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Summary

The depletion of terrestrial mineral deposits and the increasing demand
for minerals are causing disruptions in the global supply chain. The shift
towards renewable technologies requires significant quantities of metals used,
for example, in the production of electric vehicles and wind turbines, putting
additional strain on the supply chain. The deep seabed holds significant
reserves of minerals that were discovered almost a century ago but remained
untapped due to lack of technology and demand. However, with the current
technological advances and demand, commercial extraction can be initiated
in the coming years. Deep-sea mining poses several challenges due to the
sensitive nature of the deep sea. The impact of mining operation on the
surrounding region that can be affected from the generated turbidity flow can
cause significant harm to the delicate marine ecosystem.
In this context, this study aims to provide a comprehensive understanding
of the turbid flows resulting from the extraction of polymetallic nodules, a
type of deep-sea deposit. To mine these nodules, special equipment such as
a collector, a vertical transport system and a supporting vessel are needed.
To date, the most mature technology used in this process is the hydraulic
collector, which moves across the seabed and collects the nodules.After the
nodules are collected by the hydraulic collector, a vertical transport system is
used to transfer them to a supporting vessel. On the vessel, the nodules are
carefully handled while the remaining effluents are discharged back into the
water column. During the collection process, a mixture of water and sediment
is inevitably collected along with the nodules. This mixture is discharged from
the back of the collector into the environment. This process increases the
turbidity level of the surrounding area and probably also beyond the mining
region, so that there is a risk of losing the flora and fauna in the deep sea.
This study begins by investigating the state-of-the-art knowledge of the physi-
cal behavior of the encountered flows similar to plumes, jets, and turbidity
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Summary

currents encountered near the collector, resulting in a classification of flow
types, length and time scales in the near-field region, covering the funda-
mentals of the corresponding turbidity flows. Additionally, this literature
review has highlighted the use of a 2D Lagrangian model, developed by Lee
et al. in 2013, to predict the behavior of the water-sediment mixture in the
jet/plume phase. The results from the 2D Lagrangian model are used as
input for the four-equation model of Parker et al. in 1987. This coupling has
enabled the examination of the impact of various discharge scenarios on the
physical parameters of the current. Additionally, a specific scenario involving
varying particle size is examined to investigate the effect of flocculation on the
progression of the current. The results show that the characteristics of the
generated turbidity current are highly dependent on the discharge conditions
and particle size. This motivates further experimental studies on turbidity
currents, including different initial conditions and detailed measurements for
validation of numerical models.
A series of lock-exchange experiments are conducted in the dredging lab of
Delft University of Technology. Different sediment types, with varying particle
size distributions, are tested. High-speed camera and a specialized pixel-
concentration calibration method are used to measure the local concentration at
different length and time scales of the current propagation. The experimental
results show that high initial concentrations of sediment with low particle size
yield high front velocities. However, as the initial concentration increases to
a certain threshold, particle size starts to lose its effect on the current. This
implies that low concentration and larger particle sizes are more favorable at
the impingement region. Additionally, the measured concentration distribution
from these experiments is used to validate a newly implemented numerical
mixture model as proposed by Goeree et al. in 2016. The front velocity
and concentration profiles of the numerical model were found to be in good
agreement with those in the experimental model.
The model was further extended by incorporating the population balance
equation with the drift flux model to account for flocculation dynamics. The
experimental work of Gillard et al. in 2019 is used as a calibration reference
to the most critical parameters, such as the fractal dimension and breakage
coefficient. Moreover, Gillard et al. in 2019 has measured the settling velocity
of the flocs, which are utilized to calibrate the settling velocity closure, a
critical parameter in the model. After gaining enough confidence from the
previous validation and calibration process, a real case scenario is created
to investigate the effect of flocculation on turbidity flows in the near-field
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region. Thus, a comparison was made between the cases with and without
flocculation, resulting in the first qualitative data on the effect of flocculation
on turbidity currents in the near-field region. The results have shown that
the aggregation process is prevalent and the particle size distribution within
the mixture changes significantly across the near-field region. However, upon
further analysis of the layer-averaged parameters of the side-ways turbidity
current, it was found that the observed differences in hydrodynamics were not
significant.
Finally, the numerical model is used to study the impact of various design and
operational conditions, by varying discharge velocity, concentration, ambient
current velocity, collector velocity on the behavior of turbidity flows in the
near-field region. The results suggest that certain parameters can increase
the flocculation rate, such as increasing the discharge concentration, collector
velocity, and ambient current velocity. The results also highlighted the complex
interplay between the discharge concentration, velocity ratio between discharge
and collector, and initial concentration. Notably, in some cases, the turbidity
current can even advance the collector. In conclusion, the numerical model
analysis presented in this thesis provides a comprehensive understanding of
the behavior of turbidity flows in the near-field region and highlights the
significant impact of various design and operational conditions. These findings
shed new light on the complex interplay between multiple factors and offer
invaluable insights for optimizing the collector framework design, paving the
way for mining activities with acceptable environmental impact.
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Samenvatting

De uitputting van terrestrische minerale afzettingen en de toenemende vraag
naar mineralen veroorzaken verstoringen in de wereldwijde toeleveringsketen.
De verschuiving naar hernieuwbare technologieën vereist aanzienlijke hoeveelhe-
den metalen die bijvoorbeeld worden gebruikt bij de productie van elektrische
voertuigen en windturbines, waardoor de toeleveringsketen extra onder druk
komt te staan. De diepzeebodem bevat aanzienlijke reserves aan mineralen die
bijna een eeuw geleden werden ontdekt maar door gebrek aan technologie en
vraag onbenut bleven. Met de huidige technologische vooruitgang en vraag kan
commerciële winning in de komende jaren worden gestart. Diepzeemijnbouw
brengt verschillende uitdagingen met zich mee vanwege de gevoelige aard van
de diepzee. De impact van mijnbouwactiviteiten op de omliggende regio wordt
mogelijk beïnvloed door een turbiditeitsstroom, welke wordt gegenereerd door
de mijnbouwapparatuur. Deze turbiditeitsstroom kan aanzienlijke schade
toebrengen aan het kwetsbare mariene ecosysteem.
In deze context tracht deze studie tot een uitgebreid inzicht te komen van de
turbiditeitsstroming die het gevolg zijn van de winning van polymetallische
nodulen, een soort diepzee-afzetting. Om deze turbiditeitsstroom te ontginnen,
is speciale apparatuur nodig, zoals een collector, een verticaal transportsysteem
en een ondersteuningsschip. Tot op heden is de meest volwassen technologie
die in dit proces wordt gebruikt de hydraulische collector, die over de zeebodem
beweegt en de nodulen verzamelt. Nadat de nodulen zijn verzameld door de
hydraulische collector, wordt een verticaal transportsysteem gebruikt om ze
over te brengen naar een ondersteunend schip. Op het schip worden denodulen
zorgvuldig behandeld terwijl de resterende effluenten terug in de waterkolom
worden geloosd. Tijdens het verzamelproces wordt onvermijdelijk een mengsel
van water en sediment samen met denodulen verzameld. Dit mengsel wordt
via de achterkant van de collector in de omgeving afgevoerd. Dit proces
verhoogt het turbiditeitsniveau van de omgeving en waarschijnlijk ook buiten
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Samenvatting

het mijngebied, waardoor het risico bestaat dat de flora en fauna in de diepzee
verloren gaan.
Deze studie begint met het onderzoeken van de state-of-the-art kennis van
het fysische gedrag van de desbetreffende stromingen en vergelijkt deze met
pluimen, jets en turbiditeitsstroming nabij de collector, resulterend in een
classificatie van stromingstypes, lengte- en tijdschalen in het near-field-gebied,
dat de basisprincipes van de overeenkomstige turbiditeitsstroming behandelt.
Bovendien heeft dit literatuuronderzoek concludeerd dat het gebruik van een
2D Lagrangiaans model, ontwikkeld door Lee et al in 2013, geschikt is om
het gedrag van het water-sedimentmengsel in de jet/pluimte voorspellen. De
resultaten van het 2D Lagrangiaans model worden gebruikt als input voor het
model van Parker et al. in 1987. Deze koppeling maakt het mogelijk om de
impact van verschillende afvoerscenario’s te onderzoeken. Daarnaast wordt
een specifiek scenario met variërende deeltjesgrootte onderzocht om het effect
van flocculatie op het verloop van de stroming te onderzoeken. De resultaten
laten zien dat de karakteristieken van de gegenereerde turbiditeitsstroming
sterk afhankelijk zijn van de ontladingsomstandigheden en de deeltjesgrootte.
Dit beargumenteerd verder experimenteel onderzoek naar turbiditeitsstroming,
inclusief verschillende begincondities en gedetailleerde metingen voor validatie
van numerieke modellen.
In het baggerlab van de Technische Universiteit Delft wordt een reeks sluis
experimenten uitgevoerd. Verschillende soorten sediment, met verschillende
deeltjesgrootteverdelingen, worden getest. Hogesnelheidscamera’s en een gespe-
cialiseerde kalibratiemethode voor pixelconcentratie worden gebruikt om de
lokale concentratie op verschillende lengte- en tijdschalen van de stroming te
meten. De experimentele resultaten laten zien dat hoge initiële concentraties
sediment met lage deeltjesgrootte hoge frontsnelheden opleveren. Naarmate
de beginconcentratie echter tot een bepaalde drempel overstijgt, begint de
deeltjesgrootte zijn effect op de stroom te verliezen. Dit houdt in dat een lage
concentratie en grotere deeltjesgroottes gunstiger zijn in het botsingsgebied.
Bovendien wordt de gemeten concentratieverdeling van deze experimenten
gebruikt om een nieuw geïmplementeerd numeriek mengselmodel te valideren,
zoals voorgesteld door Goeree et al in 2016. De snelheid en concentratieprofie-
len van het numerieke model bleken goed overeen te komen met die in het
experimentele model.
Het model werd verder uitgebreid door de populatiebalansvergelijking op te
nemen met het driftfluxmodel om rekening te houden met de flocculatiedy-
namiek. Het experimentele werk van Gillard et al. in 2019 wordt gebruikt
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als kalibratiereferentie voor de meest kritische parameters, zoals de fractale
dimensie en breukcoëfficiënt. Bovendien hebben Gillard et al. in 2019 de
bezingsnelheid van de vlokken gemeten, die worden gebruikt om de sluitingsre-
latie van de bezinkingssnelheid te kalibreren, een kritische parameter in het
model. Nadat voldoende vertrouwen is verkregen uit het vorige validatie- en
kalibratieproces, wordt een realistisch scenario gesimuleerd om het effect van
flocculatie op turbiditeitsstroming in het nabije veldgebied te onderzoeken.
Aldus werd een vergelijking gemaakt tussen de situaties met en zonder floc-
culatie, wat resulteerde in de eerste kwalitatieve afschatting van het effect
van flocculatie op turbiditeitsstroming in het nabije veldgebied. De resul-
taten hebben aangetoond dat de deeltjesgrootteverdeling binnen het mengsel
aanzienlijk verandert in het nabije-veldgebied. Bij verdere analyse van de
laaggemiddelde parameters van de zijwaartse turbiditeitsstroming bleek echter
dat de waargenomen verschillen in hydrodynamica niet significant waren.
Ten slotte wordt het numerieke model gebruikt om de impact van verschillende
ontwerp- en operationele omstandigheden te bestuderen, door de afvoersnel-
heid, concentratie, omgevingsstroomsnelheid en collectorsnelheid te variëren
op het gedrag van turbiditeitsstroming in het nabije veldgebied. De resultaten
suggereren dat bepaalde parameters de flocculatiesnelheid kunnen verhogen,
zoals de ontladingsconcentratie, collectorsnelheid en omgevingsstroomsnel-
heid. De resultaten benadrukten ook het complexe samenspel tussen de
ontladingsconcentratie, de snelheidsverhouding tussen ontlading en collector
en de initiële concentratie. Met name kan de turbiditeitsstroming in som-
mige gevallen zelfs de collector voorbij gaan.. Concluderend, de numerieke
modelanalyse die in dit proefschrift wordt gepresenteerd, biedt een uitgebreid
begrip van het gedrag van turbiditeitsstroming in het near-field-gebied en
benadrukt de significante impact van verschillende ontwerp- en operationele
omstandigheden. Deze bevindingen werpen een nieuw licht op het complexe
samenspel tussen meerdere factoren en bieden waardevolle inzichten voor
het optimaliseren van het ontwerp van het collectorraamwerk, wat de weg
vrijmaakt voor mijnbouwactiviteiten in de diepzee met een aanvaardbare
milieu-impact.
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Chapter 1

Introduction

1.1 Background

At the United Nations Climate Change Conference in 2015, the attendees
agreed to a legally-binding international treaty that was approved by nearly
all countries to combat climate change (United Nations, 2015). This treaty
is known as the "Paris Agreement". To meet this agreement, the European
Union (EU) has set a target of generating at least 32.5% of its energy from
renewable sources by 2030 (Bobba et al., 2018). Achieving this goal will
require critical raw materials such as lithium, cobalt, and rare earth metals,
which play a significant role in the development of renewable technologies
like wind turbines, electric vehicles, and solar panels (Guillaume, 2023). In
addition, the decreasing diversity of supply for these materials also makes
their availability a potential risk for the production of clean technologies. This
is part of the EU’s effort to reach a climate neutral continent.

The growing demand for metals has created pressure on the worldwide
supply chain, resulting in the depletion of terrestrial deposits. As a result,
extracting these metals has become more challenging and expensive. This
strain has caused a number of issues, including higher prices, supply shortages,
and increased competition for resources. Given the challenges facing the global
supply chain for metals and other resources, the interest has increased to
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1. Introduction

consider unconventional sources that may provide access to new supplies of
critical raw material. One such source is the deep sea, which is known to be
rich in metals such as cobalt, nickel, and manganese, as well as other valuable
minerals.

Just like the terrestrial landscape, the seabed is a complex and varied terrain,
with a wide range of topographic features and geological structures. As shown
in Figure 1.1, there are different forms of marine minerals that can be found on
those terrains, including manganese nodules, cobalt crusts, and polymetallic
sulfides. The extraction of marine minerals from the deep sea has been the
subject of research and development for almost 7 decades, but interest in this
area has increased significantly in the last decade (Miller et al., 2021). As a
new industry in its feasibility testing phase, deep-sea mining (DSM) presents
a range of challenges and potential impacts, including environmental pressures
such as noise, light, and sediment clouds, which require careful consideration
and management.
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Figure 1.1: Marine mineral distribution on different topographic feature of the sea floor.
Adopted from Sharma (2015).

In polymetallic nodules mining, which is the main topic of this study,
the mining process can generate large amounts of sediment, which can be
dispersed as a plume/turbidity current in the water column (Muñoz-Royo
et al., 2022). This turbidity current can travel kilometers and can potentially
have significant impacts on the surrounding ecosystem (Sharma, 2015). In
addition to the increased turbidity level in the water column caused by the
plume or turbidity current, the fresh sediment deposited from them can clog
the feeding paths of benthic organisms. To minimize these impacts and their
extent, it is important to carefully assess and manage the potential impacts
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1.1. Background

of sediment plume and the turbidity current on the surrounding ecosystem,
(Cuyvers et al., 2018; Hein et al., 2020).

Polymetallic nodules are a type of marine mineral deposit found on the ocean
floor of the abyssal plains at depths of 4-6 km. They are formed over millions
of years as minerals precipitate out of the seawater and accumulate around
a nucleus, such as a rock or a shell fragment (Hein et al., 2020). In recent
years, advances in ocean engineering and geo-engineering technologies have
enabled the discovery of large deposits of polymetallic nodules on the deep-sea
floor. Acoustic mapping conducted by Wong et al. (2020) has estimated that
the Clarion-Clipperton Fracture Zone (CCFZ) in the northeast equatorial
Pacific contains approximately 21 billion dry tons of polymetallic nodules,
which are known to hold over 6 billion dry metric tons of valuable metals
such as manganese, nickel, copper, and cobalt (Petersen et al., 2016). The
discovery of those nodules in the CCFZ and other areas of the deep-sea floor
has generated interest in the potential for DSM operations to extract these
valuable minerals (Figure 1.2) (Hein et al., 2020).

One of the key challenges of polymetallic nodules mining is the development
of the technology that can extract the minerals from the seabed in an efficient,
cost-effective manner and with limited and acceptable environmental impact.
This includes the development of specialized equipment and techniques to safely
and accurately extract the minerals from the seabed. Due to the technical
challenges and potential impacts of polymetallic nodules mining, various
companies and research institutes around the world are working together
to develop the technology and expertise needed to extract these minerals.
These collaborations are focused on developing new technologies and solutions
that can help to reduce the cost of production, increase efficacy and mitigate
environmental pressure.

Interest in mining marine minerals has focused primarily on international
waters, which has led to a need for regulating deep-sea mining (DSM) activities
in these areas. Consequently, the International Seabed Authority (ISA) was
established as an intergovernmental organization to manage, regulate, and
control all mineral-related activities in the international seabed area for the
benefit of humankind, as stipulated by countries that signed the United
Nations Convention on the Law of the Sea (UNCLOS). Since 2001, ISA has
signed contracts with 29 contractors for exploring deep-sea minerals, including
polymetallic nodules.
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1. Introduction

Figure 1.2: (a) Top view of the ocean floor in CCFZ region at 4900 depth. (b)X-ray scan of
a polymetallic nodule (Hein et al., 2020).

While there are various technologies and visions for mining polymetallic
nodules, this thesis focuses primarily on hydraulic PNMT, which is currently
the most mature technology in the field of polymetallic nodules mining. A
polymetallic nodules mining system is composed of three main parts, namely
the PNMT, the Vertical Transport System (VTS), and the Production Support
Vessel (PSV). The PNMT collects the nodules from the sea floor and primarily
separates the nodules from the excess water and fine sediments, which are
discharged directly to the surrounding environment. The nodules are then
transferred by the VTS to the PSV, where they are further separated from the
containing Sediments, Waste, and Other Effluents (SWOEs). Finally, a VTS
is used again to return the water-SWOEs mixture, to the deep sea. Figure 1.3
depicts a typical deep sea mining (DSM) system scenario. With this scenario,
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1.1. Background

there are four main sources of sediment plumes. Among these sources, three
are located near the seabed, as illustrated in Figure 1.4.

1. The discharge of the sediment–water mixture from a PNMT, which
remains after the separation process (Decrop & Wachter, 2019).

2. The SWOE discharge from the VTS after the end of the dewatering and
ore handling process on the PSV (Rzeznik et al., 2019; van Grunsven
et al., 2018).

3. The sediment disturbance resulting from the movement of the PNMT’s
tracks.

4. The sediment resulting from spillage that occurs during the hydraulic
collection process.

Studying all sources of sediment plumes simultaneously can be challenging
due to the significant variations among them. For example, the sediment
disturbance resulting from PNMT activities such as discharge, spillage, and
tracks interacts with the seabed (Figure 1.4), whereas the discharge from the
VTS does not. To simplify the investigation, we will focus solely on the initial
source of discharge from the PNMT.

One of the main classifications associated with PNMT turbidity flows is
the division into two regions of interest: a near-field region and a far-field
region. The near-field region is characterized by low length and time scales,
typically in the order of meters and minutes. This region refers specifically to
the area near the PNMT, where engineering solutions may have an impact.
The far-field region, on the other hand, is beyond the near-field region, with
typical length and time scales on the order of kilometers and days, respectively.
The spatial and temporal scales associated with the transition between near
and far field regions are not well understood. Although there is still much to
be learned about the link between these regions, this classification allows for
a solid understanding of the nature of flows in each region, which will likely
impact the development process of the PNMT.

Predicting the fate of the sediment particles contained in the generated
sediment plume/turbidity current is the fundamental focus of any near-field
study. Yet, little is currently known about particle dynamics in the near-field
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PNMT

s

Figure 1.3: Polymetallic nodules deep sea mining system (Cuyvers et al., 2018).

area, as the presence of organic matter and the cohesive state of deep sea
sediment introduce extra complications in understanding the behavior of
turbidity flows. When sediment particles collide due to mixing, and in the
presence of an organic substance, they may stick together to form a ’floc’.
This is primarily because of the chemical interactions that occur between the
surfaces of the two particles at the moment of collision. In the literature, this
process is known as ’flocculation’. The details of flocculation mechanisms are
unique to each sediment type, which adds complications to the prediction of
particle dynamics.

Early efforts to characterize the flocculation process during DSM operations
suggested that the aggregation process between sediment particles can increase
the settling potential of the resulting suspended sediment from a mining
operation (Gillard et al., 2019; Spearman et al., 2020). Therefore, the turbidity
levels in both the near-field and far-field regions may decrease, reducing the
environmental impact. Although mixing increases the probability of collisions
and subsequent flocculation, excessive mixing can disrupt the newly-formed
flocs and prevent further aggregation. It would therefore appear that the
paramount to obtaining a deeper understanding of the turbulence structure in
the wake region might introduce a thorough understanding to the flocculation
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Figure 1.4: Types of the sources of sediment plumes near the sea bed (MIT Mechanical
Engineering, 2019).

process.

1.2 Scope

Predicting the behavior of turbidity flows in the near-field region is crucial
for accurately estimating their potential environmental impact. The water-
sediment mixture’s behavior in this region is commonly evaluated based on
the discharge parameters, which dictate the dispersion trends of the resulting
turbidity flows. Our current understanding of the structure of turbidity flows
associated with discharge parameters in the near-field region is limited due to a
lack of quantitative data on these currents. This makes it difficult to determine
the role of flocculation in reducing the impact of these currents. While there
have been some direct measurements of mixture velocity and concentration
in the field, these measurements are limited and have not provided enough
information to draw definitive conclusions (Figure 1.5). Therefore, acquiring a
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comprehensive comprehension of the function of flocculation in the dispersion
of turbidity currents can offer a viable approach for mitigating turbidity levels
in the nearby vicinity.

Studying a full-scale discharge process in the field is a challenging and
intricate task, as it requires comprehensive measuring techniques to accurately
quantify the physical processes that occur during the mining process. This
is, however, what took place in the work of Haalboom et al. (2023) and
Muñoz-Royo et al. (2022). Even though conducting field experiments is still
costly and difficult, as many variables are encountered in the problem. Thus,
testing all discharge scenarios in the field seems unfeasible, not to mention
the uncertainties resulting from the flocculation process. This highlights
the importance of scaled-laboratory studies for gaining better insights into
the influence of particle size and flocculation process on the turbidity-flows
dispersion. This could be the key to the development of advanced numeri-
cal models that can accurately describe particle dynamics, allowing for the
prediction of turbidity flows in the near-field region. This understanding of
sediment dynamics can inform the design of the PNMT, ultimately leading to
a conceptual framework for a PNMT with acceptable environmental impact.
This study presents a newly-developed numerical model that can predict the
development of near-field-generated turbidity flows, taking into account the
influence of the flocculation process on the dispersion of the turbidity flows.
The model considers the relevant discharge parameters and oceanic conditions
in its predictions. Therefore, the numerical investigations presented in this
study can provide a wealth of insights into the structure and physical behavior
of turbidity flows in the near-field region, particularly with regard to dispersion
trends, ultimately leading to a improved design of the PNMT.

1.3 Objectives and Research Questions

The design of a PNMT is crucial, as it directly affects the deep-sea environ-
ment. This can be achieved through conducting comprehensive laboratory
experiments and numerical simulations of turbidity flows in the near-field
region. These experiments and simulations focus on understanding physical
processes, such as sediment transport, flocculation, and deposition, within the
near-field region. This understanding will, in turn, lead to the development
of an improved design framework for the discharge process. The objective
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Jet or Plume
Depending on the discharge parameters,

Region1 is a jet or a plume. Region2 is a plume.
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Figure 1.5: Classification of turbidity flow in the near-field region. Particle size development
by means of the flocculation process in the near-field region.

of this study is to investigate the effects of flocculation on the dispersion
of the generated turbidity current, as well as the influence of discharge pa-
rameters, including flow velocity and sediment concentration, on sediment
plume/turbidity current dispersion. While the goal is not to provide exact
values for these parameters, our aim is to develop a fundamental understanding
of their impact on turbidity current dispersion in the near-field region. This
knowledge will enable a deeper understanding of turbidity flow as a function
of discharge parameters, sediment properties, mixture velocity and volume,
and oceanic conditions. Therefore, the following research questions will be
addressed within the context of the near-field region:

1. How do sediment particle size and concentration influence the develop-
ment of the side-way propagating turbidity current?

2. How does flocculation influence the turbidity current behind the PNMT?

3. How do different system designs affect the dispersion of the generated
turbidity current?

1.4 Dissertation Outline

The dissertation structure proceeds as follow (see fig.1.6): Chapter 2 surveys
the essential state-of-the-art knowledge of generated turbidity flows behind
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a PNMT. A detailed classification of the flow types in the near-field region
is presented. Furthermore, Chapter 2 presents an analysis of the relevant
length and time scales of the generated flows, after which the most important
parameters that control the development of the turbid flows in the near-field
region are investigated. The aim of this analysis is to provide a better insight
into the main parameters that affect the plume/turbidity current dispersion
in the near-field region.

In chapter 3, employing different discharge scenarios, the 2D Lagrangian
model that was developed by Lee et al. (2013) and the layer-averaged four equa-
tion model of Parker et al. (1986) are utilized to predict the plume/turbidity
current in the near-field region. One run is made with a changing particle size
along the spatial and temporal scales of the generated turbidity current, in
order to mimic the effect of the flocculation process. Furthermore a compari-
son between the flocculation case and the no-flocculation case is carried out,
attempting to understand the effect of flocculation on the turbidity current
evolution.

Chapter 4 focuses on the experimental and numerical modeling of turbidity
currents. Prior to studying the flocculation process, it is crucial to understand
the impact of particle size and varying concentration values on the development
of turbidity currents. To achieve this, a lock-exchange experimental setup is
employed using non-cohesive sediment. The results highlight the criticality
of these parameters. Additionally, the drift-flux model is validated through
a drift-flux modeling approach, and good agreement is found between the
experimental and numerical results.

Chapter 5 presents the Population Balance Equation (PBE), which is coupled
to the multi-fraction drift-flux model presented in Chapter 4. The PBE is
responsible for modelling the flocculation process. The critical parameters of
the flocculation process is calibrated using the experimental work of (Gillard
et al., 2019). Furthermore, the new model is used to investigate the influence
of the flocculation process in the near-field region for a moving PNMT.

Chapter 6 continues the investigation of the real-case studies, where dif-
ferent discharge parameters, such as initial velocities and concentration are
investigated. The dispersion trends of turbidity flows in the near-field region
are compared, yielding the first detailed and quantitative visualizations of
sediment plumes in the near-field region.
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Figure 1.6: Outline of this dissertation.

In conclusion, chapter 7 of the dissertation addresses the research questions
and offers recommendations for further experimental investigation in the field
and the lab and numerical investigations. By doing so, it seeks to enhance our
comprehension of the physical processes taking place in the near-field region
and promote a more comprehensive approach to future research
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Chapter 2

The State-of-The-Art-
Knowledge

Abstract

This Chapter begins with surveying the-state-of-the-art knowledge of the
evolution of the discharge from a PNMT, where discharge characteristics
and generation of turbidity currents are discussed. Moreover, the existing
water entrainment theories and coefficients are analysed. It is shown
how plumes and jets can be classified using the flux balance approach.

Parts of this chapter have been published as Elerian, M.; Alhaddad, S.; Helmons, R.; van
Rhee, C. Near-Field Analysis of Turbidity Flows Generated by Polymetallic Nodule Mining
Tools. Mining 2021, 1, 251–278
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2. The State-of-The-Art-Knowledge

2.1 Introduction

The effect of sediments disturbance resulting from DSM applications on the
local physico-chemical conditions, i.e. soil composition and organic carbon
content, of the disturbed area was investigated experimentally by Sharma et al.
(2001). The physical parameters (e.g. velocity and concentration profiles) of
sediment plumes resulting from dredging operations were studied by Decrop
et al. (2013) and de Wit, van Rhee, et al. (2014). The work of Grunsven et al.
(2018) documented numerical and experimental results of plume discharge
from a VTS. A CFD analysis was performed by Decrop and Wachter (2019)
for a horizontal discharge from a PNMT to investigated the effect of different
discharge conditions (see the controlling parameters of a discharge process
in Subsection 2.2.2) on the plume dispersion. A pre-prototype PNMT was
developed and tested in the Belgian and German exploration areas; based on
the results, a comprehensive monitoring program for the local environment
was developed BGR (2019). The work of Spearman et al. (2020) and Gillard
et al. (2019) showed that the particle size distribution (PSD) governed the
travelling distance of fine suspended sediment. They found that the particle
size changes as a result of the aggregation-breakup process between sediments
(see Section 3.5 for more details about flocculation process).

