-spherical MPs a higher

likelihood of deviating from their terminal sinking behaviour compared to spherical shapes.

This is evident in Figure 7.5 (b), where the range expands from (0.8, 1.2) for PET-S2-B to (0.2,

1.3) for PET-S2-F2. However, the effect of shape becomes less distinguishable for the smaller

size S1, suggesting that particle size plays the most significant role in determining relaxation

time (See Eq. 7.14), while the influence of density and shape becomes less pronounced for

smaller MPs.

7.4.4 The instantaneous acceleration of MPs in turbulent flow

The range of vertical accelerations of MPs highlights the importance of a dynamic modelling

approach, which accounts for the active forces in MP transport. When a particle’s vertical

acceleration approaches zero, the net force in the y-direction is negligible, and the particle’s

slip velocity approaches its terminal velocity. However, our results show that the vertical

acceleration of MPs can deviate from zero, suggesting a non-equilibrium state. Figures 7.6 (a)

and (b) present the distribution of particles’ vertical acceleration, ay, across different particle

characteristics. The diagrams in Figures 7.6 (a) and (b) are based on the instantaneous

vertical acceleration of 80 particles in each case, recorded over a period of T = 40 s.

A comparison between Figures 7.6 (a) and (b) reveals the significant influence of particle

size on the vertical acceleration of MPs. Specifically, the range of normalized vertical

acceleration, ay/g, for MPs of size S1 varies considerably, spanning from -15 to 15, as depicted

in Figures 7.6 (a). In contrast, most S2 particles exhibit near-zero vertical acceleration, as

shown in Figure 7.6 (b). The same trend regarding the effect of particle size on acceleration in

turbulent flow is reported in the literature. Smaller particles, relative to flow scales, generally

exhibit higher acceleration in turbulent flow compared to larger particles, which are less

responsive to smaller-scale turbulent fluctuations [278, 279, 283].
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Figure 7.6: The range of normalized particle vertical acceleration, ay/g, for different MPs
outlined in Table 7.1; (a) and (b) correspond to the size S1 and S2 across different shapes
and densities, respectively.

Among the larger-sized MPs, the PET-S2-F2 and PS-S2-B cases show a notable deviation in

ay/g compared to other cases of the same equivalent size. This highlights the significant role

of particle shape in influencing MPs’ acceleration. As previously discussed, particle shape is a

critical factor in determining the particle Reynolds number and relaxation time. Non-spherical

particles, characterized by lower sphericity and higher aspect ratios, exhibit significantly

higher drag coefficients and reduced relaxation times, as outlined in Sections 7.4.2 and 7.4.3.

PET-S2-F2, which has the lowest sphericity among the PET-S2 cases, corresponds to drag

coefficients nearly four times higher than those of the equivalent bead particle, PET-B, as

shown in Figure 7.6(b). A similar trend is observed in Figure 7.6 (a), where reduced sphericity

(from B to F2) results in a greater range of vertical acceleration, ay/g, and deviation from

vertical force equilibrium. This variability in vertical acceleration for non-spherical MPs can

be attributed to their shorter relaxation times and greater sensitivity to ambient turbulent

flow fluctuations.

Moreover, reducing the marginal density of MPs leads to a significant increase in the range
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of particle vertical acceleration, ay/g, as shown in Figures 7.6 (a) and (b), right panels.

A comparison between PET-B and PS-B particles of size S1 in Figure 7.6 (a) shows a

higher range of vertical acceleration for the PS case, which has lower density. Similarly, in

Figure 7.6 (b), PS-B particles of size S2 exhibit vertical accelerations ranging from -0.4 to

0.4, while PET-B particles of the same size are associated with negligible, near-zero values.

Overall, particle characteristics that reduce the particle Reynolds number—such as smaller

size, lower sphericity, and reduced marginal density—lead to a reduced response time to

fluctuations in the turbulent ambient flow and increased vertical acceleration. Consequently,

vertical acceleration, and the effect of virtual mass force, cannot be ignored for MPs with

particle Reynolds numbers in the Stokesian regime or low transitional regimes of Rep < 10,

as the assumptions of dynamic equilibrium and terminal sinking may be inaccurate in such

cases.

7.4.5 Particle mobility

In this section, we examined the distribution of MPs in both the streamwise and in-depth

directions to investigate the effects of physical properties, including density, size, and shape,

on their distribution and long-distance transport in turbulent flow. Understanding these

effects is essential, as many studies have documented the selective presence of MPs based on

their density [35, 46, 79], size [79, 82, 200], and shape [79, 82, 100, 107] in different aquatic

compartments. Figures 7.7 (a) and (b) represent the in-depth and streamwise proportional

distribution of suspended MPs in the turbulent flow, respectively, while Figure 7.7 (c)

illustrates the streamwise proportional distribution of deposited MPs. These graphs are

based on the instantaneous trajectories of 80 particles over a period of T/2 = 40 s after

injection. This period was chosen to allow sufficient time for MPs to undergo turbulent

mixing and transport within the simulation domain. To distinguish fully deposited particles

from suspended ones, a vertical position filter with a threshold of ∆x = 0.01 m above the

bed was applied. The proportional breakdown reported for each bar in Figures 7.7 (a) to

(c) is based solely on MPs present within the specific spatially constrained region. In these
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graphs, the results from all cases—with varying densities, sizes, and shapes—are combined,

and the percentage presented in each bar represents the ratio of mobile particles within that

specific region of the simulation domain.

