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Each year there is an influx of several million tonnes of plastic into oceans. Transport and
mobility of aquatic plastics are shaped by many factors including flow conditions. Surge
waves- highly turbulent transient flows observed in rivers and near cstal areas, can
result in substantial turbulent mixing and have the potential to transport mismanaged
plastic waste offshore. The transport of plastics in flow conditions induced by surge waves
and the variation in the transport process owing to the change the hydrodynamic
properties of a surge wave and macroplastic properties, have not been investigated. In
this study, laboratory experiments were performed using a hydraulic flume, to produce
surge wave Froude number ranging from 1.40 to 4.90. Ahouse particle tracking
velocimetry platform was used to capture the transport of macroplastics, which was
simulated using solid macisized negatively buoyant acrylic, and positively buoyant-high
density polyethylene and polypropylene plastic balls. Theal/ezsults highlight that the
horizontal transport of all the macroplastics was governed by surge wave celerity and
macroplastics initial momentum, while the vertical transport was influenced by surge
wave Froude number. As macroplastics size decreadsetetwas an increase in
horizontal and vertical transport, since it was easier to mobilize them against their

buoyancy. This study illustrates that under high mixing conditions, plastics with marginal



density from water, can entrain heavily with the flompving against their buoyancyhis
researchhighlighted the tansport and mobility of aquatic plastits promote ahealthier

and cleaneaquaticenvironment
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macroplastic advected upstream while rising to the free surface, and f), 1), r), & x)
macroplastic at free surface. Surge wave is advancing upstream (left to right)..113
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1.1 Overview

With global plastics demands increasing, adverse effect of marine life and natural
environment is inevitabld-or example, there is substantial plastic waste present in aquatic
and natural environment which has led to various environmental probleRiastic
production, waste generationand the deleterious effects of litter on marine life and
ecosystem have been well documented in literat(@eyer et al., 2017; Kiuhn et al., 2015;
Plastics Europe, 202@lastic mobility and distribution in aquasgstems, however, is not
well documented. In particular, understanding mobility and entrainment of plastic debris
inintense turbulent phenomenasuch as surge waveshichis often observed for instance

in coastal areass of importance Surge waves areften induced by various instability
mechanisms which lead to highly turbulent frenlthough tydrodynamics properties of
surge waves have been outlined in the literature, the transport mechanism of plastic debris
in surge waves, induced near coastal oggi and rivers, and the variation in the transport
process due to the changes in the hydrodynaprapertiesof a surge wave have not been
thoroughly studiedTherefore, he scope of this research is to comprehend the transport

of plastic debris in a turdant surge wavenduced motion. This researa@xaminedsurge

wave capacity and theffectof meRONR LI | a § A O Q& LI NI AappfoSimaieSy a A G &

transportdistance.



1.2 Aquatic Plastics Background

Oceanic water sustains an incredible diversityfefdnd drives local and global economies.
However, marine waste is increasing rapidly due to growing population and increasing
urbanization, and this has impacted more than 800 species of marine wi{lfkferetariat

of the Convention on Biological Diveysi2016) The two primary adverse effects of marine
plastic pollution on variouspeciesare entanglement in marine waste and ingestion of
marine litter (Kihn et al., 2015Entanglement restricts marine species swimming ability,
restricts breathingand disrupts feedingKuihn et al., 2015; Laist, 199 Bntanglement of
marine wildlife has been reported across the world, from #retic(Knowlton et al., 2012)

to the Southern OceafWaluda & Staniland, 201.3tntanglement was reported for various
species group, including seabirds, marine dupksguinswhales seals otters, polar bear
turtles, sea snakesinvertebrates other fish species, and marine birds, mammals and
turtles (Kuihn et al., 20150ne & the most common objects these species are entangled in
are ghost fishing gear, which is either lost or abandoned at sea. In addition, marine waste
is usually mistaken for food and is commonly ingested by marine life, and this may block
their digestive tact (Laist, 1997)Injection of marine debrifave been documented for
various speciesjncluding seabirds, marine ducks, penguins, whales, seals, turtles,
invertebrates, fish specieand turtles(Kuhn et al., 2015)According td_aist (1997)the
number of marine speciedocumentedworldwide for marine waste entanglement and
ingestionwas 136 and 177, respectively. Increased marine waste has resulted in higher

incidence ofmarine life entanglement and ingestion. A recent study reported that the
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number of marine species entangled in marine debris increased from 136 to 344, and
marine life documented witingestion of marine debrimcreased from 177 to 331 marine
species(Kuhn et al., 2015Marine pollution can consist of plastic, glass, metahber,
wood, and composite material; however, plastic is the primary type of marine waste in
oceanic watergKornei, 2017)Although it is reported that plastic represer®% to 80%
(Gregory & Ryan, 1990f total marine debris, some studies estirsait as high as 92%

(Derraik, 2002jnaking it a serious problem for marine life.

1.2.1 Plastics consumption Entanglement

Entanglement of marine life in plastic debris is more visible than plastic ingestion and is
often related to larger plastic debris. Maérspecies have been entangled in fishing nets,
polypropylenepackaging strag, plastic bags, and rubber-rings (Greg Hofmeyr et al.,
2006) Entanglement have been reported fiur seals, sea lions, fulmars, green turtles, right
whales, and loggerhead tiles (Secretariat of the Convention on Biological Diversity and
the Scientific and Technical Advisory Pan&EF, 2012Entanglement has been recorded

for various marine species all over the world includhmgarctic fur seals in the subantarctic
island (Greg Hofmeyr et al., 2006)ight whales in North Atlanti(Knowlton et al., 2012)

and rabbitfish in JapafMatsuoka et al., 2005along with others(Adimey et al., 2014;
Gregory, 2009; E. Moore et al., 2009; M. Moore et al., 2013; Page 20@4.;, Rodriguez et

al., 2013; Ryan, 2018; Stelfox et al., 20 E)tanglementin plastic wastecan lead to



suffocation limited mobility due to strangulation,and possibly deatl{Benjamins et al.,

2012; Kuhn et al., 2015; Laist, 1997; Stelfox eRalEH)

1.2.2 Plastics consumptionlngestion

Plastic pollutiorposes risk tanarine wildlife the natural environment, and the human food
chain The two mainconcerns revolving around marine plastics are ingestion and
entanglement. Recent studies stated tH% of turtles and 90% of seabirds have ingested
marine plastic§Schuyler et al., 2016; Wilcox et al., 201&8hnually, marine plastics pose

risk to more than 100,000 sea turtles and is responsible for the death of over a million sea
creatures(Pincetid et al., 2010) Ingestion of plastic debris occurs worldwide, from the
Murres innorthwestern AtlantidBond et al., 2013Ruffinus Tenuirostrisin northern Pacific
(Yamashita et al., 2011and Mrthern Fulmar Fulmarusn the North SedvanFraneker et

al., 2011) to mesopelagidishesin South Atlanti¢McGoran et al., 2021and fishes in the
South Pacific Subtropical Gy(feniel et al., 2018)ngestion of plastic debris is also reported

for marine turtles, whales, seals, and seabiflihn et al., 2015; Laist, 1997; Lenzi et al.,
2016) Several other species have also been documented globally for consuming plastic
debris(Besseling et al., 2015; Boerger et al., 2010; Bravo Rebolledo et al., 2013; Bugoni et
al., 2001; Colabuono et.a2009; Davison & Asch, 2011; Jiménez et al., 2015; Lusher et al.,
HaMpT aNRaz2z@aile Si fod HandT haAy.dDhces Qi
plastic waste is ingested, it can release t@kiemicals and travel up the marine food chain

(Browne et al., 2008; Chua et al., 2014; Mizukawa et al., 2009; Santos et al., 2021; Wardrop



et al., 2016)which may eventually end up in the human food cl{&orrest & Hindell, 2018;
Kosuth et al., 2018; Ohta et al., 2002; Rochman et al., 2015; van Caengkal® Janssen,

2014)

1.2.3 Plastic production

The widespread application of versatfgntheticand semisyntheticpolymers have led to

the production of 8.3 billion tonnes of plastics since the start of the plastics industry in the
1940s.Commonly used prducts containing plastic polymer are reported Tiable 1-1.
Countless benefits of plastics in numerous sectors led to the global production of 368
million tonnes of plastics in 201(®lastics Europe, 2020an increase of 9 million tonnes
from 2018(Plastics Europe, 2019¥ith the current consumption rate, anal global plastic
production is expected to reach 1.1 billion tonnes by 2(BIen MacArthur Foundation,
2016) equating to a cumulative plastics production of 33 billion ton(leschman et al.,
2013) The currentatio of plastics tdishin the ocean (by weight) is 1.5 but plastics in the
ocean are expected to weigh more than fish by 2(Bllen MacArthur Foundation, 2016)

A total of 6.3 billion tonnes of plastic waste has been generated as of @dyer et al.,
2017)and of this, roughly 60illion tonnes (9%) have been recycled, ne&®) million
tonnes (12%) have beemcinerated, while approximately 4.9 billion tonnes (79%)

accumulate in landfill or the natural environmef@eyer et al., 2017)



Tablel-1. Common uses of high demand plastic polyn{Btastics Europe, 2020)

Polymers Common Uses

High-density polyethylene Milk containers, cleaning ageswnd cosmetic
(HDPE) containers toys pipes hardware, etc.
Lowdensity polyethylene Plastic bags, food wrappemgricultural film trays
(LDPE) etc.

Food packaging,ditle lids, food containerand

PolypropylendPP) wrappers microwave containers, pipeautomotive
parts, bank notesetc.
Acrylic (ACR) Lenses, paint, glass replacemernnte improvement

Beneficial properties of plastiesd itsrelativelyinexpensive productiorallow this
material to define everyday liféAccording toPlastics Europe (2020polypropylene (PP)
andpolyethylene (PE) accounts for nearly 50% of the global plastics madtde]-2). Not
surprisingly, these two polymers are also predominant in the aquatic environnfiemn
beaches andsurface levels to deepea sedimentsPlastis density (Aksit et al., 2019;
Harper & Petrie, 2003; Singhal et al., 2048y size classification varies greaffriksen et
al., 2014; Hartmann et al., 2019; Isobe et al., 20ENe pastic sizeclassification are used
when studying aquatic plasti¢fablel-3). While several other studies often extend the size
range for microplastics tmclude plastic debris of @mto 5 mm (GESAMP, 2016; Schwarz
et al., 2019) Primary microplastics are less than 5 mm in size before they arrive in the
marine environment and secondary microplastics are plastics which are greater than 5 mm
before endingup into the marine environmentMacroplastics and mesoplastics can

potentially contribute to microplastics pollution (also known as secondary microplastics),



as they are degraded by ultraviolet radiation (sunlight), wind abrasion, and wave action,

leadingto smaller plastic particles

Tablel-2. Breakdown of global plastic dema(flastics Europe, 2020)

Density  Global plastic demand distribution in 20

Polymer type (g/lcmd) (Plastics Europe, 2020)
Min  Max Percentage *10% tonnes

Polypropylene (PP) 0.89 0.92 19.40% 71.39
Polyethylene (LDPE/LLDPE) 0.88 0.93 17.40% 64.03
Polyethylene (HDPE/MDPE) 0.93 0.97 12.40% 45.63
Polyvinyl Chloride (PVC) 1.15 1.58 10.00% 36.80
Polyethylene Terephthalate 0
(PET/PETE) 1.29 1.40 7.90% 29.07
Polyurethane (PUR) 0.02 1.30 7.90% 29.07
Polystyrene (PS/EPS) 0.05 1.10 6.20% 22.82
Others plasticst 0.15 2.20 18.80% 69.18
thermoplastics)
Freshwater densitym,) ~1.00 C
Seawater densityfys) ~1.03 C

The presence of plastics has been observed throughout diffezemtronmental
compartments including marine and aquatic environments. A total of §22&.1 million
tonnes 0f32¢ 651 pmplastics are suspended in the Atlantic Océ@abortsava & Lampitt,
2020) Assuminga constant concentration of plastics across #téantic Ocean, leads to an
estimated 200 million tonnes of PE, PP, and polystyrene (PS) currently circulating in the
Atlantic Ocean(National Oceanography Centre UK, 2020). Plastics have been rapidly

accumulating in the five garbage patches: the NorthifitaGyre (L. Lebreton et al., 2018)
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the South Atlantic Gyre (Ryan et al., 2019), the North Atlantic Gyre (Law et al., 2010), the
South Pacific Gyre (L. Lebreton et al., 2018), and the Indian Ocean Gyre (Maximenko et al.,

2012)
Tablel-3. Hastics size classificatian

Classification Size

nanoplastics

1 nm¢<1lpum

microplastics

1 pumg<1lmm

mesoplastics

Immg<lcm

macroplastis

lcmg<lm

megaplastics 1m<

1.2.4 Polymer distribution in the marine mvironmert

The marine environmeial compartmentcan be divided intdour categories with respect
to plastic accumulation: beaches, surface wateater column,and deepsea sediments
(Figure 1-1). The following section will describe these environments and the plastic

composition often found in these areas.



Surface Water

Figurel-1. Marine environmentatompartments
Polymer compositin ¢ beaches
Frequent use of beaches for tourism and recreational activities may increase plastic waste
along the shorelines, which may seep into aquatic environment. Plastics have been
reported on both freshwater and marine beaches. A study that investigated thedittm
and degradation of mesoplastics and macroplastics along freshwaterhes of_ake Erie,
St. Clair, and Huron, found that PE and PP were predominant polymer types if6@2e 5
plastics samples collectg@byszewski et al., 2014%imilar studiesarriedout along the
beaches of freshwater Lake Hur@@byszewski & Corcoran, 2014 lake shores isouth
Central South Americé@Blettler et al.,, 2017, 2019) and along the Nandoni freshwater
reservoir in South Africa (Dalu et al., 2019), reported phevalence of both PE and PP
polymers. While plastic abundance has been documented along freshwater shorelines

(Dalu et al., 2019), PE and PP were also reported in marine environments. For example, PE



and PP was observed on the beaches along the west ob&wdia (Maharana et al., 2020),

on six beaches investigated in Central Chile (Gomez et al., 2020), and along the Ookushi
Beach, Japan (Nakashima et al., 2012). Microplastics distribution in freshwater beaches and
ocean beaches is also prevalent. A egvistudy on microplastics pointed out that PE and

PP dominated sea surface samples for both freshwater beaches and ocean beaches

(Schwarz et al., 2019)

Polymer compositiorg, surface water

A study in 2014, estimated 390 billion pieces of mesoplastics awtaplastics are afloat

at sea(Eriksen et al., 2014Mesoplastics and macroplastics pollution on top of the surface
water layer (fromtop of the water layer to few meters of water depthiaries from 6,35Q
31,751 tonnegCaozar et al., 2014p 211,736 tonnes(Eriksen et al., 2014yvhile a recent
study carried out in 2016 estimated that 258,700 tonnes of macroplastics are currently
circulating at the surface water lay¢Kkoelmans et al., 20L7Macroplastics have been
observed as far a®dmundsenSea West Antarctica, despite having virtually no human
presence(Barnes et al., 2010pointing to transport of the particles through currents and
wave motions. In terms of polymer types, PE and PP seems to be the dominant plastic found
on the surface water. Presence of PE and PP have been found in large quantities in
freshwater reservoirs across the world, and studies carried in marine environment yielded
similar results. A total of 59 surface water samples collected across freshwater Lake

Michigan indcated that PE was mogevalent followed by PRMason et al., 2016).arge
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guantities of plastic bags (Rgpackaging, films, wrappings, and shgetss the primary
source of waste alonthe surface water othe Mediterranean French coagbirMéglio &
Campana, 2017)n addition, studies conducted surface water reported thelominance

of PP and PE>asperi et al., 2014; Lahens et al., 2018; Sadri & Thompson, 20Bijew

study found thatPEwas the mosicommon polymer floating in urban rive(dlZawaidah

et al., 2021). Microplastics distribution in surface water also showed similar results. Several
studies conducted on microplastics concluded that PE and PP were predominant in surface
water (Athapaththuet al., 2020; Mason et al., 2016; Zeri et al., 2018). A review study by
(ErniCassola et al., 2019) investigated 17 surface water studies; PE and PP were prevalent
in marine microplastics litter. The overall data suggest thatd@nsity polymers (e.g., PE

and PP) are predominant at the surface water layer in both freshwater and seawater

reservoirs across the globe

Polymer compositiorg water column and deefsea sedimerd

Water column & LJF OS 06S06SSy (GKS 2)&bd déepstasedidmiisl O S
(ocean floor)are accumulation zones and sinks for plastics. Macroplastics contribute to
secondary microplastics, which eventually accumulates in éegpsediments and the
water column. Polymer composition of macroplastics in the water column and-seap
sediments are not well documented. However, composition of microplastics in the water
column is well researched. A review studythe epipelagic zone (200m >) analyzed

microplastics distribution in freshwater and ocean water column; PE and PS were
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predominant in marine water column, while other plastics were prevalent in freshwater
water column (Schwarz et al., 2019)Another review study stated that polyester,
polyamide, and acrylic were more common in the water colffxmiCassola et al., 201,9)
and smilar distribution was obtained byChoy et al. (2019)Meanwhile, polymer
distribution in deepsea sedimentsvas found to benore diverse than in the water column.

A review paper in freshwater and oceaadiments statedhat polyester,polyamide and
polyacrylonitrilewere often encountered in deepea sediment§Schwarz et al., 2019)
While another review paperevealed that polyester, polyamide, and acrylic were
predominant in deepsea sedimen{ErniCassola et al., 2019The variation in polymer
distribution may be influenced by local activities, industries, and sampling methods.
Additional research is required in wateolumn and deegsea sediment tacomprehend
macroplastics and microplastics polymer distribution. Nonethekbegpresence of plastics

in the water column and deepea sediment is concerning for marioeanismsand natural

environment.