In the last decades, valuable insight has been gained into DSM processes
through various projects, where environmental impacts of DSM were inves-
tigated e.g. (Corliss, 1985; Department of Commerce, 1977; Muñoz-Royo
et al., 2021; Oebius et al., 2001; Reichart et al., 2013; Schriever & Thiel, 2013;
Sharma et al., 2001; Spearman et al., 2020; Thiel, 2003; Thiel et al., 1989).
Some of DSM research projects are mentioned as follow:

• The DOMES (Deep Ocean Mining Environmental Study) project was
one of the leading projects, which aimed to obtain and investigate the
necessary data for an independent impact assessment of DSM activities.
DOMES was divided into two main phases as follows (Department of
Commerce, 1977):

1. Gaining quantitative data on the biological communities prior
to mining and developing a framework to predict the impact of
manganese nodule mining on the marine environment;
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2. Determining the accuracy of the environmental impact predictions
obtained in the first phase through monitoring of pilot mining tests;

As a result of this project, a quantitative baseline of environmental
parameters and a predictive framework were developed to characterize
DSM environmental impacts. Furthermore, preliminary environmental
guidelines for DSM were defined;

• The Marine E-tech project took place in the Tropic Seamount in the
north east Atlantic near the Canary Islands and aimed to study the
environment sensitivity to Fe-Mn crusts DSM operations. The Fe-Mn
crusts differentiate from polymetallic nodules as a result of different
locations, depths and DSM operation techniques. The local influencing
variables (e.g. temperature, pressure) that govern the composition and
formation of the Fe-Mn nodules were investigated. An ROV (Remotely
operated underwater vehicle) was used to generate sediment plume and
the plume dispersion was studied. The measurements showed that the
plumes were significantly smaller than predicted because the effect of
flocculation was not taken into account (Spearman et al., 2020);

• The TREASURE (Towards Responsible Extraction Of Submarine Min-
eral Resources) project studied SWOE discharge from the VTS (Reichart
et al., 2013). Within the scope of TREASURE, numerical simulations
were performed using drift-flux modelling approach (for details on drift-
flux modelling, see J. Goeree (2018) to predict the VTS discharged
plume characteristics (e.g. velocity and concentration) (Grunsven et al.,
2016). In addition, Grunsven et al. (2018) carried out detailed laboratory
experiments to test different discharge parameters such as initial concen-
trations, momentum and distance to the bed on the plume dispersion.
The numerical results (e.g. velocity and concentration profiles) were
compared against the experimental results and good agreement was
found between them;

• The PLUMEX2018 field experiments were conducted in the South-
ern California Bight at the beginning of 2018 (Kulkarni et al., 2018).
MIT-MSEAS model (multi-resolution primitive equation regional ocean
modeling system) was used to predict the plume dispersion, i.e. direction,
velocity and concentration. Good agreement was found between the
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MIT-MSEAS model and the PLUMEX field experiments (Muñoz-Royo
et al., 2021);

• JPI-Oceans Mining Impact II research project aimed to develop a new
framework for environmental monitoring and predictions for the envi-
ronmental impacts of mining operations (Haeckel, 2018). Global Sea
Mineral Resources (GSR), a subsidiary of DEME group, designed and
tested a PNMT in Clarion-Clipperton Fracture Zone (CCFZ) within the
Belgian license area to assess its environmental impact (BGR, 2019).
GSR performed detailed measurements about the current environment
(climate, geo-morphological, physical oceanographic, seabed substrate
characteristics, natural hazards, noise and light). Moreover, a biological
baseline was assessed based on habitat heterogeneity. The potential
environmental impact was divided into six categories:

1. habitat/nodule removal;

2. plume formation;

3. biogeochemical changes of the sediment particles;

4. potential release of toxic sediment into lower water column;

5. emissions to air;

6. natural hazard (weather condition, storms).

The objective of this chapter is to present an analysis of the characterizations
of plumes generated by PNMT in terms of transport, spreading and deposition
of sediments. This will help determine the optimal discharge conditions to
minimize the environmental impact caused by sediment plumes. In this regard,
the emphasis will be on the near-field effects (see subsection 2.2.1 for the
near/far field definitions), where engineering and design of equipment can
significantly influence the spread and deposition of the generated plume.

This chapter proceeds as follows. An overview of the discharge process
and the key parameters controlling it are provided. Moreover, we present
the relevant length and time scales associated with polymetallic nodules
mining process and an overview of sediment-laden jets and plumes. The most
important physical aspects of jets, plumes, and turbidity currents analyzed.
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2.2. Discharge Process

2.2 Discharge Process

In this section, we first present an overview of the PNMT discharge process in
order to study the turbidity flows generated by DSM. Secondly, a classification
of the discharge properties and the physical parameters of the PNMT discharge
process are described.

2.2.1 Overview

The main differences between the two discharge sources in a polymetallic
nodules mining operation are the orientation (vertical from the VTS and
mostly horizontal from the PNMT), distance to the seabed, flow rate and
concentration of the suspended sediments. Some studies showed that the
SWOE discharge location ranges from near the seabed to just below oxygen
minimum layer (800-1,000 m water depth) (Grunsven et al., 2018; Oebius
et al., 2001; Rzeznik et al., 2019; Schriever & Thiel, 2013), while distance
to the seabed of a PNMT depends on the discharge position on the PNMT,
ranging from 1 to 3 m. SWOE discharge flow rate and concentration are
estimated to be about 0.56 m3/s and 8 g/L, respectively (Muñoz-Royo et al.,
2021; Oebius et al., 2001). Table 2.1 shows the estimated solid flux rate and
sediment concentration range of a PNMT discharge.

Bed disturbances mainly result from the movement of a PNMT and the
pick-up process (Sharma et al., 2001), which could be hydraulic, mechanical or
hybrid. A benthic disturbance experiment mimicking PNMT disturbances was
conducted to investigate particles resettlement on marine ecosystem during
DSM operation (Sharma et al., 2001). They found that the particles migrate
to the adjacent areas outside the mining zone, causing a change in physico-
chemical bed properties. These migrated particles potentially clog the feeding
paths of the benthic organisms.

Discharging these sediment-water mixtures without carefully optimizing the
discharge parameters might unnecessarily enlarge the area affected by plume
dispersion. A few studies are found in the current body of the research about
the discharge process from the PNMT e.g. (Decrop & Wachter, 2019). In
this respect, we present in Section following Chapter3 our investigation of the
sediment-water discharge from a PNMT. We divide the horizontal discharge
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Figure 2.1: Conceptual sketch of the evolution of the sediment-water mixture discharged
from PNMT (near-field area).

of a sediment-water mixture from a PNMT into four main parts of interest as
follows (see Figure 2.1):

1. Discharge source: Contains the initial conditions such as momentum,
concentration of suspended sediments and the distance to the sea bed
z. The physical parameters depend on the design of the PNMT (e.g.,
methods of collection and separation);

2. Jet or plume regime: In this region, depending on the flow discharge
parameters, the flow can be jet or plume. Later, when the buoyancy
force is dominant the flow becomes a plume (see Subsection 2.2.2 and
Subsection 2.4.2);

3. Impingement region: This region is located on the sea bed. Here, the
negative buoyant plume changes its direction due to the direct interaction
with the seabed. Sediment deposition and possible sea bed erosion are
expected to take place within this region;

4. Turbidity current: This current is formed beyond the impingement
region.

In the literature, classifying of sediment plumes is often related to length
and time scales. Accordingly, terms like near-field or far-field regions are
defined as follows: (see Figure 2.2 and 2.3):
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Figure 2.2: An overview of the most relevant length scales accompanying DSM activities
based on the work of (Fernando, 2012).
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Figure 2.3: An overview of the most relevant time scales accompanying DSM activities
based on the work of (Fernando, 2012).

• Near-field region: defined as the region close to the discharge apparatus
and it is mostly controlled by the discharge conditions. The flows in
this region have a typical length scale up to few hundreds of meters and
a time scale in the range of seconds to minutes;

• Far-field region: defined as the region where the plume trajectory is
dominated by the environmental parameters, such as currents and seabed
topology. The flows in this region have large time and length scales,
which are typically in the range of days and kilometers, respectively.

2.2.2 Physical Parameters

The discharge properties can be divided into three main groups as follows
(H. Chen, 1991):
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2.2. Discharge Process

1. Mixture properties;

2. Ambient conditions;

3. Geometrical conditions.

Concerning mixture properties, the sediment-water discharge parameters
(momentum, buoyancy and volume) control the flow regime at the discharge
source. The sediment plume dispersion is highly dependent on the ambient
conditions, such as turbulence level and background stratification that are of
high importance for quantifying the plume dispersion within the near/far-field
regions. The discharge geometry and its orientation are two of the key aspects
that need to be well considered during the design process of a PNMT.

The discharge source is defined as the release point of the sediment-water
mixture at the back of a PNMT. The source condition is characterized by
momentum flux Mo, buoyancy flux Bo, volume flux Qo and reduced gravity
g′o of a mixture. These parameters are determined as follows:

Qo = A ∗ uo, (2.1)
Mo(non−Boussinesq) = ρ ∗Qo ∗ uo, (2.2)

Mo(Boussinesq) = Qo ∗ uo, (2.3)
g′o = g ∗∆ρ/ρo, (2.4)

Bo = Qo ∗ g′o, (2.5)

where A is the cross-sectional area of the discharge geometry, ∆ρ = ρ − ρo
where ρo is the ambient density, ρ is the discharge density and uo is the
discharge velocity. Boussinesq neglect density difference while non-Boussinesq
approach assumes a difference in density between the discharged and ambient
flows.

The turbulence level is indicated by Reynolds number (Re). Furthermore,
the ratio between the inertial force and the gravitational force represents the
densimetric Froude number (Fr), which classifies the discharged flow into
different flow regimes (Fr = 1, critical flow, Fr > 1, supercritical flow, Fr < 1,
subcritical flow). The mixing process of a buoyant jet can be classified based
on Richardson number (Ri); if Ri > 1, the flow is dominated by buoyancy,
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whereas if Ri < 1, the flow is dominated by momentum (de Wit, van Rhee,
et al., 2014).

Re =
ρuoL

µ
, (2.6)

Fr =
uo√

gL∆ρ/ρo
, (2.7)

Ri =
g∆ρ/ρoL

u2o
, (2.8)

where µ is the dynamic viscosity and L is the characteristic length, which
is calculated based on the discharge geometry in the discharge origin (see
Figure 2.1). A design framework characterizing the discharge process of the
sediment-water mixture generated by PNMT is needed to analyse the sediment
plume dispersion and the characteristics of the formed deposition layer. Beside
the discharge defining, the nodule pick-up and separation processes have a
great importance in controlling the initial conditions of the sediment-water
discharge parameters (see Equations 2.1 - 2.5). These processes are highly
affect the mixture discharge, i.e. increased erosion of the sea bed leads to high
flux of sediments at the discharge source.

2.3 Flow Specification

Different flow regimes (e.g. jet, plume and turbidity current) are expected in
the near-field area and these depend on the discharge parameters described
in the previous section. These flow regimes occur within certain length and
time scales. We here present the expected length and time scales for the
underlying physical processes associated with a polymetallic nodules mining
process. Moreover, we provide an overview of the physics governing sediment
particle suspensions and a brief review of sediment-laden jets and plumes.

2.3.1 Length and Time Scales

The characteristic length and time scales in DSM applications vary over a
wide range of magnitudes. Figures 2.2 and Figure 2.3 represent the expected
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length and time scales associated with a polymetallic nodules mining process.
For a dimensional analysis, the most important length scales of a discharge
process are the momentum length scale Lm and the buoyancy length scale Lb

(H. Chen, 1991; J. H. Lee et al., 2003), where Lm is defined as the distance
where the momentum of the discharge is dominant, i.e. jet-like, and Lb is
defined as the distance where buoyancy is dominant i.e. plume-like (Fischer
et al., 1979). In other words, Lb represents the distance at which the flow
velocity decreases to the ambient velocity (H. Chen, 1991). Regarding jet
flow, there is an established jet core near the discharge source, which is not
affected by the ambient entrainment. Therefore, J. H. Lee et al. (2003) divided
the jet region into 2 zones: zone of flow establishment (ZFE) and zone of
established flow (ZEF) (see Figure 2.4). A Lagrangian model was presented by
J. H. Lee et al. (2003) for a buoyant jet, which can predict the ZEF and ZFE.
Far from the discharge source, buoyancy forces dominate the flow. Mining
operations affect the mined areas, however, the turbidity current resulting
from the discharge process might also affect the region besides the mined area,
as it could potentially travel for a long distance. Recently, using industrial
scale particle transport model, Gillard et al. (2019) estimated this distance to
be in the range of 4 to 9 km.

2.3.2 Particle-laden Plumes

Particle Physics

Different ranges of particle size are encountered in DSM projects. This section
outlines the main physics of a moving particle in a flow and the hindered
settling concept.

A single spherical particle settling in a quiescent and an infinite domain is
governed by five forces: the drag Fd, gravitational Fg, buoyancy Fb, added
mass Fa and history Fh forces (J. Goeree, 2018; Prosperetti & Tryggvason,
2009) (see Figure 2.5).

The added mass force and history force can be omitted in the scope of this
work, because these forces are considered unsteady terms and less significant
compared to the other forces. Hence, the particle motion equation can be
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Figure 2.4: Schematic diagram of a turbulent jet generated from slot. ZFE and ZEF regions
are shown along the jet trajectory (J. H. Lee et al., 2003).

expressed as follows (J. Goeree, 2018):

mp
duk

dt
= mkg + ρ0υkg −

1

2
CdApρ0|ul − uk|(ul − uk), (2.9)

where Ap, υk are the projected area of the particle and the particle size
respectively, Cd is the drag coefficient, uk is the velocity of the particle, ul

is the carrier fluid velocity, ρ0 is the carrier fluid density, mk is the particle
mass and g is the gravitational acceleration. The drag coefficient has many
formulas in the literature depending on the particle shape and roughness.
These formulas were collected and classified according to the particle Reynolds
number Rek (Clift et al., 1979). The particle Reynolds number is the ratio
between the particle inertial and viscous forces, moreover it is a key parameter
in determining particle motion. It is worth mentioning that these formulas
were derived for spherical particles. The shape of the particle has a strong
influence on the motion of the particle. A general expression for the settling
velocity was derived by Ferguson and Church (2004) as follows:

ukr =
Rd2k

b1µf + (0.75b2Rgd3k)
1/2

, (2.10)

where µf is the kinematic viscosity, R = (ρk−ρl)/ρk, ρk is the particle density,

24



2.3. Flow Specification

ukr

Figure 2.5: Forces acting on a non rotating settling particle in a quiescent flow, where Fg is
the gravitational force, Fb is the buoyancy force, Fd is the drag force and ukr is the settling
velocity (J. Goeree, 2018).

ρl is the carrier fluid density, b1 is reported according to particle shape and
lies between the value of (18 < b1 < 24) and b2 is the drag coefficient, b2 = 0.4
for spherical particles and 1 < b2 < 1.2 for non-spherical particles.

Stokes number (St) represents the ratio between the particle response
time τp (the time taken by a particle to adapt to the fluid motion) and the
hydrodynamic time scale τh (τh = L/u where L is the typical length scale and
u is the flow velocity at this length scale).

St =
τk
τh

=
τpuk

L
. (2.11)

In case of small particles, St << 1, the particle is guided by the flow motion,
whilst for big particles, St >> 1, the flow does not affect the particle motion
(J. Goeree, 2018).

Hindered settling represents the reduction of the settling velocity due to
the interaction of the particle with the neighboring particles (i.e. collisions,
displaced water, group settling). Based on a sedimentation and fluidization
experiments, Richardson and Zaki (1954) calculated the hindered settling
velocity for individual particle suspended within a mixture as follow:
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Table 2.2: Fraction distribution of sediment in the CCFZ (GSR, 2018; Zawadzki et al.,
2020).

Name of
Sediment Fraction

Diameter Limits (Micro)
WRB Classification

GSR Data
Average (%)

NTNU Data
BC062 (%)

NTNU Data
BC064 (%)

IOM Data
Average (%)

Clay <2 12 11.3 14.5 23.24
Silt 2–63 76.2 85.7 82.5 70.36
Sand 63–2000 11.8 3 3 6.13

Table 2.3: Percentages of mineral groups in clay in the CCFZ (Bischoff et al., 1979; Maciąg
& Harff, 2020; Zawadzki et al., 2020).

IOM 1 IOM 2 IOM 3 Site A Site B Site C GSR IOM

Smectite (%) 12.71 17.33 16.49 52 38 40 36.41 16.3
Illite (%) 13.82 12.05 14.25 31 42 50 48.34 13.2
Kaolinite (%) 0.65 0.43 0.54 10.33 1
Chlorite (%) 1.7 1.85 2.35 4.92 1.5
Amorphic (%) 50.47 47.09 44.42

ukr(αt) = Vm(αt)ukr, (2.12)

where Vm(αt) is the hindered settling function depending on Rek and ukr(αt)
is the hindered settling velocity which is related to the volumetric mixture
concentration αt. According to Richardson and Zaki (1954), the hindered
settling function considers particle Reynolds number and the concentration
value as follows:

Vm(αt) = (1− αt)
n if αt < αt,max,

Vm(αt) = 0 if αt = αt,max, (2.13)

where n is called Richardson and Zaki index and it depends on the Reynolds
number of the particles.

n =


4.65 if Rek < 0.2

4.35Re−0.03
k if 0.2 < Rek < 1

4.45Re−0.1
k if 1 < Rek < 500

2.39 if 500 < Rek

(2.14)
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Polymetallic nodules are abundantly available in the Clarion Clipperton
Fracture Zone (CCFZ) region, which is located in the Pacific Ocean (Oebius
et al., 2001). Sediment in CCFZ consists of several fractions such as biogeni-
cooze, terrigenous or pelagic clay, volcano debris, hydrogenous material and
metalliferous sediment.

The blue Nodules project is a horizon 2020 project (EU research and
Innovation program), which ran between February 2016 and July 2020. The
project aimed to develop and test a novel PNMT in CCFZ region. Within the
scope of Blue Nodules project, NTNU (Norwegian University of Science and
Technology), a partner in the project, analysed the obtained CCFZ sediment
samples. The sediment compositions for different sites in CCFZ are compared
in Table 2.2 and Table 2.3, where BC064 and BC062 are two box core samples
obtained from GSR (Global Sea Mineral Resources) contract area. IOM
(Interoceanmetal Joint Organization) data is collected from IOM license area,
which is located in the eastern part of the CCFZ (GSR, 2018; Zawadzki
et al., 2020). For further details on CCFZ sediment composition, the reader
is referred to the Blue Nodules project public reports, GSR public reports
(G. S. M. R. GSR, 2018; Maciąg & Harff, 2020; Zawadzki et al., 2020).

Sediment Laden Jets and Plumes

A fundamental understanding of the physical parameters of discharge e.g.
velocity, concentration, turbulence is needed to investigate the effect of the
PNMT discharge on the sea environment. Increasing particle deposition rate
and reducing plume dispersion rate would minimize the environmental impact.

Bleninger et al. (2002) and Neves et al. (2002) carried out small-scale ex-
periments on horizontal jet discharges to measure the particles deposition.
A large scatter in the deposition rate measurements was noted due to dif-
ficulties in ensuring constant concentration discharge and steady-state flow
rate during the discharge process. Lab experiments were conducted to study
the sedimentation from horizontal and inclined buoyant jets in a stationary
environment (Lane-Serff & Moran, 2005). They introduced an integral model
to determine the deposition behavior from an inclined, turbulent, buoyant
jet. A dimensionless fall speed parameter, i.e. is defined as the ratio between
the settling velocity and the entrainment velocity, was incorporated into the
model to measure the dependency of the source velocity on the deposition near
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the discharge source. The model was validated with laboratory experiments
where deposition behavior, plume shape and sedimentation near the source
were assessed. The earlier experiments on sediment-laden jets and plumes
had the potential pitfall of not sustaining the steadiness of concentration and
uniform shape at the jet exit (W. Lee et al., 2013).

A theoretical Lagrangian model horizontal jets discharged in a stationary
environment was presented by (W. Lee et al., 2013). They investigated the
deposition mechanisms of a horizontal particle-laden jet in terms of longitudinal
distance and spreading angle. Their Lagrangian model was used by (Terfous
et al., 2016) to validate the experimental work of (Cuthbertson et al., 2008;
Lane-Serff & Moran, 2005; W. Lee et al., 2013). This model is adopted in
Chapter 3.

The impingement region (Figure 2.1) entails a complex behavior of the
flow due to the interaction between the discharged mixture and the ocean
bed. At this region, the flow makes a turn and converts from a plume to
a wall-bounded flow (i.e. turbidity current (Hage et al., 2019), due to the
presence of the ocean bed. This current propagates downstream of the ambient
flow and interacts with the bed.

2.3.3 Turbidity Current

Turbidity currents can be described as particle-laden underflows, which are
driven by the excess hydrostatic pressure resulting from the density difference
between the ambient water and the sediment-water mixture (Kneller & Buckee,
2000; Parsons et al., 2001). Within this current, turbulence is developed due
to the continuous motion of the current over the bed and the generated shear
stresses as a result of the mixing process with the ambient water at the upper
boundary of the current.

Turbidity currents can be triggered by several phenomena, such as internal
waves or tides (Normandeau et al., 2014), river plumes (Parsons et al., 2001)
and breaching flows slides (Alhaddad et al., 2020). Mining process by a
PNMT is also expected to trigger a turbidity current at the impingement
region by the sediment-water discharge. Here, we refer to this current as a
mining-generated turbidity current. The interaction between the discharge and
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the seabed determines the behaviour of the generated turbidity current; the
hydraulic properties prior to the impingement region are the main information
to characterise the generated turbidity current.

Turbidity currents can occur in turbulent and laminar regimes. The flow
regime is classified with Reynolds number (flow thickness is the characteristic
length scale), where Re < 1000 is laminar, above that, the flow is turbulent.
The deposition and re-suspension of sediment is highly affected by the turbu-
lence structure (Kneller & Buckee, 2000). Turbidity currents are divided into
three parts: head, body and tail (see Figure 2.6). From the perspective of
hydraulics, the head has different properties than the region behind it (body
and tail) (Keulegan, 1958; Middleton, 1993). The mass and momentum at
the head differ significantly from the body and tail, as the head displaces the
ambient fluid. Hence, the head is the densest part, as it experiences a friction
resistance. Furthermore, the head is considered a ’locus of erosion’ (Allen,
1971; Middleton, 1966), impacting the deposition and bed morphology. The
head forms a nose starting at the lower region due to the no-slip boundary
condition at the bed and the friction resistance at the upper region (Allen,
1971). At the back of the head, vortices start to take place due to the effect
of the velocity shear and turbulence in the ambient fluid. These vortices
define the dynamics of the head and can be identified as Kelvin-Helmholtz
instabilities (Simpson & Britter, 1980). As a result of these instabilities, the
back of the head forms a sharp discontinuity in the thickness of the current.
However, the average velocity of the body region has to be larger than the
forward velocity of the head to achieve constant rate of advance. (Middleton,
1993). The entrainment of the ambient fluid into the turbidity current and the
change in the amount of suspended solids, due to net erosion or net deposition
at the bed, depend on the characteristics of the current and these also lead
to changes in velocity, concentration and particle size over time. Based on
velocity and concentration profiles, it is possible to derive characterizing layer
averaged parameters of a turbidity current. Parker et al. (1987) derived a
set of equations to estimate the layer-averaged characteristics for a turbidity
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Figure 2.6: The structure of the head of a turbidity current (Middleton, 1993).

current as follows:

Uh =

∫ z∞

0
u dz, (2.15)

U2h =

∫ z∞

0
u2 dz, (2.16)

UhC =

∫ z∞

0
cu dz, (2.17)

where the U [m/s] is the layer-averaged velocity, h [m] the height of the
current, C[−] is the layer-averaged concentration, z[m] is the upward normal
coordinate, c[−] is the local concentration and u[m/s] is the local velocity and
z is the vertical coordinate.

Many mathematical models are available to describe the phenomenon of
turbidity current. These models can be divided into two main categories
(Middleton, 1993). The first category is based on the vertical averaging
technique, which describes the velocity and concentration with a single point
(layer-averaged magnitude) along the traveling distance of the current. The
characterization of the structure of each model depends on the assumptions
made for conservation of these flow parameters. Conservation of momentum as
one equation model was used in the work of Kirwan et al. (1986), while Johnson
(1962) has involved four equations, i.e. conservation of mass, momentum,
sediment mass, energy equations to derive his model.

The second category drives the whole velocity and concentration profiles from
a turbulence model. The equations of the total kinetic energy k and its
dissipation ϵ have been used as a turbulence closure. Spatial averaging (Large
eddy simulation) can also be used as a closure for the turbulence (Alhaddad
et al., 2020; Henniger & Kleiser, 2011; Ooi et al., 2007; Zedler & Street, 2001).
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2.4 Flow Physics

The literature reports many physical approaches that characterize the flow
physics in the near-field region. Here, we describe the most important physics
governing the discharged flow in the near-field region. We also summarize the
differences between the Gaussian and top-hat approaches, which were used
in previous studies of plume integral models. Moreover, we outline the flux
balance approach, the entrainment theory and the turbidity current.

2.4.1 Gaussian and Top-hat Profiles

Many researchers (Delichatsios, 1979; Middleton, 1966; Morton et al., 1956;
Morton, 1959; Turner, 1962; Yu, 1990) used integral models to describe the
physics of plumes. Gaussian and top-hat profiles are the main assumptions
for these models. The study of Davidson (1986) extensively compares the
governing equations of plumes using Gaussian and top-hat assumptions. Top-
hat profile uses a constant velocity and concentration distribution over the
entire plume domain, where the velocity and concentration are average values
of the dominant eddies (see Figure 2.7). Additionally, the large eddies within
the plume are responsible for the overall transport of momentum and mass,
while the small eddies have no effect. Top-hat profiles are used mostly in
the Lagrangian approaches (J. H. Lee et al., 2003). On the other hand,
the Gaussian profile uses a Gaussian function to describe the velocity and
concentration profiles, which are more suitable for Eulerian approaches (J. H.
Lee et al., 2003). Using top-hat assumption would lead to larger entrainment
coefficient compared to the Gaussian profile(Hanna, 2012).

Describing the plumes spreading behavior using the top-hat profiles offers an
analytical simplicity because of the simple equations that can be used directly
at the source and do not need any prior treatment for the initial condition
(momentum, buoyancy, volume fluxes ). Gaussian and top-hat approaches
are crude assumptions to describe the self-similarity of the plumes (Davidson,
1986). Furthermore, the difference between these two approaches is small in
terms of the predictions of the physical parameters. Moreover, the additional
physical parameters that come within the Gaussian analysis have a minor role
on describing the mean plume characteristics.
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Figure 2.7: Gaussian and top hat profiles (McKernan et al., 2007), b(x) is the mixing layer
width.

Various cases of turbulent jets geometries e.g., slot and round shape were
studied in the work of (W. Lee et al., 2013). They illustrated the governing
equations that describe the jet propagation, i.e. velocity and concentration
profiles along the jet width, for each of these cases. They provided an analysis
for a turbulent jet from a slot in which the velocity and the concentration
profiles are described in Gaussian function (2D, x-y, Cartesian coordinates).

2.4.2 Flux Balance Approach

Flux balance parameter Γ is an analytical parameter that introduces a theoret-
ical framework of plumes (Hunt & Van den Bremer, 2011). The flux balance
parameter Γ is defined as the ratio of buoyancy force to inertia force (Morton
et al., 1956). The flux balance parameter can be expressed as follows (Hunt
& Van den Bremer, 2011):

Γo =
5BoQ

2
0

8α
√
πM

5/2
B,o

Boussinesq plumes, (2.18)

Γo =
5BoG

2
0

8α
√
πM

5/2
o

non Boussinesq plumes, (2.19)

where Γo, Bo, Go and Qo are the initial flux balance, buoyancy, mass and
volume fluxes respectively, α is the entrainment coefficient (see the entrainment
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theory in the 2.4.3) and MB,o is the initial momentum flux under Boussinesq
approximation.