Figure 7.7: MPs proportional distribution behind the step for different cases outlined
in Table 7.1; (a) in-depth distribution of suspended MPs in y-direction; (b) longitudinal
streamwise distribution of suspended particles; (c) longitudinal streamwise distribution of
deposited particles.

The effect of size on the in-depth and longitudinal distribution of MPs, as well as their distant

transport, is shown in Figures 7.7 (a) to (c), based on the comparison of the gray and yellow

colours. As seen in Figure 7.7 (a), particles of size S1 make up more than 50% of the particles

at all elevations, and S1 is the only abundant size at the highest elevation of 0.4< y/h <0.6.

This indicates that smaller MPs are less prone to deposition and tend to remain suspended

in the turbulent flow. This is further supported by Figure 7.7 (c), where the cumulative

proportion of S1-sized particles (gray) is significantly lower than that of larger particles of
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size S2. The influence of debris size on vertical distribution and sustained suspension has

also been reported in field studies, which observed fine MPs present at various depths, from

surface layers to sediments [79, 200].

Moreover, smaller MPs of size S1 are transported to farther distances in the domain compared

to MPs of size S2. This trend is evident in Figure 7.7 (b), where the proportion of gray

colours increases with distance from the corner of the step, while the proportion of yellow

colours decreases in the same direction. Even among fully deposited particles, as shown in

Figure 7.7 (c), at the two farthest stations, 8 < x/h < 10, deposited MPs of size S1 become

more prevalent than larger particles. This indicates that most of the deposited particles

corresponding to the smaller size S1 are transported toward the end of the simulation domain.

The presence of fine MP fragments and fibres in remote Arctic and Antarctic regions further

confirms the impact of size refinement on enhancing long-range transport [30, 200]. These

reports also highlight the influence of sphericity and shape on MPs’ mixing and transport.

Based on Figure 7.7 (a), reducing marginal density, from PET-B to PS-B for both sizes,

increases MPs’ mixing with the turbulent ambient flow and raises the likelihood of their

presence at different depths. It is evident in Figure 7.7 (a) that the proportion of PET-B

MPs of both S1 and S2 sizes decreases above an elevation of y/h = 0.2 from the bed. In

contrast, the proportional distribution of PS-B particles of size S2 remains nearly consistent

at various depths, despite these particles naturally sinking, and even increases at the higher

elevation of 0.2< y/h <0.4. Furthermore, for PS-B MPs of size S1, the particles are almost

evenly distributed across the water column, while in the highest elevation bin, 0.4< y/h < 0.6,

half of the abundant particles belong to this case. A similar trend is observed in global

reviews of aquatic MPs, which document the widespread presence of polymers such as PE,

PP, and PS—characterized by lower marginal densities—throughout marine environments,

from surface layers to water columns and deep-sea sediments [35, 46, 79].

In addition to the vertical distribution, decreasing the marginal density of MPs also enhances

their distant transport with the ambient flow. This behaviour is evident in Figure 7.7 (b),
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as the proportion of PS-B MPs of size S2 increases with distance from the injection point,

x/h = 1, up to x/h = 4 and maintains a semi-consistent value after this location. Moreover,

Figure 7.7 (c) shows that deposited PS-B particles of size S2 are thoroughly dispersed behind

the step, while the overall number of deposited PS-S2 beads is notably less than PET-S2

beads. This means that these larger spherical particles of the lower marginal density still

have a great chance to be mixed and transported with the ambient turbulent flow. On

the other hand, the abundance of PET-B MP of the size of S2 continuously decreases with

distancing from the injection point, x/h = 1, as evident in Figure 7.7 (b). Similarly, based

on Figure 7.7 (c), these MPs are mostly deposited immediately after injection and within a

short distance from the injection point, 1 < x/h < 5. However, the effect of marginal density

on the streamwise distribution of MPs of the smaller size of S1 is less evident, as both PET-B

and PS-B MPs of size S1 are quite dispersed behind the BFS and abundant in remote regions

of the domain, as evident in Figures 7.7 (b), and (c).