1.3 Transport pathways

Mastics can enter marine environments from various Haaged sources and e$hore
pathways. Landbased sources are responsible for 80% of global annual plastics inputs,
while the remaining 20% originates from -affiore routes. Entry pathways are shown in

Tablel-4.

12



Tablel-4. Landbasedand df-shoremacroplastics entrpathways. Adapted fromLechthaler et al.

(2020)
LandBased Sources Off-shore Sources
1. Local 1. lllegal dumping at the sea
Littering 2. Tourism
3. Activities and events
1. Demolition and construction 1. Fishing activities
Industry 2. Agriculture activities 2. Aguaculture activities
3. Industrial activities
1. Localagencies 1. Cargo lost at sea
2. Mismanaged waste
Natural treatment/dispos_a_
3. Vulnerable landfillén the
storm events _
vicinity ofcoasts and water
courses
4. Coastalnfrastructure
1. Discharge of untreated 1. Commercial shipping
municipal stormwateand 2. Exploration vessels
Waste ) :
management sewage . 3. Prlva}te Cruises
2. Municipal landfill waste 4. Public shipping
3. Waste lostduring transport

Coastal events are the primary transport pathways for plastic waste, followed by

world rivers.In 2010, 275 million tonnes of plastic waste were generated by 192 countries

(Jambeck et al., 2015Df this, approximately 99.5 million tonnes of plastic wagtere

produced within 50 km of the coastlif@ambeck et al., 2015From this, an estimated 31.9

million tonnes were categorized asaidequately manageglastic waste(Jambeck et al.,

2015) which is readily available to be transported to the mammeironment. In 2010, up

to 12.7 million tonnes of plastic littanadeits way into the ocearfJambeck et al., 2015)

but the amount of plastidebristhat flows into the oceanannually is expected to increase

13



with growing plastics demand and productiom addition, oastal events (g., flood
events, surge waves, and tsunajrigve the potential to transporhadequately managed
waste near the coastlin® the marine environmentDestructive nature of tsunami waves
drivesmillionsof tonnes of debris into marine environmerthis amount can be within the
range of annual global plastics input into the ocedf@r example,le city most affected
by the 2004 Indian Ocean tsunami geatexd 10 million M of debris (Bjerregaard, 2010);
most of which washed into the Indian Ocean. Similarly, there was an influx of 5 million
tonnes of debris in the Pacific Ocean due to the 2011 Tohoku tsunami (Ministry of the
Environment,Japan2012) Of thia = o ®p YAff A2y G2yySa al y|
coast, while the remaining 1.5 million tonnes is still flogiin oceanic water (Ministry of
the EnvironmentJapan2012)

World rivers are also responsible fibtansporting plastiditter from inland sources
to the marine environment. The estimates of plasticartspored by iverine systers
diverge greathpbetween0.41 million tonnes to4 million tonnes(L. C. M. Lebreton et al.,
2017; Meijer et al., 2021; Schmidt et al., 2QIAyenty of the womrdl's most polluting rivers
located primarily in Asia, were transporting nearly 67% of global riverine plastics input,
despitecovering 2.2% afontinental landmas§L. C. M. Lebreton et al., 2017)

There are several other transport mechanisms whiebve plastics from inland
sources to the marine environment. Evenakeurbulence can lead to the resuspension of

particles In addition to the surface currents (turbulence and currents) and meteorological
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conditions (winds)macroplastics accumulation aricansport is largely impacted their

size, density, andhape(van Utenhove, 2019)

1.4 Plastic nobility in aquatic systems:

1.4.1 Settling and rising

Settling and rising of a particle inséationaryfluid has a notable impact on its transport.
Threeprimary forces (gravitational, buoyancy, and drag) act on a patrticle settling or rising

in a quiescent fluidWhen thenet forces acting on gparticle arezerqg the particle settles

with a constant velocity, commonly referre¢d as terminal velocity. Positively buoyant
plastics (e.g., PE and PP) tend to stay near the surface level, as discussed in the polymer
composition sectiorl.2.4 The isingand settlingof microplastics in guiescent fluidcan
occurdue to biofoulingand defouling. The growth of microorganisms on particle surface
can lead to sinking, even for positively buoyant particles. As particles sink further,
photodegradationocaurs due to absences of sunlight, promoting defoulj¥g & Andrady,

1991 !''a | NBadzZ G 2F o0A2F2dzZ Ay3a YR RST2dzZ A\

fluctuatein the water columr(Kooi et al., 2017)

1.4.2 Windage

Low density plastics, such as PE &&l are highly susceptible to surface current, wind
forces, and waves. Particle transport owing to wind forces is known as windage, also
referred as leeway drift. In addition to surface currents, wind forces may also impact plastic

LI NI A Of SQdtra@®otiea.OA 1A Sa |y
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Microplastics can be redistributed throughout theater due to leeway drift For

odzzelyid LI NIAOESax 6AyR FT2NOS |0da 2y (GKS

surface level, this results in drift followed by drag forces. Blafprisingly, particles with
higher unsubmerged volume are more susceptible to leeway drift. Numerical simulation by
Chubarenko et al. (2016ndicated that a spherical PE particle can travel 250 km (across
the Baltic Sea) in roughly a week, under made winds. The transport speed is
independent of the particle size, and it is governed by the ratio of the unsubmerged volume
to submerged voluméChubarenko et al., 2016)his suggests that macroplastics can be
transported large distances, if the ratof unsubmerged to submerged volume is sufficient.
Wind forces are the driving factors for ocean circulation, and Ekman currents are a
product of wind forces and ocean circulations. Frictional forces owing to windage, usually
drags the upper 100 meters @fater layer from west to east, meanwhile Coriolis effect
pushes ocean water perpendicular from the direction of wind force. Since the Coriolis force
acts in different directions in botkthe northern and southern hemisphere, Ekman spiral
occurs perpendicalrly in the clockwise direction and in counter clockwiection from
the northern hemisphere and southern hemisphere, respectively. EkKman currents are the
result of two different natural phenomena: net water transport owing to frictional forces
due towind and Coriolis effect. Transport and accumulation of plastic wastes near the

water surface are considerably influenced by Ekman currédénk et al., (2019)
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1.4.3 Mobility in sediments

Thermohaline circulations are the main source of energy of bottomeots and global
density gradients are the driving component, which are governed by temperature gradients
(thermo) and variation in salinity (haline). When the sea ice is formed near the polar
regions, salt is left behind. Consequently, salinity in the i@mtbwater increases, and the
heavier fluid with higher salinity settles to the ocean basin. Subsequently, surface water is
advected to replace the settling of the fluwith high salinity. This ongoing movement of
surrounding water freezing, heavier ambidluid settling while surface water is driven in,
is the primary process behind thecean conveyor belthermohaline circulatiofNOAA,
2013)

Transport of microplastics across seafloor has been documented to some extent.
Field data and surface circtilen models show that the thermohaline process transferred
floating debris to Greenland and Barents seas, which began their journey in the north
Atlantic(Cézar et al., 2017peveral other studies have reported the transport of plastics in
deepsea sednents are controlled by thermohaline circulatigBergmann et al., 2017;

Kane et al., 2020)

1.4.4 Turbulent Entrainment

Marine and freshwater systems are oftdeemedturbulent, which largely contributes to
the distribution and mixing of plastics. Near codséseas, along with wind generated

turbulence, the effect of breaking waves and other coastal phenomenon also transports
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plastic debris. For example, tsunamis have the potential to relocate millions of tonnes of
debris (Bjerregaard, 2010; Ministry of thenAronment, Japan 2012)Similarly, wine
induced turbulence facilitagLangmuir circulationwhich can submerge positively buoyant
particles.Langmuir circulationgare developed when surface wind travels above the sea
layer, formingcounterrotating votices parallel to the direction of surface wind. Strong
winds induced stronger Langmuir circulations, which can expedite the settling of positively
buoyant debris. The vertical shear in Langmuir turbulence due to downwind and crosswind
is weaker than thatEkman turbulence(Liang et al., 2018)However, the Langmuir
turbulence in the first few meters of water column has higher vertical shear due to
downwind currents than that of the Ekman currents, since there is a rapid decrease of the
Stokes drif{Liang et al., 2018Furthermore, the mixig of debris in the boundary layer and

the vertical sheain the horizontal velocitydetermines the horizontal dispersidqiiang et

al., 2018)

Particles are also transported along the seafloor due to the movement of fluid
across the ocean basins. Thevdrg factor is density variation which is a result of
differential temperature and variation in salinity. High density materials will ultimately sink
to the seafloor and lowdensity debris will also sink due to biofouling, and thermohaline
currents goverrihe transport of these debris, present on the seabed. Plastics also arrive at
the seafloor due to gravity currents. Concentration of plastic pollution at the river mouth is
a magnitude greater than in open waters, and this immediate fluvial inputs froer riv

discharge contribute tourbidity currents(Kane & Clare, 2019J urbidity currents deposit
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large quantities of plastics to seafloor which are then advected by bottom currents.
Sediment laden flow should have sufficient turbulent energy to keep seausnén
suspensionKnoblauch, 1999Plastics with densities greater than that of sea water are
prone to turbidity currents in the water column. An experimental study performe(Poyl

et al., 2020) indicated that the turbidity currents have the patial to transport and
deposit large quantities of microplastics to despa sediment. From there the
thermohaline process would further transport plastic particles along the seafloor and deep
sea trenches. Deepea currents have significant impact on marfood chain, ecosystems,
and microorganisms since they are effective in distributing oxygen and nutrients.
Unfortunately, the same deepea currents that transfer oxygen and nutrients, can also
move plastic debris.

Effect of turbulence mixing has a graatpact on particle transport. Experimental
and numerical work shows that as turbulence increases, regardless of the particle Stokes
number, the settling velocity also increas@sawanisi & Shiozaki, 2008)Vhereas for
intermediate turbulence, settlingelocity of particles with large Stokes number decreases,
while the settling velocity of particles with smaller Stokes number is higKawanisi &
Shiozaki, 2008)5tokes number i@ non-dimensional parameter which represents the ratio
of the particle relaation time(Eq.1-1) to the time scale. A review study conductedbgy
et al. (2019)investigating the particle settling from experimental observations and
numerical simulations, stated that in a flow with low to intermediate turbulence intensity,

the particle motion is governed by Stokes number, defined bekegvl(2).
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Particle entrainment is also influenced by its density, size, and the density of the
ambient fluid. The correlation between particle size, fluid viscosity, particle densityghand

density of the ambient fluids defined by the particle rekation time,T :

LI — Eq.1-1.

whereOis the particlediameter,” is the particle density, is the fluid density,
and’ is the dynamic viscosity of the fluiBarticle relaxation time is used to define the
natural vertical tendency of the particle in the fluldd.1-1). Increase in particle diameter
or marginal density fronthat of ambient water or both, increases the particle relaxation
time. Smaller particles (e.g., smaller microplastics) display lower particle relaxation times
and are good passive tracers, as reviewe&hgmskhany et al. (202Batrticles with lower
Sokes numbes indicated higher turbulence time scales or lower particle relaxation time.
The influence that sma#icale turbulence has on the particle motion is characterized by the

Stokes numberYD

Yo - Eqg.1-2.

where "Qis gravity,ois surge wave celeritgnd é is the upstreamvelocity. The velocity
used in the Stokes number calculation was the sum of upstream velocityederity. Using
just the upstream velocity will not define theffect of the celerity, and usingist celerity
wouldignore the influence of plastic particles initial momentalne to upstream velocity
The combination oboth upstream velocity and celerityan determine plastic pali A Of SQa

Stokes number much more accuratelyhe ratio of smalscale turbulence and particle
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relaxation time defines the Stokes number. The Stokes number is used to describe the
behaviour of a particle in a fluid flow. A smaller Stokes number suggedtiatarticle will

easily be able to adapt to the new environmei8ince theparticle interaction with the
ambient structurewill not lag as much as a larger particke particle with larger Stokes
number is associated with lower time scale or higher gtrelaxation timeConsequently

larger particles will be influenced by their natural tendency to siokrise, and will be
inclined to stay on its originalpath, requiring longer time to relax to the newer

environment.

1.5 Surge wave dynamics

Surge waves argenerated in natural channels atdimammade canals due to sudden
change in flow, including depth, pressure, or veloclisansient flow conditions in oceanic
waters are generated by natural disasters, such as underwedgthquakes, volcanic
eruptions, landslides, and weather. These events trigger a {scgke displacement in
oceanic waters, which results in a series of long wagessunamisTsunami waves radiate
outward in all directions from the source of genemtiand can transport particles large
distances In deep water, tsunami waves with larg&velengthspropagate rapidly with
wave speeds of up to 800 km/fifohn P. Rafferty & Kenneth Pletcher, 202¥hen tsunami
waves reach shallow waters neie coastd region, their wavelength decreases and wave
height increases, by a magnitude or two, also known as wave shoaling é&figatel-2).

Tsunami waves arrive onshore Wwitvave heights that can reach sevetahs of meters
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(Britannica, 2021 yesultingin severe unforeseen damaga& coastal communities. Such a
phenomenon is responsible for countless deaths and billions of dollars in damage. The 2004
Indian Ocean tsunantiiggered by undersea earthquake resulted in at least 225,000 deaths
(Britannica, 2021jorcing millions to relocate, and left an economic damagéitions of
dollars,across several countries, making it one of the deadliest natural disasters. Similarl

in 2011, the Great East Japan Earthquake triggered the Tohoku tsunami. This led to the
death of more than 18,500 peop(dohn P. Rafferty & Kenneth Pletcher, 202hd left an

estimated economic damage of over $200 billion.

Figurel-2. Cross section of a coastal region during a tsunami, where the wave shoaling effect
amplifies the wave height.

Tsunami waves are wethown example of surge waveshere the leadingvater
surfaceadvancesgainstan estuarywith anincoming flow.Both tsunami and surge waves
have similar hydraulic characteristics; however, surge waves are generated in rivers and

narrow water channels. Both tsunami waves and surge waves are modelled as solitary
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waves(Xie &Chu, 2019; Zhang et al., 2018nd have the potential to transport large
guantities of debrisSurge waves have substantial influence on estuaries and river mouths,
where debris is suspended owing to wave motion, and bed erosion is initiated underneath
the surge front(Koch & Chanson, 2008This process gives a sharp rise to sediment
concentration irthe water column. Turbulent mixing produces large turbulent magnitudes
and turbulent stress fluctuations below the surd€hanson, 2011 urbulent mixng at the
surge wave front can then transport marine waste and deposit it elsewhere. As a result,
surge waves fronts have intensive air entrainment and strong turbulence mixing, which
have significant impact on sediment transport, and -sgstems.

Such aphenomenonis observed in nature when an earthquakkindslide, or
volcanic eruption releases energy which displaces the overlaying whteaddition,
removal and closure of a gatathin a channel can producepositive and a negative surge
wave which rapidly advances away from the source of generation with its propagation
velocity, also known as celerity. In apen channel flowa partially closedyateresults in
two different water elevations, higher wataefepth before the gate, upstream, and lower
water depth after the gate, downstrean@Gate removal of a partially closed sluice gate will
produce a positive surge wave propagating in the downstream direction and negative surge
wave advancing in the upstreanrekction. Conversely, in an uninterrupted flow, sluice gate
closure will generate a negative surge wave propagating towards the downstream of the
channel and positive surge wave advancing towards the upstream of the channel, see

Figurel-3. Positive surge waves are stable and progress uniformly. Whereas negative surge
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waves are unstable and diminish immediately as the receding wave becomes flatter while

travelling awayrom the source of generation.

P#1 A P#2
l,SIuice gate l = p >
r ©~ Acoustic -7 ) _
"l x . ¥ — ——Analytical solution
vd — displacement —
= sensor ~ Experimental water surface profile
___________ m Z
N | ¢ - J¢ Positively buoyant ball
> =
2 = & Negatively buoyant ball
¢l _

Figurel-3. Gate closure generates a positive surge wave propagating against the incoming flow.
Parametersloser to the outlet and inledre referred to as downstream and upstream,
respectively. The upstream water depth is denotedasupstream velocity i6 , celerity ist
downstream water depth i€ , and downstream velocity @5 .

To satisfyconservatiorof mass, breaking surgeawes experience a sudden change
in water depthwhich leads to a rapid change in the longitudinal velo@@iganson & Lubin,
2013) Surge waves are categorized as an undular surge wave, which has a gradual surge
front followed by a train of wave undulatis, or as a breaking surge wave, which has a
steep surge front with significant turbulent kinetic energy and air entrainment in the surge

wave roller. The strength of a surge wave can be defined by its Froude nui@ber,
o — Eq.1-3.

Literature suggests that the undulsmrge waves produced whefiOi < 1.3, undular
surge wavewith slight breaking at the first wave front is formed when 1.3k < 1.45¢

1.5, and breakingurge wavas created forOi > 1.45¢ 1.5(Chanson, 2010a, 2010b, 2011)
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In an undulasurge wavebed erosion is initiated beneath every wave crest which gives rise
to sediment concentration in the water column. Suspeadiebris could be carried away

by wave motiongropagation of disturbancé@snd well developed fresurface undulations
(Chanson & Lubin, 2013)Vhereas, in breakingurge wavesediment concentration in the
water column increases when the bed is destabd due to thesurge waveroller. The
suspended debris is advected upstream by the bed load motion, and debris is transported
further upstream due to the recirculation region. Such a breakurge waventroduces air
entrainment and strong turbulent mirg (Chanson, 2010kjis has substantial effect on

ecosystem and sediment transport process.