Using flux balance parameter, based on the discharge conditions, it is possible
to classify the discharged flow to different regime as follows:

1. Γo = 1 is pure plume;

2. 0 < Γo < 1 is forced plumes;

3. Γo > 1 is lazy plume;

4. Γo = 0 is pure jet.

The plume is considered pure when its momentum and buoyancy fluxes are
the same at the discharge source (Marjanovic et al., 2019). The plume is
regarded as lazy when its buoyancy forces are dominant at the discharge
source (Morton & Middleton, 1973), while the plume is regarded as a forced
plume (also known as a buoyant jet) when its momentum forces are dominant
at the discharge source (Morton, 1959). The pure jet remains a jet until it
dissipates due to viscous diffusion(Marjanovic et al., 2019).

Additionally, Γ can be introduced as a square ratio between the source
length Ls and jet length Lm, i.e. the momentum dominated region (Carlotti
& Hunt, 2005).

Γ = (
Ls

Lm
)2, (2.20)

where, for Boussinesq plumes;

Lm =

√
10M

3/4
B

3π1/4α1/2B1/2
, Ls =

5Q

6
√
παM

1/2
B

, (2.21)

and for non-Boussinesq plumes;

Lm =

√
10M3/4

3π1/4α1/2B1/2
, Ls =

5G

6
√
παM1/2

. (2.22)
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2.4.3 Water Entrainment Theory

Jets an plumes are shear flows generated by buoyant and inertial sources. The
interaction of jets and plumes with surroundings is known as the entrainment
process. The development of a jet or a plume causes a velocity shearing that
creates turbulent eddies that entrain the surrounding fluid (Marjanovic et al.,
2019). The integral models of turbulent jets and plumes use the entrainment
hypothesis as a closure relation for the turbulence. The entrainment hypothesis
links the entrainment velocity ue, the rate at which ambient water is entrained
across the edge of turbulent plume, to the characteristic velocity of the plume
by a single coefficient of proportionality, α, which is called the entrainment
coefficient (Morton et al., 1956; Rooney & Linden, 1996; Turner, 1986). The
entrainment velocity is calculated as follows:

ue =

{
αw for Boussinesq,
αw

√
η for non-Boussinesq,

(2.23)

where η is the ratio of the plume density to the ambient density. The classical
approach of the entrainment hypothesis is based on the macroscopic conserva-
tion of momentum, mass and volume fluxes. It has also a self-similar behaviour
of the turbulence in a dimensionless form over the downstream distance from
the source (Morton et al., 1956). A range of entrainment coefficients val-
ues (see Table 2.4) for different authors have been reported in the literature
(Carazzo et al., 2006a). The entrainment coefficient ranges are 0.10 < α <
0.16 for plumes and 0.065< α < 0.080 for jets (these values were calculated
assuming a top-hat profile and a self-similar behaviour of the plume) (Carazzo
et al., 2006a). The variations in α occur due to the different set-ups of the
experiments and the resulting experimental error. The systematic differences
between the reported values of α for plumes and jets suggest that α depends
on the ratio between buoyancy and inertia (Γ parameter, see Subsection 2.4.2).

As mentioned above, the entrainment coefficient is the only parameter that
represents the turbulence effect on the mean flow parameters. In this regard,
van Reeuwijk et al. (2016) proposed to impose restrictions on the entrainment
coefficient by the mean kinetic energy equation. These restrictions are referred
to as the entrainment relation. This relation couples the entrainment coefficient
to the physical process, such as the buoyancy effect and turbulence production,
while the entrainment models are closure relations, which are obtained after all
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Table 2.4: Different entrainment coefficients values reported in the literature; ’J’ is the jet
type flow, ’P’ is the plume type flow, ’L’ is liquid, ’P’ is pipe and ’c’ is constriction. For
method, ’w’ is hot wire probe and ’l’ is laser Doppler anemometer; z∗ is the ratio z/d in
which z is the distance from the source and d is the discharge diameter (Carazzo et al.,
2006b).

Source Flow Fluid Nozzle Method Re z∗ α

Forstall Gaylord (1955) J L P w - 10-20 0.070
Wang Law (2002) J L P l 12700 40-80 0.075

Papanicolaou List (1988) J L c l 2460-10900 40-50 0.074
Papanicolaou List (1988) J L c l 2460-10900 50-80 0.079
Papanicolaou List (1988) P L c l 600 22-40 0.130
Papanicolaou List (1988) P L c l 600 41-53 0.126
Papanicolaou List (1988) P L c l 600 56-85 0.121

Wang Law (2002) P L c l 1550-12700 31-55 0.124

the coefficients of the entrainment relation are parameterised (Morton et al.,
1956; Priestley & Ball, 1955).

The mathematical models of Morton et al. (1956) and Priestley and Ball
(1955) are developed by the integration of time averaged Navier-Stokes equa-
tions across a plane perpendicular to the mean flow direction (axial cross
section). The result of this integration is a system of coupled ordinary differ-
ential equations. The mathematical model of Morton et al. (1956) depends
on the volume flux, momentum flux and buoyancy flux, while Priestley and
Ball (1955) based their model on the momentum, buoyancy and mean kinetic
energy, where the equations of Priestley and Ball (1955) rely on the turbu-
lence kinetic energy and Reynolds stresses. A few years later, Telford (1966)
presented a theory on an isolated plume in still air and a new hypothesis is
formulated which the turbulence intensity directly affects the entrainment
coefficient. Hence, a new equation is added to solve the turbulence kinetic
energy. Utilizing the works of Morton et al. (1956) and Priestley and Ball
(1955), the momentum, buoyancy, volume and kinetic energy conservation
equations were combined (Fox, 1970). It was the first attempt to impose the
constraints on α based on conservation of kinetic energy.

Plumes and jets are conical shapes that develop in a self-similar fashion
(Hunt & Van den Bremer, 2011). Re-scaling dependent variables on the
radial coordinate using characteristic scales such as wm velocity, bm buoyancy
and rm local width is a way to view the self similarity (van Reeuwijk et al.,
2016). The effective β entrainment radius and effective density parameter
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∆ for Boussinesq and non-Boussinesq flows were introduced as follow (Van
den Bremer & Hunt, 2010):

β = b & ∆ = 1− η Boussinesq,

β = b
√
η & ∆ =

1− η

η
non-Boussinesq. (2.24)

A self-similar solution for the plume characteristics from the governing equa-
tions in z coordinate of steady-state plumes with top-hat profile was derived
as follows (Van den Bremer & Hunt, 2010):

β =
6α

5
z, (2.25)

w = (
3

4π
)1/3(

5

6α
)2/3B1/3z−1/3, (2.26)

∆ = (
B2/3

g
)(

4

3π2
)1/3(

5

6α
)4/3B2/3z−5/3. (2.27)

A method to calculate the characteristic scales, which does not rely directly
on the Gaussian shape assumption but on the flow integral quantities was
proposed as follows (van Reeuwijk et al., 2016) :

rm =
Q

M1/2
wm =

M

Q
bm =

B

r2m
, (2.28)

M and Q are the momentum and volume fluxes respectively and B is buoyancy
in integral form. (Craske et al., 2015).

bm = F/Q = F/wmr2m. (2.29)

Integrating the continuity equation from the work of (Morton et al., 1956)
over radial direction leads to the dilution in jets and plumes;

1

rm

dQ

dζ
= −2[ru]∞. (2.30)

Here, [ru]∞ is the entrainment volume flux into a plume or a jet per unit
height and ζ is a dimensionless vertical coordinate equal to

∫ z
0 r−1

m dz′. From
the entrainment assumption (u = αue) the next equation can be derived;
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−[ru]∞ = αrmwm. (2.31)

Substitution of 2.31 into 2.30 leads to;

α =
1

2Q

dQ

dζ
. (2.32)

Equation 2.32 shows that the entrainment coefficient is defined as half of the
increase of volume flux over a plume or jet radius rm. This relation calculates
the amount of the fluid entraining jets or plumes per unit rm, where more
entrainment leads to higher values of α (van Reeuwijk et al., 2016).

2.5 Synthesis and Outlook

This chapter was conducted to survey the state-of-the-art knowledge and
physical processes of the sediment-water mixture discharged from a PNMT.
This resulted in the identification of some relevant knowledge gaps.

It is expected that a wake would form behind the PNMT, while it moves
forward. Further research is required to address the impact of this wake,
as it might be a trigger mechanism for increasing the turbulent shear rates
within the turbidity flow, thereby increasing the flocculation probability. On
the other hand, the wake is turbulent and promotes water entrainment and
the dilution of the discharged mixture. Properly-scaled lab experiments and
validated numerical models will be beneficial to quantify this effect.

It is of great importance to study the interaction between the discharged
mixture and the sediment bed, in particular at the impingement region in order
to define the upstream boundary conditions of the mining-generated turbidity
current. Integrated research approach combining soil and fluid mechanics is
required to develop an in-depth understanding of this interaction.

Studying turbidity flows in the near-field region is a complex process. This
is mainly because of the different fluid physics that are present in such activity.
For example, flocculation between particles affects the critical parameters such
as velocity and concentration of DSM-generated turbidity current. Therefore,
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gaining insights into the whole physical behaviour of turbidity flows in the
near-field region by means of numerical modelling is crucial for any PNMT
design process. This will be the topic of Chapter 3.
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Chapter 3

Dynamics of the Near-Field
Generated Flows

Abstract

The models of W. Lee et al. (2013) and Parker et al. (1986) are
combined and utilised to study the evolution of both the generated
sediment plume and the subsequent turbidity current. The results show
that a smaller sediment flux at the impingement point, where the plume
is transformed into a turbidity current, results in a shorter run-out
distance of the turbidity current, consequently being more favourable
from an environmental point of view.

Parts of this chapter have been published as Elerian, M.; Alhaddad, S.; Helmons, R.; van
Rhee, C. Near-Field Analysis of Turbidity Flows Generated by Polymetallic Nodule Mining
Tools. Mining 2021, 1, 251–278
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3. Dynamics of the Near-Field Generated Flows

In this chapter, we investigate the effect of all properties of the sediment-
water mixture discharged from a PNMT on the hydrodynamics of the generated
plume and turbidity current. This eventually aims at selecting the optimal
discharge scenarios from an environmental point of view. The model of W.
Lee et al. (2013) and the four-equation model of Parker et al. (1986) are
employed to study the mining-generated plume and subsequent turbidity
currents. Furthermore, flocculation effect on the discharged turbidity current
is discussed. Finally, key directions for future research is provided.

In our modelling approach, we consider that we have two separate, but
connected regions. The first region entails the trajectory of the plume starting
from the discharge source and ending at the impingement point, while the
second region includes the generation and evolution of a turbidity current
downstream the impingement point (see Figure 2.1). The governing equations
of these two regions and the numerical results are presented in the following
subsections.

3.1 Lagrangian Plume Model

The two-layer Lagrangian jet model which was developed by Lee et al. (2013)
is used here to simulate the evolution of the jet/plume from the discharge
source until the impingement point at the seabed. This model was validated
by Terfous et al. (2019) against the experimental results of Lane-Serff and
Moran (2005), Cuthbertson et al. (2008) and Lee et al. (2013), justifying our
choice of this model. The Lagrangian formulation approaches a changing cross
section and a coordinate system that both march in time with discrete time
steps. The model follows a slice-wise approach, meaning that there is a plume
slice at each time step (see Figure 3.1), which has its unique characteristics,
assuming a uniform top-hat profile.

The discharge trajectory depends on water entrainment, plume bending
and plume growth. The entrainment flux is calculated using Equation 3.2
and the entrainment coefficient α is calculated based on densimertic Froude
number Fr using Equation 3.1 (J. H. Lee & Cheung, 1990). The initial angle
of the plume αp,0 at the discharge source is 0◦ (with the horizontal axis) and
the initial mass of the plume can be calculated using Mp,0 = ρπb20h0, where
a is the slice width and b0 = a0 = d0/2 is the slice length. The time step
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∆t = 0.1a0/V0 is calculated based on the initial velocity magnitude V0 and
initial diameter and it is consistent throughout the marching procedure. The
subscripts 0, i and i+ 1 denote quantities of initial condition, previous time
step and current time step, respectively. Following Terfous et al. (2019), the
governing equations are expressed and solved in the following sequence:

αi+1 =
√
2
0.057 + 0.554 sinαp

Fr2i
, (3.1)

Eαk,i+1 = 2παi+1Viρabiai∆t, (3.2)
Mi+1,p = Mi,p + Eαk,i∆t, (3.3)

αt,i+1 =
Mi,pαt,i

Mi+1,p
, (3.4)

ui+1 =
Mi,pui
Mi+1,p

, (3.5)

wi+1 =
Mi,pui +Mi+1,p(

∆ρ
ρ )i+1g∆t

Mi+1,p
, (3.6)

Vi+1 =
√
u2i + w2

i , (3.7)

ai+1 =
Vi

Vi+1
ai, (3.8)

bi+1 =

√
Mi+1,p

ρi+1πhi+1
, (3.9)

αp, i+1 = arcsin(
wi+1

Vi+1
), (3.10)

xi+1 = xi + ui+1∆t, (3.11)
zi+1 = zi + wi+1∆t, (3.12)

where u and w are the velocities in x and z coordinates, respectively, and αt

is the volumetric concentration.

3.2 Four-Equation Model for Turbidity Currents

The layer-averaged, four-equation model of Parker et al. (1986) was developed
by integrating the four conservation equations of momentum, fluid mass,
sediment mass and turbulent kinetic energy over the height of the turbidity
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Figure 3.1: Definition sketch for the case considered including a generated plume and
turbidity current.

current. The water entrainment, shear stress and sediment entrainment are
included as source terms. Following Parker et al. (1986), the four equations
can be expressed as follows:

dh
ds

=
−Ri sinαs + (2− 1

2Ri)ew + u2∗/U
2 + 1

2Ri ver,n(1− n)/UC

1− Ri
, (3.13)

dU
ds

=
U

h

Ri sinαs − (1 + 1
2Ri)ew − u2∗/U

2 − 1
2Ri ver,n(1− n)/UC

1− Ri
, (3.14)

d(UCh)

ds
= ver,n(1− n), (3.15)

dK

ds
=

U2

h
(
1

2
ew(1−Ri)+

u2∗
U2

− ew
K

U2
− ϵoh

U3
−Ri

ws

U
− 1

2
Ri ver,n(1−n)/UC),

(3.16)
where h is the current height, αs is the bed slope angle, Ri is Richardson
number, U is the layer-averaged velocity, C is the layer-averaged concentration,
K is the layer-averaged turbulent kinetic energy, ϵ0 is the layer-averaged
mean rate of turbulent energy dissipation, n is the bed porosity, ew is the
water entrianment coefficient for turbidity currents, ver,n is the net erosion
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velocity perpendicular to the bed surface resulting from the combined effects of
deposition and erosion and ws is the hindered settling velocity. The bed shear
velocity is calculated by the relation u∗ =

√
αkK in which αk is a constant

(0.05 to 0.5). The water entrainment coefficient ew is calculated as follows
(Parker et al., 1986):

ew =
0.00153

0.0204 + Ri
, (3.17)

and ϵ0 is calculated using the relation:

ϵ0 = β0 ∗
K2

h
, (3.18)

β0 =
0.5ew(1−Ri− 2C∗

f/αk) + C∗
f

(C∗
f/αk)1.5

, (3.19)

where β0 is a dimensionless parameter and C∗
f is a pseudo friction coefficient.

The erosion velocity for clay is calculated using the relation presented in
(J. Winterwerp et al., 2012) as follows.

ver =
cv(1− n)

αmD50

τb − τcr
cu

, (3.20)

where cv is the consolidation/swelling coefficient, αm is a factor equal to 10,
cu is the undrained shear rate, τb is the bed shear stress and τcr = γcrPI0.2 is
the critical shear stress and in which PI is the plasticity index and γcr = 0.7
Pa for 0.35 < τcr < 1.4 Pa.

To account for sediment deposition, the sedimentation velocity is calculated
vs = (cbukr cosαs)/(1 − n) in which cb is the near-bed volumetric sediment
concentration and is estimated by the relation cb = r0 C in which r0 =
1+ 31.5(u∗/ukr)

−1.46 is a dimensionless parameter. The settling velocity for a
single particle ukr,o is calculated based on equation 5.19 and hindered velocity
ukr is calculated based equation 2.12 as follows:

ukr = ukr,o(1− Cb)
n. (3.21)

It is to be noted that more advanced models can be used for the numerical
computations of turbidity currents. Nonetheless, we use a simple model
in our analysis, as our objective is to study the relationship between the
initial conditions at the discharge source and the run-out distance of the
mining-generated turbidity current, rather than obtaining precise results.

43



3. Dynamics of the Near-Field Generated Flows

Table 3.1: Clay parameters used in the calculations of the erosion rate.

d50 ρk PI γcr n cv cu

0.012 mm 1350 kg/m3 70% 0.7 0.67 8× 10−6 m2/s 0.2 kPa

3.3 Model Application

Figure 3.1 shows the case considered in the numerical simulations. The origin
of the z coordinate is at the center of the discharge source. The stream-wise
coordinate in the downstream region is denoted as s.

A typical forward velocity of a PNMT ranges between 0.25 m/s to 0.5 m/s.
To reduce the environmental effect of the discharge, engineers aim to have a
discharge velocity equal to the forward velocity of the PNMT. In our analysis,
therefore, we consider a stationary PNMT with two discharge velocities of 0.25
m/s and 0.5 m/s and three different scenarios for the volumetric discharge
concentration: 1.5%, 2% and 2.5%. The corresponding diameters of the
discharge, which result in identical volumetric suspended sediment transport
rate per unit width UCH, are 0.45 m, 0.34 m and 0.27 m, respectively.

At the impingement point, the flow makes a sharp turn and a turbidity
current is formed, which travels downstream and interacts with the bed surface.
Consequently, depending on conditions, net erosion or deposition upon the
bed could take place. For simplification, we assume that we have a complete
transfer of the plume characteristics to the downstream region, which has a
constant bed slope angle of 3◦, in agreement with the average slope found in
the eastern part of the Clarion Clipperton Zone (CCZ) (GSR, 2018).

Table 3.1 summarizes the sediment properties used in the numerical compu-
tations. Most of these properties are obtained form the technical report of
Global Sea Mineral Resources NV on the field experiments conducted in the
eastern part of the CCZ (GSR, 2018). It is to be noted that non-Newtonian
aspect is not considered in our numerical analysis, but it might be relevant
for real cases.
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3. Dynamics of the Near-Field Generated Flows

3.4 Comparison of Results

For simplicity, we assume that the run-out distance of the turbidity current is
the main criterion to assess its environmental harmfulness. Additionally, a
turbidity current of a lower volumetric suspended sediment at the end of the
considered numerical domain tends to die out earlier and thus has a shorter
run-out distance. As this Chapter deals with the near-field flows, we analyse
the results up to 100 m downstream the impingement point.

Various discharge scenarios were explored and compared as illustrated in
Table 3.2. The values of U, C, h and UCh (volumetric suspended sediment
transport rate per unit width) at s = 100 m are documented. The evolution
of the plume and the turbidity current along the downstream region is shown
in Figure 3.2 for a discharge source located at an elevation of z = 1.5 m. The
cases involving a discharge velocity of 0.25 m/s and 0.5 m/s have an identical
initial volumetric suspended sediment transport rate of 1.69e-3 m2/s and
3.38e-3 m2/s, respectively. Although the discharge has the same volumetric
suspended sediment at the discharge source, the plume evolution results in
different upstream boundary conditions for the turbidity current. In these
cases, a discharge of a lower concentration results in a shorter run-out distance.
The results also show that a higher discharge velocity results in a longer plume
trajectory and a higher initial velocity for the turbidity current, which in turn
leads to a longer run-out distance.

To study the effect of the elevation of the discharge source on the hydro-
dynamics of the turbidity current, additional two runs were conducted; a
run with a discharge duct located directly on the sea bed and a run with a
discharge source located at an elevation of z = 0.5 m (see Table 3.2). It is
found that a smaller elevation results in a less diluted, less energetic turbidity
current and thus a shorter run-out distance.

The numerical results show that the overall behavior of the turbidity current
does not vary between the considered cases; the layer thickness increases
downstream, the layer-averaged concentration decreases downstream, and the
turbidity current initially decelerates until it reaches a constant layer-averaged
velocity.

Overall comparison of the numerical results shows that the volumetric
suspended sediment of the plume at the impingement point is crucial for
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3.5. Flocculation

the environmental impact of the turbidity current. In other words, a lower
volumetric suspended sediment at the impingement point leads to a shorter
run-out distance of the turbidity current, being less harmful.

3.5 Flocculation

3.5.1 Background

Ocean bed is mainly composed of cohesive sediments (or "mud"), which consist
of granular, organic, mineral solids in a liquid phase. The solids are clay, sand
and silt and the liquid phase is water (J. C. Winterwerp & Van Kesteren, 2004).
Due to the sticking properties of the cohesive sediment, which result from the
presence of clay and organic materials, the particles may undergo break-up
and aggregation processes; the latter is known as flocculation. This process
occurs on the micro-scale level between sediment particles and causes them to
aggregate into larger flocs. Flocculation occurs through three mechanisms;

1. Brownian motion, i.e. the random movement of the particles;

2. Differential settling, i.e. the particles with the high settling velocities
collide with the particles with low settling velocities and aggregate
together;

3. Turbulence mixing;

The turbulent mixing and concentration values within the turbidity flows are
the main factors governing the flocculation process which they are responsible
for the cohesive particles to come into contact resulting large flocs (J. C.
Winterwerp & Van Kesteren, 2004). The shape factor of the flocs is expected
to play a major role in determining the settling velocities as flocs tend to form
irregular shapes (Gillard et al., 2019).

To understand the flocculation process in dredging operations, (Smith &
Friedrichs, 2011) conducted a field experiment to quantify the flocs density
and their volumetric fractions. A special attention was paid to the suspended
flocs in order to study bed consolidation during the dredging process. It was
found that the flocs of densities ρbed flocs < 1200 kg/m3 represent 0.5 to 0.8 of
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3. Dynamics of the Near-Field Generated Flows

the suspended mass, while the flocs (1200 kg/m3 > ρbed flocs > 1800 kg/m3)
represent 0.2 to 0.5 of the total suspended mass. Based on these results, they
concluded that the settling velocity and floc sizes increase gradually with time,
and high concentration value of the suspended sediments were found to be
favorable for floc formation.

For polymetallic nodules mining applications, Gillard et al. (2019) con-
ducted a series of experiments with different flow conditions e.g. shear rate,
concentration to study the flocculation process between sediment particles.
They performed the experiments with CCFZ sediment, with different con-
centrations (105, 175, 500 mgL−1) and different shear rates (2.4, 5.7, 10.4
s−1). They found that concentration of 500 mgL−1 and shear rate of 2.4 s−1
leads to a high flocculation efficiency, inducing high settling flux. Furthermore,
they calculated the settling velocities of the particle sizes 70 to 1357 µm
(floc), which were in the range of 7 to 355 md−1. Based on these results, they
concluded that the particles would deposit rapidly with the typical deep-sea
flow conditions. In addition, in the near-field region, a portion of sediments
settles, creating the so-called "blanketing", which is defined as a thin layer of
deposited sediments over the ocean bed. Using the experimental observations,
Gillard et al. (2019) estimated that the blanketing effect would reach 9 km
far away from the mining site.

Laboratory experiments were conducted to test the flocculation effect on
the settling velocity of the particles and crust debris using in situ samples from
sea water obtained near a seamount surface with concentrations of 20 and
100 mg/L (Spearman et al., 2020). It was found that flocculation takes place
in both crust debris and sediment particles. Nonetheless, the measurements
showed that the debris (1700 kg/m3) has a lower density than the sediment
(2600 kg/m3). Moreover, the mean settling velocities were reported as 11
mm/s and 9 mm/s for the sediment and the debris, respectively. It is noticed
that the mean settling velocities obtained by Gillard et al. (2019) were lower
than Spearman et al. (2020) due to the existence of extra-cellular polymers
and bacteria in the real sea water and the electrostatic properties of the crust
particles.

The above mentioned observations indicate that the flocculation could be a
key phenomenon in enhancing the particles settling and reducing the plume
concentration. The sediment concentration and turbulence levels are much
higher in the near-field region compared to the far-field region. As a result,
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Figure 3.2: Comparison of the numerical results using different initial momentum fluxes;
spatial evolution of a plume (left) and spatial evolution of a turbidity current (right).

optimizing the discharge concentration and shear rate is highly needed to
enhance flocculation potential. Furthermore, an assessment of the deposited
layer parameters (e.g. porosity, consolidation, structure) is required for the
environmental impact assessment. It is expected that the discharged flow would
experience non-Newtonian behaviour in case of high sediment concentrations.
The threshold of the transition between the Newtonian and non-Newtonian
behaviour of the discharged flow remains an open question.

3.5.2 Numerical Assessment of Floccluation Effect

To explore the floccluation effect on the mixture discharged from a PNMT, we
utilize the numerical model of turbidity currents described in Subsection 3.2.
It is to be noted that the flocculation effect on the first region of the discharge
(jet/plume) is neglected here due to the short residence time of particles.
We take into account the increase of the particle size and settling velocity
along the run-out distance of the turbidity current as a result of flocculation.
Moreover, since the residence time plays a major role in forming flocs, we
extended the numerical domain to 350 m in s-direction to capture flocculation
effect.

For the sake of comparison, we carried out two additional runs using the
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3. Dynamics of the Near-Field Generated Flows

initial conditions of Run 8 (Table 3.2): a run excluding flocculation effect,
Run 8N.F , and another run including flocculation effect, Run 8F . To the best
of our knowledge, Gillard et al. (2019) is the only experimental study that
investigated the flocculation effect using CCFZ sediments under shear rates
comparable to those occur in polymetallic mining operations. Therefore, we
adopt the measurements of Gillard et al. (2019) in our run to account for
flocculation.; their observations showed that a particle size of 12 µm within
10-50 minutes and under shear rate of 2.4-10.4 s−1 could reach from 250 to
550 µm. Based on the results of Run 8N.F , we calculated the traveling time
needed for the turbidity current to reach s = 350 m and it was nearly 25
minutes. Additionally, we calculated the shear rate and it was comparable
to the values of Gillard et al. (2019) mentioned above. Within 25 minutes,
following the measurements of Gillard et al. (2019), the suspended particle size
would gradually increase from 12 µm to 550 µm. Run 8F was performed using
the same initial condition of Run 8N.F with the difference that the particle size
increase every step and the settling velocity are updated accordingly following
the formula given by Gillard et al. (2019) for 10.4 s−1 shear rate and 500
mg/L particle concentration as follow:

ukr =
219

1 + e
279.1−d50

111.3

. (3.22)

The evolution of the turbidity current along the downstream for Run 8F
and Run 8N.F is shown in Figure 3.3. The results manifestly show the
floculation effect on the hydrodynamics of the turbidity current; floculation
results in a slower and lower-concentrated turbidity current. This suggests
that flocculation effect could be observed in the near-field region. In practice,
this implies that optimizing the flow conditions (e.g. concentration and shear
rate) in the near-field region to enhance the flocculation process would be
effective in increasing the sedimentation rate of particles in the far-field region.

3.6 Synthesis and Outlook

The dispersion of the mining plumes could be reduced by the effect of floccula-
tion. Shear rates and residence time of particles within a turbidity flow play a
major role in triggering the flocculation process. Therefore, it is recommended
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Figure 3.3: Comparison between the numerical results of a run including the flocculation
effect (dashed lines) and a run excluding the flocculation effect (solid lines).

to conduct experimental research to point out possibilities to enhance the
flocculation phenomenon in the near-field area.

The numerical assessment conducted within this chapter revealed that the
volumetric suspended sediment of a plume at the impingement point primarily
indicates the extent of the environmental hazard posed by the generated
turbidity current. A smaller volumetric suspended sediment would produce
a shorter run-out turbidity current. This finding can be taken into account
in designing the PNMT to minimise the environmental impact of the mining
process.