The effect of particle shape on the vertical distribution of larger MPs of size S2 is evident in

Figures 7.7 (a), where among yellow colours, the proportion of PET-B (polka-dot) decreases

with elevation increase, while the proportion of non-spherical shapes, especially E2 (horizontal

lines) and F2 (diagonal lines) with the highest aspect ratios, is almost consistent at different

elevations. Figures 7.7 (b) and (c) also demonstrate the effect of particle shape on MPs’

turbulent-mixing and longitudinal transport. For suspended MPs, as shown in Figure 7.7 (b),

non-spherical shapes of PET-S2 are associated with higher proportions of distant transport

(particularly x/h >4) compared to spherical shapes. A comparison between Figures 7.7 (b)

and (c) indicates that PET-S2-B (orange polka-dot) has the lowest proportion of suspended

particles (Figure 7.7 (b)) among MPs of the equivalent size of S2. Most of these larger

and heavier spherical particles are fully deposited within the the distance 1< x/h <7, as

demonstrated in Figure 7.7 (c), and only a few of them are suspended after x/h = 5.

On the other hand, as shown in Figure 7.7 (b), four non-spherical shapes of PET-S2 are

recorded as suspended behind the injection point, x/h <1. These particles are influenced

by the smaller-scale recirculation close to the bed and are pushed in the negative direction
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by these vortices located right behind the step and adjacent to the bed. Conversely, PET-

B particles of size S2 bypass these smaller-scale eddies and are absent from this region

behind the injection point. Moreover, among the non-spherical MPs of size, S2, PET-S2-F2

(diagonal lines) particles avoid deposition close to the injection point, and remain entrained

in the turbulent flow, settling at farther locations, as demonstrated in Figure 7.7 (c). This

underscores the effect of higher aspect ratios in the enhanced mixing and long-range transport

of non-spherical MPs. In other words, reduced sphericity enhances entrainment and prolongs

the period of mixing with the turbulent flow. However, the effect of shape becomes less

pronounced for smaller MPs of size S1, making it more challenging to distinguish the behaviour

of non-spherical shapes of smaller sizes in turbulent flow.

Based on the results of this study, the physical properties of MPs significantly affect their

transport and distribution, both vertical and longitudinal. This is due to the effect of

particle properties on their settling tendency versus their flow mixing and entrainment.

Reducing particle size, marginal density, and sphericity reduces the particle relaxation time

and enhances the flow mixing. Therefore, MPs that are associated with lower relaxation

times are associated with higher levels of mixing with the ambient flow, which prohibits their

natural tendency of settling and increases the likelihood of their transport to farther distances

from the source of injection. This explains the reason for the abundance of small non-spherical

MPs of polymers with lower marginal densities, such as Polystyrene and Polypropylene, in

remote aquatic regions and bed sediments [46, 100, 200].

7.5 Conclusion

The widespread presence of microplastics (MPs) in aquatic environments is recognized as

a major threat to ecosystem health. The dynamics of the flow play a crucial role in the

distribution and transport of MPs. Similar to sediment transport, the physical properties of

MPs—such as density, size, and shape—strongly influence their mobility within the ambient

flow. However, due to the vast range of physical properties among MPs, their behaviour in
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aquatic systems is significantly more varied than that of sediments. In particular, the diverse

shapes of MPs greatly impact their turbulent mixing and settling behaviours, which remain

complex, with many aspects still not fully understood.

This study investigates the influence of density, size, and shape on the turbulent entrainment

and distribution of sinking MPs (densities higher than that of the surrounding fluid) within a

three-dimensional (3D) backward-facing step (BFS) geometry. A hybrid Eulerian-Lagrangian

model is employed, where the hydrodynamics of the ambient turbulent flow are simulated

using a 3D LES model, while the Lagrangian particle-tracking sub-model adopts a dynamic

modelling approach. This dynamic approach, which accounts for active forces and particle

acceleration, allows the model to evaluate the relative motion of particles with respect to the

flow and, consequently, the effect of the virtual mass force. As a result, the dynamic model

employed here quantifies the deviation of different MPs’ settling and mixing behaviours from

their natural terminal sinking.

The MPs considered in this study exhibit diverse physical properties, including both spherical

and non-spherical shapes, with varying aspect ratios. The results show that MPs’ motion

spans a wide range of regimes, from Stokesian to transient, resulting in variations in their

drag coefficients. Particle size has the most significant effect on the drag coefficient, followed

by density and shape. The effect of shape in this study is incorporated using a combination

of equivalent diameter (of the sphere of the same volume) and the sphericity factor. A

reduction in particle size, marginal density with respect to the ambient flow, and sphericity

leads to lower particle Reynolds numbers and an increase in drag coefficients. A comparison

of the instantaneous slip velocities of MPs with different properties reveals that reducing size,

marginal density, and sphericity also causes a deviation in slip velocity from the terminal

velocity observed in quiescent conditions. This suggests that the relative motion of MPs

with respect to the ambient flow can considerably deviate from their natural gravitational

tendency, as turbulent entrainment may accelerate or decelerate their settling behaviour.

Furthermore, based on the associated ranges of instantaneous particle acceleration for MPs

with varying characteristics, those with low particle Reynolds numbers are significantly
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influenced by velocity fluctuations in the ambient turbulent flow. As a result, the assumption

of vertical force equilibrium may be insufficient for accurately modelling the transport of

smaller, non-spherical MPs with high aspect ratios, such as small fibres and films.