1.6 Motivation

Research efforts have been devoted investigate plastics productio(Plastics Europe,
2020) plastic waste generatiofe.g., Geyer et al., 201dambeck et al., 2015possible
transport pathways(L. C. M. Lebreton et al., 2017; van Utenhove, 20&a8§ polymer
composition(e.g., Koelmans et al., 2017; Zbyszewski et al., 2014pdition, theadverse
consequencesf plastic wasteon marine wildlife(ingestion and entanglement) has been
studied by various author@Bond et al., 2013; Kihn et al., 2015; Laist, 1983 have the
effects of plastics othe human food chairfForrest & Hindell, 2018; Kosuth et al., 2018;

Rochman et al., 2015)
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Fgure 1-4. Photograph of waves of plastic waste (mainly one time use plastic bottles) washing
onto a beach in Durban, South Africa. Photogiagibtained from arhe Litterboom Prejct (2020)
video.

The transport of plastics in marine and freshwater systems are often linked to the
LJ | abiidyadéy ®lowever, as described in the literature review, plastics lighter than
freshwater and seawater are found in despa sedimentsvhile heavier plasticxan be
found at the surface. Turbulent mixing has a critical role on the entrainment of plastics,
even inthe macro sized rang@nd on the transport of debris. Images of surge waves and
tsunami waves have surfaced on the internet carrying large quantities of plastic debris and
objects within the range of megaplasti¢Ggure 1-4). Although, te influence of surge
waves and tsunami waves (i.e., wave force and wave drag coefficient) have on coastal
infrastructures and seawalls are also well underst@adton et al., 2013Ramsden, 1996;
Xie & Chu, 2019), the impacttsiinamis and surge waves on the transport of plastic debris
have not been well studied and documented. In particular, the effect of particle size, density

and surge wave strength on transport and entrainmeemains poorly understoad
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Therefore, this research aims to investigate the entrainment of macroplastic in surge
waves.In particular, the goais to i)analyze surge wave capacity atieir role on the
transport of predominantplastics of various densities (i.e., PP, HDPE, andid&Rparine
environment and ii) to provide earbgtage evidence that turbulent flow can alter the

sinking and rising patterns of plastics, even at the maize range.

1.6.1 ontributions of researchand anticipated outcomes

Surge waves with high Froude numbevdl result in higher turbulent kinetic energgnd
substantial air entrainment, promotg intense mixing and chaimnyg the course of floating
plasticdebris This studyhas resultedn improved undestanding ofsurge wave andtheir

role on the transport of floating debrisf various sizes and densitigsarticle trajectory,
velocity, and horizontal and vertical transport in surge waves), by analyzing surge waves
properties and particles properties.€i, density and size). Furthermore, this study
investigates the role of acroplastic density and size dineir entrainment and mobility in
highly turbulent flow.Influence of macroplastics density and size was examined for a wide
range of surge wave Froachumbers. The results provide insight into the differences and
similarities in macroplastics horizontal and vertical transport across surge wave with a wide
range of surge wave Froude number. Entrainment of negatively and positively buoyant
macroplasticshave been observed and quantified. The results provide insight into how
negatively buoyant macroplastics behave similar to positively buoyant macroplastics at

higher surge wave Froude number. This research presented the first evidence of two
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distinct trangort process of positively buoyant macroplastics in highly turbulent surge
wave.

This researchalso greatly contributes to the inexpensive-irouse experimental
setup of opensource particle tracking velocimetry (PTV) prograihe novelty of this
experimeral procedure may promote the use and the exploration ofhouse PTV
technique to measure particld Q @St 20A0ASa yR GNI 2Swilli 2 NRA Sa «
also inspirghe limitations of opersource PTV programs to be addressed.

Exploratory findings may yield new insights and lead to furti@rel esearchto
exploresurge wave capacifyand transport of plastics across theurge wavealong the
flume width in the 3D). This research may also initiagtudies on theimpact of coasl

infrastructures due teurge waveand lead to a healthier and cleaner aquatic environment.

1.6.2 Thesis Structure

- Chapter Xcurrent chapter): Presents an outline on the plastics pollution in different
marine environments, followed by describing the adverse effects of plastic pollution
on marine wildlife. Moreovemlastics production and waste generation is reviewed.
Furthermore, potential transport pathways, mobility of plastics, and influence of
turbulence on plastics transport have been identified. Lastly, surge wave dynamics
and transport observed in nature omg to surge waves is discussed.

- Chapter 2 presents theexperimental methodology used for investigating the

transport of macresized debris in breaking surge waves. Severaladé@nd
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modifications made to the flume are reported. Moreover, initial flow conditions and
analytical solution used to develop the initial flow conditiare presented. Lastly,

the post processing methods and software used for particle tracking are described.
Chapter 3 discusses the flow parameters and the variatio experimental and
theoretical variables. Initially, the air entrainment and mixing layer inducedrige
waves are described, and observations are linked to the literatwghermore, the
results of negatively buoyant macroplasticsare presented, whre the initial
observation, impact of surge wave Froude number, and impact of particle size are
examined.

Chapter 4 addresseshe initial observationdor positivdy buoyantmacroplastics
followed by the influence omacroplasticdransport mechanism dut surge wave
Froude number, and the impact ofacroplasticsize iscompared.

Chapter 5 concludes the experimental findiagn the transport of plastic debris

surge waves angrovides a future recommendation based on the present method.
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The methodology chapterds five sections experimental setup (Sectiol.1), analytical
solution (Section2.2), initial flow conditions (Sectior2.3), post processing of the

experimental results (Sectidh4), and analyzing the results using a PTV program (Section

2.5).

2.1 Experimental Setup

Experiments were pgormed using GUNHM 162experimentalhydraulicflume. In the
laboratory, surge waves are generated by sudden removal/closure of a sluice gate. The flow
was interrupted with immediate gate closure to generate a positive, stable breakirygp

wave advancng towards the upstream of the channels demonstrated ifrigurel-3. To
conduct this experiment, GUNT HM 162 experimental hydraulic flume with dimensions of
5000mm by 309mm by 450mm was usedKigure2-1). The experimental GUNAM 162

flume designed forteaching and researciwas equipped withcontrol structures flow
regulation andvarious flow measuremeni S OK y A |lj dzS & smodttirfiet trisitoY S Q &
structure is designed to minimizerbulencewhen the flow enters the experimental unit.

In addition, the channel bed is made from smooth galvanized steel to further reduce
turbulence. The hydraulic flume can be inclined in small increments with a touch of a
button, producing a uniform flow with catant dischargeand water depth Numerous

addson are available for research and teaching purposes. For example, piaraye
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generator, sedimenteeder, radial gate, and a wide range of weirs and spillways structures.
The flume can be modified for sevéffow measuring instrumentsSuch as level gauge,
velocity meter, electronic pressure measurement, particle image velocimetry (RI), t
tube manometers and pitostastic tube. The side walls of the flume are made from
tempered glass for flow observatiorhe flowrate, sediment injection pump, wave
generator, and bed inclination are controlled by a digital board powered by a

programmable logic controllesystem.

5000 mm

o »
- L

Ség't%e DC light Checkerboard ~ Camera  Acoustic Drop Mesh

source grids displacement  chute
sensor

Mesh

/

Camera
mount

Figure2-1. Schematic of experimental setupasting: a) side observation panels and b) top view
of the GUNT flume.

2.1.1 Plastics particles

Macroplasticavere initially transporteddownstream with the upstreanvelocity,
starting at the drop chute (seEigure2-1) while the surge waveadvancel in upstream
direction with the surge wavecelerity. Plastics particles introduced into the surge wave

were chosen based on f)eir abundance irthe marine envionment, and 2fheir density
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to ensure sufficient entrainmentfor this studythree different plastic polymerswere
selected: HDREPP, and ACRhe positively buoyant HDPE and PP plastics were selected
since they are predominant in marine environmentyegewed in sectiod.2.4 Moreover,

ACR was considered to mimic plastics present in nature which are heavier than the density
of ambient water. In addition lower Stokes numberensures higher entrainment
(Shamskhany et al., 2028nd snaller Stokes numbecan be obtained by reducing particle

size or by decreasing the density difference between the particle and the ambient fluid.
Theefore PP, HDPE, and AG8lid plasticballs (referred to hereafter asnacroplastic

were selected since their density is marginally lower and higher than the density of ambient

water (Table2-1). This increases the entrainment of these macroplastics in a surge wave.

Table2-1. Properties ofnacroplasticaised in ths study

Polymer Diameter (cm) Min density (g/crd) Max density g/cm?)
PP 254,191,111 0.90 0.93
HDPE 254,191,111 0.94 0.97
ACR 254,191,111 1.17 1.20

2.1.2 Sluice gate

A 1.27 cm thick acrylic sheet (60.96 cm by 30.48 cm) was used as a sluice gate. To minimize
the outflow after the gate was lowered, a rubber seal v@@pliedon one sideof the gate
(Figure2-2). Applying a rubber seal around tiperimeter of the entireacrylic sheet can

further minimize the outflow. However, this increased the closure time due to the increased

friction between the gate and the flume wallhe flume wagquipped with a tilting weir
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gate, which provided complete closure. Howeveéue to the force of the incoming flow,
closure time with theexisting tilting weir gatdook a fewseconds Since the apid gate
closure time must bdess than0.20 s to ensure r@id closure(Chanson, 2010a, 2010b,
2011) a drop sluice gate was designed to work with the existing s@tupsluice gate was
lowered onarubber platethat was present at the downstream side of the channel bed
achieve a nearly zero outflofiFigure2-2), while maintaining the closure time of less than

0.20s.

Figure2-2. The picture shows a) top view and b) front view of the tilting weir gate at the
downstream of the flume. The sluice gate was lowered on the orange rubber gasket.

2.1.3 Mesh

A mesh was required at both the inlet and outlet area, to preventrtacroplastic§rom
seeping into the inner system of the flume and damaging the pump. A stastiesismesh
was placed right above the outlet opening while at the inlet, a vertical meshinstalled

(Figure2-3).
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Figure2-3. Mesh secured near: a) the outlet and, b) & c)ittiet of the channel.

2.1.4 Drop chute

Originallymacroplasticsvere dropped into the flume from a height of nearly half a meter.
This added unnecessary momentum to thacroplasticswhichextendedthe transport of

the macroplasticsin the vertical direction due to experimental errors. Additionally,
macroplasticsvere observed to deviate from the center of the flume. This may alter the
entrainment mechanism due to the initial momentum generated by the free fall of the
macroplasticsTo minimize the impact of initial momentum, a drop chute was designed to
ensuremacroplasticavere always released in the centé&igure2-4 a) and right above the
water surface to reduce the potential energy wheracroplasticsare releasedKigure2-4

b). The chute was mounted on top of flume and the height was regularly adjusted to

accommodate varying upstream water depfrdure2-4 c).
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Figure2-4. Drop chutenstalled in the center, near the inlet of the channel: a) drop chute, b) chute
release mechanism, and c) chute mount

2.1.5 Flume bed
The flume is equipped with a galvanized steel Heidyre2-5 a). This reflective material
introduces glare in the camera and prevetite PTV program from detectingacroplastics

Therefore, an antreflective material was required to cover the reflaaiflume bed. The

anti-reflectiveda KSSG ¢l a Odzi (2 FAG Ayid2 GKS AROK 217

surface roughness was smooth and did not affect the flow or the propagation of the surge
wave. While having the strength to grip onto the flarbed and remain stationary during
surge propagation. A black magnetic sheet with a thickness of 0.76 mm (3048mm by
304.8mm) was placed on the flume bed to reduce reflection, as sedfigure 2-5b.
However, preliminary testing showed that the sheet was sliding towards the downstream
in surge waves with higher Froude number. Therefore, the sheet was fixed to the flume bed

with tape which solved this problem.
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Figure2-5. Photographs of the flume bed: a) without any amflective solution (looking
downstream) and b) showing the difference between galvanized bed andedigttive sheet
(looking upstream).

2.1.6 Camera

There were several issues that had to be managed to ensure proper capture of the particles
by the camera and the particle tracking software. After the sluice gate is dropped, the
breaking surge wave advances towards the upstream and reaches thewitihat a few
seconds. A high frame rate and higdgsolution camera was required to capture greater
details for analyzing the transport afacrglastics in a breaking surge wave. GoPro HERO
9 camera was utilized for capturing the transport process at alugisn of 2704 by 1520

at frame rate of 120 frames per seconds. A higher frame rate of 240 frames per seconds
was possible with the current camera, however, thatcreases the resolutiormo ensure

the recording can be repeated, a rail mount was desigidubld the cameraKRigure2-6a)

which also made camera mounting easier and offered flexibility in camera calibration and
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leveling. The camera was secured on top of théing mount at the third viewing panel
from the inlet which was the interrogation areg@rigure2-6b). Slight movement of the

camera required leveling and calibratiomherefore, the camera was triggered using a

wireless remote to minimize all physical contact with the camera.

Figure2-6. Experimental setup: a) showing the rail mount fixed onttiied observation panel
from inlet and b) the position of the GoPro camera.

The rail mount introduced glare in the camera, and partially prevented the PTV
program from detectingnacroplasticssimilar to the reflection of the flume bed (Section
2.1.5. The simple solution was to cover the entire rail mount with black plastic sheets
(Figure 2-6b). Furthermore, to prevent PTV program from tracking outliers, a black
photography studio backdrop was added to the rear of the flume, showRigu(e2-6b).

All rooms run on an AC electrical system which results indben lights flickeing
at a frequency of 1261z (double the electrical grid frequency ofl8@) As such, theoom
lights were interfering with recording that was conducted at 120 framesgeseond or
higher and prevented the PTV program from identifying the particles. Therefore, the
conventional AC lights wetarned off, and three portable DC (direct current) light sources

were adapted to prevent flickering (lighting setup is showirigure2-7).
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Figure2-7. Portable DC lightsminating the interrogation area.

Lastly, he lighting in the laboratory was kept at a minimal level to reduce glare
experienced by the cameralowever, his hinderedPTVprogram from continuously
following the particlelnitially, allmacroplasticsvere painted with a bright colour (e.g. red,
orange, green, and yellow). However, the PTV program still had difficulty with tracking
these particles. Particles were th@aintedwith neonglow in the dark paint, and the PTV

program was able to tradke particeswhile keeping the light lowo minimize glare

2.1.7 Water depth measurement

Flowrate and upstream water depth are required to determine upstream velocity and surge
OSt SNAGE® CE2oNIFXGS o+ a 200FAYSR FNRY K@RNId
water depth was measured using two microsonic mic+35/IU/TC acoustic displacement
sensors Figure2-8a). These sensors were chosen since the upstream water depth should

be measured very accurately as this variable can alter other variables. These sensors had a
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blind zone of 0 to 65 mm, and operating range of 350 mm, with a maximum range of 600
mm. The idel operating range was between 65 mm to 350 mm. Acoustic displacement
sensors were secured on a flexible mount, which enables easy adjustment to ensure
recording wasalwaysperformed in the operating rangd-{gure2-8b). In addition, these
sensors had a response time of 64 ms, which equates to roughly 15 Hz. Therefore, the water
depth measurements were conducted at a frequency of 15 Hz. Acoustic displacement
sensors weremounted 26.5 cm apart, and 64 cm for low surge wave Froude number
experiment. Sensors were powered with Keysight E3630A triple output DC power supply
unit; which were linked to the Catman data acquisition & analysis program, with the use of
HBM QuantumX M840B, to digitalize water depth measurements. Every time there was a
change in particle size or polymer type, the water depth readings were set to zero. Assigning
measurement frequency and executing zero balance on all the sensors were performed

using Canan data acquisition software.
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Figure2-8. Setup of: a) an acoustic displacement sensor reading water depth and, b) sensor
secured on an adjustable mount (looking downstream).

2.2 Analytical soldion

The analytical solution fothe surge wave Froude numberdsrived basean a surge wave
reflectingoff aclosure, in this casesuice gateAnalytical solution was used tetermine
initial flow conditions.Fictional effects aregenerallyneglected to simplify the analysis.

Considera positive surge wavadvancing upstream, observdayy a spectator traveling at
surgecelerity, () where theupstream velocityp , is 6 WX YR R2éyaiGNBIY
6,is6 P
Parametas used in the analytical solutioase presented irFigurel-3, where'Q is

the upstream waterdepth, obstructedby rapid sluice gate closurgyroducing apositive

surge wavepropagating upstreanwith celerity, ) and downstreamwater depth, Q.

Downstream velocityo , isnearlyzero due to complete closure.
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Considering the following continuity equation in a moving frame of referendé,
a unitwater depth (Eq.2-1).
o w Qb6 O Eq.2-1.
Unit flow, 1], is a product of upstream velocity and upstreavater depthn

0 'Q. This relation is used to derive the analytical solution for celeityZ-2).

) Eq.2-2.

<
Considering themomentum equation below in a moving frame of referenceo

derive the analytical solution for downstream water depHy(2-3).

-Qz-Q Z Eq.2-3.

Substituting Eq. 2-2 in the momentum equationabove (Eq. 2-3) to solve for

analytical unit flow Eq.2-4).

R -—Q QQQz0 Eq.2-4.
Theoretical downstream water depth can be calculated by solving the formulation
above Surge wave Froude numbleelow (Eg.2-5) was obtained byeplacingcelerity and

upstream velocity witheq.2-2 and X0 , respectively, irEq.1-3.

o -—— p Eq.2-5.