The results that are showed in this chapter allowed for a fundamental
understanding of the general behaviour of the turbidity current parameters, i.e.
velocity, thickness and concentration. Therefore, it is recommended to conduct
an experimental research to point out more critical parameters such as particle
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3. Dynamics of the Near-Field Generated Flows

size. Additionally, an advanced, validated numerical model that can include
different fractions of sediment particle would offer a complementary tool to
obtain detailed results of the flow and hence develop a solid understanding to
the anatomy of turbidity flows in the near-field region. Chapter4 discusses
these concepts in a detailed way.
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Chapter 4

DSM-Generated Turbidity
Currents

Abstract

The discharge of the PNMT mixture has a significant impact on the
deep-sea environment by triggering turbidity currents that alter deep-
sea turbidity levels. These changes can have detrimental effects on
the surrounding fauna, including changes in behavior and increased
mortality rates of benthic organisms. In order to minimize the affected
area and optimize discharge properties, this chapter delves into the
various physical parameters that describe a generated turbidity current,
such as propagation speed and concentration distribution. Additionally,
we present a numerical modeling approach that can accurately predict
the physical parameters of these currents in the near-field region.

This chapter has been published as Elerian, M., Van Rhee, C., Helmons, R. (2022).
Experimental and numerical modelling of deep-sea-mining-generated turbidity currents.
Minerals, 12(5). https://doi.org/10.3390/ min12050558 18
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4. DSM-Generated Turbidity Currents

4.1 Introduction

Overall, gravity currents are characterized by a heavier fluid flowing underneath
a lighter fluid, creating a mixing zone in between (Chowdhury & Testik,
2011). Turbidity currents are sediment-laden gravity currents, with forward
motion being caused by gravity acting on the density difference between the
denser water–sediment mixture and the lighter ambient fluid. Note that the
concentration of the suspended sediment within the current is subject to
changes throughout the propagation of the current, i.e., sediment deposition,
sediment (re-)suspension (erosion) and entrainment of the ambient water.

Generally speaking, turbidity currents are challenging to investigate in the
field (Georgoulas et al., 2010) because of the high cost of the field experiments,
and the same applies to mining-generated turbidity currents. However, scaled
laboratory experiments are an alternative and widely used option for investi-
gating turbidity currents, with lock-exchange experiments being a particularly
simple and useful experimental technique to study turbidity currents (Alti-
nakar et al., 1990; Gladstone et al., 1998; Huppert & Simpson, 1980; Rottman
& Simpson, 1983). This type of experiments involves suddenly releasing a
higher density fluid into a slightly lower density fluid.

Employing lock-exchange experiments, a two-layer shallow-water model
including the effect of water entrainment is developed by Adduce et al. (2012).
Moreover, using an image analysis technique the propagation velocity of the
current and concentration profiles are quantified by Nogueira et al. (2013a).
Lock-exchange experiments are carried out by Nogueira et al. (2013b) to
study the effect of bottom roughness on current hydrodynamics. Furthermore,
unconfined lock-exchange experiments are also used to study the effect of the
lock width on the dynamics of the current by Lombardi et al. (2018).

The effect of particle size on the propagation of turbidity currents is also
discussed in literature. The effect of poorly sorted sediments (i.e., wide range
of grain sizes) on the deposition behaviour of a turbidity current is investigated
by Altinakar et al. (1990) and Härtel et al. (2000). Lock-exchange techniques
are also utilized by Gladstone et al. (1998) to examine the effect of bi- and
poly-disperse particle mixtures (silicon carbide particles with a particle density
of ρp = 3217 kg/m3) on the propagation of turbidity currents with a fixed
initial volumetric concentration of 0.349% at the lock.
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Mathematical and numerical models are also employed to investigate tur-
bidity currents (Cantero et al., 2003; Elerian et al., 2021; Necker et al., 2002;
Ooi et al., 2007), but with consideration of a proper validation against field
or laboratory experiments. Many numerical studies have been carried out to
investigate the characteristics of turbidity currents. Direct numerical simula-
tions are performed for lock-exchange experiments to analyse the structure
of the head (Necker et al., 2002). The work of Cantero et al. (2003) presents
the effect of the sedimentation on the propagation of the current. Moreover,
two- and three-dimensional CFD simulations are used by Ooi et al. (2007) to
investigate the effect of the turbulence vortices on the breakdown of turbidity
currents into different sections, i.e., body and tail. Two-dimensional Large
Eddy Simulations are performed by Cantero et al. (2003) to simulate a lock-
exchange experiment. Eulerian-Eulerian approach is also used to investigate
the effect of particle inertia on current propagation (Henniger et al., 2008).
Additionally, turbidity currents generated in lock-exchange experiments are
studied by Garcia (1994) through LES simulations, comparing the results to
an older DNS simulation to assess the quality of this approach.

The well-known Euler–Euler model approaches the turbidity current as sep-
arate phases of fluid and solids which are considered interpenetrating continua.
From this perspective, the model consists of fluid and solid momentum equa-
tions. These equations are coupled by means of source terms (Schouten et al.,
2021), which are obtained from the application of the kinetic theory. Mixture
models such as the drift–flux model, on the other hand, approach turbidity
currents as a single continuum. In other words, the model requires that a
single momentum equation to be solved for the mixture as a whole (Drew,
1983; Ishii, 1975). Note that so-called drift velocities are a correction of the
“drift” of particles relative to mixture momentum. Many researchers have
worked on developing the two-phase drift–flux model, i.e., liquid and single
solid phases (Drew, 1983; Ishii, 1975; Manninen et al., 1996; Van Rhee, 2002;
Zuber & Findlay, 1965). Recently, a clear mathematical framework for a
multiple-phase drift–flux model was presented, where each particle size repre-
sents a phase. In this respect, J. Goeree, 2018 reported a closure to the relative
velocity of the different phases (see Section 4.4). The main assumptions of
drift–flux model are (J. Goeree, 2018):

1. Settling velocity of particles is small compared with the bulk velocity of
the mixture;
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2. Particles react instantaneously to velocity changes.

The propagation of bi-disperse currents (i.e., two particle sizes are present
in the mixture) is investigated by Georgoulas et al. (2010), where the lock-
exchange experiments done by Gladstone et al. (1998) are simulated and
validated by Georgoulas et al. (2010) using an Euler–Euler modelling approach.

Beyond the impingement region, the generated turbidity current is directed
towards all directions, as shown in the top view in Figure 4.1. As mentioned
before, it is challenging to investigate full-scale generated turbidity currents
due to the high costs of the field experiment involved. In order to simplify the
process of investigating such a complicated current, we hypothesize that the
full-scale turbidity current consists of many small currents next to each other.
Taking a small section from a developed mining-generated current such as
section A-A in Figure 4.1, we find that a current generated in a lock-exchange
experiment is representative of these small currents in terms of front velocities.
In this regard, lock-exchange experiments can be a valuable tool to investigate
the effect of different parameters on the propagation behaviour of the current,
e.g., initial concentration and particle size. However, it is important to note
that the lock-exchange generated currents are not scaled to those generated
in mining contexts due to various limitations, such as the free surface area in
the lock-exchange experiment and a moving discharge source. We believe that
the conclusions drawn from this chapter will improve approaches to designing
the discharge process.

In the present study, we use lock-exchange experiments to investigate the
effect of particle size and initial concentration on the behaviour of turbidity
currents. We test different initial concentrations for three sediment types
with particle densities of ρp = 2460 kg/m3 to 2650 kg/m3 which is similar to
sediment densities in abyssal plains (see Section 4.2 for the methodology of
the lock-exchange experiments). Moreover, we model the turbidity current
by taking multiple fractions into account. Supported by our experimental
study, using minimal computational efforts, we aim to demonstrate that the
drift–flux model is capable of predicting the main physical parameters (e.g.,
forward velocity, concentration profiles) associated with turbidity currents.
The findings of this chapter contribute to defining a discharge framework
for mining technology to minimize environmental impact. We present our
lock-exchange experimental methodology in Section 4.2. In Section 4.3, the
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Figure 4.1: Conceptual sketch of the evolution of the sediment–water mixture discharged
from a PNMT. (a) Top view of the discharge process from a PNMT; (b) right-side view
of the discharge process from a PNMT (Elerian et al., 2021); (c) section A-A shows the
direction of a turbidity current.

experimental results, such as front speed and concentration profiles, are
discussed. In Section 4.4, we describe the numerical methodology based on
the drift–flux modelling approach. The numerical results are compared with
the laboratory experiments in Section 4.5. Finally, conclusions are drawn in
Section 4.6.
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4.2 Experimental Apparatus and Laboratory
Experiments

4.2.1 Lock-Exchange Experiments

The lock-exchange experiments are conducted in a rectangular perspex tank
with dimensions: L = 3 m, W = 0.2 m and D = 0.4 m. For all runs,
the gate is positioned at a horizontal distance of xo = 0.2 m (Figure 4.2).
A background plate with white LED strips is installed at the back of the
tank. A chapter sheet is fixed in front of the white LED strips to generate
homogeneous diffused light (Figure 4.3). A black tent is built around the
setup to create a high level of contrast between the tank and the surrounding
area. A “IL5HM8512D Fastec” high-speed camera with a Navitar 17 mm lens
are used to record video footage of each run (Figure 4.3). A mixer is used to
mix the sediment with the fresh water in the lock (behind the gate at xo) for 1
to 2 min before removing the gate. Three sediment types are tested. Table 6.1
shows the particle size range, sediment type and density of each type. Type1
sediment consists of round, white synthetic glass beads, Type2 is made up of
fine silica sand particles (Millisil M10, irregular particle shape) and Type3 is
a mixture of equal parts Type1 and Type2 (50-50 mass). The sediment types
were selected to represent a range of particle sizes from coarse to fine. The
D10, D50 and D90 for Type1 and Type2 are reported in Table 4.2.

The tank is filled with fresh tap water to a depth of H = 0.35 m for each run.
Based on the water volume inside the lock, the required initial concentration
is determined by the mass of sediment added in the lock and mixed with the
fresh water. The run starts when the gate is suddenly removed, initiating a
turbidity current in the tank. The experimental run ends when the current
is out of the video boundaries (Lo = 2.4 m, Figure 4.3). The propagation of
each turbidity current is recorded with a rate of 130 frames per second, 8 bit
depth (i.e., number of bits used to define the colour channels).

4.2.2 Concentration Calibration Method

The same setup (tank and the camera) is used to perform the calibration
process. This process begins with filling the mixing section with fresh tap
water, after which a pre-weighed mass of sediment is added and mixed. After
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Figure 4.2: Schematic representation of the tank used in the experiments. The dimensions
of the lock and the tank and the water depth are shown.

(b) (c) (d)

(a)

Figure 4.3: (a) Final setup of the tank with the diffused light. The black tent is used to
create the maximum contrast; (b) side view of the tank setup showing wooden panel with
LED stripes; (c) side view of the LED stripes and the diffused paper in front of it; (d) the
high speed/definition camera used in the experiments.
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Table 4.1: Main parameters of the experimental runs.

Runs Sediment
Type

Particle Size
Range[µm] Mass Volumetric

Concentration[%]
Density of

Particles [kg/m3]
1 Type 1 65-105 0.172 0.5 2460
2 Type 1 65-105 0.344 1 2460
3 Type 1 65-105 0.517 1.5 2460
4 Type 1 65-105 0.689 2 2460
5 Type 1 65-105 0.861 2.5 2460
6 Type 1 65-105 1.033 3 2460
7 Type 2 4-60 0.037 0.1 2650
8 Type 2 4-60 0.093 0.25 2650
9 Type 2 4-60 0.186 0.5 2650
10 Type 2 4-60 0.371 1 2650
11 Type 2 4-60 0.557 1.5 2650
12 Type 2 4-60 0.742 2 2650
13 Type 2 4-60 0.928 2.5 2650
14 Type 2 4-60 1.113 3 2650
15 Type 3 4-105 0.036 0.1 2460-2650
16 Type 3 4-105 0.089 0.25 2460-2650
17 Type 3 4-105 0.179 0.5 2460-2650
18 Type 3 4-105 0.358 1 2460-2650
19 Type 3 4-105 0.537 1.5 2460-2650
20 Type 3 4-105 0.715 2 2460-2650
21 Type 3 4-105 0.894 2.5 2460-2650
22 Type 3 4-105 1.073 3 2460-2650

Table 4.2: D10, D50 and D90 in µm for Type1 and Type2.

D10 D50 D90

Type 1 59.09 88.6 132.7
Type2 1.6 17 51
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Figure 4.4: Shades of grey for Type1 sediment.

Table 4.3: Step-by-step sediment addition and sediment concentration ranges.

Sediment Concentration Ranges Increments

Type1 0.0–0.1% 0.01%

0.1–0.5% 0.05%

0.5–1.0% 0.10%

1.0–2.0% 0.25%

Type2 0.0–0.1% 0.01%

0.1–0.5% 0.05%

Type3 0.0–0.1% 0.01%

0.1–0.5% 0.05%

the water and sediment have been properly mixed, a snapshot is taken of
the mixing section. Subsequently, another pre-weighed portion of sediment
is added to the mixture and recorded. This process of adding sediment
proceeds until the resulting pixel values reach about 255 (i.e., a pixel value
of 255 is the camera’s limit for determining different shades of grey, with
pixel values ranging from 0 for white to 255 for black, see Figure 4.4). As a
result, every snapshot shows a certain level of concentration. Table 4.3 shows
the concentration ranges and sediment addition steps for each sediment type.
For example, Figure 4.4 shows the calibration process of Type2 sediment,
with each snapshot showing a certain volumetric concentration level. The
calibration process must be repeated for each sediment type due to differences
in the particle reflection index.

The snapshots are identical in terms of length and width, i.e., they feature
an equal number of pixels. A Gaussian blur is applied to each snapshot to
average the value across the pixel range. Pixels values are not identical across
snapshots due to the heterogeneous intensity of the background light. To
correct this discrepancy, the pixel value of each pixel is recorded throughout
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the addition process, following the fact that the pixel indices are fixed in all
snapshots. Finally, the concentration-pixel matrix is determined, yielding a
calibration curve for each pixel (Figure 4.5).

0 50 100 150 200 250

Pixel value

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

V
o

lu
m

e
tr

ic
 p

e
rc

e
n

ta
g

e
 [

%
] 

calibration curve

Figure 4.5: Calibration curve for one of the pixels for Type1 sediment.

4.2.3 Concentration Measurements

The concentration measurement begins with targeting a specific frame of
interest. An algorithm is developed using Python to calculate the concentration.
The algorithm proceeds as follows:

1. Gaussian blur is applied to the targeted frame;

2. The pixel value matrix of the clear water tank frame (the frame taken
before opening the lock gate) is obtained;

3. The pixel value matrix of the targeted frame is obtained;
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4. The two matrices of both frames are compared to each other pixel by
pixel;

5. If a pixel value change is detected between the two frames, based on a
pixel value of the clear water tank frame, the concentration–pixel value
curve is called;

6. From the concentration-pixel value curve (Figure 4.5), using the pixel
value of the targeted frame, the concentration of this pixel is calculated;

7. Finally, the targeted frame concentration matrix is calculated, after
which the grey scale images are converted into colour maps (red, green
and blue) based on concentration values (see Section 4.3.2).

4.2.4 Front Velocity Measurements

The calculation of the front velocity begins when a distinctive head is formed.
An algorithm is developed in Python to calculate the front velocity using a
subtraction procedure. The algorithm proceeds as follows:

1. The first frame of the recorded video (clear water tank) is obtained;

2. The subsequent frames, with a time step of 0.23 s, are subtracted from
the first frame in terms of pixel values. Note that the time step represents
30 frames. This number of frames was selected in order to smoothen the
distance–time curves;

3. The resulting frame from each subtraction step is converted into a binary
image with a pixel value of 25 as a threshold;

4. The resulting binary image is used to track the front position over time.

4.3 Experimental Results

This section presents the experimental results and discusses front velocity and
concentration maps. In this section, concentration and velocity calculations
are based on a two-dimensional approach.
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4.3.1 Front Velocities

One of the most commonly studied quantities in lock-exchange experiments
is front speed. According to literature (Huppert & Simpson, 1980; Rottman
& Simpson, 1983), based on the front speed, a turbidity current in a lock-
exchange experiment exhibits three phases: slumping phase, self-similar phase
and viscous-buoyancy phase. The slumping phase occurs near the lock gate,
where the dense fluid near the lock starts to collapse. This phase features
the formation of a turbidity current front, also known as the head of the
current. In this phase, constant propagation speed is observed due to the
balance between inertia and buoyancy forces. After the slumping phase, the
self-similar phase commences, where the propagation speed of the current is
not constant anymore and starts to decrease. Eventually, since viscous forces
dominate the flow, the viscous-buoyancy phase is initiated and the current
dies out.

Figure 4.6 shows the measured front positions xn for all runs as a function
of the propagation time t. Velocity instabilities can be observed near the
lock gate region, especially with low initial concentrations (i.e., runs 1 and
7). These instabilities are caused by the wave generated by removing the lock
gate, since the driving buoyancy force of the low-concentration current might
be lower than wave forces. There is an evident positive correlation between
the initial concentration and front speed, independent of sediment type. The
increase in particle suspension leads to higher buoyancy forces, which provide
the current with momentum.

For each sediment type, Figure 4.7 compares the time needed by the currents
as a function of the concentration inside the lock to reach the end of the
visualization region. Interestingly, starting from an initial concentration of
1.5% (runs 11, 19) until the end (runs 14, 22), small differences can be observed
in front velocity between Type2 and Type3. For initial concentrations of 2.5%
(runs 5, 13, 21) and 3% (runs 6, 14, 22), the front velocities are found to
be almost the same for all sediment types. Increasing initial concentration
strengthens the presence of an important mechanism that increases particles
suspension during the development of the current. The resulting high-buoyancy
driving forces from the presence of the particles would increase turbulence
intensity (i.e., the particles’ gravity forces cannot overcome the turbulence
forces, causing the particles to remain suspended). It is therefore obvious that
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particle size does not play a major role with high concentrations, with the
proviso that this may be different for turbidity currents with long run-out
distances.
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Figure 4.6: Front position of the turbidity currents xn as a function of the propagation time
t.

It is challenging to determine the different phases from Figure 4.6. The work
of Rottman and Simpson (1983), studying saline gravity currents, showed
that the slopes of dimensionless distance–time curves can define the different
phases, with the slopes of 1, 2/3 and 1/3 of these curves defining the slumping,
self-similar and viscous phases, respectively. To distinguish the different phases
in our experiments, the normalized time-distance figures are plotted in Figure
4.8. The front position xn is normalized to the lock length xo = 0.2, where
Xn = xn/xo and the time is normalized in accordance with Froude number,
where T = t/(xo/

√
g′oH). Reduced gravity g′o is calculated using the following

equation:

g′o =
g(ρm − ρc)

ρc
, (4.1)

where g is the the gravitational acceleration, ρc is water density and ρm is
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Figure 4.7: Time needed by the current to reach the end of the visualized region as a
function of the initial concentrations.

initial mixture density. The curves shown in Figure 4.8 are characterized by
two distinct slopes: The first slope ≈ 1 for the slumping phase and second
slope ≈ 2/3 for the self-similar phase. The 1/3 slope was not observed in
any runs, implying that none of the experimental runs made it to the viscous
phase. As expected, the slope values for the slumping and self-similar phases
follow the findings of Rottman and Simpson (1983), since all currents exhibit
the slumping phase. After the slumping phase, only run1, i.e., with the lowest
initial concentration of Type1 sediment, exhibits the self-similar phase. All
runs, except for run1, failed to transition to the self-similar phase. Runs 2–6
of Type1 and run 15–17 of Type3 show that front velocity starts to increase
at the end of the visualized region. Nevertheless, no run exhibits a self-similar
phase. Moreover, the transition time t* for run1 can be calculated from the
intersection between the slopes of 1 and 2/3 of that curve; t∗ is estimated to
be 19.76 s.

The effect of sediment particle size can be observed by examining the
dynamics of the currents, with Type2 sediment, consisting of fine particles,
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Figure 4.8: Log-Log plot of dimensionless time, T, vs. dimensionless front positions for all
experimental runs. The solid lines represent the slopes 1 and 2/3 for the long and short
lines, respectively. The right figure provides a more detailed look at the transition point of
the current from slope 1 to slope 2/3.

revealing no decrease in front velocity. The low particle size and the irregular
shapes of Type2 result in low particle settling velocities that cause no decrease
in the current’s front velocity. On the other hand, the effect of the coarser
particles (in Type1, runs 1–4) is visible at the end of the visualized region,
with the coarse particles settling and not contributing to the buoyancy driving
forces of the current anymore. For this reason, the curves approach the 2/3
slope line near the end of the visualized region. With Type3, the front velocity
observed in runs 15–17 decays at the end because of the deposition of the
coarser particles. This can be seen from the slope of the curves, which approach
the 2/3 slope. However, for remaining runs of Type3, as mentioned above, the
coarser particles did not settle due to high turbulence forces resulting from
high driving buoyancy forces. In other words, the curves of the remaining
runs have a slope of 1 until the end of the visualization region. In essence,
increasing the initial concentration delays the transition time towards the
self-similar phase.

4.3.2 Concentration Distributions

With the calibration process described above, it is possible to measure the
concentration of a running current at any time and location, assessing the
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Figure 4.9: Comparison of the concentration distribution of the currents. The rows represent
the same initial concentration and the columns represent the same sediment type. All the
runs are acquired at the same front position.

vertical dispersion of the current. Figure 4.9 shows colour maps of different
snapshots of runs 1,7–9 and 15–17 acquired at the same front position. The
snapshots are taken with the front at the end of the visualized region to
ensure the development of the current. The x and y-axes denote the pixel
positions. In runs 15–17, currents with Type3 sediment have lower concentra-
tion distribution values than for Type2 along the whole length of the tank,
due to the deposition of large particles. In these specific runs, the settling of
coarse particles affects the dynamics of the current during current propagation,
whereas the fine particles remain in suspension. Moreover, in run 1, most
particles settle and the current is not visible anymore with the used threshold
before it reaches the end of the visualized area. For runs 7–9, because of
the sediment characteristics of Type2 (i.e., small particle size and irregular
particles shape), the particles do not settle during the propagation period
of the current. Taking everything into account, only for the runs shown in
Figure 4.9.

1. Increasing initial concentration leads to higher concentration distribution
values and high front speed of the current;

2. Increasing particle size reduces the concentration distribution values and
the front velocity of the current.
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4.4. Numerical Model Description

4.4 Numerical Model Description

In this section, we present a drift–flux model that is used in turbidity current
simulations. The drift–flux model is a mixture model where one momentum
equation for the whole mixture is required. In this modelling approach,
the particles follow the surrounding flow motion but also have a deposition
behaviour. In order to justify our choice of drift–flux modeling approach, first,
we have to ensure that the particles follow the flow and do not have their
own trajectories. Fortunately, Stokes number (St) can be used to determine
this criterion, where a particle’s Stokes number is the ratio between particle
response time τp to the flow characteristic time scale Tk of the flow:

St =
τp
Tk

=
ρpd

2
p/18µ

L/U
, (4.2)

where ρp is particle concentration, dp is particle diameter, µ is the liquid phase
dynamic viscosity, L is the characteristic length scale and U is the velocity
of the flow at the length scale. In our case, L and U are taken to be the
thickness of the current and the front speed of the current, respectively. In
case of St << 1, this means that the particle response time is much lower
than the shortest eddy time scale, which means the particles remain within
the flow eddies. If St >> 1, on the other hand, the particle’s response time
is much longer. Consequently, the particle does not follow the eddy. Coarse
particles have a high Stokes number. Accordingly, following the experimental
results mentioned in Section 4.3, using the diameter sizes of 60 and 105m
for runs 6,14 and 22, which the highest front velocity, St is calculated to be
1.3 × 10−3, 4.2 × 10−4 and 1.2 × 10−3, respectively. As such, the drift–flux
model is appropriate for the study in this chapter.

The main assumption of the drift–flux model is that the momentum of
solid phases (i.e., each fraction represents a phase) rapidly adapts to the
momentum of the liquid phase in a planar direction while continuing to move
relative to the liquid phase in the gravitational direction (Burt, 2010). To
put it differently, there is little or no momentum exchange between the solid
and liquid phases (J. C. Goeree et al., 2016). The study in this chapter
uses the mathematical multiple-fractions-drift–flux model that was recently
reported by J. C. Goeree et al. (2016). Furthermore, this model is extended
in OpenFOAM (an open-source CFD tool). OpenFOAM solves the governing
equations sequentially using the Finite-Volume Method (FVM). Accordingly,
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the equations are integrated at each computational cell, yielding discretized
equations for each quantity.

4.4.1 Governing Equations

The drift–flux model is composed mainly of one mixture momentum equation,
one mixture continuity equation and one phase transport equation for each
particle size fraction. The mixture continuity equation is defined by the
following relationship:

∂ρmum

∂t
+∇.ρmum = 0, (4.3)

and the mixture momentum equation can be described as follows:
∂ρmum

∂t
+∇.ρmumum = ∇pm +∇.((νm + νt)∇um)

−
n∑

k=1

αkρkukmukm + ρmg +Mm,
(4.4)

where the subscripts k and m denote the phase k and mixture m, pm is
the mixture pressure gradient, αk is the volume fraction phase k, νm is the
mixture kinematic viscosity, νt is the eddy viscosity, Mm is external source
term, ρm =

∑n
k=1 ρkαk is the mixture density, ukm = uk − um is the relative

velocity of the phase k to the mixture m, uk is the phase velocity and um is
the mixture velocity and is calculated as follows:

um =
1

ρm

n∑
k=1

ρkαkuk. (4.5)

Interestingly, the third term on the right-hand side of equation 4.4,
n∑

k=1

αkρkukmukm, (4.6)

is the advection term resulting from the existence of the solid particles. The
phase transport equation is given as follows:

∂αk

∂t
+∇.(αkuk) = ∇.Γt∇αk, (4.7)

∂αk

∂t
+∇.(αk(um + ukm)) = ∇.Γt∇αk. (4.8)
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The right-hand side represents the particle turbulence diffusion. Γt is the
turbulence diffusion coefficient, which is defined as the ratio between the eddy
viscosity µt and turbulent Schmidt number Sc. In this chapter, Sc is taken
to be 1. Note that we solve the phase transport equation only for the solid
phases. To calculate the liquid phase, we use the following:

n∑
k=1

αk = 1. (4.9)

Based on that, αc = 1− αt, where αc is the volumetric concentration of the
liquid phase and αt =

∑n
k=2 αk is the volumetric concentration of total solid

phases.

Following Equations (4.4) and (4.7), ukm, νm, and νt require closure. Start-
ing with ukm, we employ the following equation using the relative velocity
approach (J. C. Goeree et al., 2016):

ukm = ukr −
n∑

k=1

ckukr, (4.10)

where ukr = uk − uc, ukr is the relative velocity of the phase k to the liquid
phase c, which is also known as the terminal settling velocity, and ck is the
mass fraction of phase k. The terminal settling velocity ukr is calculated for
each solid phase using the following equation (Ferguson & Church, 2004):

ukr =
Rgd2p

b1νf + (0.75b2Rgd3p)
1/2

, (4.11)

where νf is the kinematic viscosity of the liquid phase, g is the gravitational
acceleration, R = (ρp−ρa)/ρp, ρp is the particle density, ρa is the liquid phase
density, and b1 and b2 are presented in Table 4.4.

The effect of hindered settling is also taken into account, by using the Richard-
son and Zaki (1954) formula for hindered settling.

ukr = Vm(αt), (4.12)
Vm(αt) = (1− αt)

e−1 if αt < αtmax, (4.13)
Vm(αt) = 0 if αt = αtmax, (4.14)
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Table 4.4: Values of b1 and b2 used for the three sediment types. The typical values of b1
and b2 are 18 <b1 < 24 and 1 < b2 < 1.2.

Type1 Type2 Type3

b1 18 24 22
b2 0.4 12 1

where e is the so-called Richardson and Zaki index, which depends on a
particle’s Reynolds number that can be defined as the ratio between the
particle inertial and viscous forces. We use the empirical equation of Rowe
(1987) to calculate the value of e as follows:

e =
a+ bRedp
1 + cRedp

, (4.15)

where a, b, c, and d are experimental coefficients and are taken to be 4.7, 0.41, 0.175
and 0.75, respectively.

The presence of the particles will influence the viscosity. Noting that
the mixture is considered in the Newtonian regime, we use the formula
of Thomas (1965) that describes the mixture viscosity as a function of the
volume concentration of solids as follows:

νm = νf (1 + 2.5αt + 10.05α2
t +Aexp(Bαt)), (4.16)

where A and B are empirical factors that are taken to be = 0.00273 and 16.6,
respectively (J. C. Goeree et al., 2016).