This study also examines the distribution and mobility of different MPs within the geometry,

based on their recorded instantaneous positions during a uniform entrainment period. The

results indicate that particles experiencing higher levels of entrainment and mixing with the

flow are more likely to deviate from their natural settling behaviour. Instead, they tend to be

more prevalent in regions farther from their injection point, both vertically and longitudinally.

Small fibres and films with the higher aspect ratio, as well as those with the lower marginal

density relative to the ambient flow, constitute the majority of MPs found in the most remote

regions of the geometry from their injection source. Furthermore, while most deposited MPs

are larger spherical particles or non-spherical shapes with lower the aspect ratio, even among

fully deposited MPs, those with smaller size, lower sphericity, and lower marginal density

tend to settle farther from their injection point compared to others.

Based on the results of this study, among the various characteristics of MPs, size and marginal

density have the most significant effect on particle entrainment in turbulent flow. While

the findings indicate that shape plays a notable role in enhancing the entrainment level

for larger MPs (above 500 µm), the impact of shape on the transport and entrainment

behaviour of smaller MPs is not quite distinguishable. This suggests that the effects of

size and marginal density may surpass those of shape for MPs below a certain threshold

size. However, further investigations are needed to explore the effect of particle shape, using

different shape parameters, in conjunction with other physical properties.

7.6 Appendix A: The Haider and Levenspiel (1989)

drag coefficient correlation parameters

A = exp(2.3288 − 6.4581ϕ+ 2.4486ϕ2) (7.16)
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B = 0.0964 + 0.5565ϕ (7.17)

C = exp(4.9050 − 13.8944ϕ+ 18.4222ϕ2 − 10.2599ϕ3) (7.18)

D = exp(1.4681 + 12.2584ϕ− 20.7322ϕ2 + 15.8855ϕ3) (7.19)

7.7 Appendix B: Analysis of the suitable lateral dimen-

sion

In this 3D model, a periodic boundary condition is applied between the front and back faces

of the geometry in the spanwise, z, direction. This spatially periodic boundary condition

reintegrates the flow field exiting along the spanwise direction back into the domain. To

establish a fully developed and statistically homogeneous turbulent structure, the width of the

periodic domain must be sufficiently larger than the largest flow scale present in the system

[284]. To determine the appropriate width for the 3D geometry that effectively captures all

turbulent scales, we tested various spanwise dimensions and assessed their influence on the

development of turbulence in the BFS geometry by comparing mean velocity profiles (both

temporally and laterally), Ū , in the streamwise direction across the BFS.

To achieve this, the domain width, w, was adjusted incrementally using four fractions of the

step height: h/2, h, 1.5h, and 2h. Figure 7.8 presents the ensemble-averaged and transverse-

averaged velocity profiles, Ū , for the different widths. The Ū profiles were normalized based

on Umax, which represents the maximum Ū value along the line at x/h = 0, located at the

corner of the step. Ensemble averaging for all widths was conducted over a 150 s period

after an initial time of t = 40 s, when the turbulent structure had reached a fully developed

quasi-steady state, as indicated by the averaged vorticity and reattachment length. The
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Figure 7.8: Mean velocity profiles (ensemble- and spanwise-averaged), Ū , for different widths
over a period of 150 s after the quasi steady-state

150 s averaging period was sufficient to capture all turbulent scales and reflect the average

behaviour of the turbulent flow over the BFS for the different domain widths.

Figure 7.8 shows that the Ū profiles overlap across all widths near the step corner, within

the range -1 < x/h <1, where the shear flow begins to form. However, as the shear layer

progresses downstream, at x/h > 1, discrepancies in the Ū profiles become apparent. This

discrepancy is particularly noticeable for the narrower width of w = h/2 compared to the

larger widths, as depicted in Figure 7.8. It is also evident that as the width increases from

25 cm to 100 cm, the Ū profiles gradually converge, with the difference between the profiles

at w = 75 cm and w = 100 cm becoming nearly negligible. Therefore, a width of 75 cm is

selected as the optimal dimension in this study to simulate the turbulent structure of the 3D

BFS geometry.

7.8 Appendix C: The quality of the LES model

To evaluate the effectiveness and accuracy of a Large Eddy Simulation (LES) model, it is

crucial that the majority of turbulent kinetic energy is directly resolved, with only a small
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portion modelled through sub-grid scales. In this study, we applied the criterion proposed by

Pope [255] to evaluate the quality of our 3D LES model, which specifies that the resolved

turbulent kinetic energy, kres, should constitute at least 80% of the total turbulent kinetic

energy, ktotal = kres + kSGS, where kSGS is the sub-grid scale turbulent kinetic energy. This

benchmark ensures that the LES model achieves an adequately precise representation of the

turbulent structure. The resolved turbulent kinetic energy, kres, is calculated as:

kres = 1
2(u′u′ + v′v′ + w′w′) (7.20)

where u′u′, v′v′, and w′w′ are the diagonal components of the Reynolds stress tensor, referred

to as the normal Reynolds stresses. Here we used the k-equation to model the subgrid scale

turbulent kinetic energy of the LES simulation, as stated in Section 7.3.1 of the paper.