2.3 Initial flow conditions

Surge waves with various surge wave Froude nuswere generated to explore the transport of
the macrlastics. Upstream water depth had to be controlled to achieve a surge wave with a
specific surge Froude number, this includes bed inclination and raising the tilting weir gate.
Hydraulic flume with zero bed inclination and without the uséiltihg weir gate to build
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upstream water depth, generated a surge wave Vi@ of approximately 1.70. To explore the
transport of macroplastics, surge waves with a wide range of surge wave Froude number were
required. The preferred range fa®i was 1.40 to 2.6 (with an increment of 0.30), since this

range covered undular surge waves, undular to breaking surge waves, and breaking surge waves.
Toproduce surge waves witkDi of less than 1.70, upstream water depth was increased by

partially raising the tiltig weir gate (tilting weir gate shown Kigure2-2). While theflume bed

was raised from0.5% to +2.5%; to generate a surge wave Withof greater than 1.70. Detisid

flume bed inclination, tilting weir gate height, and flowrate for e&®hare reported inTable2-2

and

Table2-3.

Iterations were performed to determine initial flow conditions for lower surge wave
Froude numberAfter assigning flowrate and bed angle, tilting weir gate was raised in 1 cm
increments.Once water depth was stabilized, water depth readings for the 4230 s
(corresponding to the time where water depth did not chahgere obtained from both
the acoustic displacement sensolsasty, analytical solutions were used to determine
downstrean water depth, celerity, antDi. Iterations were continued until a desirédi of
approximately 140 was achieved (reported ihable2-2).

Similar iterations wes carried out to obtain initial flow conditions of higher surge
wave Froude number. Once flowrate was set, flume bed was raised in 0.05% to 0.1%
increments. After water depth had stabilizeanalytical solution was used to determine
downstream water depthgelerity, and"Oi. Iterations were performed until initial flow

conditions for all the higher requiré®i were documented (reported ifiable2-2).

Table2-2. Initial flow conditions determinetly themethod of characteristics (MOClhis method
is described in sectio?.2

"Oi

€

Flowrate 0 Q ) Q
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“Analytical  (m%hr) (md/s) (cm) (cm/s) (cm)  (cm/s)
condition
MOG1 50 0.014 9.80 45.87 14.76 84.98 1.33
MOG2 30 0.008 466 57.86 9.25 54.16 1.66
MOG3 60 0.017 589 91.60 14.33 61.02 2.01
MOG4 55 0.015 495 99.84 1353 61.27 2.31
MOG5 60 0.017 450 119.99 1450 61.34 2.65
MOG6 65 0.018 422 13842 1556 61.46 3.11

Table2-3. Summary of experimental flow conditions and the required bed angtdtain desired

flow condition.

Bed angle S€"SO Flowrate §

Experinental height 6 0 e gy
condition %) © dlf(frenrrenr)]ce(m3/hr) (M) (cm) (cm/s) (cm) (cm/s)
MOCL 0 0 0 50 ooma o s e s
Moc2 0 o o 30 ooos'Rrr TR TOE
MOG3 0.10 0.06 026 60 0.017 56?142“ 8982'.1322( 11;52(5;69% 12'?5?
Moc4 04023 104 55 0015 I e
MOG5 0.85045 210 60 0.017 ;o clg'_iilfffgsgéggé P
MOGE 17C077 360 65 0018 ov 10l il 50

2.4 Post Processing

The video data obtained from experiments were in a MP4 video forframes were
extracted from every video filéAfter extracting all the frames, a check was performed to

ensure no frames were missing. For example, each experiment usastdyroughly 5,
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since the recording was performed at 120 frames per seconds, th®ig video would
yield approximately 600 frames.

There are two distinct types of distortions in photography: perspective distortion
and optical distortion. Erspectivedistortion renders the object which significantly differs
from what it would look like to a human eyandis a function of the distance from the
camera to the subject andiewing angle Thistype of distortionwas reduced by having a
sufficient distance beveen the camera and the object (interrogation area), and by
positioning the camera in line with the interrogation area (perpendicular to the horizon
line). Optical distortion is a result of lens design and lens profile, haisoeeferred as lens
distortion. AlImost alllenses introduce certain level of optical distortioi\s a resulof the
wide-angle lensused minor barrel optical distortion (fisheye effect) was observed in the
data Figure2-9a). Although the distortion was minor, it can still produce inaccurate particle
velocities and trajectories, due to the inaccurate pixel per centimeter ratio. Therefore, this
minor distortion was addressed postprocessing. Photoshop, the industry standard for
graphic manipulation and editing, was used for correcting optical distortagu¢e2-9b).

A 2 cm checkerboard grivas added to the rear of the flume, allowing the gdde visible

by the camera. This calibration grid, along with the measurement marking on the flume was
used as a reference for correcting distortion during post processhiguie2-9b). Frames
were rotated and leveled in post processing, along with distortion correction. Every time
data had to be extracted, the camera was removed from the mount; this required

readjustment in rotation and geometric distortion during post processing.
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Figure2-9. An example of optical distortion correction for a test run witloa =1.70. a) original
frame and b) frame rotated and corrected for optical distortion

2.5 Particle Tracking Velocimetry

2.5.1 Introduction to flow visualization and measurement

Turbulent flow can be observed in daily life, both in urban and natural settings.
Comprehending turbulence in water and air was partially responsible for allowing shipping
vessels to travel through oceans with hundreds of thousands of tonnes and airptafiyes

at greater speeds and higher altitude. This concept has also contributed to understanding
the human body. For example, in mild stenosis, which restricts blood flow out of the heart,
turbulent kinetic energy is substantial, and turbulent viscosityréater(Banks & Bressloff,
2007) thus increasing the energy required for blood flow. Turbulent flow through a
prosthetic heart valveincreases the stresses on cel{Quinlan & Dooley, 2007)
Understanding the fundamentals of turbulence has been Ifiersd for the advancement of

our society. This can be done througlccurate measurement and visualization of
turbulence.In early fluid dynamics, qualitative flow measurements were performed, and
flow visualization dateback to as early as the 140@haib et al., 2002)Quantitative flow

measurements were later possible with techniques such as point measurement, with
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pressure pitot tubes, vane anemometers, and laser Doppler velocini8mjth & Neal,
2016) Advancement in technology has opened dodes measurements and flow
visualization using optical methods. Particle image velocimetry (P1V), developed in the
1970s, uses an optical measurement method to determine the velocity field of a flow
region. This system employs a nmtrusive measurement gthod for determining the
velocity field, which has an advantage over point measurement probes which are intrusive.

In addition, PIV can be used for both flow measurements and 3D flow field visualization.

2.5.2 Tracker

Tracker, a2D opensource particle trackingelocimetry platform developed by the
Multiphase Flow Science dS Department of Energy, National Energy Technology
Laboratory (2019a) was used for identifying and trackintpe macrglastics. This
continuously developed, tested, and verified PTV paogrwas written in Python for
tracking objects across a stack of images and vi@@teber et al., 2019)it uses tools such
as SciPy, matplotlib, and numpy from Python libraries to identify the particles, and it utilizes
opencv image processing for reagimedia (video and image) filéd/eber et al., 2019)
Tracker is also equipped with image fm@cessing where basic image manipulation
can be performed, such as frame rotation anwpping There are three background
subtraction methods in Tracker: medackground subtraction provided by numpyQG2
and KNN, both of which are powered by opefid$ Department of Energy, National Energy

Technology Laboratory, 20190)he fundamental concept for detecting an object in motion
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IS to take the difference betveen the current frame and the reference frame. The initial
image, frame is set to background, and the background is then subtracted from the next
image in the sequence, frame The foreground is obtained by applying a threshold to
absolute differenceThe pixel inframe1is identified as a background point when the
absolute value (difference in colour intensity) of a pixel is less than the set threshold value
(Chiu et al., 2018)The pixel value will be a foreground point if the difference is greater than
the threshold(Chiu et al., 2018)The mean subtraction methods work in a similar manner,

in which an array of images is built and updated, with the frames provided. This method
takes an average of all the pixel values from the frames provided, and how many frames
from the given frames to use for determining the moving mean for each pixel can be
specified. In this array, each pixel value equates to the mean of all the pixels from a specific
(%, y) coordinate across all the frames, and this moving mean is updated. TWiagnoean

value exists for each pixel location throughout the entire image, and that moving mean
pixel value is used as a background. This background value, similar tg, fiaosed as a
reference Figure2-10b), and the background is then subtracted from every image in the
sequence, similar to frame, while the moving meats constantly being updatedrigure

2-10 c). The difference in subtraction results in a foreground point and using that

information a foreground image is creatdeigure2-10d).
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Figure2-10. Mean background subtraction: a) surge wave in the initial fraime(s), b) initial
frames used as background franie=(0s), c) surge wave in the 8Grame ©= 0.25s), and d)
advancing surge wave detected as foreground in tHéf88@me ©= 0.25s).

Background subtraction was used to enhance the tracking process. Further tracking
techniques were required for detecting the particle. Tracker oftaree distinct particle
detection methods: hough circles, label detection, and simple blob detec(ld8
Department of Energy, National Energy Technology Laboratory, 20Hgahigh circles
identifies circular objects in an image file, which would be psrflor the spherical
macroplasticaised in this experiment. However, hough circles is sensitive and requires the
object to be fairly uniform, and with air entrainment present in the experiments the
macroplastics vil not appear uniform in the imag@JS Department of Energy, National,
Energy Technology Laboratory, 2019gbel object detection filter was not used to detect
the macroplasticssince this method offered no control for particle detection threshold.
Therefore, simple blob detection was used for detecting thacroplasticsn an image. A
Got20é Aa | OfdzAGSNI2F LAEStE&E Ay |y AYIF3S 4
the center of all the blobs which differ from the surrounding region.perties of a blob
can be defined for optimal tracking. A range of area occupied by the particle, blob

threshold, circularity, convexity, and inertia can also be altered; visual representation of

these properties can be seenhiigure2-11. Firstly, filter by blob area is based on the area
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where the area is determined based oracroplasticsliameter 0=2.54, 1.91, or 1.1&m).

Once the area for thenacroplasticds calclated, an upper and a lower range of area
occupied by the particle is defined, this is referred to as the blob area threshold. This is in
terms of units of pixels, instead of a physical unit of measuremeuntthermore, blob
colour is set based on how btit an object appears, in this casaracroplasti¢c with a
grayscale value of O representing a complete black and 255 complete. Whitkeemay be

a change iny’ I O N2 LJcdlodr infet3i®avhen the particle goes from surface level to
underwater during tle entrainmentin the surge wave. This filter requires fine tuning, and
the range may differ in each test run. The next three parameters, blob circularity, inertia,
and convexity, are used for describing a shape of a particle. Blob circularity is also a
parameter for controlling particle shape. This variatsleasuredow close a patrticle is to a
circle, with 1 signifying max circularity (fully circular) and 0 describing minimum circularity
(Mallick, 2015) Sincamacroplasticsare fully circular, the rangselected for circularity was

kept very small to minimize outliers. In addition, blob inertia is also a parameter for
measuring a shape of a patrticle, it represents how elongated a shape is, with 0 exhibiting
an elongated shape and 1 denoting a circulap&(@lallick, 2015) The range specified for

this variable was also small, however, some cases required a wider range. At last, convexity
is also a parameter for shape, with 0 indicating minimum convexity and 1 representing
maximum convexitfMallick, 205). Unlike previous parameters for shapes, this variable
required a much wider range singeacroplasticavere constantly being covered by air

entrainment.
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Figure2-11. Simple explanation of simple blob detection using OpefhMaHick, 2015)

In the object detection process, particles were detected in multiple frames.
However, the PTV platform, up to this process, was unable to find that same particle in a
sequence bframes. Poly projection tracking technique was used to track particles across
successive frames. This method predicts the location of an object, and if the same object is
detected in successive frames within the specified tolerance, then the locatidhaof
object is documented to form a trajectory of that particle. The poly projection approach is

described inTable2-4.

Table2-4. Poly projection algorithrfor trackerobtained fromUS Department of Energy, National
Energy Technology Laboratory (2019b)

Particle

Frame . Velocity Description
location
0 oo Plastic particle is located atdxo , in frame "Q

50



-, - That same plastic particle is located afw in frame
‘Q p , within the initial search radius.

Particle displacement is calculated basedios
differencebetween ¢ and ¢hw . Time
difference between"Qand "Q p is 1/120ssince

the recording was performed at 120 frames per
seconds. Using this informatipparticle velocity

L "Q is calculated. Using particlelocity, the particle

. . location is predicted in the next frame, which is

N1 QQQ0O Qéckd 2 0 "Q The particle is ther
located near the projecte@ositionwithin the new
search radius, dow Q p z

6 & O'QE hddQ, whered ¢ ®'QI 0ISEHQE 0 ®
multiplier to calculate search radius, and isthe
minimum search radius. lihis stepi L Q2

68 ORI OONEOW

Polynomial fit can bebtained at this point. Tracker
Qo ow L 'Q ¢ allows the user to set polynomial degree and numb:

of points to fit.

v~ s o~ - Repeating stef2 o until the object is lost within the
Qe dw L QP search radius or all the frames haveenprocessed.

The initial step in the poly projection tracking is to set an initial search radius. The
algorithm will try to find that object in the next frame, with the user sfie radius
tolerance Figure2-12). The search radius was typically set to about 5 to 10 times the
polymer diameter, but would vary in some cases. The next stegipribcess was to define
uncertainty. This is a multiplier on the velocity, which allows the search radius to fluctuate
when there is change in velocifWS Department of Energy, National Energy Technology
Laboratory, 2019b) This parameter would vary imach case, depending on the
Y | ONZ LltranspartApfoc€ess in the surge wave. The last step is to define a minimum

search radius, which would prevent the search radius from going to 0 with successive
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frames. This step alsensuresobjects are still trackd even if objects come to reguS
Department of Energy, National Energy Technology Laboratory, 2019b)

v(i) = uncertainty  v(i + 1) * uncertainty

initial search radius

Figure2-12. Schematic of poly projection methpahodifiedfrom US Department of Energy,
National Energy Technology Laboratory (2019b)

The final step in Tracker was to export object coordinates. Particle trajectories were
determined based on pixel to unit cm ratio, and particle velocity was calculated using

central differencing approximatio(Eq.2-6).

Ny —mm Eq.2-6.
Despite controlling variougparameters Trackeroccasionallyidentified several
objects and air entrainment as particles, which were manually eliminated. In addition, the
Tracker program had difficulty identifying and tracking the particle, when the particle was
hidden behind air entrainment. Thaacroplastidn those franes was manually identified
and tracked using ImageJ, developedRgsband, 1997The manually tracked coordinates

were exported from ImageJ and merged with the ones obtained from Tracker.
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In this chapter, the dynamicsof surge wave and the transport afegatively buoyant
macroplasticgi.e. ACRarediscussed. Firstly, flow parameters are discusgatbwed by a

brief introduction on air entrainment andghe formation of mixing layer in surge waves.
Furthermore, the transport of negatively buoyambacroplasticsis discussed, which
contains initial observations, impact of surge wave Froude number on ACR transport, and

impact d macroplasticsize.

3.1 Flow parameters

To accurately estimate the surge wave Froude numib@r, parameters including flowrate,
surge wave celerity, and water deptivere measured Water depth before, after, and
during the passage of the surge wave wareasured using acoustic displacement sensors
with a frequency of 151z for the duration of the surge passage, betw@et0to 0.80s. As
seen inFigurel-3 and Figure2-8, the displacement sensors are locatedtla¢ upstream
end of the interrogation window. Thefore, as shown irFigure3-1, the displacement
sensor initially repoed the upstream water depth ofQ, and with wave passage, it
displays.Q . Displacement sensarT1 qwaslocated further upstreanof the interrogation
window, and therefore, displagdthe passage of the surge wave wittime lag. Turbulent
structuresand environmental perturbations across the surge wave reslitt water depth

fluctuation. Figure 3-1 also showsthe analytical solution obtained by the Method of
53
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Characteristics, as described By.2-1 to Eqg.2-5 in section2.2 A sampleprogressionof
macroplasticsn a surge wave is shown gure3-2, and its position to the surge wave is
depicted inFigure3-1. Thed ando timestampshows theACR, HDPE, and RBcroplastis
positionprior to impacting the surge wav&hetimestampo wasthe impact point of ACR,
HDPE, and Pfacroplastiowith the surge front. Théimestampo andd shows the ACR
transport across the channel bed, and the engagement of HDPE amdd?&plastian the
surgewave roller (Figure3-2). There were several challenges in reporting position and
water depth values. Firstlyidentifying the exact position of the surge wave using the
profiles obtained from these sensongaschalkengingbecausehe sensors measure water
depth at a fixed location, while the surge waveinsmotion. In addition, water depth
fluctuation added another degree of difficulty in reporting the Froude number. Therefore,
to minimize the variability in upstream and downstream water depth, and the influence of
these parameters on the experimental results, areige water depth reading over a few
seconds wasised Acoustic displacement sensorscording at 15Hz reported 15 water
depth readings per seconén average of ater depth reading reportedin the last4.00s
were considered for the upstreamvater depth, the difference betweerwater depth
obtained froma 4.00 s averageversesa 2500 s average wasnsignificant For the
downstream water depth3.00swater depth readings were averaged since the surge wave
reaches the inlet afteB.00 s. Furthermore, theoverall average of those two averaged
upstream and downstream water depth readings were considered in the experimental

calculations.
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Figure3-1. Water depth profileeported by two displacement sensor$[1 pand 0TI q for: a) ACR,
b) HDPE, and c) PP testsufhe experimentadurge wave Froude numbésr ACR, HDPE, and PP
experimentdn all cases is 107

55



ACR, D = 2.54 cm HDPE, D = 2.54 cm PP, D = 2.54 cm

L

t,=1253.82s i@ |t,=2144.205 |ty = 1005.56 5

t,=1253.99 s i@ [t,=214437s t, =1005.73 s

t,=1254.16 s

t,=1254.32's

t,=1254.49s (@3 t,=2145.87s

Figure3-2 Movementof a) ACR, b) HDPE, and chiieroplasticsn a surge wave, advancing
upstream (left to right). Every timestamp represents a progression of 20 frames (0SWfgdis
wave advancing upstream (left to right). The positions ofrtfaeroplasticsn 0, to ¢, are

displayed irFigure3-1.