Finally, to calculate νt in Equation 4.4, we use the buoyant k − ϵ model as
a closure for turbulence, where k accounts for the turbulence kinetic energy
and ϵ for the turbulence energy dissipation rate. The Buoyant k − ϵ model
can be described by the following equations (Van Rhee, 2002):

∂ρmk

∂t
+∇.(ρmkum) = ∇.[(νm +

νt
σk

)∇k] + Pk + Pb + ρmϵ, (4.17)

∂ρmϵ

∂t
+∇.(ρmϵum) = ∇.[(νm +

νt
σϵ

)∇ϵ] + Ct1
ϵ

k
(Pk + Ct3Pb)− Ct2ρm

ϵ2

k
,

(4.18)
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where σk = 1, σϵ = 1.3 are the turbulent Prandtl numbers, Ct1 = 1.44,
Ct2 = 1.92, and Ct3 = 1 are turbulence model constants. Pk is the generation
of turbulence kinetic energy due to mean velocity gradients, and Pb is the
generation of turbulence kinetic energy due to buoyancy. It is important to
emphasize that, for non-stratified flows, the buoyancy term vanishes where
Ct3 = 0, while Ct3 = 1 in the case of stable stratification. After solving the
k − ϵ model, eddy viscosity νt can be calculated following this relation:

νt = Cµ
k2

ϵ
, (4.19)

where Cµ = 0.09 is a turbulence constant.

4.4.2 Application of the Numerical Model

Two-dimensional (2D) computational mesh representing the experimental
set-up is shown in Figure 4.2. A 2D mesh is used further to reduce the
computational efforts required. Figure 4.10 also shows the used Boundary
Conditions (B.C); see Section 4.4.2. Two cell zones are defined, with first cell
zone 1 representing clear water, i.e., αc = 1, αt = 0 and cell zone 2 representing
the lock region where αt has a value depending on the initial condition of
the numerical run and αc = 1 − αt. The 2D mesh consists of 8000 mesh
cells. Furthermore, in both zones, cell dimensions increase in the positive Z
direction with a growth rate of 1.02, for the purpose of capturing the dynamics
of the current near the bottom in greater detail. The cell dimensions are kept
constant in the x-direction (see Figure 4.10).

Boundary Conditions

In this section, we summarize the general aspects and characteristics of the
B.C used in the numerical runs presented here. Boundary conditions are
specified for quantities um, pm, αk, ϵ, k.

For the velocities (um), at the free ambient water surface, a slip boundary
condition is used. Thus, there are neither convective nor diffusive fluxes
present at the top surface, but velocity values are calculated at the boundary.
A no-slip condition, i.e., zero velocities at the boundaries, is applied to all
solid boundaries of the tank domain. For the pressure pm, a value of 1.013
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Figure 4.10: Geometry, mesh and boundary conditions used in the numerical simulations.

bar is used at the top surface of the tank to simulate the effect of atmospheric
pressure, while zero gradient is used at all tank walls. In addition, the zero
gradient for volume fractions αk is assigned to all boundaries of the domain,
including the free surface. A zero-gradient boundary condition guarantees
that the volume fractions do not escape the domain, and that a bed builds
up at the bottom boundary. The presence of walls affects the turbulent flow
significantly. In the region near the wall, viscous damping and kinematic
blocking reduce normal and tangential velocity fluctuations. Far from the
near-wall region, turbulence increases rapidly because of the production of
turbulent kinetic energy k. In the current study, wall functions are used for
solid boundaries in order to link the viscosity-affected sub-layers between the
fully turbulent and near-wall regions. For the free top surface, a zero- gradient
BC is used for k and ϵ.

Grid Dependency

To investigate the influence of the mesh sizes, front position versus time is
depicted for four different computational meshes. Three 2D meshes with 4800,
8000 and 16,800 cells and one three-dimensional (3D)mesh with 60,000 cells
are selected to represent coarse, used, fine and 3D meshes, respectively. Experi-
mental run7 is reproduced numerically, using the four proposed computational
meshes, and the resulting distance–time figures are plotted in Figure 4.11. An
adjustable time step is used, which means that a new time step is calculated at
the end of the previous time step based on the Courant number C = u∆t/∆x.
The Courant number represents how quickly information travels along the
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Figure 4.11: Grid-dependency study of numerical Run7. The front position of the current
is plotted with respect to time for three different 2D meshes and one 3D mesh.

mesh cells. To have steady numerical runs, we keep C below 1.

The resulting distance–time curves for the four meshes compare very well,
which means that the numerical solution can be considered mesh independent.
To ascertain the mesh-independence of the solution in more detail, we also
calculated the error in two cases: between used/fine meshes and used/3D
meshes. Comparing the results of the used and fine meshes, we found that
doubling the cell number yields an average difference of 1% in the values of
time with respect to distance, while the average difference between the 3D
and used meshes is found to be 6.43%. Both are in an acceptable range.

4.4.3 Number of Used Fractions Sensitivity Analysis

The number of the used fractions in the numerical runs is also a critical
factor that can affect the simulation’s accuracy in predicting the parame-
ters associated with a turbidity current. Therefore, we must carry out a
number-of-fractions sensitivity analysis to investigate the effect of the used
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Figure 4.12: Sensitivity analysis for the number of the used fractions in the case of numerical
run15. The front position of the current is plotted with respect to time for the number of
used fractions of 1, 12, 24 and experimental results.

fractions number on the forward velocity of the currents. Run15 is reproduced
numerically using number of fractions of 1, 12 and 24. The resulting distance–
time curves for the numerical runs and the experimental run are plotted in
Figure 4.12.

The potential energy that the mixture possesses before the gate is removed
and the buoyancy forces resulting from the presence of solid particles are the
main driving forces of a current. After removing the gate, the potential energy
of a mixture transforms directly into kinetic energy. The effect of the kinetic
energy on the driving force of the current decreases with time, and buoyancy
forces become dominant. Following this understanding, in the first 60 s on the
x-axis in Figure 4.12, front velocity compares well with experimental results
because the driving forces were equal in all numerical runs. However, when the
effect of the potential energy reduces and buoyancy forces become dominant,
a degree of deviation is observed. As a result, beyond 60 s on the x-axis
in Figure 4.12, in the case of 1 and 12 fractions used, a deviation from the
experimental result can be observed. This deviation can be attributed to the
change in buoyancy forces, since the number of fractions used significantly
influences the buoyancy forces. As a result, the 24-fractions run compares well
during the whole propagation time of the current, unlike the 1- and 12-fraction
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runs. Therefore, using a more representable number of fractions of a sediment
type in a numerical run will increase the accuracy of a simulated result.

4.5 Comparison of Numerical Simulations with
Experiments

The predictions of the multi-phase drift–flux model are validated in this section.
We compare the experimental results to the corresponding numerical results.
Runs 1, 7 and 15 are reproduced numerically using the same initial conditions
as in the experimental runs. Particle sizes were analysed through PSD testing
for each sediment type in order to identify the quantities of each particle
size present in the sediment. In addition, 14,12 and 24 fractions are used for
Type1, Type2 and Type3, respectively. This information is used to set up the
initial conditions of each numerical run.

Figure 4.13 compares the observed and simulated front position of the
current versus time for runs 1, 7 and 15. The numerical model predicts the
observed front position very well. This means that the simulations are capable
of predicting the three phases of the current, i.e., the slumping, self-similar
and viscous phases mentioned in the experimental results, Section 4.3.

Since it is also important to compare concentration distribution, two snap-
shots are taken at the same time frame and same front position in both the
simulations and the experiments. The first snapshot is taken when the front
of the current is almost at the middle of the tank, while the second snapshot
is taken when the current reaches the end of the visualized region (see Figure
4.2). Two concentration profiles are taken per snapshot. For the first snapshot,
the first profile is taken at the front of the current, at ∼= 1.6 m from the lock
gate, while the second profile is taken at the body region of the current at a
distance of ∼= 0.5 m from the lock gate. For the second snapshot, the front is
taken to be at the end of the visualized region, which is ∼= 2.3 m from the lock
gate and the second profile is at ∼= 1.2 m from the lock gate. In run1, only the
first snapshot is taken at 24.5 s because the current is unquantifiable when
it reaches the last third of the tank. For runs 7 and 15, the first snapshot is
taken at 69.5 s and 73.1 s, while the second snapshot is taken at 113 s and
130 s, respectively.
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Figure 4.13: Validation cases for runs 1, 7 and 15. Front velocities of the numerical runs
are compared to experimental runs.

Figures 4.14–4.16, show the experimental concentration profiles versus the
simulated concentration profiles for runs 1, 7 and 15. Generally speaking,
the numerical simulations show good agreement with the experimental data.
Looking in more detail, a minor degree of divergence is observed between the
experiments and simulations in all validation cases, which can be explained
by two main factors:

1. The use of buoyant k− ϵ turbulence modelling, as this model introduces
a degree of inaccuracy to the turbulence calculations.

2. The accuracy of the concentration calibration process in the experiments.

Various processes contribute to the turbulence process. One of the most
important turbulence damping mechanisms in turbidity currents is damping
by buoyancy forces, where solid-particle gravity forces oppose the upward flow
fluctuations. This will result in a reduction in kinetic turbulence energy (Toor-
man et al., 2002). This mechanism could have a significant effect on the
turbulence calculations even in low-concentration currents. Another damping
mechanism is the reduction in turbulence kinetic energy due to the change
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Figure 4.14: Validation case for run1. Vertical concentration profiles are shown for the front
and the body of the current. The first snapshot is taken when the front of the current has
almost reached the middle of the tank.

in the effective viscosity, which is why the presence of particles increases the
bulk viscosity of the mixture (Toorman et al., 2002).

The standard k− ϵ model was originally developed on the basis of isotropic
eddy viscosity and eddy diffusivity models. Accordingly, this model produces
good estimations of turbulence calculations in non-stratified flows (Murakami
et al., 1996). With stratified flows (e.g., turbidity currents), the model needs
to be tweaked to account for the presence of sediment particles(Murakami
et al., 1996). One of these modifications involves adding a buoyancy damping
function term Pb to account for damped turbulence flux resulting from particle
buoyancy. Note that this modification was made in the present study (see
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Figure 4.15: Validation case for run7. Vertical concentration profiles are shown for the front
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Figure 4.16: Validation case for run15. Vertical concentration profiles are shown for the
front and the body of the current. The first snapshot is taken when the front of the current
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Equations (4.17) and (4.18)). However, our approach still lacks two other
damping processes: the turbulence flux of momentum in the vertical direction
and the extra vertical mixing between the flow layers due to the particles,
i.e., turbulent wake resulting from particle deposition in the vertical direction.
These two processes must be modelled in the k − ϵ model. In addition, an
accurate estimation of the Schmidt number Sc = σoFm/Fs is needed, where
Fm is the damping function for momentum, Fs is the damping function for
the mixing and σo is the neutral Schmidt number. Normally, the Fm and Fs

are calculated as a function of the Richardson number, which is defined as the
ratio between buoyancy flux and flow shear (for more on estimating damping
functions, see Toorman et al. (2002)). In addition to damping processes,
another possible reason for the observed divergence is the wave at the tank
surface caused by removing the lock gate, which is not taken into consideration.
Moreover, there is a miss-estimation of the bed formed in the experiments
because of the limitations of the calibration process (Section 4.2.2, Table 4.3).
Keeping this in mind, the deviation between the experimental and numerical
calculated concentration distribution at the bottom of the tank, i.e., first 2
cm on the y-axis Figures 4.14–4.16, can be attributed to the inaccuracy of the
measured concentration distribution in the experiments.

To conclude, the damping processes mentioned here and the wave are the
reasons for the minor degree of divergence observed in the vertical concentration
profiles. However, for the sake of minimizing computational efforts and
capturing the general trend of the current without extra costs, we consider
that the multiple fractions drift–flux modelling approach can effectively predict
the behaviour of a current in a good manner.

4.6 Conclusions

Particle size plays a major role in turbidity current propagation. In order to
quantify turbidity currents generated by mining, this chapter investigated the
effect of particle size and initial concentration on the propagation of turbidity
currents experimentally and numerically. In the following context, the low-
concentration turbidity currents and high-concentration turbidity currents
are denoted to the currents of α ≤ 1% and 1% ≤ α ≤ 3% of the initial
concentration, respectively. Note that these conclusions are limited to by the
tested run-out distance of the current, i.e., the tank length.
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• Increasing initial concentrations inside the lock yields high front velocities
independent of sediment type. In other words, the transition time to the
self-similar phase increases when increasing the initial concentration.

• Increasing particle size leads to low front velocities. With coarse-particle,
low-concentration currents, the turbidity current transitions to the self-
similar phase more quickly, unlike fine-particle currents that take much
longer to transition.

• Increasing initial concentrations neutralizes the particle size effect on
current propagation.

• With high-concentration currents, coarse particles have little/no effect
on the motion of the current compared to fine-particle currents with the
same initial concentration, while in low-concentration currents, coarse
particles settle and affect the forward velocity of the current.

• In case of fine-particle, low-concentration currents, low local concen-
tration distribution values are observed during the propagation of the
current.

• The new multiple fractions drift–flux model can satisfactorily predict
how turbidity currents develop. It is important to remember that the
number of fractions used is critical to the accuracy of the predictions,
with a greater degree of accuracy being achieved when using a large
number of fractions.

These findings can contribute to our understanding of the discharge process
from a PNMT. Increasing particle size through flocculation and decreasing
the initial concentration at the source might be beneficial in order to minimize
environmental impact. Another key point is that the drift–flux model can
be utilized to predict the behaviour of turbidity flows behind mining tools.
Furthermore, the drift–flux model can be an acceptable choice to optimize the
momentum, volume and buoyancy fluxes at the discharge source.

The aggregation-breakup processes that occur between sediment particles
during the discharge process and during turbidity current propagation is a
matter of importance in any discharge process assessment. However, despite
the fact that there are some studies about flocculation processes for deep-
sea mininig applications (Gillard et al., 2019; Spearman et al., 2020), a
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comprehensive understanding of flocculation is still lacking. Moreover, a
properly validated numerical model that can predict particle size in the near-
field region is still needed.
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Chapter 5

Flocculation Effect in
DSM-Generated Turbid

flows

Abstract

A new hydrodynamic model of the PNMT mixture that captures sedi-
ment particle aggregation and breakup. Flocculation is expected to play
an important role in defining the dispersion behaviour of the turbidity
flows and the subsequent turbidity currents. The drift-flux model and
the PBE are coupled in order to predict fluid hydrodynamics. Special
attention is given to the settling velocity closure, since the formed flocs
are porous and complex in geometry. The flocculation parameters are
calibrated using the experiments of Gillard et al. (2019). Finally, we
investigate the effect of flocculation in the near-filed region by solving
the new model numerically on a computational domain of the near-field
region. The results show that flocculation can lower the velocity of -and
sediment suspension- in the generated turbidity current at the large
distances and time scales associated with the near-field region.

Parts of this chapter have been published as Elerian, M., Huang, Z., van Rhee, C., Helmons,
R. (2023). Flocculation effect on turbidity flows generated by deep-sea mining: A numerical
study. Ocean Engineering, 277, 114250.
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5.1 Introduction

Due to the difficulties in conducting in-situ testing, our understanding of the
generated turbidity flows is limited. Direct measurements of these flows are
rare because of turbulence in the wake region, the complexity of measuring
the impingement zone, and the limited research on the interaction between
discharged plumes and plumes from tracks. The focus of this chapter is to
examine the flocculation in the discharged mixture, which is still a subject of
ongoing research with numerous uncertainties and areas for further exploration.
Lab experiments are crucial in this regard, as they allow for calibration and
validation of numerical models to predict the behavior of turbidity flows in
near and far regions (Elerian et al., 2021). Modeling of local characteristics of
generated turbidity currents, such as velocity and concentration, is crucial for
environmental impact predictions in DSM studies. Such predictions should be
based on credible data. In this context, we aim to partially fill the current
knowledge gap about the behavior of particles in the near-field region by
creating a new modeling approach that predicts turbidity flow dispersion in
that area.

Early studies investigating DSM turbidity flows have been reported in
the literature (Jankowski et al., 1994; Purkiani et al., 2021; Zielke et al.,
1995), but, to date, there have been few near-field numerical investigations
dealing with DSM-generated turbidity flows. Decrop and Wachter (2019)
presents a comprehensive two-phase CFD simulation of a PNMT discharge
scenario, taking into account a variety of realistic conditions. Recently, Ouillon
et al. (2021) conducted DNS simulations for a moving PNMT discharge
process using the Boussinesq approach. This approach solves for a transport
equation for buoyancy, along with Navier-Stokes and continuity equations.
The results showed that when the PNMT’s forward velocity is higher than
the current’s velocity, the forward velocity of the resulting turbidity current
agrees with what is observed in lock-exchange tanks. While these studies
give a basic understanding of the turbidity current structure in the near-field
region, they do not consider the multiple particle size fractions and their
interactions, such as aggregation and break-up processes. This could result in
an incorrect estimation of particle settling velocity, which plays a significant
role in determining the plume’s behavior.

When particles collide in the presence of organic material and are in a
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cohesive state, they can form a structure known as a "floc" through a process
called "flocculation". Recently, researchers have recognized that flocculation
plays a crucial role in DSM turbidity flows (Ali et al., 2022; Gillard et al.,
2019; Gillard & Thomsen, 2019; Helmons et al., 2022; Muñoz-Royo et al.,
2022; Spearman et al., 2020). Interestingly, Gillard et al., 2019 showed in
a controlled laboratory experiment that under specific mixing conditions,
the median particle size (d50) of a CCZ (Clarion Clipperton Fracture Zone)
sediment mixture can increase from 12 µm to 600 µm within just 7 minutes,
indicating a rapid aggregation process between sediment particles. This leads
to the firm conviction that flocculation could potentially serve as a crucial
solution in reducing the impact of turbidity flows.

Shear-induced flocculation of multi-fraction sediment is primarily influenced
by aggregation and break-up mechanisms, as revealed through experiments
and numerical modeling of particle size distribution (PSD). Considerable
effort has gone into developing a mathematical description of flocculation
mechanisms, resulting in the creation of the "Population Balance Equation
(PBE)"(Hounslow et al., 1988). PBE has gained widespread adoption among
researchers in multiple fields for analyzing flocculation processes under fixed
flow shear rates (Jeldres et al., 2015; Maggi, 2009; Mietta et al., 2011; Quezada
et al., 2020; Ruan et al., 2021). The results obtained from PBE have been
shown to have a strong correlation with experimental findings (Cahill et al.,
1987; Fernández-Barbero et al., 1996; Russel et al., 1991). As most engineering
problems are dynamic, with changing flow conditions over time, researchers
often couple Computational Fluid Dynamics (CFD) models with PBE to
efficiently analyze mixture dynamics and particle-size changes simultaneously
(Bhole et al., 2008; Golzarijalal et al., 2018; Shi et al., 2019; Silva et al.,
2008). These studies employ an Euler-Euler modeling approach, treating the
water-sediment mixture as separate fluid and solid fractions based on size,
as interpenetrating continua. PBE is coupled with the Euler-Euler model
and both are solved simultaneously, resulting in a computationally intensive
process. Each particle fraction requires its own momentum equation and
PBE, adding to the complexity of solving the source terms that couple the
momentum equations for both the liquid phase and the particle fraction.

In contrast to other models that treat particle fractions as separate phases,
the drift-flux model takes a mixture approach, where the entire mixture is
represented by a single momentum equation. However, this approach requires
the inclusion of a phase transport equation for each particle fraction (J.
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Goeree, 2018). Furthermore, the drift-flux model has been applied in different
engineering applications (Alhaddad et al., 2020; Decrop & Wachter, 2019;
de Wit, Talmon, et al., 2014; Elerian et al., 2022; J. Goeree, 2018; Van Rhee,
2002), supporting our choice for the model. To the best of our knowledge, the
drift-flux model has been coupled with PBE in previous studies by Shen et al.
(2018) and F. Chen et al. (2006), but both used only two or three phase PBE,
which may affect the accuracy of predictions on a high-resolution grid. As
shown in the work of Elerian et al., 2022, increasing the number of fractions
leads to improved accuracy in predicting the forward velocity of turbidity
currents. However, the suitability of their approach depends on the type of
problem being studied and the desired outcomes. Our investigation focuses
on the near-field region, with a higher resolution in the spatial, temporal,
and phase domains than has been studied in previous works. This higher
resolution has implications for the details of turbulence modeling and, in turn,
flocculation modeling.

Building on the findings of Gillard et al. (2019), we have developed a
new numerical model to improve the accuracy of turbidity-flow prediction
behind a PNMT. This model includes the calibration of the most critical
flocculation parameters. Our model’s predictive capability stems from the
combination of the drift-flux modeling approach, validated by Elerian et al.,
2022, implemented in OpenFOAM, and the population balance modeling
approach developed by Hounslow et al., 1988. The coupling of these two
approaches would enhance the model’s accuracy in predicting turbidity-flow.
This will yield an improved understanding of turbidity flows in the near-field,
from which we can gain insights into how discharge parameters impact the
mixture dispersion in the near and far field regions. This could open up new
opportunities for engineering solutions to address this issue. This chapter
starts by outlining the PBE and the coupling procedure with the drift-flux
model, as discussed in Chapter 4, in Section 5.2. Next, we calibrate the
essential parameters of flocculation using the experimental work of Gillard
et al. (2019) in Section 5.3. To demonstrate the impact of flocculation, we
present a case study in Section 5.4. Finally, we draw conclusions in Section
5.5.
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5.2 Mathematical Model

The flow of water-sediment mixtures, such as DSM turbidity flows, is described
by the variable-density, incompressible Navier-Stokes equations. In the context
of multi-phase flow, it is worth noting that the particle size distribution is
partitioned into bins, with each treated as a separate phase. Previously in
Chapter 4, we discussed the mathematical model used for this purpose, which
was implemented using OpenFOAM, an open-source CFD code. However, this
model does not account for the flocculation process. Hence, in the following
subsection, we discuss the Population Balance Equation (PBE) and its closures
and coupling procedures to the drift-Flux model reported in Chapter 4.

5.2.1 Population Balance Equation (PBE)

Aggregation and breakup are the two main processes that govern phase
transition among solid particles. Despite flocculation being a complex process,
Hounslow et al. (1988) presents a simple discretized equation that captures
the transition of particles between phases. This discretization approach is
based on size classes or size groups, in which the entire size range of sediment
particles is divided into a specific number of groups. Each individual class is
identified by its size, meaning that class k contains one size-based fraction. For
simplicity, each class is treated as a phase, with the subscript k representing
the class. The discretization approach is based on the idea that the volume of
a particle in phase k + 1 is double that of a particle in phase k.

υk+1 = 2υk, (5.1)

where υk is the particle size in class k. Bearing this in mind, the discretized
form of PBE can be described as follows:
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dNk

dt
=

k−2∑
j=1

2j−k+1γβk−1,jNk−1Nj +
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γβk−1,k−1N

2
k−1

−Nk

k−1∑
j=1

2j−kγβk,jNj −Nk

kmax∑
j=k

γβk,jNj

−SkNk +

imax∑
j=i

ζk,jSjNj ,

(5.2)

where Nk(#/m3) = αk/υk is the number concentration in particles of phase
k, γ is the collision efficiency, βk,j(m3/s) is the collision frequency between
particles in groups k and j, Sk(s

−1) is the breakage rate of particles in group
k and ζ is the breakage distribution function which determines the volume
fraction of particles of group k resulting from the fragmentation of particles
of group j. Figure 5.1 provides a graphical representation of the RHS source
terms of Equation 5.2, in which four functions that represent the particulate
system are present; these functions are:

1. Collision efficiency γ,

2. Collision frequency βk,j ,

3. Breakage rate Sk,

4. Breakage distribution function ζ.

Such functions require closures, as they are the main driver of the phase
transition process. Each closure will be discussed in the following subsections.

Collision Efficiency (γ)

The aggregation probability between two particles from different phases k
and j can be described by the collision efficiency γ, which ranges from 0 to
1. When every collision results in floc formation, γ = 1. On the other hand,
when no collision leads to floc formation, γ = 0. Determining the collision
efficiency is a complex process as it depends on the surface properties of the
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Figure 5.1: Aggregation an breakage dynamics of the discrtized PBE, Equation 5.2, adapted
from (Biggs & Lant, 2002). Following Equation 5.2, first term is formation of floc k due to
collision of unequal particle sizes, second term is formation of floc k due to collision of equal
particle sizes, third term is death of floc k due to collision with smaller particles, fourth
term is death of floc k due to collision with equal or large particles, fifth term is death of
floc k due to breakage, sixth term is formation of floc k due to breakage of large particles.

particles, interaction forces between particles, and hydrodynamic effects within
the aggregate. In some cases, γ is considered as a constant value (Biggs &
Lant, 2002; Golzarijalal et al., 2018), while in others, it is considered as an
adjustable parameter (Wickramasinghe et al., 2005; Zhang & Li, 2003). In
this chapter, the value of γ is assumed to be 0.5 for all simulations.

Collision Frequency (βk,j)

Assessing the frequency of collisions is challenging due to the intricate interac-
tion of various factors, including:

1. Perikinetic aggregation of flocs, i.e. Brownian motion, βBr
k,j ,

2. Orthokinetic aggregation of flocs, i.e. aggregation occurs because of a
velocity gradient in a fluid, βsh

k,j ,

3. Gravity aggregation,i.e. differential settling, βg
k,j .
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For any given two particles, each of which belongs to a different phase k orj,
collision frequency is calculated as follows:

βk,j = βBr
k,j + βsh

k,j + βg
k,j . (5.3)

The flocs resulting from an aggregation process are irregular, permeable
structures. Two parameters are introduced by (Veerapaneni & Wiesner, 1996)
to correct for the fluid collision efficiency,

1. The efficiency of fluid accumulation inside a floc η,

2. The ratio of the drag force of a permeable aggregate to the drag force of
an impermeable aggregate Ω.

The collision efficiency between permeable and irregular flocs is thus given by
the following equations:

βBr
k,j =

2kbT

3µ

(
1

Ωkrk
+

1

Ωjrj

)
(rk + rj), (5.4)

βsh
k,j = 1.294G

(√
ηkrk +

√
ηjrj

)3
, (5.5)

βg
k,j = π

(√
ηkrk +

√
ηjrj

)2 |(ukr − ujr)|, (5.6)

where rk is the effective capture radius of an aggregate of phase k, kb is
Boltzman constant, T is the temperature, G = (ϵ/ν)1/2 is the shear rate and
µ is the dynamic viscosity. Considering the fractal dimension, the value of a
floc’s effective radius is determined by the following equation (Flesch et al.,
1999):

rk = r2(
υk
υ2

)1/df , (5.7)

where r2 = d2/2 is the primary particle radius, df is the fractal dimension,
which ranges from 1 to 3, with 1 being line of particles and 3 is a solid sphere.
The irregular shape and the permeability of a floc are governed by the value
of df , making it a critical factor for flocs structure. Ω in Equation 5.4 is the
ratio between the force exerted by the fluid on a permeable aggregate and
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the force exerted by the fluid on an impervious sphere of an equivalent size
(Jeldres et al., 2015), it is given by:

Ω =
2ξ2

(
1− tanhξ

ξ

)
2ξ2 + 3

(
1− tanhξ

ξ

) , (5.8)

where ξ = r/
√
K is the dimensionless permeability, in which K is the perme-

ability of an aggregate. We employ the Brinkman and Happel permeability
equation to calculate the K (Li & Logan, 2001),

K =
d22
72

(
3 +

3

1− ϕ
− 3

√
8

1− ϕ
− 3

)
, (5.9)

where ϕ is the porosity of a floc, which is calculated using the fractal dimension
approach:

ϕ = 1− Cb

(
dk
d2

)df−3

, (5.10)

where Cb is the packing coefficient, which is assumed to be 1 in this work.
As demonstrated by Equation 5.10, there is an inverse relationship between
fractal dimension and floc porosity. As the fractal dimension increases, the floc
porosity decreases. This trend continues until the fractal dimension reaches
its maximum value of df = 3, at which point the floc porosity reaches its
minimum value of 0, indicating a solid case with no voids or pores, (Li &
Logan, 2001).