Figure 7.9 illustrates the quality assessment of the LES model used in this study, based

on ensemble averaging over a period of T = 80 s and spanwise averaging over the width

of the geometry, w = 0.75 m. As shown in Figure 7.9 (a), the quality ratio of the LES

model, kratio, remains consistently above 90% in the recirculating region and downstream

of the step. This indicates that the LES model resolves more than 80% of the turbulent

kinetic energy, as recommended by Pope [255]. Figure 7.9 (b) shows that the majority of

large-scale, energy-containing eddies are concentrated in the recirculating region behind the

step. To improve the accuracy of the LES model in this area, two levels of grid refinement

were applied to better capture these energy-containing turbulent motions (for more details,

see section 7.3.2 of the paper). Conversely, as represented in Figure 7.9 (c), the residual

turbulent kinetic energy in the recirculating region is nearly twenty times smaller than the

resolved turbulent kinetic energy presented in Figure 7.9 (b). It is noteworthy that, near the

lower wall upstream of the step, where the boundary layer is present, some red regions in

Figure 7.9 (a) indicate that kratio falls below 80%. However, since adding another level of grid

refinement for this 3D geometry would significantly increase computational costs, and the

numerical verification and error convergence analysis, presented in the following appendix,
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Figure 7.9: The resolution of the LES model. (a) The ratio of the quality of the LES model,
kratio, with a threshold of 80%, as suggested by Pope (2000); (b) The averaged resolved
turbulent kinetic energy, kres; (c) The averaged residual turbulent kinetic energy, kSGS.
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confirmed the accuracy of the results, this wall boundary region is assumed to have minimal

impact on the downstream turbulent structure.

7.9 Appendix D: Numerical convergence and verifica-

tion

In addition to the validation and LES resolution studies, here we conducted convergence

investigations, to estimate the error associated with the results of the 3D LES numerical

simulations. PET-S2-B case, with the density of ρp = 14100 kg/m3 and the size of dp =

0.5 mm, is selected as the pilot simulation for convergence tests. Both the Eulerian and

Lagrangian phases of the pilot simulation are conducted at three grid sizes with a refinement

ratio of r = 1.6. Here we used two metrics, the length of the recirculation region and the

deviation of the averaged transient particle Reynolds number from the terminal one, to

evaluate the error convergence and accuracy of the model for both Eulerian and Lagrangian

sub-models. For each of the three simulations- associated with the coarsened, normal, and

refined grids-the mean u−velocity profile as well as the instantaneous velocity of forty different

particles’ (injected every one second) are recorded during a period of T = 80 s after each

particle’s injection.

The length of the recirculation is calculated based on the zero stream-function, defined as

ψ =
∫ y

0 Ūdy, and the averaged particle Reynolds number is calculated as R̄ep = 1/nRep,

where n is the total number of data recordings for each of the simulations. Then, the order of

convergence, Pk, is calculated based on the definition by Karimpour Ghannadi and Chu [260]:

Pk = 1
ln r ln

(
PRk − PRk−1

PRk+1 − PRk

)
(7.21)

where PR is the percentile rank, k − 1, k, and k + 1 are the simulation results obtained from

the sequential refinement of the grid as k is the original grid size. The estimated ‘exact’ value,

PR∆x−→0, is extrapolated and the fractional computational error, FE, for each of the three
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Table 7.3: Fractional errors and order of convergence after two levels of refinement for
r = 1.6, for the length of the recirculation, lr, and the deviation between the averaged particle
Reynolds number, R̄ep, and the terminal particle Reynolds number, ReT .

Parameter ∆x values Pk PR∆x−→0 FE N
(%) (m) (%)

1.600 4.739 90.895 31
lr 1.00 5.145 4.381 5.169 4.127 50

0.625 5.162 0.175 80
1.600 0.052 98.590 31

|R̄ep −ReT | 1.000 0.029 4.868 0.026 3.317 50
0.625 0.026 0.112 80

Figure 7.10: Fractional computational error, FE, convergence for three grid sizes; (a) and (b)
correspond to the error calculation for the length of the recirculation and particle Reynolds
number for the PET-S2-B, respectively.

simulations is defined accordingly:

PR∆x−→0 = rPkPRk+1 − PRk

rPk − 1 (7.22)

FE = PR − PR∆x−→0

PR∆x−→0
100 (7.23)

The error is calculated for each of the two parameters, the length of the recirculation, lr, and

the averaged particle Reynolds number, R̄ep. Table 7.3 reports the properties as well as the

convergence parameters for each of the three cases.
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As demonstrated in Figure 7.10, simulation results confirm the convergence of the fractional

computational error with the grid refinement. The horizontal axis, N , represents the number

of grids along the step height, h. The fractional error for both parameters reduces with

grid size. Results presented in the manuscript are based on N = 50. As demonstrated in