Using the averaged upstream water depdind the flowrate obtained from the
flume programmable logic controllerupstream velocity was determined. The distance
between acoustic displacemenéssors and the time lag between the unexpected rise in
the water depth due to the arriving surge, was used to calculate the experimental surge
celerity, which was used to calculate thgstream water depth, upstream velocitgnd
experimental surge wave éude number Eq.1-3). The analytical downstream water depth
was obtained by rearranging and solvigg.2-4. With the available analytical downstream
water depth, theoretical surge wave celerity was achieved by solkip@-2, and the
analytical surge wave Froude number was achieved by solkmd-3, with analytical

parameters.
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3.2 Air entrainment

Substantial air entrainmentccursat the impingement pait (shown inFigure3-3). Two
primary regions existvhere the air entertainmentis confined advective diffusion region

and breaking regionThe breaking of the surfaaeller advects the aerated flow towards

the impingement point Kigure3-3). The air bubbles are then carried into the advective
diffusion region(Takahashi & Ohtsu, 2@}, alsoknown as the mixing laye¥.ortices with
substantial aerationare produced near theimpingement pointand are advected
downstream along the shear laydfigure3-3) (Wang & Chanson, 2019)he shear layer is
established due to the velocity gradient formed at the toe, between the upstream velocity
and downstream advective velocity. The strength of gfigaring region depersbn the
magnitude of the velocity gradient at the to@arimpour & Chu, 2016, 2019Pnce
developed, air entrainment is reported to increase with an increase in the surge wave
Froude numbelTakahashi & Ohtsu, 2017)he high s&ngth turbulent roller induced at
greater surge wave Froude numbers, entraps large amounts of air bubbles. The stronger
breaking of the surge wave roller advects large amount of air bubbles to the impingement

point, and then the large amount of air bubble®ve to the advective diffusion region.
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Secondary undulations
—

Breaking front Breaking front

lw_ement point Impingement point

Advective diffusion
Advective diffusion region
reglon Fluid flow Lower shear envelope Fluid flow
- D

Figure3-3. Formation of air entrainment in: a) an unduksurge waveand b) a breakingurge
wave Minor breaking front is observed in an undutarrge wavevhen thesurge frontis at the
threshold of undular and breaking sexg

The stronger breaking roller at highsurge wave Froude numbencrease air
entrainment(Figure3-4). In addition, the aeration in the flow decreases in the longitudinal

direction from the impingement poinnoving downstreamas shown ifrigure3-4.

3.3 Mixing layer envelope

According to the literature, the mixing layer envelope for an undsilege wavas gradual

and the mixing length prolongates longitudinally from the ing@ment point. Conversely,

for a breakingurge wavethe mixing layer envelope is much steeper and diminishes rapidly
from the impingement point. Accordingly, as the surge wave Froude number increases, the
mixing layer envelope anglacreasesand the hoizontal extension of the mixing length
decreasesThis implieghat the formation of the mixing envelope and its lengilas a
function of thesurge waveFroude number(Figure3-4). Mixing envelope of an undular
surge wavend strong breakingurge wavean be seen ifigure3-4 (a)and (b) and-igure

3-4 (m) and (n), respectively. The formation of the turbulent breaking front in the surge

wave, leads to air entrainment. Air parcels are further rdixe depth by the mixing layer.
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As seen irFigure 3-4, with increase in Froude number, the air entrainment increases,
confirming the expansion of the lower envelopetioé mixing layer. Thighenomenon has
been reportedin the literature byKarimpour & Chu (2019 he developing mixing layer
contributes to the generation of large turbulent stress@Shanson, 2010band the
formation of the shear layer is induced by the large velocity gradient behind the surge toe.
In a undularsurge wave minimum velocities and pressure gradisfess than hydrostatic
were recorded underneath the wave crests, and maximum velocities aedspre
gradienslarger than hydrostaticwere underneath the waveoughs(Chanson, 2010bThe
largest Reynolds stresses and some velocity fluctuations are reported under the leading
wave crest and the advancing wavesdondarywave undulations in anndular surge
wave) (Chanson, 2011 onsequently,dr anundularsurge wavs, the mixing layer length

and the effect of wave undulati@extends longitudinally from the impingement point.
Conversely, for breakingurge wavesthe maximum turbulent stre€s are recorded in the
vicinity of the roller, where velocity gradients are hig€hanson, 2011)he longitudinal
velocity indicated that the recirculation zone only persists in breakimge wavéChanson,

2010b) and the large upstream longitudinal velocitiasrease with higher"Oi.

3.4 Transport of negatively buoyantnacroplastics

In this section, the influence of transient recirculation on negatively buoyant ACR
macroplasticés explored. The initial and visuobservations of AQRacroplasticsn a surge

wave isinvestigated inSection3.4.1 Furthermore, the effect osurge wave Froude
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numberson the transport of ACRiacroplasticgs discussed in the SectiB.2 Lastly, ACR
macroplasticdransport mechanismwith varyingmacroplasticsizes isanalyzedn Section

3.4.3

3.4.1 Initial Observations

As shown in the literature, the strength of the mixing layer and the length of the lower shear
envelope is a function ad surge wave Froude number. The A@Rcroplasticexhibits a
distinct transport mechanism in each surge wave Froude number. The interaction of surge
waves and negatively buoyant AGRacroplasticsis shown inFigure 3-4. The ACR
macroplastis transport in "Oi = 1.4 to 2.65 were analyzed using PTV software.
Experimental setup was limited to surge waves With>}2.65 sincghe experimental setup
hindered PTV program from tracing A@macroplastis. Therefore, visual analysis and

discussiorwas madefor the "Oi = 2.9 and 4.90usingFigure3-4 (k) to (n).
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a) Fry=1.38,t,=0.215s b) Fr,=1.38,t,=1.00s

c) Fry=1.70,t,=0.21s d) Fr,=1.70,t,=1.00s

e) Fry=2.04,t,=0.21s .. ) Fr,=2.04,t,=1.00s

g) Fry=230, 350215 h) Fr,=2.30,t,=1.00s

.

i) Fry=2.64,1;.50.21s . j)- Fr,=2.64,t,=1.00s

k) Fre=2.90, c@ozx ) Fr,=2.90,t, = 1.00's

m) Fr,=4.90,t,=0.215 n) Fr,=A80st, = 1.00 s

Figure3-4. Sequence of imageshowing theinfluenceof a surge wavadvancing upstream (left to
right)on aO=2.54cm ACRnacroplastis (highlighted with a yellow markeijhe left column and

the right cdumn show the position of an A@Racroplastiat 0.21 s and 1.00 s aftenpacting the
surge waverespectively.

In an undulasurge wavd Oi = 1.40), and weak breakisgirge wave'Oi = 1.70 and 2.00),

there wadlittle differenceobservedn the pasition of the ACRnhacroplastid.21sand 1.00

s after the impact withthe surge wave, as seen kigure3-4 (a) to (f).This ndicates that

there wasno downstream motion of ACRacroplastisin undularor weak breakingurge

waves. Conversely, in a breakisgirge wavewith a higherOi =2.30, 264, and 2.9, ACR

macroplasticexhibit sustained downstream motion, as showrigure3-4 (g) ¢ (I).
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3.4.2 Impact ofg3 won the2.54 cmACR transport mechanism

Turbulent nature of the flow generates water depth fluctuation upstream, across, and
downstream of the surge wave. The turbulent structure in a surge vedfeets theACR
macroplasticsn the streamwise direction and in depth this section, @ understard the
impact of surge waves on ACR particles, focusimaally given to only onenacroplastics
size,0=2.54cm. The velocity of thenacroplasti¢ before its impact with the surge wave,
wasapproximately the upstream velocity. The horizontal transpdrACRmacroplasticss
shown inFigure3-5. Particle tracking was halted when the surge wave reached the inlet of
the channel;at approximately 3.52 s for undulaurge waves ("Oi = 1.40) and 5.03 s for
breakingsurge wave (Oi = 1.70, 2.00, 2.30, and 2.65). This wlageto avoid the effect

of wave reflection on the interrogation window.
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Figure3-5. Horizontal tajectoriesof O =2.54cm ACRmacroplasticsNegative and positive
positionsin the xdirection(w ) translate to downstream and upstream movement of the

macroplasti¢ respectively. The minimum and maximuwrizontal upstream transpomrvhen the

surge wave reaches the inlet is depicted by the blue and the green curve, respedtheshed line

represents upstream velocityvhile the grey curves represent the other 18 experiments

63




The ACRmacroplasticsinitial velocities, influenced by the upstream velocity
gradually deceleratal after the macroplasticsarrived at the surge front and the
macroplasticgradually moved upstream after the passage of shege wavegFigure3-5).
Despite the weaker developing mixing layer in an undwdarge wave the ACR
macroplastichiad substantial transport in the horizontal directidfigure3-5 (a). After the
passage of the undulaurge waveoller, the ACRnacroplasticsstarted to deaccelerate
and came to a halt. The AG@GRcroplasticshen started propagating upstream and carto
a halt after the effect of thesurge waveroller was lessened. Furthermore, the ACR
macroplasticsstarted to move upstream as the secondary undulation waves arrived,
(secondary undulations shown Figure 3-3). As the effect of the secondary wave was
reduced, the ACRmacroplasticsvelocities towards the upstream direction gradually
decreased. Moreover, as further secondary waves arrived, theaCPRoplasticyelocities
towards the upstream direction increasgéigure 3-6). The average'O = 2.54 cm ACR
macroplastics maximum upstream transpai, , wasnormalized withthe time of
occurrence0 , and surge wave celeritfheaveragehorizontal transport ofO=2.54cm
ACRmacroplasticstowards the upstream directiorin an undularsurge wavewere

w 7o  Tc=0.03 from the surgeACRmpact point, as shown iRigure3-7.
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a) Fr,=1.38,t,=0.00s

b)Fr.=1.38,t,=0.74s

c) Fr,=1.38,t,=1.37s

d) Fr,=1.38, t;=2.18s

Figure3-6. Successivlamesdepictingthe interactionof O=2.54cm ACRmacroplastidn "Ot =

1.38,showing a) surgeACR impact, b) AGRacroplasticslowing down, ¢) upstream motion due

to second undulation, and d) A@facroplastislowing down due tavave trough Surge wavés
advancing upstream (left to righthee supplementary filEigure 36 Fr1.38 D2.540 ACR

GX012032
0.24
.3
9 0.16
50.08 -
K. | "
0.00 é l
1.40 1.70 2.00 2.30 2.65
Fr,

Figure3-7. AverageO =2.54 cmACRmacroplasticsnaxmum upstream transportw ,
normalized withthe time of occurrenceq:  andsurge wave celerityThe error bar line shows the
minimum and the maximurtransport from the surgeACR impact poirfor the 20 runs.
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A different transport mechanism was observed fioe weak breakingurge wave
with "Oi = 1.70.In this case, e ACRmacroplasticswere infuenced by the transient
recirculation region, a region where longitudinal velocities are in the upstream direction.
After the passage of theurge wave ACRnacroplasticcame to a halt much quicker than
those in an undulasurge wave and themacroplastis continued upstream as far &07
from the surgeACRimpact point, as shown irFigure 3-8. In some casesthe ACR
macroplasticscontinued downstream, however, most dhe ACRmacroplasticshad

sustained upstream transpowtith an average 09.01(Figure3-7).

a) Fr =170, t,=0.00 s

b) Fr,=1.70, t, = 0.10 s

c) Fry=1.70,t,=0.69s

S

d) Fr,=1.70,t;=3.33s

Figure3-8. Successivifames depicting the interactioof O=2.54cm ACRnacroplastidn "Ot =
1.70,showing a) surgeACR impact, BhCRmacroplasticslowing down c)ACRmacroplastids
stationary, and dupstream motion of ACRSurge wave is advancing upstream (left to right).

Similar to the"Oi = 1.70, ACRnacroplasticsn "Oi = 2.00, also had continuous
upstream motion. Accolidg to the literature, transient recirculation is higher in surge
waves with higher surge wave Froude number. Due to stronger recirculation velocities,

after the passage of theurge waveACRmacroplasticsdecelerated rapidly and started
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propagating upstram (Figure3-9). Consequently the ACRnacroplasticaith a'O =2.54
cm had an upstream transpooff as much a$.12(Figure3-7).

@) Frs=2.04,.t, = 0-005;:~=

b) Fr, =204, t, = 0.17 s

c) Fr,=2.04;t,=0.52s

d) Fr, = 2:04,t,=2.06 s

Figure3-9. Successivfames depicting the interactioof O=2.54cm ACRnacroplastidn "Ot =
2.04,showing a) surgeACR impact, BACRmacroplasticslowing down c)ACRmacroplastids
stationary, and d)upstream motion of ACRSurge wave is advancing upstream (left to rige

supplementary fild=igure 39 Fr2.04 D2.54cm ACR GX011178
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Figure3-10. AverageO = 2.54 cmACRmacroplasticsnaximumdownstream transport
W 0t ot oinNQERalized withthe time of occurrenced , andsurge wave celerityThe error bar
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line shows the minimum and the maximuransport from the surgéACR impact poinof the 20

runs.
1.60
=Fr=2.90
- Fr=2.65
Fr=2.30
o}
=_0.80 -
3
[
0.00 — .
30 35 40 45
St

Figure3-11. AverageO=2.54 cmACRmacroplasticwertical movemen,toq], normalized withQ,.
The error bar line shows the minimum and tmaximumvertical movemenof the 20 runs

Despite the higher transient recirculatidarces insurge waves with highéOi =
2.30, a distinct transport process was recorded. The2.54cm ACRnacroplasticsn these
surge waves had prolonged motionthre downstream direction, betwee.46to 0.03 as
shown inFigure3-5 (d). Few cases had slight upstream movement due to the stronger
transient recirculation region. However, after the effect of transient recirculation was
lessened, along with higher upstreamlegity acting against the recirculation region, ACR
macroplastics eventually continued downstreamwith an average transport of
W 70  ¥=-0.13 due to the residual velocitfigure3-10). In additionwave
motion resulted in minimal vertical transport @b 7Q = 0.06 (Figure3-11), due to the
turbulent mixing beneath the surge wave frorfigure3-12). HeavierACRmacroplastics

can be mobilize@gainst gravityf the turbulent motionis greater, wherethe vertical drag
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force is greater thanthe weight of ACR macroplasticsligher turbulent kinetic energy
increaseghe vertical velocityyesulting in greateropposing forceThistranspires behind
the surgewave toe, where according toLi et al. (2021}he turbulent kinetic energy is

maximum

. =2.30,t,=0.05
= s "&,,1,-.:\ i,

QLFT, = 280, 1, = 0.2

d) FT'S = Zé,o; t3 = Qv’%sv‘xi

Figure3-12. Successivfames depicting the interaction & =2.54cm ACRmacroplastidn "Of =
2.30,showing a) surgeACRmpact, b)vertical transport initated, c) peak verticatansport, and
d) ACR onthe flumebed. Surge wave is advancing upstream (left to right).

Macroplastics transport in "Oi = 2.65 were comparable to that of those
experimented in'Oi =2.30.For™0i = 2.65, the effect of transient recirculation was more
evident as fewO =2.54cm ACRnacroplasticdiad visible upstream transpqras shown in
Figure 3-5 (e). However, the upstream velocity acting in opposition to recirculation
velocities,impeded ACRmacroplasticstransport in the upstream direction and carried

them towards downstreamAlmost all theO=2.54cmACRmacroplasticsvere decelerated
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by the recirculation zone, while continuing in the downstream directinraddition, higher
upstream velocityvas associated with higher surge wave Froude numibaile2-2), which
resulted in higher initial velocity of the ACR macroplastics. Correspondugtugrhinitial
momentum and greateescapeforce from the mixing regionThe transport was between
0.33to 0.05 as shown irFigure3-5 (e), with an averagelownstreammotion of -0.16
(Figure3-10). At higher surge wave Froude number, ttaebulent motionis higher, which
can mobilize heavier ACR macroplastigainst gravityAt"Oi = 2.65 turbulent motion was
higher than that of Oi = 2.30, and thevertical drag forcavasgreater thanthe weight of
ACR macroplasticsurthermore, the ACR macroplastics Stokes number was lower,
compared to theStokes numbermt "Oi = 2.30(Figure 3-11), therefore lower particle
relaxation time Consequentlythe average vertical transport was 0.11, greater than that of
"Oi = 2.30 Figure3-11). Overall,minimal vertcal transport was visible at this surge wave
Froude number(Figure 3-13). However, the advection of ACRacroplasticswhile in

suspensiorhadnot occurred
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a) Fr = 2.65, t, =0400.5

b) Er:= 2.65, t,-=0:435~

c) Fry=2.65,t;=0.78s "~

d) Fr, = 2.65,1; =1.03s

Figure3-13. Successivfames depicting the interaction & =2.54cm ACRmacroplastidan "Of =
2.65,showing a) surgeACR impact, b) vertical transport began, c) peak vertical transport, and d)
ACR orthe flumebed. Surge wave is advancing upstream (left to rigBte supplementary file
Figure 313 Fr2.65 D2.54cm ACR GX011779

For the "Oi = 2.90, visualanalysis was performed due to the limitations of the

experimentalsetup TheO = 2.54cm ACRmacroplasticexperimented inOi =2.90, also

had prolonged downstream transportFigure 3-4). The ACRmacroplastics were
decelerated, and some become stationary after the passage of the surge wave. However,
most of the ACRnhacroplastichad continued moving in the downstream directidkt.this

surge wave Froude number, tharbulent motion was highecompared to"Oi = 2.30and

2.65 hence the vertical drag force wasnuch greater thanthe ACR macroplastics.
Moreover, the ACR macroplastics Stokes number alaslower compared to theStokes

numberof ACR afOi = 2.30and 2.65(Figure3-11), resulting in dower particle relaxation
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time. As a result notable vertical transport was observed; ti@ = 2.54 cm ACR
macroplasticswere lifted with an average range @.50in the vertical directionKigure
3-11), the entrainment in highly aeratedsurge waveroller as shown irFigure3-14 (c).