Following Equations 5.5 and 5.6 and the Brinkman equations (Wickramas-
inghe et al., 2005), η is calculated using the following equation(Biggs & Lant,
2002):

η = 1− d

ξ
− c

ξ3
, (5.11)
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where

d =
3

J
ξ3

(
1− tanhξ

ξ

)
, (5.12)

c = − 1

J

(
ξ5 + 6ξ3 − tanhξ

ξ

(
3ξ5 + 6ξ3

))
, (5.13)

J = 2ξ2 + 3− 3
tanhξ

ξ
. (5.14)

Breakage Rate (Sk)

In general, a floc breaks up when the imposed external force on the floc
exceeds the floc’s strength. The breakage rate Sk is determined as follows
(J. C. Winterwerp, 1998):

Si = EbG

(
dk − d2

d2

)3−df
(

µG

Fy/d2k

) 1
2

, (5.15)

where Fy is floc strength. Very little is known about Fy, but Van Leussen,
1994 estimated it to be approximately 10−10N . Eb is the breakage coefficient.

Breakage distribution function

Determining the size distribution of daughter flocs produced from the breakup
of a parent floc is challenging. Theoretical breakup distribution functions are
used to find the best fit for the experimental data. In this chapter, we adopt
a binary breakage function, which we believe will be adequate, as discussed in
(W. Chen et al., 1990; Jeldres et al., 2015).

ζk,j =
υj
υk

, j = k + 1 and ζk,j = 0 for j ̸= k + 1. (5.16)

5.2.2 Coupling Between Drift-Flux Model and PBE

We couple fluid dynamics and phase transition by using the relationship
between the number density Nk and the volume concentration of particle
phase, which remains constant over time.
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Nk =
αk

υk
. (5.17)

From Equation 5.17 and Equation 4.7 we can deduce the following equation:

∂αk

∂t
+∇.(αk(um + ukm)) =

[
υk

k−2∑
j=1

2j−k+1γβk−1,jNk−1Nj

+
1

2
υkγβk−1,k−1N

2
k−1 − υkNk

k−1∑
j=1

2j−kγβk,jNj−

υkNk

imax∑
j=i

γβk,jNj − SkNkυk + υk

imax∑
j=i

ζk,jSjNj

]
+∇.Γt∇αk.

(5.18)

Thus, we replace Equation 4.7 by Equation 5.18, obtaining a particle
of phase k that travels through time, space (advection and diffusion), and
phase domains (i.e, volume as an internal coordinate). Subsequently, the
proposed model is implemented using OpenFOAM, an open-source CFD code,
as illustrated in Figure 5.2.

5.2.3 Settling Velocity

Investigating flocculation issues requires a close examination of the PSD, as
it plays a crucial role in determining the effects of flocculation on mixture
hydrodynamics. The PSD of CCZ is analyzed by Gillard et al. (2019), and
the results provide a key starting point for further modeling efforts (as seen
in Fig. 5.3).

The PSD used in this chapter is taken from the 8MUC location and divided
into 27 fractions. The smallest fraction, known as the "primary phase," is
dk=2 = 2µm with density ρk=2 = 2650. The largest fraction, which is based
on the maximum floc size found by Gillard et al. (2019) in three experimental
cases, is dk=28 = 812.74µm (refer to Fig. 5.3). The intermediate fractions
were calculated using the discretization rule in Equation 5.1. Note that a
correction is made to the 27 fraction PSD curve to ensure that the area under
the curve remains equal to one. This correction is necessary to account for
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Figure 5.2: Flow chart of the solver algorithm in OpenFOAM.
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the difference between the original PSD curve of Gillard et al. (2019) and the
selected PSD used in this chapter.
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Figure 5.3: PSD of the 8 MUC location in the CCZ Gillard et al., 2019. The blue points
represents the corrected 27 fractions used in this chapter.

In shear-induced flows, aggregation of particles results in an increase in
floc size and a decrease in density as water becomes trapped within the flocs
during the aggregation process. This has a direct impact on the settling
velocity of the flocs, which then affects the accuracy of predictions for mixture
hydrodynamics. To account for these changes, we use an improved definition
of settling velocity that takes into account the floc density by incorporating
the primary particle size (dk=2) and the fractal dimension (df ). This updated
formula extends the one proposed by Ferguson and Church (2004) and is as
follows:

ukr =
Rs,kgd

2
k

b1νc + (0.75b2Rgd3k)
1/2

, (5.19)

where νc is the kinematic viscosity of the carrier fluid (water), and b1 and
b2 are coefficients that account for particle shape and drag, respectively.
Rs,k = (ρk − ρ1)/ρk represents the submerged specific gravity and highlights
the correlation between floc density and settling velocity. Rs,k is calculated
differently as per Kranenburg (1994) and Strom and Keyvani (2011), as follows:
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Rf,k = Rs,k

(
dk
d2

)df−3

, (5.20)

By substituting Equation 5.20 with Equation 5.19, we arrive at a general
explicit formulation for the settling velocity of a floc as follow:

ukr =
Rgd

df−1
k

b1νcd
df−3
2 + b2(0.75Rgd

df
k d

df−3
2 )1/2

. (5.21)

5.3 Numerical Model

The mathematical description of the flow of water-sediment mixtures, such as
DSM turbidity flows, is given by the variable-density, in-compressible Navier-
Stokes equations. In the context of multi-phase flow, it is important to note
that the particle size distribution is divided into bins, each of which is treated
as a separate phase. The governing equations are solved sequentially using
the Finite-Volume Method (FVM). Accordingly, the equations are integrated
at each computational cell, yielding discretized equations for each quantity.

5.3.1 Experiments

Gillard et al. (2019) study DSM-generated turbidity flows, where the floccula-
tion process is quantified experimentally. To our knowledge, the flocculation
parameters that we believe to play the largest role in controlling aggregation
and breakup processes, , i.e. df and Eb, have not been calibrated for CCZ-
type sediment. The exact values and sensitivity of these parameters therefore
remain unknown, which is why we use the experimental results of Gillard et al.
(2019) to calibrate and in Equation 5.17 to predict as accurately as possible.
It is worth noting that despite Gillard et al. (2019)’s extensive research on
real CCZ sediment, an important limitation of their study is the absence of
in-situ CCZ water. The use of natural water is crucial in understanding the
aggregation process in CCZ environments. As a result, the experimental work
in Gillard et al. (2019) did not fully consider the impact of key factors such
as extracellular polymeric substances (EPS) and bacteria present in real CCZ
water on the aggregation of particles. However, to the best of our knowledge,
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Figure 5.4: (a) Couette reactor setup. (b) The 2D mesh used in numerical runs.

this is still the only work in the literature that has detailed laboratory results
for CCZ sediment.

Gillard et al. (2019) used a horizontal Couette reactor (Figure 5.4) to create
a homogeneous shear rate. The reactor consists of a fixed inner cylinder and a
rotating outer cylinder with a 2 cm wide annular space between the walls and
a total working volume of 1.7 liters. The shear flow is generated by rotating
the outer cylinder. The floc aggregation process is observed over time using
a camera, as the outer chamber is made of transparent acrylic glass. The
mixture is tracked during each experimental run.

5.3.2 Numerical Domain

A 2D mesh is created using OpenFOAM’s block-Mesh utility to represent a
horizontal slice of the Couette reactor’s working volume (see fig. 5.4). The
mesh is 25.7 cm long and 2 cm high. All sides are assigned a Wall Boundary
Condition (B.C), with a no-slip B.C assigned to velocity, a zero gradient
assigned to pressure, wall functions assigned to k and epsilon, and a zero
gradient assigned to αk.

In the model, turbulence inside the Couette reactor is kept constant due
to the constant angular velocity created by the rotation of the outer wall,
resulting in a constant shear rate G throughout an experimental run. Despite
the constant turbulence in the experiments, the turbulence model (Equations
4.17 and 4.18) is not activated during the simulation, as constant values are
assigned to k and ϵ, which are used to calculate Γ in Equation 5.18 and νtm
in Equation 4.4. The current study focuses solely on calibrating the most
effective flocculation parameters in the RHS of Equation 5.17

The shear rate in an experimental run is used to calculate the value of ϵ for
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each case by using the equation G = (ϵ/νm)0.5. The turbulence length scale
relation is then used to determine k as follows:

ϵ =
C0.75
µ k1.5

L
, (5.22)

where L is taken as 0.02m, the distance between the outer and inner walls of
the reactor. The volumetric concentration αk of each phase is then averaged
over the entire domain, leading to the determination of d50.

5.3.3 Settling Velocity Calibration

It is important to note that of the seven flocculation parameters Eb, d2, Cb,
df , b1, b2, only three df , b1, and Eb are considered for calibration, as they
have been found to have a high impact on the results, while the other four
have been found to have only a slight impact.

As mentioned in the work of Ferguson and Church, 2004, the values of b1
range from 18 to 24 and b2 range from 1 to 1.2 for sand. However, when
dealing with flocculation, the fractal dimension df plays a crucial role as it
describes the space-filling ability of real flocs. According to Strom and Keyvani,
2011, the settling velocity changes with the variation of the fractal dimension.
Therefore, we determine the particle shape parameter b1 corresponding to
the tested fractal dimension by calibrating the measured settling velocity of
Gillard et al., 2019 to the results of equation 5.21, using the specific fractal
dimension being tested. This allows us to determine the optimal value of
b1, taking into account that we found that the value of b2 did not have a
significant impact on the results and is thus kept constant at 1.5.

Gillard et al. (2019) conducted settling velocity measurements which are
used to calibrate parameters b1 and b2 in Equation 5.21. The particle sizes
varied from an initial d50 = 20µm to the maximum floc size in each case. The
results from Equation 5.21 are compared to the experimental results and the
case-dependant empirical formulas from Gillard et al. (2019) are used.

Figure 5.5 shows the calibration of parameter b1 using different values of
df . In Section 5.3.4, the fractal dimension for each of the 3 test cases is
determined. The settling velocity measurements in the figure are case-specific.
The results from Equation 5.21 agree well with the experimental results.
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However, there is some discrepancy between the measured and calculated
settling velocities, particularly in the low-shear rate conditions and for small
particle sizes. This divergence may be attributed to several factors including:

• The uncertainty about the primary particle size d2.

• Assuming a constant fractal dimension for the entire size range of
particles.

• As a result, changes in fractal dimension can also affect the particle
shape coefficient b1, which can ultimately impact the calculations.
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Figure 5.5: Calibration of the modeled settling velocity ukr using the experimental results
of (Gillard et al., 2019). (A): calibration process for 500 mg/l and 10.4 s−1. (B): calibration
process for 175 mg/l and 5.7 s−1 . (C): calibration process for 105 mg/l and 2.4 s−1.

5.3.4 Calibration Results

The calibration set consists of three distinct cases, each characterized by a
unique combination of mass concentration and shear rate. The concentrations
tested are 500, 175, and 105 mg/l, paired with shear rates of 10.4, 5.7, and 2.4
s−1 respectively. These varied conditions allow for a comprehensive evaluation
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Figure 5.6: Calibration process in case of 500 mg/l mass concentration and 10.4 s−1 shear
rate. All 3 figures show the development of d50 over time. (A) represents the sensitivity
of the fractal dimension df on the numerical results, where the the breakage coefficient
Eb = 1× 10−6 is constant. (B) represents the sensitivity of the breakage coefficient, where
for blue curves the df = 2.3 is constant. (C) represents the sensitivity of both parameters
df and Eb on the development of d50.
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Figure 5.7: Calibration process for 175 mg/l mass concentration and 5.7 s−1 shear rate. All
3 figures show the development of d50 over time. (A) represents the sensitivity of the fractal
dimension df on the numerical results, where the the breakage coefficient Eb = 1× 10−6 is
constant. (B) represents the sensitivity of the breakage coefficient, where for blue curves
the df = 2.3 is constant. (C) represents the sensitivity of both parameters df and Eb on
the development of d50.
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Figure 5.8: Calibration process in case of 105 mg/l mass concentration and 2.4 s−1 shear
rate. All 3 figures show the development of d50 over time. (A) represents the sensitivity
of the fractal dimension df on the numerical results, where the the breakage coefficient
Eb = 1× 10−6 is constant. (B) represents the sensitivity of the breakage coefficient, where
for blue curves the df = 2.3 is constant. (C) represents the sensitivity of both parameters
df and Eb on the development of d50.

of flocculation behavior. Our observations indicate that the fractal dimension
and breakage coefficient play a crucial role in determining the flocculation
source terms, highlighting their significance in this process. In each case, the
values that fit closest to the experimental results are used as reference values,
with the side note that they are determined through trial and error. The
best fit for each case is represented graphically as a solid black line in Figures
5.6, 5.7, and 5.8. To determine the sensitivity of the parameters, additional
numerical runs are performed by varying the values of either df or Eb, or both.
These additional experiments are depicted in (A) for df only, (B) for Eb only,
and (C) for both df and Eb combined, in Figures 5.6, 5.7, and 5.8.

The results of the numerical simulations and experiments are compared
and a good agreement is found for a range of fractal dimension and breakage
coefficient values. The best fit for each case is shown as a solid black line
in Figures 5.6, 5.7 and 5.8. The values of df and Eb are relatively similar
from case to case, which is anticipated as they represent the same sediment.
These results provide us with the necessary confidence to use these values in
real-world applications (as discussed in Section 5.4). Given the complexity
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and uncertainty associated with these parameters, it is deemed acceptable to
use any value within the specified range to a certain extent.

In all cases, the solid black lines deviate from the experimental observations
at the start of the simulation, but they begin to match more closely soon
after. The deviation in the numerical prediction of d50 is higher when Eb is
changed compared to when df is changed. The undervaluation of d50 increases
as Eb decreases and vice versa. The deviation caused by changing df is more
prominent at the start of the numerical simulation. It is clear that as the
initial concentration and shear rate decrease, the sensitivity of Eb increases
(as seen in B and C in Figure 5.8), leading to greater inaccuracies in the
prediction of d50. It could be that the overall deviation occurs due to:

1. The uncertainty in the initial particle size distribution (PSD) can have
an impact on the calculation of the initial phase concentration (αk),
particularly during the early stages of a numerical run.

2. Only a small number of fractions are used;

3. The uncertainty of the constant values assigned to different parameters
such as df , Eb and b1;

4. The assumption of the primary particle size being d2 = 2µm;

5. The shear rates explored in the study are relatively low, which could
allow sediment particles to settle during the experiment, potentially
impacting the accuracy of the measurements.

6. The possibility that the source terms of the PBE are only approximate.

It is critical to conduct a sensitivity analysis of parameters such as df and
Eb before starting a numerical investigation, as improper estimation of these
values may lead to significant over- or under-estimation of d50, as demonstrated
in (C) of Figures 5.6, 5.7 and 5.8. Fortunately, the ranges of the parameters
for the three cases investigated in this chapter, namely 2.25 ≤ df ≤ 2.3 and
2.5 × 10−6 ≤ Eb ≤ 9 × 10−5, are considered valid for use in CCZ sediment
case studies. However, it is important to conduct a sensitivity analysis for
each individual sediment type prior to applying the numerical model.
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5.4 Case Studies

The multi-phase-drift-flux model has been previously validated through exper-
imental studies conducted by Elerian et al. (2022) and mentioned in Chapter
4. The results of our analysis have demonstrated that the flocculation source
terms of the model are effective in predicting the median grain size d50 of
a water-sediment mixture. With this validation and calibration, we can
now move forward to explore the impact of flocculation on turbidity current
dispersion in the near-field region, which will be the focus of the next section.

5.4.1 Numerical Domain

As a PNMT travels along the seabed, it creates a highly turbulent region in
its wake. The sediment particles generated by the PNMT are then subjected
to high levels of mixing and increased chances of particle collisions, which can
lead to either the aggregation of particles or the breakup of newly formed flocs.
With the aim of investigating the effects of flocculation in the near-field region,
we will be using the newly-developed model to conduct two main simulations
as follow:

1. With flocculation;

2. Without flocculation, i.e. the 6 flocculation terms in equation 5.17 = 0.

Additionally, we have established in Subsection 5.3.4 that the flocculation
behavior is highly dependent on df and Eb. To further understand the impact
of these parameters on the near-field region, we conduct four additional
simulations, each varying the values of df and Eb by ±0.5 and ±5 × 10−7,
respectively, from the values used in Run 1. The complete details of all
numerical simulations performed can be found in Table 5.1. Runs 1 and 2
are the main simulations, with one examining the effects of flocculation and
the other without, while Runs 3-6 are designed to assess the sensitivity of the
flocculation parameters as outlined in Subsection 5.4.5.

It is further to be noted that for the no-flocculation case (Run2), a non-
cohesive sediment (e.g. sand) should be used, so the simulation should start
with the PSD of the 8 MUC location (same initial spectrum of the flocculation
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Table 5.1: The values of df and Eb used in the numerical runs.

Runs 1 2 3 4 5 6
df 2.25 2.25 2.2 2.3 2.25 2.25
Eb 5e-6 0 5e-6 5e-6 1e-7 1e-6

case, see Figure 5.3), considering it as sand. The settling velocity for the
no-flocculation case is calculated using the Ferguson formula (Equation 5.19)
for the sand fractions throughout the simulation. However, using this approach
for comparison with the flocculation case is invalid as the latter uses Equation
5.21. Therefore, while comparing the results, not only the phase transition
will be the changing parameter but also the settling velocity, which can affect
the conclusions regarding the observed difference in the numerical results.
Consequently, this can affect the conclusions regarding whether the observed
difference in the numerical results is due to using different settling velocity
formulas or because of the phase transitions. Therefore, we unify the settling
velocity calculations using only Equation 5.21 for both cases with a df = 2.25,
allowing the phase transition to be the only changed parameter. In other words,
when we use the term "no-flocculation" case, we are referring to a scenario
where there is no phase transition occurring (i.e. the particle size distribution
is only affected by transport mechanisms and not the phase transition). In
this case, we assume that the settling velocity of the particles is calculated
in the same way as in the flocculation case. By making this assumption, we
can isolate the effect of the phase transition on the settling behavior of the
particles and better understand flocculation impact.

The computational domain, with dimensions of 20 m in height, 35 m in width,
and 120 m in length, is depicted in Figure 5.9. The length of the domain, 120 m,
is selected to accommodate the flocculation process, as it requires substantial
time and length scales to occur effectively. Preliminary simulations, not
depicted, indicated that a sufficient distance should be maintained between the
INLET, SIDE, TOP, and PNMT boundaries to prevent pressure disturbance
between the boundaries. As depicted in Figure 5.9, the positioning of the
PNMT back is set at 18 m from the INLET boundary, the side of the PNMT
is placed at 34 m from the SIDE boundary, and the PNMT top is positioned
at 16.5 m from the TOP boundary to ensure the aforementioned distance
requirements are met, as established by the preliminary simulations. As shown
in Figure 5.9, the PNMT geometry is kept simple, as the main objective of
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Figure 5.9: Geometry used in all numerical simulations with the name of the relevant B.C.
The top figures depict half of the domain, utilizing symmetry B.C as indicated by the red
tag, while the bottom figures show the geometry for the PNMT. The unrepresented half of
the domain is mirrored along the ZX plane for post-processing analysis. The flow direction
is in the positive X direction with a positive discharge.

the simulation is not to optimize PNMT geometry, but rather to study the
flocculation process. Additionally, it is important to note that our study does
not take into account the effects of any aggregation or breakage that may
occur within the PNMT, keeping in mind that the collection process is highly
turbulent due to the high velocity jets involved, which may impact the behavior
of particles Alhaddad and Helmons, 2023. The background oceanic current
is assumed to be 0.1 m/s, as reported in (GSR, 2018). As this is a moving
source problem, the PNMT is considered the reference frame, with a forward
speed of 0.5 m/s, which is equal and opposite in direction to the mixture
discharge velocity, as reported in (Gillard & Thomsen, 2019; GSR, 2018). It
is worth mentioning that the PNMT moves in the negative X direction. Our
hypothesis is that discharging the mixture at a velocity equal to the forward
speed of the PNMT would result in an immediate transition to the negative
buoyancy phase, minimizing dispersion due to the expected lower velocity
of the generated turbidity current. It is important to note that the focus of
this chapter is not to examine the impact of varying discharge velocities or
PNMT speeds, but to investigate the effects of flocculation in the near-field
region. Given that the PNMT serves as the reference frame, the bottom wall
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Table 5.2: Boundary condition set up at different positions for all variables.

Boundaries U
[m/s]

Pρgh

[pa]
αt

[%]

k
×10−4

[m2/s2]

ϵ
[×10−6]
[m2/s3]

INLET 0.5 zero gradient 0 1.5 1.5
OUTLET - 0 zero gradient zero gradient zero gradient

TOP zero gradient zero gradient zero gradient zero gradient zero gradient
BOTTOM 0.5 zero gradient zero gradient 0 0

SIDE zero gradient zero gradient zero gradient zero gradient zero gradient
SYMMETRY symmetry symmetry symmetry symmetry symmetry
All PNMT 0 zero gradient zero gradient Wall Function Wall Function

PNMT
DISCHARGE 0.6 zero gradient 1 1.5 1.5

of the PNMT has a speed equal to the forward speed of the PNMT, creating
a boundary condition conflict between the bottom of the PNMT (no-slip
boundary, U = 0 m/s) and the BOTTOM boundary (slip boundary, U = 0.5
m/s). However, it is assumed that the sediment disturbance caused by the
PNMT tracks would be negligible compared to the discharge source from the
PNMT. To account for this, a 0.8 m empty space is maintained between the
boundaries, as seen in the right-bottom figure in Figure 5.9.

Leveraging the symmetry of the problem, only half of the domain is solved
and the result is mirrored across the XZ plane during post-processing, effec-
tively reducing the computing power required by half. Table 5.2 and Figure
5.9 show the boundary conditions for various variables. The simulation is
run for 250s to ensure a steady-state case for the turbid flow, even though
a simulation time of 200s is sufficient for the PNMT to traverse the 100m
domain length. A single run takes about 5 days on 64 cores of the Delft-Blue
supercomputer ((DHPC), 2022).

5.4.2 Mesh Structure and Sensitivity

The computational mesh consists of approximately 3.5 million cells. To capture
the density difference in front of the PNMT, grid clustering with increased
resolution is applied in the positive x, y, and z directions. The cells in the
first 4m have a height of 3cm, length of 20cm, and width of 10cm, while those
in other regions are 50cm in all directions. The cell size around the PMNT
gradually increases with a growth rate of 1.003 in the normal direction of each
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Figure 5.10: Comparison of sediment flux in coarse, medium and fine mesh. In each case,
three x-normal slices are considered at 50 m, 80 m and 110 m.

PNMT boundary.

In addition to the coarse mesh described above, two other meshes, the
medium and fine, are considered to evaluate the solution’s dependence on
the number of cells. The medium mesh has approximately 6.5 million cells
and represents a 1.25-fold increase, while the fine mesh has approximately
11.5 million cells and represents a 1.5-fold increase in cells compared to the
coarse mesh. The sediment flux, represented by αt × Um,x ×A, is chosen as
the key metric in this chapter. Our analysis of the sediment flux over time in
three cross-sections of 50m, 80m and 110m, as shown in Figure 5.10, revealed
minimal variations among the meshes. For this reason the coarsest mesh is
used for this chapter.

5.4.3 Flocculation Nature

To understand the behavior of turbid flows in the near-field region, we compare
cases with and without flocculation. This comparison will highlight the
significance of flocculation and provide insight into whether it can play a
role in reducing the turbidity flows caused by DSM. To do so, we monitor
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Figure 5.11: Fraction fluxes across the the three x-normal slices, slice1 at 50m, slice2 at
80m and slice3 at 110m. (A) αt flux, (B) α2 flux , (C) α22 flux , (D) α28 flux .

the sediment flux αt and the fractional fluxes α2, α22 and α28 through three
cross-sections (yz plane) at 50m, 80m, and 110m, as shown in Figure 5.11.
The data is collected from run 1 and 2. The three fractions, α2, α22 and
α28, represent particle sizes of d2 = 2µm, d22 = 256µm and d28 = 812.7µm.
These fractions are carefully chosen as they represent the smallest and largest
particles (d2, d22) in the initial particle size distribution (PSD), as well as the
largest possible aggregate (d28), as illustrated in Figure 5.3.

While there is little variation in the total sediment flux between the two
runs, as shown in Figure 5.11 (A), a notable difference can be observed in the
fraction fluxes in (B), (C), and (D). In the case of flocculation, the fraction flux
(Figure 5.11, B) is significantly lower compared to the no-floc case, primarily
due to aggregation processes that cause particles to transition from k = 2
to higher-level phases. In contrast, without flocculation, the flux remains
constant and unchanging across the cross-sections as there are no aggregation
mechanisms in play.

The aggregation process is further confirmed in Figure 5.11 (C), where the
steady-state flux decreases in the flocculation scenario from one cross-section
to the next, a trend that is not present in the no-flocculation scenario. In
the flocculation scenario, as seen in Figure 5.11 (C), the steady-state flux is
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23%, 19% and 8% lower in sections 1, 2, and 3, respectively, compared to
the no-flocculation scenario, indicating that the particles have transitioned
to higher phases in the regions between these sections. The steady-state flux
of α28 shows an increase from one cross-section to the next, suggesting that
lower fractions such as α22 have undergone aggregation and progressed to
the phase α28. The region behind the PNMT experiences a high shear rate
due to its presence, leading to a higher rate of flocculation in cross-section 1
compared to the others. As the PNMT moves away, the particle aggregation
rate gradually decreases.

In the case of α28, as shown in Figure 5.11 (D), there is no no-flocculation
scenario present throughout the simulation. Nevertheless, the development
of the α28 flux can be presented to demonstrate that finer phases undergo
aggregation, resulting in an increase in the steady-state flux.

5.4.4 Flocculation Effect Visualisation

As the speed of the PNMT is equal to the discharge velocity, the discharged
mixture immediately enters the negative buoyancy phase and then impacts the
seabed, creating a turbidity current. Since the observed differences between
the flocculation and no-flocculation scenarios are related to the sideways
turbidity currents, we plot 4 z-normal sections -(xy) plane- for the volumetric
concentration of the two runs at BOTTOM boundary and 1m from the bottom
boundary and 250s ( see Figure 5.12). Moreover, the relative concentration
difference is calculated, resulting in the top 2 figures in Figure 5.13. Such that
the relative concentration difference is calculated as follows:

αt,diff =
αt,no−floc − αt,floc

αt,no−floc
. (5.23)

This would result in a clearer visualization of the differences between the
two cases, providing a more comprehensive understanding of the extent to
which flocculation affects the behavior of turbidity currents. Furthermore, we
plot 2 X-normal figures (bottom figures in Figure 5.13) to clearly visualize
the sediment distributions in the sideways turbidity current in both cases.

To explain the results, we must first introduce the structure of a turbidity
current resulting from an instantaneous discharge. We consider a current that
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Figure 5.12: Z-normal sections for the flocculation and no flocculation cases are taken at
the BOTTOM boundary (left) and 1m from the bottom (right). The top row shows the
no-flocculation case, while the lower row shows the flocculation case.

propagates to the right and left (along the y-axis) from the PNMT. At the
beginning, a head forms and as it propagates, a body begins to appear. Over
time, a tail starts to form. These are the three main structural regions of the
side-way current, noting that not all sideways current shown herein have this
structure.

In the flocculation and no-flocculation scenarios, the dispersion trend re-
mains unchanged and the overall turbidity current forms a wedge shape in
both cases. However, from the perspective of sediment distribution, there
are significant differences between both cases, indicating that flocculation
does have an effect in the near-field region. The regions most affected by
flocculation are the head and body of a sideways turbidity current, particularly
in cases where the current propagates for longer periods of time and the tail
becomes visible. It is important to keep in mind that a sideways turbidity
current that has only propagated for a shorter period of time is less likely to
exhibit the tail region, which typically forms relatively close to the PNMT.

In the head region, the flocculation case has a higher volumetric concentra-
tion than the no-flocculation scenario. In the tail region, especially at section
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Figure 5.13: Z and X normal sections show the relative differences between the flocculation
and no-flocculation cases. The Z-normal sections are taken at the BOTTOM boundary
(left) and 1m from the bottom (right) which is section C-C, while the X-normal sections
are taken at 50m and 110m from the INLET boundary.

B-B in Figure 5.13, the flocculation case has the highest sediment distribution
in the lower region. There is also a slight flocculation effect in the body region,
where in the no-flocculation scenario, the sediment remains in suspension,
while the large flocs in the flocculation case have already settled.