Table 7.3, the fractional error for this level of refinement remains below 5%.
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Chapter 8

Conclusion

The accessibility of clean water is a fundamental need for human health, yet water pollution

remains a critical global issue. Pollutants such as chemicals, plastics, and waste materials

degrade water quality and negatively impact aquatic ecosystems. Among the major con-

tributors to water pollution, plastic debris accounts for roughly 75% of marine litter and

has become a severe environmental problem. A significant portion of mismanaged plastic

waste ends up in oceans and seas, where it can persist for centuries, if not millennia. Since

the 1950s, the mass production of plastics has increased substantially, leading to heightened

levels of plastic pollution in aquatic environments. The issue was further exacerbated during

the COVID-19 pandemic, when billions of single-use plastic face masks were discarded daily.

Plastic waste is generally categorized into macroplastics, mesoplastics, microplastics (MPs),

and nanoplastics, based on the size of the debris. MPs, which range from 10 µm to 5 mm,

can either be directly manufactured for industrial purposes (primary MPs) or result from

the breakdown of larger plastic items (secondary MPs). Even if the release of larger plastic

waste were halted, the abundance of aquatic MPs would still increase exponentially due to

the ongoing fragmentation of existing plastic debris in aquatic environments. Over the past

few decades, concerns about the adverse impacts of MPs in aquatic ecosystems and their

entry into the food chain have remarkably grown.

MPs pose a significant threat to aquatic species and the overall health of marine ecosystems.
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Numerous studies have detected and reported the accumulation of MPs in marine animals,

birds, and even humans. These small particles can adsorb and transport harmful chemicals,

metals, and antibiotics into the bodies of organisms that ingest them. Although recent

methods for removing MPs from water bodies have been developed, significant challenges

remain. These include the high cost of removal, the difficulty of efficiently filtering very small

particles, and the widespread distribution of MPs in aquatic systems. A key step toward

developing more effective mitigation strategies is gaining a thorough understanding of MPs’

behaviour, transport, and fate in water, along with the associated challenges.

The dynamics of the ambient flow significantly influence the movement and distribution of

these particles in aquatic environments. Various transport mechanisms and physical processes,

including sinking, advection, turbulent dispersion, biofouling, and fragmentation, affect the

transport and distribution of MPs. A key observation is the absence of many MPs from surface

layers, despite their buoyant nature, which underscores the impact of transport processes and

particle characteristics. Turbulence, a common flow regime in aquatic environments resulting

from pressure and velocity gradients due to changes in temperature, density, or topography,

can disrupt the natural settling or rising behaviour of MPs in stationary fluid. Among the

different mechanisms affecting MP distribution, turbulent entrainment is particularly complex

and requires further investigation.

Furthermore, the physical properties of aquatic MPs—such as density, size, and shape—play

a dominant role in determining their mobility, flow mixing, and selective distribution and

accumulation. MPs are composed of various polymers with a wide range of densities, which

primarily influence the gravitational force acting on the particles and, consequently, their

natural settling or rising behaviour. Factors such as biofouling and photo-oxidation can further

alter polymer densities over time. MPs also vary greatly in size, from barely visible particles

to larger ones comparable to small gravels. Particle size plays a crucial role in determining the

settling and mixing behaviour of MPs, as it affects forces such as gravity, drag, and virtual

mass. In addition to size and density, MPs exhibit a broad spectrum of shapes, ranging

from spherical and isometric forms for manufactured primary MPs to irregular shapes like
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fragments and fibres, which result from the degradation of larger particles through weathering

processes. The shape of MP significantly affects its drag coefficient and, therefore, plays a

key role in its settling and transport. Among the various physical characteristics of MPs,

understanding the influence of shape—especially irregular shapes—on their transport and

fate remains one of the most complex and underexplored areas, particularly when considering

the effects of turbulence.

The multifaceted nature of MPs results in countless combinations of physical characteristics,

making their transport and distribution more challenging to understand compared to natural

particles like sediments. The variations in size, shape, and density of aquatic MPs lead to

complex interactions with the ambient flow, many aspects of which remain unclear. However,

decades of sediment transport research have yielded a solid understanding of particle and flow

entrainment, as well as the key factors involved. This extensive body of knowledge provides

a valuable foundation for studying the transport and fate of aquatic MPs. Therefore, despite

the significant differences between MPs and natural suspended particles, the sediment analogy

remains a useful tool for investigating the effects of particle characteristics and establishing

criteria for evaluating the transport and mixing behaviour of MPs.