However, transport towards the upstream direction, while in suspension, had not occurred.

Figure3-14. Successivlames depicting the interaction & =2.54cm ACRmacroplastidn "Of =
2.90, showing a) surgeACR impact, b) vertical transport initiated, ¢) peak vertical transport, and
d) ACR othe flumebed. Surge wave is advancing upstream (left to right).

A similar transport process was observed'@i =4.90. The influence of transient
recirculation wasmore notablethan all the lower surge wave Froude numbers examined.
Although he’'O=2.54cm ACRnacroplastidhad insignificant horizontal transport, as shown
in Figure3-4, intense turbulent mixing beneath theurge wavedront displayed significant
vertical transport. The AQRacroplastiovas lifted verticallyas far as 1.5¢min the water
column due to substantial turbulent wave motidfrigure3-11). As surge wave Froude
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number increasedso did the vertical motion dD = 2.54cm ACRmacroplasticsFor small
sediment particlesKoch & Chansof2008) have reported the influence of highly turbulent
surge waves on the sediments, as bed erosi@s initiated underneath thesurge wave
front where debriswas suspended due to wave motiothisphenomenonwas observed
for O=2.54cm ACRmnacroplastis in"@ = 2.9 and 4.90As previouly discussed, stronger
turbulent motion leads to greater vertical drag force on the ACR macroplastics, forcing
them higher in the water columrfarther downstream away from the surge wavéhe
particle returns to flume bed, as turbulent intensityis lessened Thisphenomenonwas
observed ér "Oi = 4.9Q where turbulent motion was the strongest compared to all the
previouslyexaminedsurge wave Froude numbershdO = 2.54cm ACRmacroplastiovas
entrained in the highly aeratesurge waveoller, and was carried upstream with the surge
wave, while it was suspended in the water colynas shown irFigure3-15 (d). This was
not observed with lowesurge wave Froude numberAs the effect of turbulent intensity

lessenedthe ACR macroplastieturnedto the flume bed, as shown Figure3-15(e).

73



@) Fr,=4.90,t,=0.00s

b) Fr,=4.90,t,=0.09s

v >
L R &
N R

) Fr,=4.90,t,=0.24s

—

d) Fr,=4.90,t,=1.525

e) Fry=4:90,t:=1.665s

Figure3-15. Successivfames depicting the interaction & =2.54cm ACRmacroplastian "Of =
4.90,showing a)is after thesurge-ACR impact, b when thevertical transportwasinitiated, c)is
peak verticamovement d) entrainment in thesurge waveoller, ande) ACRback tothe flume

bed. Surge wave is advancing upstream (left to right).

The negatively buoyantmacroplastic horizontal transport can be justified by
impulse.Impulse is a function of force exerted over a specific time. These two parameters
affecting the impulse, played a crucial role in the negatively buoyaatroplastics
transpat. In a undularsurge waveand weak breakingurge wave (Oi =1.70 and 2.00),
the extended mixing cone length decelerated the A@Rcroplastic changingthe
macroplasticQdirection.The forceexerted onthe ACRnacroplastiavas over dongertime
interval due to theprolongedmixing layer behind theurge wave which contributed taa

greaterchange in momentumiurthermore, the upstream velocity, at lower surge wave
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Froude number was smalteronsequently ACRacroplasticsipstream velocity was lowe
and the overall momentum was smaller. In an undslailge waveand weak breakingurge
waves, the combination of loweinitial momentum and the extended mixing cone length,
provided adequate time to alter ACRiacroplasticsmotion. In addition, transient
recirculation was present at weak breakisigrge wavs, which further influenced the ACR
macroplasticanotion, and carried them further upstream. There was adequate balance
between the lower momentum of thenacroplasticand the mixing layer in weak breakjy
surge wavs, which contributed to the maximum horizontal transport in the upstream
direction.

The strength of the roller and transient recirculation were stronger at higber
2.30 and 2.65. Furthermore, the mixing layer envelope wasvailder. Therefore, the time
interval over which the force was applied was smaller. Greater forces applied over a smaller
time interval resulted in aower impulseIn addition, increased upstream velocity, resulted
in higher upstream velocity of the A@GRwaoplastics Hence the ACRnacroplasticsnoved
rapidly from the undisturbed region to behind the surge waserossthe mixing layer.
Greater ACR momentum, along with lower impulse due to shorter migyey lengthand
smaller time interval, justifie the sustained downstream motioat higher surge wave
Froude numbers.

Despite the wider mixing layer envelope and shorter time interval, the intense
turbulent mixing and transient recirculation beneath the surge wave fronin= 4.90,

overpowered the ACRacroplasticsnitial momentum. Implying that substantial force was
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exerted on theO=2.54 cm ACR macroplastic over a much shorter time interval, resulting
in greater impulse, which carried the ACR macroplastic upstream while it was partially
suspended.

As the surge wavieroudenumber increaseghe turbulent kinetic energyncreased
Thisincreasel the vertical dragon the ACR macroplasticeverpowering theweight and
leading to higher vertical transport Furthermore, as the surge wave Froude number
increased, thestokes numbefor O=2.54 cm ACR macroplastics decrea@able3-1), and
lower Stokes numberindicates hgher entrainment. As results have showryertical
transport wasinitiated at "Oi = 230. As thesurge wave Froude numbeércreased, higher
verticaltransportand greateentrainmentof O=2.54 cm ACR macroplastigas observed,
due to strongturbulent motion behind the surge toeSubstantial turbulent motion can lift
particles in the water column and transpothem upstream while in suspensipwhich
occurs behind the surge wave toe, where th@&bulent kinetic energy is maximum
Horizontal transporiof O=2.54 cm ACR macroplastitile in suspension did not transpire
even at"Oi = 2.90but was observed atOi = 4.9Q where turbulent kinetic energywas

substantial.
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Table3-1. Particle Stokenumber("YYfor various sizedCRmacroplastis.

N ® O (cm/s) YO

° 0=254cr'0=191crO=1.11cmr 0=254cr0=191cmO=1.11cmr
2.65 178.01 177.60 176.58 36.49 20.69 7.03
2.30 161.68 158.58 158.11 40.20 23.16 7.8
2.00 151.74 s150.07 153.62 42.83 24.49 8.08
1.70 116.15 115.15 112.86 55.93 31.90 10.99
140 133.05 132.12 132.17 48.81 27.80 9.38

3.4.3 ACR transporvarying with macroplasticsize

Macroplastientrainmentcan begreatly influenced by thearticlesize, as described by the
Stokes numberln this sectionthe impact of varying AQRacroplastiovith O=2.54, 1.91,

and 1.11cm is investigated. As described by tBtokes numbersize is an important
parameter since particle diameter have stdnstial influence onii K S LJI tidjicio®.f S Q&
The impact of size is reflected by the particle diameter being squared in the particle
relaxation timeEq.1-1. This raults in the Stokes number f@=2.54cm ACRnacroplastic
beingmore than times fivdéarger than théO=1.11cmmacroplasticThe ACRhacroplastics

with higher Stokes number are dominated by their inertia, and as particle Stokes number
decreases, ACRacroplasticzan exhibit a slightly different transport mechanism in which

the dominance of their inertia is lessened.
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Figure3-16. Trajectories 010=1.91 and 1.1Tm ACRmacroplasticsNegative and positive
positions in the xdirection @ ) translate to downstream and upstream movement of the
macroplasti¢ respectivelyThe minimum and maximum horizontal upstream transport when the
surge wavarrives athe inlet ishighlightedby the blue and the green, respectivelihe red line

represents upstream velocignd the grey curves represent the other 18 experiments.
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In an undularsurge wavethe transport of the ACRhacroplasticsn the upstream
direction increased, as thmacroplasticsize decreasedas illustrated in Figure3-5 (a),
Figure3-16 (a) & (f) andFigure3-17. After the passage of the undular surge wave roller,
ACRmacroplasticsstarted deaccelerating and became stationaffyigure 3-16). The
macroplasticsthen started propagating upstream as the train of secondary undulation
waves arrived. As the effect of the secondary undulation waves was diminished,
macroplasticaipstreamvelocities gradually decreasdd "Oi = 1.40, as th&tokes number
decreasedTable3-1) higherhorizontal transport in the upstream directiomas observed.
The 'O = 2.54 cm ACRmacroplasticshad an average upstream motion of 0.03 in the
upstream direction, from the surgdCR impact pointFgure 3-7). While the average
upstreamtransport reported fofO=1.91cmACRmacroplasticsvas0.04(Figure3-18), and
for the smallest ACRacroplastis with a’'O =1.11cm, averageupstream movement was
0.05(Figure3-18). Asthe macroplastics sizdecreased greater horizontal transport was
documented, since smaller ACR macroplastics had |lavitel momentunt hence easier
for the surge wave toverpowerthe initial momentumandtransport smaller macroplastics
further in the horizontal directionAt last,vertical transport ofACR macroplasti¢sad not

occurred,sincethe turbulent motion at'Oi = 1.40 was not adequate taducelift.
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a) Fr,=1.37,t,=0.00 s e) Fry=:1.35,t,=0.00s

b) Fr,=1.37,£,=0.13s ) Fr =1.35,t;=0.80s

)Fry=1.37,t,=1.06s g) Fr,=1.35,t,=1.38s

d)Fr,=1.37,t;=146s _ h)Fro=1.35,t,=171s

Figure3-17. Sequence of images showing the interaction ok; d) O=1.91cm ACRmacroplastics
in"Of = 1.37, and &) h) O=1.11cmACRmacroplasticsn 'Ot = 1.35. Where: a) & €) surgeCR
impact, b) & HPACRmacroplasticslowing down c) & glupstream mdion due second undulatign

and d) & h)ACRmacroplasticslowing downin wave trough Surge wave is advancing upstream
(left to right).

0.50
m 1.91 cm macroplastic
*3 0.40 4 ~ 1.11 cm macroplastic
= 2.65,1.91cm
,g*’
3 0.30 A
59
20.20 - !
3 =
0.10 - 1
g an T
0.00 L - JL—
1.40 1.70 2.00 2.30 2.65
Fr,

Figure3-18. Average0=1.91 and 1.1tm ACR macroplastiosaximumupstream transport

W , normalized withthe time of occurrenceg: , andsurge wave celerity. The error bar
line shows the minimum and the maximum transport from the se#@eR impact point dhe 20
runs.

Comparable transport was also observed for the weak breakimge wavg Oi =

1.70). In this case, fter the surgewave passage, ACRiacroplasticsadvancedfurther
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upstreamas themacroplastt sizedecreasedThe'O =2.54cm ACRnacroplasticswith the
highest relaxation time and Stokes numl§€able3-1), had an averagaupstreamtransport
of 0.01, from the surgeACR impact pointFigure3-7). Furthermore for O =1.91 cmACR
macroplastis, the overallaveragetransport increased in upstream directio.02), as
shown inFigure3-18 andFigure3-19 (a)¢ (d). Following the trendor the O=1.11cmACR
macroplastis, the averageupstream advancement wak 06, as shown irFigure3-18 and
Figure 3-19 (e) ¢ (h). There wasan increase in thehorizontal transportas the ACR
macroplastics size decreased. Thias due to smaller ACR macroplastibaving alower
initial momentum alowing thesurge wave tavercomethe initial momentum andarry
smallerACRmacroplastics furtheupstream The surge wave aOi = 1.70wasa breaking

surge wave, however, theirbulent motion was nosufficientto inducevertical motion

@) Fr,=1.69, t,;=0.00 s - e) Fr,=1.61,t,=0.00s

b)Fr,=1.69, t; =0.11s . f) Fr,=1.61,t,=0.135s

g) Fry=1.61,t,=0.30s

d) Fr,=1.69, t;=2.58s h) Fry=1.61,t;=1.97s

Figure3-19. Sequential frames illustrating the engagemeiita)¢ d) O=1.91cmACR
macroplasticsn "Of = 1.8, and e); h) O=1.11cmACRmacroplasticsn 'Ot = 161. Where: a) &
e) surgeACR impact, b) & f) A@Racroplasticslowing dowrdue to recirculation regionc) & g)

ACRmacroplastids stationary and d) & hupstream maion of ACRSurge wave is advancing
upstream (left to right).

Similarbehaviourwas reported for the ACRacroplasticsn the surge wave with
"Oi = 2.0Q where theaverageupstream propagation fo© =2.54, 1.91, and 1.1dmACR
macroplasticsncrea®d t00.12 0.19 and0.2], respectivelyas shown irFigure3-7, Figure
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3-18, and Figure3-16 (c) & (h). A slightly higher upstream transport had occurreddoer
1.91cmACRmacroplasticsn "Oi = 2.00. However, the overall trajectories indicditbat as
the macroplasticsize decreased, there was a rapid change in the A@Broplasics
transport after the surge wave passage, as shown by the slope of the trajectofegine
3-5, Figure3-16, andFigure3-20. As previously discussedyd increase in the horizontal
transport as the macroplastiaze decrease, is due smallerinitial momentum Which
enablal the surge wave tmvercomethe ACR macroplastigsitial momentuminduced by
the upstream velocity anthove smallerACRmacroplastics furthem horizontal direction
The breaking surge wavestrength at "Oi = 2.00 was adequate to transport ACR
macroplastics upstreaythowever, theturbulent motion was noenoughto inducelift for

vertical transport

d ) FTS o 1-93:'t§=0.00;§" .

b) Fros1.93 =012 880, _

) Fry =1.93;t,20:34s

d) Fry=1.93,t;=1.97s

Figure3-20. Subsequenframesshowingthe engagement of: & d) 0=1.91cmACR
macroplasticsn "Of = 193, and e); h) O=1.11cmACRmacroplasticsn "Ot = 196. Where: a) &
e) surgeACR impact, b) & f) A@Racroplasticslowing down due to recirculation region, c) & g)
ACRmacroplastids stationary, and d) & h) upstream motion of AGRrge wave is advancing
upstream (left to right).
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Figure3-21. AverageO=1.91 and 111cm ACR macroplastiosaximumdownstream transport
W ¢ o i oiNQEAAlized withthe time of occurrenceg;  andsurge wave celerity. The error bar
line shows the minimum and the maximum transport from the se#geR impact point of the0
runs.

Similarcorrelation between ACRiacroplasticsize and its transport was observed
at higher surge wave Froude numbkégR.30). Due to the higher initial momentum, tia@=
2.54 cm ACRmacroplasticswere less influenced by the surge wave atdyed ontheir
original path toward the downstrea, as shown ifFigure3-5 (d). There were a few cases
where the0=2.54, 191, and 1.1tmACRmacroplasticsvere transported upstream for a
fraction of a second after the passage of the sungere as shown irFigure3-5 (d) and
Figure3-16 (d) & (i). However,the overall data shows that themallerO=1.91and 111
cmACRmacroplasticzontinued downstream with an avege transport 0f0.12and-0.14,
respectively [Figure3-21). As themacroplasticsize decreased, the initial momentum was
lower, implying possible upstream transport as thacroplasticsize decreaseddowever,

the initial momentumwas considerably higher evdor the smallestO = 1.11 cmACR
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macroplasticsFurthermore, atOi = 230the strength of the roller wastronger,and the
mixing layer envelopevas wider.Consequently, the ACR macroplasti@s/elling at the
upstream velocity, rapidly passed though themixing layer cone and continued
downstream As a result, aeduction inthe average downstream transport was observed
as themacroplastisize decreased{gure3-10andFigure3-21), indicatingt waseasierfor
the smallest ACRnacroplasticsto be influenced In addition, negatively buoyantACR
macroplasticeremobilized against gravityhenthe turbulent motionissubstantiaJ where
the vertical drag force is greaté¢han the weight of ACR macroplasticBhis occurs, since
higher turbulentkinetic energyesultsin a highewertical velocity andreatervertical drag,
leading toa bigger opposing forcéccording td.i et al. (2021 )turbulent kinetic energy is
maximum behindhe surgewavetoe. Owing to theintenseturbulent mixing underneath
the surge wave front, wave motided tovertical transport ofO=2.54, 1.91, and 1.11 cm
ACR macroplastidsigure3-11, Figure3-22, andFigure3-23). Furthermore, theO=1.91
and 1.11cm ACRmacroplasticshad an average vertical transport of 0.@hd 0.07,
respectively Figure3-23). As theStokes numbedecreasedTable3-1), higherentrainment
was documentedSmaller ACR macroplasshave higher surface area and projected grea
compared to volumeSince smaller ACR macroplastievea lower volume, hencelower
weight, it becomeseasier forvertical drag forceinduced by turbulent motionto entrain
smaller ACRnacroplasticsin the vertical direction Since it was easidift the smaller
macroplasticsat "Oi = 2.30,0=1.11cmACRmnacroplastichrad a slight upstream transport

while in suspension, as shownkigure3-22 (f) & (g).
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a)-Fir, =232, 45=0.00 S paa _ To= 22975 =090s

ro=2.29, 1, =0.64 s

g) Fr,=2.29,t,=0.98s

h)Fr,=2.29,t; = 1.20 s

Figure3-22. Successive frames showing the interaction o @)O=1.91cm ACRmacroplastics

in"01 =2.32 and e); h) O=1.11cmACRmacroplasticsn "Of =2.29 Where: a) & e) surgdCR

impact, b) & f) initiation of vertical transport, c) & g) peak vertical transport, and d) & h) ACR on
bed. Surge wave is advancing upstream (left to right).