These observed differences occur due to the migration of the fine fractions
to the coarser fractions, forming new large fractions and enlarging existing
ones. The large-formed flocs have relatively high settling velocities. For
example, the ukr = 0.00305 for a floc size of d28 = 812.7µm and density of
ρ28 = 1018.23kg/m3. This has two direct implications on the total sediment
distribution: first, the elimination of fine particles with low settling velocities,
and second, an increase in the total average settling velocity of the sediment as
a whole. In contrast, this does not happen in the no-flocculation scenario, as it
is clearly evident in Figure 5.13 that at the top body region, the no-flocculation
case has a higher concentration than the flocculation scenario. This is because
fine fractions with lower settling velocities are still in suspension. Despite the
relatively large settling velocities of the large flocs, they remain in suspension
in the head region due to the high mixing in this region.

To conclude,
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1. In the near-field region, aggregation between particles is the dominant
mechanism, leading to the formation of large particles and the enlarge-
ment of existing ones. This results in the elimination of fine particles in
the near-field region and generally an increase in the settling velocity of
sediment particles.

2. As large particles settle out from the turbidity current, this reduces the
concentration of the turbidity current, which subsequently creates an
evident tail region of the side-ways current and reduce the amount of
the transported sediment to the far-field.

5.4.5 Layer Averaged Parameters

To further understand the impact of flocculation on turbidity currents, we
conducted additional analysis focusing on the lateral flow in the region where
differences are noted in the previous section (sec. 5.4.4). Thus, we selected
a point at 118 m on the X-axis, 100 m away from the front of the PNMT,
located in the region where significant differences are observed. Four vertical
concentration and velocity profiles, each 5 m in height, are taken along the
run-out distance (Y-axis) at 15 m, 20 m, 25 m, and 30 m. The 35 m point is
the SYMMETRY boundary and 0 is the SIDE boundary (Figure 5.9). The
layer-averaged parameters are calculated using the following equations:

Uh =

∫ z∞

0
uy dz, (5.24)

U2h =

∫ z∞

0
u2y dz, (5.25)

UhC =

∫ z∞

0
αtuy dz, (5.26)

where z[m] is the upward normal coordinate, h [m] is the height of the current,
U [m/s] is the layer-averaged velocity, C[−] is the layer-averaged concentration
and u[m/s] is the local velocity and z is the vertical coordinate. Figure
5.14 shows the layer averaged parameters for both the flocculation and no-
flocculation scenarios. We also examined the other 4 scenarios, runs 3-6 (Table
5.1), in order to assess the sensitivity of the flocculation parameters.

In general, adjusting flocculation parameters df and Eb has a slight effect
on the determination of the flocculation process, see the leftmost figures in
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Figure 5.14: Layer-averaged parameters of the sideways turbidity current. The flocculation
scenarios are compared on the left, where the fractal dimension df and the breakage
coefficient Eb are changing. The graphs on the right compare the flocculation scenario and
no-flocculation scenario.

Figure 5.14. This, however, does not affect the main comparison between the
no-flocculation scenario (Run2) and the flocculation scenario (Run 1), since
hardly any differences are observed with respect to layer-averaged velocity and
concentration in Runs 3-6, unlike the difference observed between the two cases
(Runs 1,2), which can be spotted immediately( right figures in Figure 5.14),
implying that only the flocculation process is responsible for the observed
differences between Runs 1,2. In other words, changing flocculation parameters
at this level of scale, i.e. the near-field region, does not have a major impact
on flocculation. We can now proceed with our main investigation: determining
the effect of flocculation by comparing Runs 1,2.

In the no-flocculation scenario, the layer-averaged velocity in regions far
apart from the middle region is almost 6% higher than in the flocculation
scenario. Moreover, while flocculation does occur, the turbidity current has
a lower layer-averaged concentration, resulting in a higher layer-averaged
thickness in the flocculation scenario than in the no-flocculation scenario. As
the current propagates along the run-out distance, particles aggregate and
particle size increases, with the freshly formed flocs exhibiting an increased
settling velocity. Therefore, in the no-flocculation scenario, sediment particles
are still in suspension, providing the current with extra buoyancy force that
is not present in the flocculation scenario. It is worth mentioning here that
buoyancy force is one of the main driving forces of a turbidity current, which
is why differences are observed between the layer-averaged parameters.
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5.4.6 Discussion

While flocculation is active and the sideways turbidity current propagates,
the current is expected to lose its momentum quickly due to the settling
of particles in the body and the tail parts, implying that lower amount of
sediment will be available for the passive transport phase, which comes directly
after the turbidity current phase. In the passive transport phase, the sediment
is transported based on the background current, ambient turbulence and
topography (Ouillon et al., 2021). This is more likely to happen in the far-field
region. Thus the current work proves that there should be enough attention to
optimize the PNMT including the discharge conditions to promote flocculation
in the near-field region. Despite the slight effect of the flocculation in the
near-field region, we believe according to the insights that are gained from
the previous sections that flocculation will definitely plays a major role in the
far-field region.

Although the aforementioned results present an understanding of the
effects of flocculation in the near-field region, flocculation might be un-
der/overestimated due to the PNMT design considered here, which is simple
and does not represent a real PNMT design. We know that the wake region
is highly dependent on PNMT geometry and different estimated shear rates
will have a different effect on flocculation dynamics. Studying the effect of
PNMT geometry on flocculation dynamics can provide unique insights into
the most favorable conditions for flocculation in the near-field region. This,
in turn, will improve the settling potential of flocs in the near-field regions,
which will have a positive effect on the far-field region.

If flocculation results in a low degree of polydispersivity among the sediment
within the mixture, it could lead to the current dissipating more quickly, as
demonstrated by Harris et al. (2002), who showed that higher levels of poly-
dispersivity can lead to a shorter run-out length compared to a monodisperse
current with an equivalent settling velocity. In addition, they found that
faster settling particles, or "flocs," contribute to shorter run-out distances.
Therefore, considering both the effects of a low degree of polydispersivity and
faster settling flocs, a current with flocculation would likely dissipate more
quickly than one with no or lower levels of flocculation.

The results of the systematic comparison between flocculation and no-
flocculation presented in this chapter suggest that flocculation is likely to
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occur in the near-field region immediately following discharge. The aggregation
of sediment particles has a limited impact on the behavior of turbidity currents
in the near-field, with the flocs within the current showing a high propensity
for settling. Our results indicate that flocculation does not significantly affect
the behavior of turbidity currents generated by DSM in the near-field region.
However, it is expected to have a notable and distinguishable impact in the
far-field region.

5.5 Conclusions

This chapter sought to investigate the effect of flocculation in the turbidity
flows generated by polymetallic nodule mining. The numerical evaluation
demonstrates that sediment readily flocculates to form large particles that
will settle as soon as the turbidity current subsides enough to allow this to
happen, this process is likely occurring in the far-field region. The flocs are
rapidly forming due to the turbulence caused by the PNMT, particularly in
the region close to the PNMT. Furthermore, it is evident from the numerical
work that the aggregation mechanism is more dominant than the break-up
mechanism. The effects of flocculation can be observed in the near-field region,
but they are limited to have a significant impact on the turbidity current in
the vicinity of the PNMT.

Drift-Flux modelling coupled with the Population Balance Equation serves
as an acceptable tool for modeling the hydrodynamics of water-sediment
mixtures, which are present in DSM activities. Therefore, different discharge
scenarios need to be investigated in order to gain more insight into the effect of
flocculation in the near-field region. However, it is crucial to arrive at a proper
estimation of the fractal dimension and breakup coefficient first. Moreover, the
design of PNMTs may be adapted to foster conditions that are more favorable
for flocculation. It is worth noting that turbulence modelling is crucial in
flocculation modeling, since the shear rate is directly related to the flocculation
source terms. Therefore, better representation of the turbulence in the wake
region is recommended, since the buoyant k − ϵ model still lacks 2 important
kinetic energy damping mechanisms: the turbulence flux of momentum in the
vertical direction and the extra vertical mixing between the flow layers due
to the particles, i.e., the turbulent wake resulting from particle deposition in
the vertical direction. It is also important to assess the sensitivity of these
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two damping mechanisms on the shear rate, which, in turn, is responsible for
the collision/breakage dynamics of the flocs. Using spatial averaging rather
than time averaging to estimate turbulence characteristics might help improve
the representation of turbulence and therefore flocculation, but the amount of
computing power required to do so must be taken into consideration.

With the intention of simplifying our current analysis, we omit the consider-
ation of the front collection process. However, this aspect could play a crucial
role in affecting the particle’s fate through its effect on the flocculation process,
from the moment of collection to the moment of discharge. To enhance the
accuracy of our findings, it would be wise to conduct a separate study to
estimate the particle size distribution and the primary particle size at the
moment of discharge. This would provide a more dependable representation
of the results.

Another limitation of our calibration process is the limited availability of
detailed experimental data on CCZ sediment. So far, only one study in the
literature, (Gillard et al., 2019), has investigated this topic in depth. Therefore,
the calibration is based on a single data set and may not be applicable to
other studies. In addition, these experimental results did not use in-situ
seawater, which is a crucial factor in any flocculation research. To improve
the robustness of our method, further calibration should be conducted using
additional data sets using in-situ water samples to establish appropriate values
for the flocculation parameters.
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Chapter 6

The Influence of System
Design on the Dispersion and
Flocculation of Turbidity

Currents

Abstract

The mathematical and numerical models from Chapter 5 are utilized to
examine the impact of discharge parameters on dispersion and floccula-
tion. A test matrix is implemented to vary four parameters associated
with PNMT operation, namely PNMT forward velocity, ambient velocity
velocity, discharge velocity, and initial concentration at discharge. The
results demonstrate that increasing PNMT velocity, initial concentration,
and ambient current velocity can increase sediment disturbance and
enhance flocculation. Conversely, higher discharge velocity can lead
to slower flocculation pace and higher turbidity levels in the near-filed
region. Maintaining a lower densimetric Froude number (Fr ≲ 1) at dis-
charge and a slower PNMT velocity, with a PNMT velocity / discharge
velocity ratio of 1, allows the turbidity current to flow under and even
ahead of the PNMT.
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During the hydraulic collection process of polymetallic nodules, turbidity
flows can occur due to the inevitable mixing of collected sediment particles
with water, which are then discharged into the surrounding environment
(GSR, 2018; Haalboom et al., 2023). The behavior of the formed turbidity
current in the near-field region depends on the discharge conditions, such
that this behavior in a given discharge condition can be studied and modeled
using numerical methods (see Chapter 5). In the context of polymetallic
nodules mining operation, a discharge scenario refers to the specific release
conditions of a water-sediment mixture from a PNMT system, such as the
rate of discharge, the velocity and direction of the mixture, and the size and
composition of the sediment particles being released.

The aim of this chapter is to investigate the influence of different system
parameters, such as PNMT velocity, ambient velocity, discharge velocity, and
initial concentration at discharge, on the dispersion of turbidity currents and
the flocculation process that occurs downstream of the PNMT. By gaining
a comprehensive understanding of these effects, it is possible to develop
an improved system design for the PNMT. This can be achieved through
optimizing the discharge conditions, such as the velocity and concentration,
as well as determining the optimum velocity of the PNMT.

Sediment flux is a commonly used criterion for defining a discharge scenario
or release condition. It is a measure of the amount of sediment being discharged
by the PNMT and can be expressed in units of mass per unit time per unit
area. However, it is not the only factor that can affect the behavior of the
turbidity current, other parameters, such as the elevation of the discharge
device and the velocity of the PNMT, can also significantly impact the
dispersion of the sediment particles and the overall behavior of the turbidity
current. By considering these factors, discharge condition that minimize
potential environmental impacts can be designed for.

As explored in Chapter 5, flocculation can have a significant impact on
turbidity currents in the near-field region, but this effect may vary under
different discharge conditions. Increasing the concentration of particles in
a suspension may enhance the probability of aggregation, while decreasing
the concentration of particles may lower the probability of collision and
aggregation, resulting in a reduced likelihood of flocculation. Additionally,
changes in other parameters such as discharge velocity, PNMT velocity, and
ambient current velocity can increase the shear rate and alter the fate of
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particles. This chapter will delve into these effects in greater detail.

To the best of our knowledge, only two studies have specifically addressed the
importance of discharge conditions design in DSM operations. These studies
have highlighted the need for careful design of the discharge, as follows:

1. One study was specifically focused on studying the effect of discharge
scenarios on the dispersion of turbidity flows (Decrop & Wachter, 2019);

2. The other study was more broadly focused on providing a fundamental
understanding of the anatomy of the turbidity current formed behind
the PNMT (Ouillon et al., 2021).

Before conducting our own investigation into the impact of discharge condi-
tion on the behavior of turbidity currents, it is important to briefly summarize
the findings of the previous studies on this topic. Decrop and Wachter (2019)
used detailed two-phase mixture model to study the behavior of turbidity
flows in the near-field region, where different discharge scenarios were tested.
As part of their investigation, they used real-case discharge scenarios as input
to their model in order to study the behavior of the resulting turbidity cur-
rents. Seven different discharge scenarios, in which the concentration, PNMT
velocity, and ambient current velocity were varied in order to produce various
sediment fluxes for each case. The results show that high PNMT velocitys and
high sediment fluxes can lead to the formation of thick and dense turbidity
currents. The results also indicate that low discharge velocities can result
in lower mixing of the discharged turbidity current with the surrounding
environment. Their findings emphasize the importance of studying the effect
of discharge scenarios on the dispersion the turbidity current.

The second study that has addressed the importance of discharge design
in polymetallic nodules mining was reported by Ouillon et al. (2021). This
study used DNS (direct numerical simulation) to investigate the behavior of a
turbidity current discharged from a moving source. The DNS approach allowed
for a detailed and accurate prediction of the mixture, providing fundamental
understanding into the anatomy of the generated turbidity current. They
considered several discharge scenarios, including one in which the PNMT
was stationary and discharged mixture at the same time. One of the key
investigations in this study is the behavior of sideways propagating turbidity
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currents, which were found to have similar properties to those observed in
lock-exchange tanks (Chapter4).

Although those studies provide meaningful insights into the behavior of
turbid flows in the near-field region, they have not considered the effect of
particle size and the settling velocity. Both studies only use one particle
size fraction, meaning that the propagation of sediment particles inside the
turbidity current in the near-field region is only described by one settling
velocity. As a result, the dynamics of aggregation and break-up are not
modelled. The results gained from the previous chapters give us confidence in
the importance of describing such sediment particle dynamics in numerical
models. In this chapter, we first introduce the numerical model used in this
study in Section 6.1. Subsequently, in Section 6.2, we present our investigation
of the steady-state situation. We then proceed to compare the results from
different runs in Section 6.3. In Section 6.4, we discuss the insights gained
from the results. Finally, we draw conclusions and provide recommendations
in Section 6.5.

6.1 Numerical Model

The numerical model and the computational mesh (Figure 5.9) that were
reported in Chapter 5 (Drift flux and PBE) are used again to investigate
the proposed discharge scenarios in Table 6.1. The same PSD (Figure 5.3),
boundary conditions (Table 5.2) and flocculation characteristics (Table 5.1)
of Run 1 in Chapter 5 are used herein. The initial concentration, discharge
velocity, PNMT velocity and ambient current velocity are changed according
to each numerical run.

In Table 6.1, we explore various system design options using an in-situ CCZ
PSD as input. These scenarios include the study of flocculation hydrodynamics
and aim to evaluate the impact of different parameters, such as PNMT velocity,
discharge velocity, initial concentration, and ambient current velocity on the
behavior of the resulting turbidity current. It is important to note the following
factors:

1. The discharge velocity and PNMT velocity have opposite directions.
The ambient current velocity is in the same direction as the discharge;
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2. The densimetric Froude number can be calculated as follows:

Fr =
u√

g′ × h
. (6.1)

Here, u represents the discharge velocity, and g′ is the relative density
difference between the mixture and ambient fluid, which can be calculated
as g × ρm−ρl

ρm
, where ρm and ρl denotes to the mixture and the water

densities, respectively. The characteristic length scale, denoted by h, is
set to 0.5 m, which is the length of the vertical side of the discharge
device;

3. The velocity ratio r is defined as the ratio of the PNMT velocity to the
discharge velocity, expressed as r = PNMT velocity/discharge velocity;

4. The volumetric sediment flux is the quantity of sediment released from
the discharge device per unit area and unit time, calculated using
the following equation: Sf = αt × u × A, where αt is the sediment
concentration, and A = 1m2 is the cross-sectional area of the discharge
device.

The numerical simulations were performed on the Delft Blue supercomputer
((DHPC), 2022) to generate a duration of 250 seconds. The average runtime for
a single simulation using 64 nodes was approximately six days. However, some
simulations, such as runs 4 and 11, required nearly three weeks of computation
time on 64 nodes. It is noteworthy that increasing the number of nodes did
not significantly reduce the computation time for each run.

6.2 Steady State in the PNMT Reference Frame

When it comes to comparing the results of the numerical runs, it is critical to
conduct the analysis during a steady-state condition of the compared runs.
This is to guarantee a fair comparison between the outcomes and the different
dispersion shapes produced by the tested parameters.

During the initial analysis of the results, it was found that two particular
locations, located at 35m and 70m in the x direction and away from the INLET
boundary (as shown in Figure 5.9), were crucial in determining the steady-
state condition. These locations were identified through a trial-and-error
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process, whereby the first location where the steady-state could be achieved
was selected. To ensure a steady-state condition, sediment flux was used as
the evaluation criterion. The analysis focused on two x-normal sections, one
for each group of runs. The first group included Runs 1, 2, 3, 5, 6, 7, 9, and
10, while the second group comprised Runs 4, 8, and 11. Upon analyzing the
results further, it is concluded that special attention is required for Runs 4 and
11, as they did not reach a steady state close to the PNMT (will be discussed
in Subsection 6.3.4), unlike the other group which achieved a relatively more
distant steady-state location (see Figure 6.1). Nevertheless, Runs 3 and 5
are also close to achieving the steady-state condition, albeit with a slight
delay. Given the computational expenses involved, we have deemed this delay
acceptable and consider these runs to be nearly in steady-state.

At the specified locations ( 35m and 70m in the x direction and away from
the INLET boundary), an xz section is taken, and the volumetric sediment
flux is calculated for those sections. The calculation of sediment flux is
simple, involving the multiplication of sediment velocity in the x-direction
(Ux), section area (A), and the total sediment concentration (αt). The formula
for sediment flux is Sf = αt × Ux ∗ A. A steady state is considered to have
been achieved when the sediment flux remains constant within the selected
section, indicating no change in the sediment flux over time. Therefore, two
figures, A and B, are presented in Figure 6.1 to depict the first group at 70
meters and the second group at 35 meters, respectively. Since the time scale
of the flocculation process is crucial, meaning that the particles take some
time until they aggregate/breakup together, it is essential to have a consistent
time reference for all the runs which is 250 seconds to ensure fair comparisons.
It’s worth mentioning that if a Run has achieved the steady state condition at
the 70m location, it automatically implies that it has also achieved the steady
state at the 35m.

6.3 Comparison of the Results

We take into account the variation of different controlling parameters while
designing the test matrix in Table 6.1. Thus in the following subsections we
study the effect of the following parameters:

1. PNMT forward velocity;
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Figure 6.1: Steady state analysis of two distinct groups of runs at different locations: 35m
A and 70m B.

2. Ambient current velocity;

3. Discharge velocity;

4. Initial concentration.

For all runs, we plot the bottom boundary or 1 cm above the bottom at 250s
in order to compare the dispersion of the turbidity current in the near-field
region.

6.3.1 PNMT Forward velocity

For the same sediment flux, the PNMT forward velocity has a significant
impact on the shape of the turbidity current and the shear rate in the near-field
region.
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Visualization

The top two figures, A and B in Figures 6.2 illustrate the dispersion shape of
the turbidity current in the near-field region for Runs 1 and 3. The bottom
two figures, C and D, show the shear rate field associated Runs 1 and 3. The
dispersion shape is defined here as the shape that the turbidity current forms
in the near-field region. In Run 1 and 3, the PNMT drives with a forward
velocity of 0.5 m/s. Figure 6.3 has similar structure except for Runs 3 and 5,
in which the PNMT drives with a forward velocity of 0.25 m/s. Note that
Run 1 and 3 are equal in terms of discharged sediment flux, as are Run 2 and
5.

A

Run1: U   =0.5 m/s, r=1
Run3

B

Run3: U   =0.25 m/s, r=0.5

PNMT Run3: U   =0.25 m/s, r=0.5
PNMT

Run1: U   =0.5 m/s, r=1
PNMT PNMT

C D

Figure 6.2: The impact of PNMT Forward velocity on volumetric concentration and shear
rate for Runs 1 and 3. The figures present Z-normal sections at a distance of 1 cm from the
bottom.

In order to explain the results, we must first introduce the following turbidity
current structure. Let us consider a sideways propagating current resulting
from an instantaneous discharge. The current propagates to the right and left
(along the y-axis) after the impingement region, where the head forms at the
beginning and the body begins to appear as it propagates. Over time, the tail
starts to form. These are the three main structural regions of the sideways
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Run2: U   =0.5 m/s, r=0.66
PNMT

Run2: U   =0.5 m/s, r=0.66
PNMT

Run5: U   =0.25 m/s, r=0.33

Run5: U   =0.25 m/s, r=0.33
PNMT

A B

C D

Figure 6.3: The impact of PNMT Forward velocity on volumetric concentration and shear
rate for Runs 2 and 5. The figures present Z-normal sections at a distance of 1 cm from the
bottom.

propagating current. We will use these definitions in the following context.
Figure 6.4, A, shows the structure of the sideways turbidity current

When the PNMT forward velocity is high, the turbidity current disperses in
a smaller angle compared to the larger angle generated by PNMT with lower
forward velocity, as shown in Figures A and B in 6.2 and 6.3. The difference
in dispersion angle is due to the difference in distance achieved in both cases
(slow and fast ) because of the fixed time of 250 seconds. Specifically, the
slower run covered a distance of 62.5 meters while the faster run covered 125
meters, resulting in the observed differences.

There is a significant difference between the sideways propagating currents
of both cases. In the case of high PNMT velocity, the sideways propagating
current begins to have a concentration gradient along its structure, with
high concentration at the head region and lower concentration at the tail
region (Figure 6.4). This is because the supply of sediment for each sideways
propagating current from the PNMT decreases quickly over time as the PNMT
is moving through the area at a high velocity (Figure 6.4, panels A and C).
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Run2: U   =0.5 m/s, r=0.66
PNMT

C

Run5: U   =0.25 m/s, r=0.33
PNMT

D

A

Run1: U   =0.5 m/s, r=1
PNMT Run3

B

Run3: U   =0.25 m/s, r=0.5
PNMT

Head Body Tail Head Body 

Figure 6.4: Examining the influence of PNMT forward velocity on sideways-propagating
turbidity currents in Runs 1, 2, 3, and 5. An YZ plane section captured at the Steady
State Location of 70m from the INLET Boundaries. Example of the Sideways-Propagating
Turbidity Current Shown in Panel A

In contrast to the PNMT that is driven slowly, the sideways propagating
current has a sediment supply for double the time, which explains why the
concentration along its structure decreases slightly from the head to the tail.
Due to the lower forward velocitys, the tail region is not yet apparent in the
current cases. The sideways propagating currents are currently limited to
head and body regions, as depicted in Figure 6.4 panels B and D.

The velocity of the PNMT has a significant impact on the resulting shear
rate. At high PNMT velocity, the shear rate in the central region is lower
than that of the low PNMT velocity, indicating that the central region is still
in a high-mixing condition even at lower PNMT velocitys. Conversely, the
head region at high PNMT velocity exhibits a higher shear rate, as expected
due to the increased turbulence resulting from high PNMT velocity. Moreover,
the sediment distribution in the central region is higher at low PNMT velocity
compared to high PNMT velocity, resulting in a well-formed tail with a lower
concentration distribution. Consequently, buoyancy forces in the central region
are lower at high PNMT velocity, leading to reduced mixing and lower shear
rate. Conversely, when there is a high concentration of suspended sediment
in the central region, buoyancy forces are higher, leading to increased mixing
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and relatively high shear rate, especially at low PNMT velocity. Furthermore,
it is noteworthy that the overall shear rate increases slightly as the PNMT
velocity increases, with a 20-40 s−1 increase in the entire domain from lower
to higher PNMT velocities.

Analysis of the Sideways Propagating Turbidity Current

To gain a better understanding of the mixture dynamics in the near-field, we
examine the results of two groups of runs - (1,3) and (2,5). Runs 1 and 2 have
a PNMT velocity of 0.5 m/s, while Runs 3 and 5 have a PNMT velocity of 0.25
m/s. Our previous analysis of the steady state case (see fig. 6.1) revealed that
the four runs attain a steady state with the PNMT reference frame located at
70m in the X direction. Thus, we compare the normalized volumetric sediment
flux and the normalised largest fraction α28 at the 4m profile, situated where
the X direction intersects with 70m and Y direction intersects with 25m, see
fig 6.5. Normalization involves dividing the volumetric sediment flux [m2/s]
and α28 [m2/s] by the volumetric sediment flux at discharge [m3/s] , resulting
in a normalised voluemtric sediment flux [m−1] and a normalized α28 flux
[m−1].

A comparison of the two groups of runs reveals a clear trend: a PNMT
with higher forward velocity generally produces more volumetric sediment
flux than a PNMT with lower forward velocity. This is also observed by
the higher flux of the largest fraction in the case of high PNMT forward
velocity, indicating a faster pace of flocculation. This is shown in Figure 6.6.
The results demonstrate that the sideways propagating turbidity current is
relatively faster and the amount of sediment is slightly higher for a PNMT
with higher forward velocity. Moreover, it’s worth noting that a higher PNMT
velocity leads to an increase in the quantity of the largest sediment fractions,
indicating a faster formation of larger flocs. However, it’s important to consider
the time required for both slow and fast PNMT velocitys to reach steady
state. Although the turbidity current has reached a steady state at this
location, it doesn’t necessarily imply that the flocculation process has also
reached a steady state and the aggregation process may still be ongoing. Thus,
the amount of sediment transported to the far field could be higher with
high PNMT velocity. As the shear rate is relatively higher at the head of a
PNMT with higher velocity, the rate of flocculation also increases, enabling
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Figure 6.5: Normalised total sediment flux (left) and normalised largest fraction flux, α28

(right). A 4m profile at 70m in X and 25m in Y direction is taken to examine the side way
turbidity current.

the largest fraction to form more quickly. Additionally, the higher PNMT
velocity leads to increased sideways propagating turbidity current velocity and
greater thickness, particularly at the head.
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Figure 6.6: Comparing total Sediment, largest Fraction (α28), and side-way Velocity (y
direction) in Runs 1 3 (left) and Runs 2 5 (right). A 4m profile at 70m in X and 25m in
Y direction is taken to examine the side way turbidity current.
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6.3.2 Ambient Current

The background ambient current plays a significant role in the amount of
sediment transported to the far-field region, making it an essential parameter
to investigate. We compare two runs, 1 and 6, in which the only varying factor
is the velocity value of the current, to examine its impact.

Visualization

To examine the ambient velocity impact, we subtract the results of two runs
from each other, since there is no change in the dispersion shape of the current
as follows:

αt,diff = αt,Run1 − αt,Run6. (6.2)

In Figure 6.7, we show 2 z-normal sections that represent the αt,diff field at 1
cm and 100 cm above the bed at left and right, respectively.

Although both cases exhibit a wedge-shaped dispersion, there are three
regions where significant differences in the total sediment distribution, largest
fractions distribution, and shear rate are observed between them, in the
following regions:

1. The head of the sideways propagating current (the edges of the wedge),

2. The body of the sideways propagating current especially in the region
that lies between 40m-120m longitudinal lines,

3. The tail of the sideways propagating current especially in the region
that lies between 100m-120m longitudinal lines).

It is clear that the background current affects the propagation of the current.
In Figure 6.7, there is a negative difference at the head of the sideways
propagating turbidity current, while the difference is positive at the body and
the tail. To investigate this difference, we compare the fractions field between
the two runs. The total concentration of Run 1 is lower than that of Run6 at
the top-layer head region. In contrast, in the body and tail region, the total
concentration of Run 1 is higher than that of Run6. Furthermore, we also plot
the shear rate difference in the bottom figures at 1 cm and 100 cm from the
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Figure 6.7: The volumetric concentration and shear rate are shown at two depths, 1 cm and
100 cm from the bottom, in the left and right columns, respectively. The top two figures
show the difference in the total volumetric concentration (αt,diff ), the middle two figures
show the difference in the volumetric concentration of the largest flocs α28,diff , and the
bottom two figures show the difference in the shear rate of the largest flocs. The Ua.v is the
ambient velocity.
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bottom. The shear rate follows a similar trend, where in the head region, it
is higher for lower ambient current velocitys than for higher ambient current
velocitys.