Numerical modelling and computational fluid dynamics are valuable tools for understanding

and predicting the complex behaviour of MPs in aquatic environments, especially in large

systems like lakes, seas, and oceans. These methods enhance time and cost efficiency by

reducing the need for extensive field investigations, which are often resource-intensive and

logistically challenging. Several recent studies have employed Lagrangian particle tracking

with a kinematic approach to model MP transport in turbulent flow. While this approach

is useful for predicting the long-range transport of MPs based on large-scale circulations,

it has limitations in calculating the particle’s relative velocity with respect to the ambient

flow and accounting for particle acceleration. The effect of particle acceleration can be

significant on the behaviour of MPs, depending on their unique characteristics. Moreover,

these models are often linked to an averaged large-scale ocean circulation model, which might

not adequately capture the effects of smaller-scale flow perturbations. Combining a Large
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Eddy Simulation (LES) turbulence model for ambient flow computations with a dynamic

Lagrangian particle-tracking model, accounting for active force equilibrium and particle

acceleration, can improve the current understanding of MPs’ distinct mixing patterns and

entrainment in turbulent flow.

8.1 Summary of the key findings

This PhD dissertation investigates various aspects of MPs’ behaviour in turbulent flow,

including their settling, mixing, long-distance transport, and distribution, with a focus on

how their physical properties—such as density, size, and shape—along with flow dynamics,

influence their diverse behaviours. The research combines both two-dimensional (2D) and

three-dimensional (3D) numerical simulations with preliminary laboratory experiments. The

findings aim to deepen the understanding of MPs’ transport and distribution in aquatic

environments and contribute to the development of more effective mitigation and management

strategies. The key findings from each chapter of this study highlight the significant role

that MPs’ physical properties—size, shape, and density—play in determining their mixing

behaviour and transport in turbulent flow conditions.

The review of existing literature revealed that MPs’ mobility is not only governed by

hydrodynamics of the ambient flow but also by particle properties such as density, shape, and

size. Based on the sediment analogy, MP size plays a key role in determining mobility and

transport within the flow. MP size influences the magnitude of buoyant and gravitational

forces, as well as drag. Smaller MPs respond more readily to changes in the ambient flow

and are associated with lower settling velocities. Consequently, these particles experience

longer periods of entrainment and mixing and are more likely to be transported to regions

distant from their source. Our analysis indicates that smaller MPs are notably absent from

offshore surface waters, as they are easily entrained by in-depth circulations and transported

to deeper parts of the water column. Furthermore, small MPs are prevalent in sediment

samples from remote Arctic regions. In addition to flow mixing, smaller MPs undergo higher

178



rates of biofouling, which increases their settling velocities and further contributes to their

scarcity in surface waters.

The initial phase of 2D numerical simulations focused on the interaction between MPs

and turbulent ambient flow, investigating the effects of particle size and density. Using a

backward-facing step (BFS) configuration, this phase of the research demonstrated that MPs’

entrainment in turbulent flow can be assessed through their settling parameter, which is

directly related to particle size and marginal density. Larger and heavier MPs are associated

with higher settling parameters, whereas settling parameter decreases as the MP size and

marginal density reduce. The results of this study indicate that MPs smaller than a threshold

size of 0.2 mm exhibit strong mixing and entrainment with the ambient flow, regardless of

their marginal density. These MPs are associated with relatively lower settling parameters

and are more prone to deviate from their natural terminal settling or rising behaviour. These

findings may explain the absence of fine MPs from surface layers in the aquatic environment,

as turbulence entrains and transports smaller MPs with lower settling parameters to deeper

parts of the water column.

The second phase of 2D simulations expanded on the previous part, by incorporating the

role of particle shape in addition to size and density. The findings indicated that MPs with

lower sphericity and reduced size experience higher levels of entrainment, as measured by

parameters like the Stokes number and radius of eddy trapping. The study demonstrated

that non-spherical MPs are associated with lower radius of eddy trapping and follow fluid

trajectories more closely. Thus, non-spherical MPs, especially those with higher aspect ratios,

show greater entrainment and lower tendency toward their gravitational behaviour compared

to spherical particles. The deviation of instantaneous settling velocity from terminal velocity

was substantial for non-spherical MPs with an aspect ratio of 24. Such particles are associated

with low settling parameters, and high levels of turbulent entrainment. However, the effect of

shape was most pronounced for larger particles, while very small MPs (0.1 mm) exhibited

less distinguishable behaviour based on shape, suggesting that size and density have more

dominant impacts on fine MPs.
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In the laboratory-based study, MPs with varying sizes and shapes were analysed in grid-

generated turbulent flow to assess their settling and deposition versus their downstream

long-range transport and accumulation on capturing nets. The results confirmed that smaller

MPs, particularly non-spherical shapes of fibres and films, remain suspended for longer

periods, enabling their transport to distant regions. The experimental findings support

the conclusion that MPs with higher drag coefficients and lower settling velocities—due to

reduced size or sphericity—are more likely to be transported over long distances. The results

of this part of the study also highlighted the probability of resuspension for smaller, less

dense, and non-spherical particles in turbulent flows.