1.80
=Fr=2.90
= Fr=2.65
1.20 Fr=2.30
o A
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0.00 8.00 St 16.00 24.00

Figure3-23. Average ACR macroplastics vertical moverm’wtnormalized withQ,. Square and

triangle indicatéO=1.91 and 111 cm ACR macroplastics, respectively. The error bar line shows
the minimum and the maximum of the 20 runs

Similar trend was identified when A@Racroplasticavere tested in a surge wave
with "Oi = 2.65. TheO = 2.54 cm ACRmacroplasticavere carrieddownstream with an
average of-0.16 from the surgeACRimpact point (Figure 3-10). As the macroplastic
diameter decreased from 1.91 to 1.tin, the averageransport towards the downstream

regiondecreased from0.20to -0.11, respectivelyFigure3-21). Implyingthat particles with
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lower initial momentum will be more influenced by the surge waas demonstrated by
the reduction in the overall downstreartransport as themacroplasticsize decreased
(Figure3-10 and Figure 3-21). As previously discussed, high®&CR macroplastics initial
momentum, and widermixing led to the sustaineadlownstream motion of all ACR
macroplastics In addition, greater vertical entrainment wasrecorded as the ACR
macroplastics size decreasethe ACRmacroplastis were entrained in the developing
mixing layer behind the surge wave, due to intense upwards wave mdinsmallesiO
=1.11cm ACRmacroplastis displayed higher vertical displacemt of 0.22, compared to
0=1.91cmACRmacroplastis, which had an average vertical motion of 0.E&j(re3-23
and Figure3-24). Verticalentrainmentincreased as th&tokes numbedecreased Table

3-1). As previously discussesindler ACR macroplastics have lower volyméich alloved

the turbulent motion tofurther entrain smaller ACR macroplastics in the vertical direction

@) Fry=2.67, ty=0.00-s___ e)Fry=268;t,= o.oQ_\‘I

b)Fr = 2:67;, = 0.03s .

c) Fry=2.67,t,=0.248 - -

d) Fr, = 2.67, t;=0.38s

Figure3-24. Sequential frames illustrating thengagement afa)¢ d) O= 1.91cmACR
macroplasticsn "Oi = 2.67, and ) h) O= 1.11cm ACRmacroplasticsn 'O} = 2.68Where:a) &
e) surgeACR impact, b) & f) initiation of vertical transport, ¢) & g) peak vertical transport, and d) &
h) ACRn bed.Surge wave is advancing upstream (left to right)
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At "Oi = 2.9Q horizontal transport was observed, but it was not quantified due to
the limitations. Howeverthe vertical transport was quantifiedit this surge wave Froude
numbermacroplastis were observed near the free surface. ThBe 1.11cm macroplastic
was almost near the free surface, as shownFigure3-25 (g), while theO = 1.91 cm
macroplasticwas getting closer to the free surface, as showtrigure3-25 (c). The’ O =
2.54cm ACRmacroplastichad an averagevertical motion of0.50, while the smaller O =
1.91 and 1.11cm macroplasticsexhibited higher vertical translation d3.57 and 0.98
respectively, as reported iRigure3-11 and Figure3-23. As previously discussed, smaller

ACR macroplastics had higher vertical entertainment.

@) Fr,=2.89, t,=0.00 s~

b)Fr,=2.89,t;=0.08s

C) Fr,=2.89,t,=0.56 5

d)Fr,=2.89,t;=0.85s

Figure3-25. Sequencef images showinthe interactionof: a)¢ d) O=1.91cm ACRnacroplastics
in"Ot =289, ande)¢ h) O=1.11cmACRmacroplasticsn "Oj =2.93 Where: a) & €) surgACR
impact, b) & f) initiation of vertical transport, c) & g) peak vertical transport, and d) & h) ACR on

bed. Surge wave is advancing upstream (left to right).

Atthe "Oi =4.90, substantial vertical transport was observeay(re3-26). TheO =
2.54 cm ACRmacroplastichad vertical transport towards the upstream, with slight
transport while in suspensiorfrigure3-15), as discussed in Secti8rt.2 In addition to the

upstream transport while in suspension, tf@ = 1.91 cm ACRmacroplasticmoved
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upstream due to the developing mixing layer and was rapidly advected downstream, while
it was fully suspended, as shown kigure 3-26 (a) ¢ (e). Moreover, theO = 1.91 cm
macroplastiavas liftedas far ashe watersurface The smallest AGRacroplastidisplayed
additional transport. ThéO =1.11 cm negatively buoyantacroplasticwas lifted to the
developing mixing layer, from there thacroplastiovas convected upardsto the free
surface while moving upstream, as shownhingure3-26 (f) ¢ (i). Thetransport proces®f
0=1.11 cm ACRccurred while the negatively buoyamacroplastiovas in suspension,

and the transport was that of a positively buoyanacroplastic

a) Fr,=4.84,t,=0.00's f) Fr,=4.86,t,=0.00s

R N

b)Fr,=4.84,t, =033s g) Fr = 4.86,t,=0.17 s

e

c) Fr,=4.84,t,=0.63s Fr,=4.86,t,=0.29s

d) Fr,=4.84,t,=0.76 5

e)Fr.=4.84,t,=1.20s j) Fr,=4.86,t,=1.57s

Figure3-26. Sequence of images showing thetrainmentof: a)¢ e) O=1.91cmACR
macroplasticsn "Oj of 4.84, and fk j) O=1.11cm ACRmacroplasticsn "Oj of 4.86 where: a)&
f) surgeACR impact, & g)vertical transport began, @& i) peak vertical transport, d& h)
entrainment in thesurge waveoller, andd) & j) ACR on bedSurge wave is advancing upstream
(left to right).

Thechange irhorizontal transport of negatively buoyantacroplastis wasevident
with smaller macroplastis. At "Oi = 1.40, 1.70, an®.00, & the macroplastics size

decreased horizontal transportin the upstream direction increase&incesmaller ACR
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macroplasticshad lower initial momentum allowing thesurge wave tooverpower the
initial momentum andtransport smaller ACRmacroplastts upstream Furthermore at
lower surge wave Froude numbeiie mixing cone length was narrower and extended
further downstream, away from the surge wave tothe combination of lower initial
momentum as the ACR macroplastics siBereasedand the extended mixing cone length
provided sufficient time to mobilize the ACR macroplastice the upstream direction
Consequently, smaller ACR macroplastics had gré@esport in the upstream direction.

At"0Oi = 2.30 and 2.65, the turbulent motion wave greater compared to lower surge
wave Froude numbers. However, the upstream veloaityhigher surge wave Froude
numberwasalsosignificant.Furthermore, themixing cone formed behind the surge wave
was much wider and shorter, resulting in a lower time interval to influence ACR
macroplasticsThe adequate balancerovided enough momentum t&CR macroplastics
acrcss all the size® excelthrough theenergy intensive turbulent motigrresulting in a
sustaned downstream motion.The O = 2.54 cm ACR macroplastitsvelled further
downstream, and as th&CR macroplasticgze decreasedransportin the downstream
direction decreasedmplying that as the ACR macroplastics size decredednfluence
of the surge wave on ACR macroplastics increased.

The rapid velocity redistributions, correlated with the lelagting turbulent wave
motion, scour bed debris, advect the material upwsradand contribute to upstream
transport. Higher transverse velocities and flow separation scour and erode bed material,

as reviewed by’ hanson & Lubin (2013)he materials present in the water column are then
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mixed in the developing mixing layer behithe surge wave. As surge wave Froude number
increased, turbulent mixing beneath tiseirge waveoller was higher, subsequently there
wasflow separationand largetransverse velocitiesThis resulted in upward advection of
ACRmacroplasticsn the developng mixing layer. It was speculated in the literature, that
the bed debriswvas convected upwards to free surfag€hanson & Lubin, 2013)igher
turbulent wave motion is produced behind the surge wave toe as the surge wave Froude
number increasesSuch aphenomenon can generate higher turbulent kinetic energy,
resulting in a highevertical drag, which can lift negatively buoyant macroplastics against
gravity. Vertical entrainment of ACR macroplastieasinitiated at"Oi = 2.30 Wherethe
smallest;,O=1.11 cm ACR macroplagticad minor vertical entrainment, while thether

two sizes examined did nofs higher surge wave Foude number weramined vertical
entrainment forO= 1.91cm ACR macroplasti¢sllowed byO=2.54 cm ACRiacroplastics
was documentedAs discussechighersurge wave Froude numbéed to higher vertical
entrainment. As a resultthe smallest ACRmacroplasticseventually reached the free
surface after the passage of tkarge waveoller. At lag, asthe surge wave Froude number
increased the considerable turbulent mixing was able transport ACR macroplastics in
the horizontaldirection towards upstream, while the macroplastwsre suspended due to
wave motion. Thisvas first observed fo©D =1.11 cm ACRhacroplastis. Overall results
indicate that greater vertical entrainment had occurred as the ACR macroplasties
decreased, since it was easier to mobilszealler ACR macroplastiosith lower particle

relaxation time
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This chapter presents and discusses the transport of positively buegyaatoplasticsin
this chapter visual observations are discussed first in SedtbbiMoreover, the impact that
surge waves with different surge wave Froude numbers have on positively buoyant
macroplasticsis investigated in Sectigh2. Lastly, the effects of particle size on transport
of HDPE and RRacroplasticsare discussed in Sectidn3.

For microplastics,Cozar et al. (2014eported that the smaller debris arenainly
found in water column and deepea sedimentThis has been linked to biofouling and in
depth entrainment of micresized plastic debris(Shamskhany et al., 2021)As
demonstrated incChansor{2010b)and as shown iigure3-3, the turbulent intensityacross
breaking surge waves is very high. In the presence of such highlylgatbflow, it is
hypothesized that meso and maesized plastic debris also get entrained. This section
investigates the transport and entrainment of HDPE anthB&oplasticsin such turbulent
flow. Both these polymers in aquatic systems are positieigyant as havealensities

marginally smaller than freshwater.

4.1 Initial Observations
The entrainment and transport of positively buoyant macroplasiresaffectedby several
factors. These include particle and flow characterisficghis section, initiabbservations

2F LIRAAGADSE & 0 deetactighiwith e GiNge Lifave Zaie p@LREed.
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Positively buoyahh HDPE”( = 0.94 to 0.97 g/crf) and PP(" = 0.90 to 0.93g/cnm)
macroplasticsdisplayed different transport mechanisms due to their density and with
varying surge wave Froude numbers. Interactioi®ef2.54 cmHDPE and PP magitastics
in an undular and breaking surge wave are showRigure4-1. InFigure4-2, the position
of 0=2.54 cm HDPE and PP macroplastics ixtaly directions, andw, are plotted.
Figure4-2 shows the horizontal and vertical transport of both HDPE and PP macroplastics;
horizontal and vertical transport is analyzed in the sectioglsw. In an undular surge wave
with "Oi = 1.40, surge wave front was gradual, while in a breaking surge wavéQuith
1.70, the surge wave front was a bit steeper. Turbulent structures are initiated due to
pressure and velocity gradient. Higher turbulent structures at higher surge wave Froude
number have the potential to mobilize HDPE and PP macroplastics against their buoyancy.
Positively buoyanmacroplasticsvere near the free surface beforeand after the surge
wave.However, both the HDPE and PP macroplastics were engaged in the surge wave roller
and mobilized opposite to their buoyanc¥igure 4-1). As anticipated, HDP&nd PP
macroplasticavere partially masked bythe aeration in the surge wave roller; higher surge
wave Froude number led to greater aeration at the surge wave frbrgufe4-1). The
impact of relative density in the padie relaxation time played a crucial rolehe horizontal
transport increased as smalleracroplasticsvere tested.

For positively buoyant macroplastics, as the particles are mainly positioned closer
to the free surface, their position was further masked by the aeratiOming to the

limitation of the PTV programs it is purely based on the image analysositively luoyant
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macroplasticsin surge wavewith "Oi > 1.70 were not analyzed. However, visual

observationsand analysis were performedr both HDPE and RRacroplastics

a) Fr, = 1.35,t;=0.215 b) Fry=1.35,t,=1.00s

c)Fry=1.65,t,=0.21s d) Fr,=1.65,t,=1.00s

e) Fr,=1.35,t,=0.215 D ) Fry=135,t,=1.00s

g) Fry=1.70,t,=0.215s h) Fr,=1.70,t,=1.00 s

{e}

Figured-1. Successive frames showingetimteraction ofO=2.54cm: a)& b) HDPEnacroplastidn
"Of = 1.35, ¥& d)HDPHEnacroplastian "Oi = 1.65, ¢ & f) PPmacroplastidn "Oi = 1.35, and p&
h) PPmacroplastidn "Of = 1.70. The left column and the right column show the position of a
positively buoyanmacroplastiat 0.21 s and 1.00 s after impacting the surge wave front,
respectively. Surge wave is advancing upstream (left to right).
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Figured-2. Trajectories 0l0=2.54cmHDPE and PRacroplasticsThe vertical translation is
normalized bysurge wave heighQ Q. Theg, represents the horizontal position, which is
along the flume bedHere in each figure, plots of different runs with similar initial condition and
macroplastics properties are presented with different colored dashed lifi@s.coordinates (0, 1)
represent he surgebuoyantmacroplastidmpact point.The minimum and the maximum vertical
transport are denoted by green and blue, respectively. The grey curves represent the other 18

experiments.
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4.2 Influence ofg won thetransport of HDPE and PRacroplastics

The strength of the surge wave roller in a breaking surge wave governs the entrainment of
positively buoyant debrisln this section, the impact of surge wave Froude number on
positively buoyant macroplastics is studidah investigate this, HDPE and PP moplastics

with a0= 2.54cmwere analyzed in surge wave withi = 1.40 and 1.70, and visual analysis
was performed for macroplastics’i@i =2.00 and 2.30.

The particle Stokes numbeE(g. 1-2) can explain the entrainment of positively buoyant
HDPE and Pacroplastics Smaller difference between theacroplastiadensity and the
density of the ambient fluid results inlewer relaxaion time and therefore a lower Stokes
number. Macroplastics with lower Stokes number can be more entertained in the Tlosv.
transport of HDPE and RRacroplasticds analyzed fofOi = 1.40 and 1.70, and visual

analysis is pgormed for"Oi =2.00 and 2.30.

2.00
® 1.4 HDPE
® 1.7 HDPE
®1.4PP
~ 1.7PP
cr
=21.00 -
g
g
0.00 : :
0.00 10.00 20.00 30.00
St

Figure4-3. AverageO=2.54 cmHDPE and PiRacroplastics verticantrainment rangew ,
normalizedby surge heightQ Q. The error bar line shows the minimum and the maximum
vertical movement ofhe 20 runs
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Themacroplastics verticantrainment rangegw , is determined based on the height
difference between the macroplastics minimum position around the simgayant impact
point and the maximum vertical position during the entertainment. For an undular surge
wave, the maximum position would occur at themary wave crest, and for breaking surge
wave, it would occur behind the surge wave rollgs. shown irFigure4-3, both HDPE and
PP macroplasticswvere staying near th free surface during the entire transport for an
undular surge wave witfOi = 1.40, and the higher difference in wave crest and tough
results in higher vertical transport rang8ince themacroplasticdollow the free surface,
the transport away fom the free surface in the vertical direction was minimal, indicating
minor transport in undular surge waves for both HDPE anth&toplasticsacross all the
Sizesexamined.

In an urdular, both HDPE and PRacroplasticsvere slightly entrained in theoller.