The numerical results show that the ambient background current affects the
nature of flocculation in the near-field region. As the velocity of the ambient
current increases, the shear rate of the flow in the wake region also increases,
resulting in an evident increase in the pace of flocculation in the case of a high
ambient background current velocity. This results in an increase in settling
potential, where the flocs that form at the body region eventually settle in
the tail region.

In general, in the wake region, the shear rate is higher by nearly 20-30 s−1

for high velocity ambient currents. However, in the head region, the shear
rate is lower in this case compared to lower velocity ambient currents. The
difference in shear rate between the two regions is higher in the bottom region
(20-40 s−1) than in the top region (5-7 s−1). It could be because of the effect
of flocculation. In the case of higher ambient current velocity, the large flocs
that form tend to settle, affecting the mixing at the head region due to the
decreased buoyancy forces. This, in turn, affects the shear rate at the head
region.

Analysis of Sideways Propagating Turbidity Current

In Figure 6.8, we plot the normalized sediment flux, total sediment distribution,
largest fraction distribution (α28), and lateral velocity at the the steady state
location specified earlier in Figure 6.1. The results clearly demonstrate that
high ambient velocity leads to increased sediment flux, higher total sediment
distribution, and a larger α28 distribution. This suggests that flocculation
occurs at a faster rate under conditions of high ambient velocity.

These findings are consistent with those presented in Figure 6.7, where
the left-middle panel shows a greater abundance of larger flocs under high
ambient velocity conditions. The figure also indicates that the shear rate is
slightly elevated in the body regions of the current at high ambient velocity,
which may contribute to the rapid formation of flocs. Nevertheless, despite the
faster pace of flocculation under conditions of high ambient velocity, a higher
sediment flux, in general, is still transported by the sideways propagating

137



6. The Influence of System Design on the Dispersion and Flocculation of
Turbidity Currents

turbidity current.

0 0.01 0.02

Sediment Flux [m
-1

] 

0

1

2

3

4

V
e
rt

ic
a
l 
D

is
ta

n
c
e
 [
m

]

Run1: U
a.v

 = 0.1 m/s

Run6: U
a.v

 = 0.05 m/s

0 0.5 1

t
 10

-3

0

1

2

3

4

0 0.5 1 1.5 2

28
 10

-4

0

1

2

3

4

V
e
rt

ic
a
l 
D

is
ta

n
c
e
 [
m

]

0 0.05 0.1

U
y
 [m/s] 

0

1

2

3

4

Figure 6.8: Comparing normalised total Sediment flux, total sediment distribution, largest
Fraction (α28), and side-way Velocity (y direction) in Runs 1 and 6. A 4m profile at 70m in
X and 25m in Y direction is taken to examine the side way turbidity current. The Ua.v is
the ambient velocity.
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Table 6.2: Summary of group comparisons: runs and associated discharge velocity

Runs 1 2 3 5 8 9
Velocity [m/s] 0.5 0.75 0.5 0.75 0.25 0.75

6.3.3 Discharge Velocity

Discharge velocity is one of the most important parameters in any PNMT
design, as it can be controlled by the manufacturer, unlike other parameters
that have a lot of uncertainties (e.g. the ambient background current). In this
regard, we present three case studies, where we compare Runs 1 and 2, Runs
3 and 5, and Runs 8 and 9. In each case study, the two runs have the same
initial conditions, except for a different discharge velocity. Runs 1 and 2 have
discharge velocities of 0.5 m/s and 0.75 m/s, respectively, which is the same
for Runs 3 and 5. Runs 8 and 9 have discharge velocities of 0.25 m/s and 0.75
m/s, respectively (Table 6.2).

Visualization

When all other initial parameters are constant, the dispersion shape of the
turbidity current in the near-field region hardly changes as the discharge
velocity increases or decreases. In Figure 6.9, we plot the total volumetric
concentration difference (αt,diff ) between the two runs of each case study,
together with the shear-rate difference.

It is immediately apparent that in the case of a high discharge velocity, the
concentration in the near-field region is higher compared to a lower discharge
velocity, especially in the head region. Our analysis revealed that, in case of
high discharge velocity, the sideways propagating turbidity current is ahead
of that at lower discharge velocities, causing the observed positive difference
in the head of the turbidity current. As the discharge velocity increases, the
transported sediment flux increases. In case of a high discharge velocity, it is
more likely that the mixture will be in the jet phase, resulting in a longer jet
length. In contrast, in the case of a lower discharge velocity, it is more likely
that the mixture will quickly transition to the plume phase. The difference in
the impingement region position between the high and low discharge velocity
cases results in a negative difference observed near the PNMT. This change
in impingement region position could explain why the turbidity current in the
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high discharge velocity cases is ahead of that in the low discharge velocity
cases.

Run2 - Run1 & 1cm

Run5 - Run3 & 1cm

Run9 - Run8 & 1cm

Run2 - Run1 & 1cm

Run5 - Run3 & 1cm

Run9 - Run8 & 1cm

Figure 6.9: The effects of discharge velocity on volumetric concentration and shear rate
differences are compared at a distance of 1cm. Runs 1 and 2, and Runs 3 and 5, have the
same discharge velocities of 0.5 m/s and 0.75 m/s, respectively. In contrast, Runs 8 and 9
have lower and higher discharge velocities of 0.25 m/s and 0.75 m/s, respectively.

The discharge velocity affects the shear rate because the amount of sediment
flux increases with higher discharge velocities. However, the observed shear
rate difference varies between the three case studies, with Runs 2 and 1
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showing the low difference, followed by Runs 9 and 8 with a slightly higher
difference, and the highest difference observed in Runs 3 and 5. One possible
explanation for this difference is PNMT velocity / discharge velocity ratio,
with a lower difference in this ratio potentially leading to a higher difference
in the observed shear-rate.

Analysis of the Sideways Propagating Turbidity Current

To evaluate the impact of changing turbidity current on the sideways propagat-
ing turbidity current, we have generated Figures 6.10 and 6.11. These figures
demonstrate the sediment flux, largest floc fluxes, total sediment distribution,
and side-way velocity. Note that all profiles are captured at a distance of 70m
in the X direction and 25m in the Y direction, except for Runs 8 and 9, where
a 4m profile is taken at 35m in the X direction and 30m in the Y direction.
The profile location for Runs 8 and 9 is chosen specifically to ensure that the
measurements are in the body region, after the current had passed.

In general, a higher discharge velocity results in a larger sediment flux
and total sediment distribution, with the exception of Runs 1 and 2. Run
1 has a slightly higher sediment flux than Run 2. It is evident from Figure
6.6 that Run 1 has a higher sideways propagating turbidity current velocity.
Furthermore, the α28 flux is higher at lower discharge velocities, indicating
faster flocculation. Generally, the sideways propagating turbidity current is
slightly higher at higher discharge velocities, except in the cases of Runs 1
and 2.

It is possible that the deviation of Runs 1 and 2 from the observed trend is
due to the forward velocity of the PNMT, which may have affected the behavior
of the turbidity current in these cases. Notably, these runs have a forward
velocity of 0.5 m/s, whereas the other two groups have a PNMT velocity of
0.25 m/s. It is possible that as the forward velocity of the PNMT increases
and the ratio velocity decreases, the sideways propagating turbidity current
also increases. However, to validate this hypothesis, additional numerical runs
are necessary. By exploring this further, we can gain a more comprehensive
understanding of the relationship between the discharge velocity and sediment
flux, and the role that the forward velocity of the PNMT may play in this
relationship.
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Figure 6.10: The normalised sediment flux (left) and the normalised largest fraction flux
(right) for groups of runs of (1,2), (3,5), (8,9).. For Runs 8 and 9, the 4m profile is captured
at the intersection of 35 in the X direction and 30 in the Y direction
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Figure 6.11: The total volumetric concentration (left) and velocity profiles (right) for
group of runs of (1,2), (3,5), (8,9). For Runs 8 and 9, the 4m profile is captured at the
intersection of 35 in the X direction and 30 in the Y direction.
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6.3.4 Initial Concentration

The initial concentration is defined as the concentration of solid particles at the
moment of release from the PNMT. The initial concentration is also one of the
parameters that can be influenced and designed by manufacturers. Therefore,
we investigated two case studies representing three initial concentrations of
0.5%, 1%, and 1.5% for Runs 7, 1, and 10, and Runs 4, 8, 11, respectively.
Keep in mind that the discharge device size remains constant, while the
amount of sediment is increased.

Visualisation

Figures 6.12 and 6.13 show the effect of increasing the initial concentration
on the development of the turbidity current. In the case of a high initial
concentration, the sideways propagating current has a high amount of sus-
pended sediment and a high forward velocity. In contrast, in the case of a
lower initial concentration, the run-out distance of a sideways propagating
current is low. In the tail region (the region between 100m-120m longitudinal
lines), there is an increase in the total volumetric concentration as the initial
concentration increases. When the initial concentration is high, there are more
sediment particles available for collision, which leads to faster flocculation and
a higher settling potential for the resulting flocs. However, in the near-field
region, a lower initial concentration is more favorable. This can be achieved
by increasing the water entrainment in the mixture prior to discharge.

An increase in initial concentration also leads to an increase in the shear rate.
This is due to the higher sediment flux and the corresponding increase in buoy-
ancy forces, which cause more mixing, especially in the head region, resulting
in higher shear rates. Furthermore, changes in the PNMT forward velocity,
initial concentration, and discharge velocity can also affect the dispersion
shape.
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Run1 &1%

Run7 &0.5%

Run1 &1%

Run10 &1.5%

Run7 &0.5%

Run10 &1.5%

Figure 6.12: The volumetric concentration field and shear rates for Runs 7, 1, and 10 on
the left and right are shown here. In these runs, the PNMT forward velocity is 0.5 m/s.
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Run8 &0.5%

Run4 &1%

Run11 &1.5%

Run8 &0.5%

Run4 &1%

Run11 &1.5%

Figure 6.13: The volumetric concentration field and shear rates for Runs 8, 4, and 11 on
the left and right are shown here. In these runs, the PNMT forward velocity is 0.25 m/s.
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Special attention has to be given to to Runs 4 and 11 due to the sub-critical
flow at discharge ( densimetric Froude number ≲ 1), which may cause non-
uniform sediment distribution during discharge. However, to simplify the
discharge number, it is assumed to be homogeneous. Figure 6.14 depicts two
sections per run, demonstrating how the current flows beneath and next to
the PNMT. This occurs primarily due to three mechanisms combined:

1. sub-critical regime at the discharge (densimetric Froude number ≲ 1),

2. low PNMT velocity,

3. velocity ratio r ≤ 1.

A

A

B

B

C

C

D

D

Run4: Fr=0.87&Section C-C Run4: Fr=0.87&Section A-A

Run11: Fr=0.72&Section D-D Run11: Fr=0.72&Section B-B

Figure 6.14: Sections of the PNMT region in Runs 4 and 11 demonstrate the potential for
turbidity currents to flow beneath the PNMT and advance the collector over time.

To better understand the dynamics of the turbidity currents beneath the
PNMT, there are several factors that need to be investigated further. First,
it is unclear whether the critical transition value for the current to start
flowing underneath the PNMT occurs at Frd = 1 at the discharge or if it
is at a different value. Additionally, the height of the discharge above the
bed is another crucial factor that may affect the advancement of the current.
This is because the potential energy of the mixture will differ, resulting in
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variations in the flow development of the mixture in the jet/plume phase.
Such variations can have an impact on the concentration at the impingement
region. Currently, it remains unknown whether changing the height of the
discharge affects the current’s ability to advance beneath the PNMT, even
with subcritical flow at the discharge. Furthermore, while Runs 4 and 11 only
differ in their initial sediment concentration, it is important to consider the
effects of varying the mixture volume flux while keeping the same sediment
flux. This will help to better understand the dynamics of the current and its
potential to advance beyond the PNMT.

Sideways Propagating Turbidity Current Analysis

In this study, we are specifically interested in investigating the parameters of
the sideways propagating turbidity current for the group of runs - Runs 1, 7,
and 10 (Figure 6.15). We have excluded the comparing runs - Runs 4, 8 and 11-
from our analysis as Runs 4 and 11 do not achieve the steady-state condition
at the location of 30 m, as shown in Figure 6.1. Specifically, Runs 4 and 11
exhibit a unique trend where they advance the PNMT, which makes them
unsuitable for comparison. Therefore, we will focus solely on comparing the
Runs 1 ,7 and 10 for our investigation of the sideways propagating turbidity
current parameters.

Figure 6.15 displays four variables: the sediment flux, α28 flux, the velocity
of the sideways propagating current, and the total sediment distribution. The
figure clearly indicates that low initial concentration at the discharge leads to
higher sediment flux and velocity, including α28. The trend continues with
increasing initial concentration, suggesting that a higher initial concentration
at the discharge may be beneficial. However, it is important to note that the
vertical profile is taken at the same location for all the runs, but not at the
same time/phase domain of the turbidity current for each run.

Increasing the initial concentration at the discharge leads to a larger angle
of the wedge, which means that the sideways propagating turbidity current in
the case of higher initial concentration develops faster in the lateral direction
with a higher run-out distance. Consequently, the position of the profile taken
may be at the head of the current for one run, like Run 7, while it might
be in the body for another run, such as Run 10. This explains the higher
parameters observed in Figure 6.15 for certain runs.
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Figure 6.15: This plot shows four variables at the intersection of 70 in the X direction and
30 in the Y direction: the total sediment flux (top-left), the largest fraction flux (top-
right), the sideways propagating current velocity (bottom-left), and the total volumetric
concentration (bottom-right).

6.4 Discussion

The results of the different runs have yielded valuable insights into the effects
of various parameters on the near field from the PNMT. In this section, we
present a comprehensive discussion of all four parameters that are tested. The
aim of this discussion is to develop a framework that will facilitate a deeper
understanding of the PNMT discharge mixture and its associated dynamics. .

To analyze the effect of the four variables of interest on the sediment flux
and α28, we integrated the profiles at 4 meters depth and obtained a single
value for each run. By plotting the integrated values on the Y-axis against
each of the four variables on the X-axis, we can observe the trends associated
with each variable (see fig. 6.16). This analysis allowed us to gain insights
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into the impact of each variable on the sediment flux and α28, as well as to
identify any correlations or patterns that may exist between the variables and
the integrated values.
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Figure 6.16: This plot shows the integration of the sediment flux (left y axis) and
α28 flux (right y axis), for the 4 variables of interest, namely PNMT velocity (top-
left), discharge velocity (top-right), ambient velocity (bottom-left), and the initial
concentration (bottom-right).

Generally, increasing the velocities of both the PNMT and the ambient
current can enhance flocculation due to the shear generated by their hydrody-
namics effect. However, this increase in velocity can also result in a greater
sediment flux being transported to the far-field. Furthermore, increasing
the discharge velocity usually leads to a higher sediment flux and a slower
flocculation pace, except in Runs 1 and 2, which exhibit slightly different
behavior. This may be due to the higher PNMT velocity, as these two runs
involve a PNMT moving at a velocity of 0.5 m/s

To further investigate the effect of the velocity ratio r on the turbidity
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current’s dispersion in the near-field, we selected four runs (5, 3, 2, 1) that
have varying discharge velocity and velocity ratio while keeping the initial
concentration and ambient current velocity constant. Figure 6.17 shows the
sediment flux and α28 flux for each run, allowing us to observe the trends
associated with each variable. As we can see, increasing the velocity ratio
r generally increases the amount of transported sediment flux while also
increasing flocculation, which may have a more beneficial long-term effect.
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Figure 6.17: This plot shows the integration of the sediment flux (left y axis) and α28 flux
(right y axis), for a changing velocity ratio.

Another crucial parameter to consider is the initial concentration. While it
may appear from Figure 6.16 that increasing the initial concentration leads
to lower sediment flux and flocculation, this is not necessarily the case. As
mentioned earlier, increasing the initial concentration leads to a wide angle
wedge shape, making it challenging to compare sediment and α28 fluxes across
different runs.

The results obtained suggest a correlation between the initial concentration,
PNMT velocity, and discharge velocity, with increasing initial concentration
and keeping velocity ratio rto be 1 (i.e., decreasing the Froude number at the
discharge) resulting in the turbidity current flowing beneath or even ahead
of the PNMT. The aforementioned phenomenon was also noted in the direct
numerical simulations conducted by Ouillon et al. (2021). Our observation
indicates that when Fr ≲ 1 and PNMT is slow (UPNMT = 0.25 m/s) and
keeping the velocity ratio r equals 1, the current exhibits this behavior, but
it is unknown whether Frd = 1 marks a turning point for this phenomenon.
Additionally, it is unclear whether increasing the volume flux of the water-
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sediment mixture while keeping the sediment flux constant (i.e., increasing
the size of the discharge device) and lowering the densimetric froude number
of the discharge will result in the same behavior. Thus, further investigations
are necessary. In conclusion, based on the observed correlation between the
mixture and the PNMT, we hypothesize that this interaction could be utilized
as an engineering solution to generate additional mixing, potentially leading
to enhanced flocculation and settling.

6.5 Conclusions and recommendations

To investigate the movement of a PNMT, 3D CFD simulations are run for
various discharge scenarios. The scenarios varied in terms of the initial
concentration, ambient current velocity of the mixture, discharge velocity, and
PNMT forward velocity.

In conclusion, it can be observed that increasing certain parameters such
as PNMT velocity, initial concentration, and ambient current velocity can
result in an increase in transported sediment flux to the far-field, as well as an
enhanced potential for flocculation occurrence in the near-field. On the other
hand, increasing discharge velocity can lead to higher sediment flux leaving
the near-field with a slower flocculation pace. Moreover, maintaining a lower
Froude number (Fr ≲ 1) at the discharge and slower PNMT velocity, with a
velocity ratio r of 1 allow the turbidity current to flow under the PNMT and
even ahead of it.

There are several other factors that might impact the dispersion of the
sideways propagating turbidity currents. These factors include the height,
position and orientation of the discharge geometry and the volume fraction,
which can be increased while maintaining a constant amount of sediment.
Furthermore, during the investigation of the impact of discharge velocities, it
was observed that there is a deviation from the anticipated trend for runs with
high PNMT velocity. Further investigation is required to determine the root
cause of this deviation. Additionally, some of the runs did not achieve steady-
state conditions within 250 seconds of simulation time, indicating that these
runs must continue until steady-state conditions are reached. However, this
prolonged duration may also impact the flocculation nature of the particles,
causing them to either aggregate or break-up. To ensure a fair comparison,
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all numerical runs should be extended to the same reference time.

The turbulence structure is still an important consideration, as our turbu-
lence model is time-averaged and does not provide an accurate description
of the turbulence structure. Large-eddy simulation (LES) could be a better
option for investigating the flow structure, although it come with higher
computational demands.
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Chapter 7

Conclusions and Prospects

Abstract

This chapter presents a recapitulation of the dissertation outcomes
in the form of answers to the research question presented in chapter 1.
The findings of this study opens up new prospects for the existing form of
polymetallic nodules mining, and thus suggestions and recommendations
are provided.
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7.1 Conclusions

The growing focus on limiting the dispersion of DSM-generated turbidity flows
is driving the need for greater understanding of turbid flows. For example,
classifying flow types in the near-field region has allowed us to study the
nature of these flows in a detailed manner, providing a clearer understanding
of the effect of sediment particle size and settling velocity on the development
of turbidity currents. This motivated further numerical studies aimed at
promoting particle aggregation to increase their size, subsequently enhancing
their settling potential, which would decrease the driving buoyancy forces of
turbidity currents. Furthermore, the knowledge gained from this study can
offer valuable insights to include during the design process of PNMT systems.
Therefore, this dissertation aims at improving the current understanding of
generated turbidity flows nature in the near-field region by answering the
following three research questions.

1. How do sediment particle size and concentration at the impingement
region influence the development of the turbidity current?

2. How does flocculation influence the generated turbidity current?

3. How do discharge conditions affect the dispersion of the generated
turbidity current?

To pursue answers to these questions, a literature review is carried out,
followed by 1D numerical modeling of real discharge scenarios. Furthermore,
a series of lock-exchange experiments was conducted with different sediment
types to obtain results that could be used for validating a newly-implemented
multi-fractions mixture model. Finally, the model is further extended to
consider flocculation dynamics, enabling a detailed numerical study of turbid
flows in the near-field region.

Influence of sediment particle size and concentration on
turbidity current development.

During the lock-exchange experiments, the local concentration of the generated
turbidity current is measured using pixel-concentration calibration method.
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In addition, the forward velocity of the turbidity current was measured during
the experiments. The time-distance curves are used to identify and distinguish
the different phases of a turbidity current. Flow measurements have shown
that:

1. The particle size and initial sediment concentration of a lock-exchange
turbidity current can affect its propagation behavior.

2. The lowest forward velocity and concentration distribution were observed
under conditions of lower initial sediment concentration and higher
sediment particle settling velocities, indicating that these conditions are
favorable in the impingement region.

3. The current generated exhibits a shorter transition time from the self-
similar phase to the viscous phase under conditions of lower initial
sediment concentration and higher sediment particle settling velocity.
This results in a faster dissipation of the current.

4. When the initial concentration of sediment particles exceeds a threshold
of 1.5%, the density difference becomes dominant, resulting in an unaf-
fected propagation speed of the current by particle size. However, it is
important to emphasize that this conclusion is limited to the type of
sediment used and the tank length scales examined in Chapter 4.

Finally, the numerical results of the newly implemented solver in OpenFOAM
are compared to the experimental results by utilizing the flow measurements
obtained from the experiments. The key findings of this study include:

1. The recently implemented drift-flux model with multiple fractions can
accurately predict the evolution of turbidity currents.

2. The accuracy of the predictions depends on the number of fractions
used, with a greater degree of accuracy achieved when a higher number
of fractions are utilized.

Role of Flocculation in DSM-generated Turbidity Flows

Given the cohesive properties of deep sea sediment and the presence of organic
material, flocculation could be a key factor in increasing particle size and,
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therefore, the settling velocity. The newly validated multi-fraction drift-flux
model, when coupled with the population balance equation, provides a unique
tool for modeling the hydrodynamics of the water-in-situ CCZ sediment
mixture. The numerical results of this study highlight the role of flocculation
in the dispersion of turbid flows in the near-field and far-field regions as follows:

1. The wake generated in the vicinity of the PNMT increases the possibility
of particle aggregation, resulting in the formation of larger flocs that
settle faster as the turbidity current subsides.

2. Sediment readily flocculates to form larger particles that will settle as
soon as the turbidity current subsides enough to allow this to happen,
which is likely occurring in the far-field region.

3. Although the influence of flocculation is present in the near-field region,
it does not significantly affect the turbidity current in that region.

4. The aggregation mechanism is more dominant than the break-up mech-
anism.

Effect of Operational Parameters on the Propagation Behavior
and Flocculation of Turbidity Currents in the Near-Field
Region

The model developed in Chapter 5 was used to investigate the effect of
various discharge scenarios on the propagation behavior of turbidity currents
in the near-field region. Four main variables were studied in our test matrix,
including PNMT forward velocity, ambient current velocity, discharge velocity,
and initial concentration. The numerical simulations revealed the following
key findings:

1. Increasing PNMT forward velocity, initial concentration, and ambient
current velocity can lead to a larger transported sediment flux to the
far-field and a higher potential for flocculation in the near-field.

2. Increasing discharge velocity can result in a higher sediment flux leaving
the near-field, but with a slower flocculation pace.
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3. In the case of a lower densimetric Froude number (Frd < 1) at the
discharge and a slower PNMT speed, with a PNMT speed/discharge
velocity ratio of 1, the turbidity current can flow under the PNMT and
even ahead of it.
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7.1.1 Recommendations

Based on the outcomes of the current study, future research can be pointed
out. The recommendations are presented as follows:

Experimental Study

On Lab Scale

In Chapter 4, non-cohesive sediment types were utilized, thus the impact of
flocculation was not observed. To gain a more comprehensive understanding
of turbidity flows in the near field, it is necessary to conduct experiments that
capture the effects of flocculation using in-situ CCZ sediment at shear rates
experienced in the wake region behind the PNMT. Additionally, quantifying
turbulence in the wake region is a critical area of future study, which can be
accomplished through proper scaling of the PNMT. Together, these flocculation
and wake experiments can provide valuable insights into the structure of
turbidity flows in the near field.

Although conducting flocculation experiments requires in-situ CCZ sed-
iment, which is not always present, it may be feasible to replicate similar
characteristics of CCZ sediment in a laboratory setting. By doing so, we
can mimic the flocculation behavior, as well as settling velocity distribution,
enabling further studies in a controlled lab environment.

Only experimental work has been conducted on flocculation using in-situ
CCZ sediment, as described in the study by Gillard et al. (2019). However,
this work did not employ in-situ CCZ seawater, but rather artificial seawater,
and thus they did not consider the impact of key factors such as extracellular
polymeric substances (EPS) and bacteria present in real CCZ water on the
aggregation of particles. Therefore, additional laboratory experiments are
needed to design CCZ seawater in the lab, in order to study flocculation in
the context of CCZ.

On Field Scale

Although there have been some direct measurements of the discharge at
the PNMT, the current literature lacks comprehensive data on various design
realizations. To enhance our understanding of the discharge, it is essential
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to quantify the discharge source at the PNMT, including parameters such as
PSD, discharge velocity, and initial concentration. By collecting and analyzing
these datasets for different design realizations, we can improve the input for
numerical models, leading to more accurate predictions.

Numerical Modelling

The 1D layer-averaged turbidity currents model proposed by Parker et al.
(1986) was used to model the turbidity current over a 100 m distance down-
stream of a fixed discharge from a PNMT. However, we recognize that this
model may not accurately represent the actual propagation of turbidity cur-
rents in the near field. In reality, turbidity currents can propagate both
longitudinally and laterally, and our current understanding suggests that the
large turbidity flows behind the PNMT consist mainly of lateral turbidity cur-
rents that propagate almost perpendicular to the PNMT direction. Therefore,
we suggest that further development of the turbidity current model proposed
by Parker et al. (1986) is necessary to properly study the sideways propagation
of turbidity currents, while also taking into account the motion of the PNMT.

While the turbidity current is propagating along the seabed, and due to
the shear velocity of the current with the seabed, the current might pick up
sediment particles from the seabed; this process is known as erosion. The
current drift-flux-PBE model still lacks some important closures, such as
erosion closure. Moreover, because of the potential energy that the mixture
possesses at the moment of discharge, the mixture might switch between
two main mechanisms at the impingement region: deposition and erosion.
Therefore, modeling sediment pick-up due to flow shear-rate would create
more accurate predictions

Another key important factor in studying flocculation mechanisms is the
representation of turbulence. Flocculation source terms are typically calculated
based on the shear rate, which is determined from turbulence modeling. To
improve our understanding of these mechanisms, it is recommended that
turbidity flows be modeled using Large Eddy Simulation (LES). By employing
this, a better estimation for the shear rate will be calculated, in turn, we can
gain a more solid understanding of the flocculation process, resulting in a
better prediction of the fate of sediment particles.
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To improve the accuracy of estimating the transition from the turbidity
current phase to the passive-transport phase, it would be beneficial to couple
the near and far field models together. The different resolutions of these models
can be addressed by inputting the output of the near-field model into the far
field model. Based on our modeling of different discharge scenarios, we have
observed that the flow behind the PNMT reaches a steady-state condition
at a specific location. However, over time, the entire domain reaches the
steady-state case. We can use the concentration, velocity, and PSD data from
this steady-state case as input into the lower resolution grids of the far-field
model. By applying this data as a boundary condition, we can create a more
accurate and consistent representation of the transition from the turbidity
current phase to the passive-transport phase.

It is important to consider the limitations of the simulations conducted in
Chapters 5 and 6. Specifically, the discharge scenarios and numerical model
were idealized and did not fully capture the complexities of real-world scenarios.
For example, the simulations assumed a flat sea bed, which may not be the
case in actual situations where there may be slopes or bumps. Additionally,
the ambient current direction was assumed to be parallel to the discharge
direction, while in reality, there may be an angle of attack that could affect the
behavior of turbidity currents behind the PNMT. Therefore, future research
should aim to extend the current numerical model to consider more realistic
scenarios and variables in the simulations to better understand the behavior
of turbidity currents and the effectiveness of the PNMT. This could involve
utilizing more advanced numerical models that can account for variations in
the sea bed topography and ambient current direction.
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