The final chapter of this dissertation employed a 3D numerical study of a backward-facing

step to explore the effects of particle size, density, and shape on the transport and distribution

of sinking MPs in turbulent flow. This chapter investigates the suitability of kinematic versus

dynamic modelling approaches for different MP characteristics. The results demonstrated

that particle size has the most significant effect on drag coefficients and entrainment, followed

by density and shape. Smaller MPs, those with non-spherical shapes of high aspect ratios, and

less dense particles exhibited higher deviations from their natural settling behaviour, driven

by turbulent fluctuations, suggesting that these particles experience enhanced entrainment

and are transported to more distant regions. The slip velocity of such MPs, corresponding to

lower particle Reynolds numbers, deviates notably from their terminal velocity. Furthermore,

particles with smaller sizes, lower marginal densities, and reduced sphericities exhibit signifi-

cant ranges of instantaneous accelerations, making the assumptions of dynamic equilibrium

and zero acceleration potentially inaccurate under turbulent conditions. The results of this

chapter also demonstrated that the effect of shape is more pronounced for larger MPs, whereas

for smaller MPs, size and density dominate their turbulent entrainment and transport.

180



8.2 Research limitations and recommendations for fu-

ture studies

While the research conducted in this PhD dissertation has provided significant insights into

understanding the behaviour, transport, and distribution of MPs in aquatic environments,

several limitations remain that suggest directions for future investigations. These limitations

arise from both methodological constraints and the inherent complexities of MP transport in

turbulent flows:

• Further investigations on the effect of shape:

The complexities associated with non-spherical and irregular MP shapes leave ample

room for future research. The influence of particle shape on drag is well established;

however, identifying the most appropriate parameters to quantify the impact of shape,

as well as understanding its effect in conjunction with other physical properties, requires

further investigation. Additionally, although this research included MPs with both

spherical and non-spherical shapes, it did not address the full range of possible MP

shapes or the complexity of irregular forms. Based on experimental studies, MPs in

natural environments often exhibit irregular and complex shapes, which can substantially

affect their drag coefficients and settling behaviour. While this dissertation used regular

cylindrical shapes to represent fibres and films, future studies should explore a wider

variety of shapes and shape parameters—such as aspect ratios, curvature, and surface

roughness—to better capture the diversity of MP behaviour in natural environments.

Furthermore, in the Lagrangian numerical model used in this study, the effect of

particle’s rotation is not incorporated. This omission can potentially impact particle

orientation, projected surface area, and consequently, the effect of drag on non-spherical

shapes.

• Sediment interactions:

The interaction between sediment particles and MPs is not considered in the present
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study. However, recent studies have highlighted the role of turbidity currents in

transporting MPs and distributing them into deeper layers of the aquatic environment,

including the sea floor. Collisions and interactions with sediments may influence MPs’

trajectories, resuspension potential, settling dynamics, and accumulation. While the

analogy used in this research—comparing MPs to sediments—offers valuable insights,

further investigation is needed to fully understand how MPs interact with sediments,

particularly in environments with high sediment concentrations, such as bottom density

currents. Additionally, in this study, the impact of particles on flow development was

not considered, as the selected particle dimensions were notably smaller than those of

the finest grid cells.

• Biofouling

Biofouling, the process by which organic materials attach to MPs, is a significant factor

influencing their density and settling behaviour. Biofouling can accelerate the sinking

of MPs, particularly smaller particles, by increasing their effective density, and it is

recognized as a crucial physical process in determining the fate of aquatic MPs. Future

studies should account for the biofouling process, especially over realistic time scales,

where MPs are exposed to environmental conditions long enough to be significantly

impacted by such processes.

• Fragmentation:

While fragmentation and the breakdown of larger plastic debris into smaller particles is

a dominant process affecting all plastic debris, including MPs, and undeniably impacts

their transport and entrainment by altering their size and shape, this research does

not address this phenomenon. As MPs fragment into smaller pieces, it is expected

that their settling rates will decrease, thereby increasing their potential for entrainment

in turbulent flows, which in turn influences their long-range transport and distribu-

tion in aquatic systems. However, similar to biofouling, fragmentation occurs over a

longer time scale, and is therefore not relevant to the current relatively short-scale

study. Incorporating fragmentation models into future studies would provide a more
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comprehensive understanding of MPs’ long-term behaviour.

In summary, this research advances the understanding of MPs’ behaviour in turbulent flow

and the complex mechanisms governing their transport and fate in aquatic environments. The

results of this PhD dissertation underscore the advantages of dynamic modelling over kinematic

approaches in simulating the transport of MPs in turbulent flow, bridging critical gaps in

the literature and providing new insights into their distribution in aquatic environments.

Understanding the hydrodynamics of MPs, based on their physical properties such as density,

size, and shape, is essential for developing effective environmental management strategies.

The findings presented here provide a robust foundation for future research and practical

solutions to address aquatic plastic pollution by highlighting how particle size, shape, and

density influence MPs’ entrainment and transport in turbulent flow. These findings contribute

to the development of predictive tools to assess MPs’ fate and can assist in identifying MPs’

hotspots in aquatic environments based on their physical properties. This PhD dissertation

lays the groundwork for broader efforts to mitigate the impacts of plastic pollution in aquatic

environments.
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