In the "Oi = 1.4, the O =2.54cm HDPHEnacroplasticshad an averageertical transport
range of 1.52whereas Phacroplastichhadmarginally lessertical transportrange, with

an average of 1.27, as shownkigure4-3. The transport range of HDPE was indicating
marginallyhigher entrainmentthan PRnacroplastics; since PP waghker, which resulted

in less entrainment, as suggested by Stokes nunfiigu(e4-3). In an undular surge wave,
the strength of the surge wave front was not signifitao force positively buoyant
macroplasticagainst its tendency to float. Therefore, both the HDPE anth&fPoplastics
were near the free surface and were closely following the free surface undulatams ¢

4-4). Consequently, indicating that the Stokes number played a major role in macroplastics
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vertical transport at'Oi = 1.40. Furthermorgthe lighter PPmacroplasticswere carried
further in horizontal directionwith the surge wave celerity, whereas the HDPE
macroplasticshad moderateimpactby the surgevavecelerity, as shown irFigure4-2 (a)

& (c) In addition, the secondary wave undulations led to the undulations in the trajectories,
as shown irFigure4-2 (a) & (9. The overalmacroplastis trajectory in an undular surge
wave was marginally influenced by the surge wave Froude number, and primarily governed

by the surge wave celerity and free surface behaviour.

a) Fr,=1.35,t., =-0.10 s ) Fr,=1.35,t_;=-0.10s

b) Fr,=1.35,t,=0.00 s g) Fr,=1.35,t,=0.00 s

C) Frg=1.35,¢;=0.20s . h) Fry=1.35,t;=0.20 s

d) Fr = 1.35, t, = 0.56 5

j) Fry=1.35,t3=1.00s

Figured-4. Sequence dmage illstratingthe interaction ofO=2.54cm: a)¢ e) HDPE
macroplastidn "Of =1.35,and ) ¢ j) PPmacroplastidn 'O} =1.35.0 Tmidentifies thesurge
buoyant macroplastic impa¢moving towards right in these images), and the macroplastics
(initially moving towards left witld ). Wherea) & f) prior to impact, B & g) surgebuoyant
macroplastidmpact, ¢ & h) macroplastidn the undular roller, §i& i) macroplasticat the first
trough, and ¢ & j) macroplastiat the crest of the first secondary wav@urge wave is advancing
upstream (left to right)See supplementary filgigure 44 Fr1.35 D2.54cm HDPE GX012123

The engagement of HDPRAPPmacroplasticsncreased whemacroplasticsvere

tested in a weak breaking surge wal®i(= 1.70). Th®© =2.54cmHDPHEnacroplastichad
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higheraverageverticaltranslationrange(w?¥ Q 'Q =0.78), compared t60O=2.54cm

PP macroplastics(0.48), as shown inFigure4-2 (b) & (d) andFigure4-3. The vertical
transport range of HDPE was greater than that ofri&éroplastics; since HDPE had lower
marginal density, resulting in a lower particle pedéion time and greater entrainment, as
indicated by Stokes numbeFigured-3). Therefore, suggesting that @i = 1.70 the Stokes
number was a primary factor in macroplastics vertical transportOAt 1.70, the breaking

of the surge wae front was slightly adequate to force the gitively buoyanmacroplastics
against their buoyancy. However, the positively buoyaatroplasticsvere only mobilized
against their buoyancy for a fraction of a second. Resulting different entrainment
process at'Oi = 1.70, compared t6Oi = 1.40. Where occasionally the HDPE and PP
macroplasticswere more entrainment in the surge wave. Both the HDPE and PP
macroplasticavere carried along the mixing layer. This can be seéfigare4-5 (b) & (g),
where themacroplasticgeach the lowest depth. From there thmacroplasticsnoved to

the free surface, and then th@acroplasticsnoved upstream as they were entraithén the
surge wave roller, behind the surge wave front. As the effect of the surge wave roller was
decreasedmacroplastis gradually decelerated and started moving downstrediigre
4-5). Moreover, the horizontal transport of both HDPE and PP in horizontal directiGn in

= 1.40 was greater than that @i = 1.70 Figure4-2). Since the higher surge wave celerity
at "Oi = 1.40 and the wave undulations exerted a higher horizontal force in the upstream

direction.
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b)Fr,=165,t, =0.06s —— g) Fry=1.72,t,=0.055s

c) Fr,=1.65,t,=0.21s : h)Fr,=1.72,t,=0.22s

d) Fr,=1.65, t;=0.56 5 P i) Fry=1.72,t,=0.59s

e) Fry=1.65, t,=1.00 5 ) Fro=1.72,t,=091s

Figure4-5. Successe frames showintghe engagemenbf O=2.54cm: a)¢ e) HDPEnacroplastic
in"O} =1.65, and f ¢ j) PPmacroplastidn "Ot =1.72. Wherea) & f) surgebuoyantmacroplastic
impact, B & g),macroplastialong the developing mixing laye),& h) macroplastientrained in
the roller, g & i) macroplastidorced down the water column, and & j) macroplastiaising to
free surfaceSurge wave is advancing upstream (left to rigBe supplementary filegure 45
Fr1.65 D2.54cm HDPE GX010567

4.2.1 Entrainment at high Froude numbers

A marginally different entrainment was observed for a weak breaking surge wav®©in a

= 2.00. Vertical translation was not quantified. However, visual observations confirm that
the entrainment for both HDPE and facroplasticsn aerated surge wave roller was
higher, when compared to th& =1.40 and 1.70Rigure4-4, Figure4-5, andFigure4-6).

In addition, the traasport across the surge wave, where tnacroplasticsend to follow its
original path of staying near the free surface, similar to thatibf=1.40 and most of 1.70,
were not observed. Instead, at this surge wave Froude number: a) the HDPE and PP
maaoplasticswvere being carried along the developing mixing layer, b) rising to free surface,
c) entrained behind the sge wave, and d) continuing downstream after the effect of surge
wave roller decreased, as shownRigure4-6. Implying that'Oi = 200 had the ability to
mobilize HDPE and Riacroplasticsn opposition to their buoyancy for a slightly extended

period (Figure4-6).
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) Fr:= 2.00, borﬂﬂﬁ‘m )-Fr,=2:00; £5%0.008u

b) Fr, =2.00; t;=0,08 sm g) Fry = 2.00,4;="0.08s. ez

) Fr, = 2.00, t;= 0:38 5=+ — h).Fr,=2.00,t,=0.36s

d) Fr, =2.00,t;=0.50s - i) Fr,=2.00, t;=0.46 s

e) Fr.=2.00; t, = 1.08s ~ e, _Jj) Fr =200,t,=0.82s

Figure4-6. Sequentiaframesdepictingthe interactionof O=2.54cm: a)¢ e) HDPEnacroplastic

in"O} =2.00 and f)¢ j) PPmacroplastidn "Ot =2.00. Where a) & f) surgbuoyantmacroplastic

impact, b) & g)macroplastialong thedeveloping mixing layec) & h)macroplastientrained in

the roller, d) & i)macroplastidorced down the water column, and e) &njlacroplasic rising to
free surfaceSurge wave is advancing upstream (left to right).

The next surge wave Froude number examin&i & 2.30) displayed intense
turbulent structures. At this surge wave Froude numbaethoHDPE and PRacroplastics
were considerablyentrained in the highly aerated surge wave roller. Thacroplastics
were no longer staying near the free surface and weusheddown thewater columndue
to the breaking of the surge wave roller, unlike the lower surge wave Froude numbers
tested. From the surgebuoyant impact point the macroplasticwould travel along the
lower shear envelope and rise behind the surge front, closer to the free surface, some
distance behind the surge fronttowever, the effect of the turbulent surge wave roleas
still present and themacroplastiovould be entrained in the roller. The surge wave roller
overpowered the buoyancy and forced tieacroplasticowards the upstream direction,
behind the surge front. For this Frousd@mber, two distinct trangort mechanisms were

100



observed at this point onwards in the entrainment process. Firstlyntheroplastiavould
continue to be entrained behind the surge wave, until the effect of the turbulent surge
wave roller was weakened. In this range of Froude nunibest al. (2021also reported
sustained mixing behind the surge wave. This was associated with stronger shear layer
formation at higher Froude numbers. As the surge wave propagated upstream, the
influence of the turbulent structure behind the surgefftavas reduced, and the buoyancy

of the macroplastiogradually regulated its position in the vea column Figure4-7). For

the second entrainment proas, the breaking of the roller phenomenon carried the
macroplasticcloser to the impingement point. THareaking of the rolletransported the
macroplasticas faras thelower shear envelope andccasionallyto the flume bed,all
againstthe macroplasti€ @daturaltendency to float. In the meantime, the surge wave had
advanced upstream with its celerity, and the effect of the roller was lessened.
Consequently, thenacroplastiqgradually started rising in the water column, eventually to
the free surface, as its buoyancy started to govern its position in the water colkigaré

4-7). Moreover, slighthorizontal transport (upstream bound)was observed as the
macroplasticdose back to the free surface after escaping the surge wave roller, as shown in
Figure4-7 (e) & (k). Suggesting that theacroplastiomay get entrained inhe roller once
again and repeat the second half of the second entrainment process in surge waves with
Froude number of greater than 2.30. The first entrainment process is vaguely similar to the
one observed in weak breaking surge waves. However, the semamainment process

was only observed starting from larger surge wave Froude numbers (> 2.30). In addition,

101



HDPE and RBRacroplasticsvere considerably involved in the second entrainment process,

which resulted in higher vertical transport.
a) Fry=2:30;t3=0.00.5._ )Frr?p\Z.i_OJ‘t%_
b)Fr =2.30;t;=0.08s __ h) Fr; =‘2a30%
) Frg=2.30, t;=0:33:5~, o __ i) Fr.= 2.3o,~e?:,o§§%.

d) Fr, = 2.30, t; =0.61:5 -

e)Fr,=2.30,t,=1.00s

) Fro=2.30,t; = 1.38's

Figured-7. Series oframesillustratingthe engagemenbf O=2.54cm: a)¢ f) HDPEnacroplastic
in"Ot =2.30 andg) ¢ I) PPmacroplastian "Ot =2.30 Where a) &) surgebuoyantmacroplastic
impact, b) &), macroplastia@long thedeveloping mixing layerc) &i) macroplastientrained in
the roller, d) &) macroplastidorced down the water columre) &k) macroplastiaising to free
surfacewith influence of the surge wave roller, f) &hacroplastiat the free surfaceSurge wave
is advancing upstream (left to righBee supplementary fileigure 47 Fr2.30 D2.54cm HDPE
GX011536

The results indicated that as the surge wave Froude number increased, entrainment
of the O = 2.54 cm positiely buoyantmacroplastican the surge wave increase8tokes
numberwas a governing factor i® = 2.54 cm macroplastics vertical entrainment; HDPE
with a lower Stokes numbeexhibited greater vertical transport than PP. In an undular
surge wave, the density of theacroplastianainly regulated its transport across the surge
wave. As the surge wave Froude number increased, the effédt=d?.54 cmmacroplastic

buoyancy wasessened across the surge wave, and the roller stremfgtininated the
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macroplasti© a ( NI y a L2 NIi  LINE roeSrapiashi€ & dzo dzsobnitzfediss { &
position in the water column. At higher surge wave Froude number, a different entrainment
processwas observed, where th®=2.54 cmmacroplasticsvere forced to mobilize against

its buoyancy.nl some casesnacroplasticsvere pushed as far as thewer shear envelope
andoccasionallyo the flume bedall against their naturatendency to float TheO=2.54

cm HDPE macroplastics were easy to mobilize siheg were less buoyant than PP
macroplastics. The HDPE andrR&croplasticsvere then carried along the lower shear
envelope, while escaping the surge wave roller and rising to the free surfearetlae
passage of the surge wave, where the effect of the surge wave roller is lessened. Overall,
as the surge wave strength increased, the entertainmer®ef2.54 cm positively buoyant

macroplasticsn the surge wave roller increased.

4.3 Transportof HDPE and PRarying with macroplasticsize

Along with particle density, particle size also plays a crucial role in the transport of the
positively buoyantmacroplastics In this section the impact of positively buoyant
macroplasticsize is explored. To examai this, HDPE and PP macroplastics with-a2.54,

1.91, and 1.1Emwere tested in surge wave witl®i = 1.40 and 1.70, and visual analysis
was performed for macroplastics i@i =2.00 and 2.30All the HDPE and PRacrophstics
were, to a certain extent, entrained and engaged in thesurge waveroller, and

demonstratedsomedegree of vertical motion.
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macroplastiampact point The minimum and the maximum vertical transport are denoted by

Figure4-8. Trajectories 0f0=1.91 and 1.1tmHDPE and PiRacroplasticsThe vertical

translation is normalized bsurge wave heighQQ Q. The &, represents the horizontal
position, which is along the flume bed. The coordinates (0, desent the surgduoyant

green and blue, respectivelyhe grey curves represent the other 18 experiments.
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Figure4-9. AverageHDPE macroplastics vertical entrainmesmge,w , normalized by surge
height,Q 'Q.The error bar line shows the minimum and the maximum vertical movement of

the 20 runs.
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Figure4-10. AveragePP macroplastics vertical entrainment range, normalized by surge height,
'Q Q. The error bar line shows the minimum and the maximum vertical movement of the 20
runs.

The undular surge wave had impacted both HDPE and PP macroplastics vertical and

horizontal transport. The average vertical translation rang®©ef2.54, 1.91, and 1.1dm
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HDPEmacroplasticswere 1.52, 1.57, and 1.61lrespectively (Figure 4-9). The PP
macroplasticsdisplayed a similar trend, where th® = 2.54, 1.91, and 1l.1km
macroplasticdrad an average vertical transport range of 1.27, 1.29, and 1.31, respectively
(Figure4-10). The verticaltranslation rangeof both HDPEand PPmacroplasticswere
increasing as themacroplastis diameter were decreasing, since smallaacroplastis

have lower Stokes numbeil(Figure 4-9 and Figure 4-10). Furthermore, all the HDPE
macroplasticsizes examined had a higher vertical transport than the corresponding PP
macroplastics Since HDPE macroplastics had lower marginal density than PP, hence lower
particle relaxation time andyreater entrainment, as sugested bythe Stokes number
(Figure4-9 and Figure4-10). Agreaterhorizontal ransport in the upstream direction had
occurred as the HDPE macroplastic size decreased, as shbignied-2 (a) andrigure4-8

() & (e). Correspondingly, as PP macroplastic size was reduced, there was an increase in
the horizontal transport in the upstream direction, as showkigure4-2 (c) andrFigure4-8

(c) & (9). In addition to th® =2.54cmHDPE and Piacroplasticsthe’'0=1.91 and 1.11
cmHDPE and PiRacroplasticavere also closely following the free surface before, across,
and afterthe surge waveHRigure4-11). Furthermore the heavierO=2.54, 1.91, and 1.11

cm HDPEnacroplasticdhad a lower transport in the horizontal directipoompared toPP
macroplasticsThis was the case sinitevas easieto transportthe lighter PP macroplastics

in the upstream direction, as shownkigure4-2 (a) & (c), andrigure4-8 (a), (c), (e), & (9)

The oserall results show thathe macroplastis transpot in an undular surge wave was

mainly dominated by le Stokes numberand free surface behaviour, and marginally
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influenced by the surge wav@veral| as the macroplasticsize decreased, higher vertical

motion range and horizontal transport was observed.

f) Fr,=1.35,t_,.=-0.10s

b) Fr, =1.35, ! g) Fr,=1.35,

,t,=0.76s

t;=1.10s

Figured-11. Successive frames showirggtinteraction of a)¢ €) O=1.91cmHDPEnacroplastic
in"Ot =1.35,f) ¢j) O=1.91cmPPmacroplastian 'Ot =1.35, ¥ ¢0) O=1.11cmHDPE
macroplastidn "Of =1.34, and p ¢ t) O=1.11cmPPmacroplastian "Ot =1.36. Wherea), f), k),
& p) prior to impact, b, g), ), & q) surgbuoyantmacroplastiampact, 9, h), m), & rmacroplastic
in the undular roller, § i), n), & smacroplastiat the firsttrough, and §, ), 0), & t)macroplastic

at the crest of the first secondary wav@urge wave is advancing upstream (left to right).
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A similar trend was documented when HDPE andnB&ropdasticswere studied in
"Oi = 1.70. The average vertical translation rangeéOof 2.54, 1.91, and 1.1&ém HDPE
macroplasticswere 0.78, 0.79, and 0.83, respectiveRigure 4-9). Correspondingly, PP
macroplasticwith a0=2.54, 1.91, and 1.1dmmoved 0.48, 0.50, and 0.55 in the vertical
direction, respectively Kigure 4-10). As macroplastis diameter were decreasingthe
vertical transport rangefor both HDPE and PP macroplastics were increassigmaller
macroplasticdhave smaller particle relaxation time and lower Stokes numbeguie4-9
and Figure4-10). Similar trend was reported, were th¢DPE macroplasstiad agreater
vertical transpot rangethan the corresponding PP macroplastissce the lower marginal
density of HDPHnacroplastis led to a lowerparticle relaxation timeand greater
entrainment, asimplied by the Stokes number(Figure 4-9 and Figure 4-10). Higher
horizontal transport in the upstream direction was obserasthe HDPBacroplastics size
decreased as shown irFigure4-2 (b) andFigure4-8 (b) & (f).Similarly, PP macroplastics
horizontal transport towards the upstream directionalso increasedas the macroplastic
size decreased, as shownRigure4-2 (d) andFigure4-8 (d) & (h). Additionallythe lighter
0=2.54, 1.91, and 1.11 cm PRRcroplastichad a greater transport towards the upstream
direction, compared toHDPHEnacrogastics Since the higher surge wave celerity was easily
able to influence the lighter PP macroplastics in the upstream direction, as shdvwguire
4-2 (b) & (d), andFigure4-8 (b), (d), (f), & (h)Overall, the occurrence of HDPE and PP
macroplasticentrainment across the surge wave, where thacroplasticsravel along the

developing shear layer, rises to free surface, and then gets entrained behind the surge front
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was higherigure4-12). Overall, as thenacroplasticsize decreased, there was an increase

in the vertical transport range and in the horizontal transport.

Figure4-12. Sequentiaimages illustratinghe engagemenbf: a)¢ e) O=1.91cmHDPE
macroplastidn "Of =1.70, f) ¢j) O=1.91cmPPmacroplastidn "0t =1.71, R ¢0) O=1.11cm
HDPHEnacroplastian 'O =1.66, and p ¢ t) O=1.11cmPPmacroplastidn "Of =1.72. Wherea),
f), k), & p)surgebuoyantmacroplastiampact, B, g), 1), & gmacroplastialong the developing
roller, 9, h), m), & rmacroplastientrained in the roller, §i i), n), & smacroplastidorced down
the water column, andk|), 0), & tfmacroplastiat free surfaceSurge wave is advancing

upstream (left to right).

Visual observations were performed for positively buoyamcroplasticswhen
introduced in surge waves witiDi = 2.00.As previously observed in the undular surge
wave and weak breaking surge wgl@i = 1.40 and 1.7QY%oth HDPE and PRacroplastics
were no longer influenced by their buoyancy when engaged in the surge wave. Instead,
HDPE and PRacroplasticavere moving from the developing mixing layer to entrainment

behind the surge front. In addition, the second entrainment process (discussed in the
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