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Abstract

Dredging is performed for various reasons, including port development, coastal defense and land recla-
mation. The economic and social importance of such projects is widely acknowledged, but there are
growing concerns about the possible environmental impact of the dredge plumes that form as a tempo-
rary by-product of these activities. Suspended sediment blocks sunlight, and sediment that settles on
the seabed buries coral and other organisms. These effects accumulate over the duration of a dredging
project, and should be minimized.

An important step towards this goal is predicting plume formation and development. Here, we focus on
an overflow plume from a trailer suction hopper dredger (TSHD). Although this subject has been stud-
ied for years, much is still unknown, due to the complex interaction of the processes involved. Because of
this complexity, it is not uncommon in the industry to use rules of thumb, derived from empirical studies.

One such rule of thumb, based on an influential publication by Becker et al. (2015), relates to the frac-
tion of the overflow plume that is still (or again) in suspension once the developing plume moves from
the dynamic near-field to the passive far-field. This source term fraction (STF) is important, because
the large-scale area models that model plume development in the far-field require information about
the characteristics of the plume entering the far-field zone. Becker et al. (2015) presented a realistic
range of 0-20% for the source term fraction. This range is based on a combination of measurements and
expert opinions. Although Becker et al. (2015) recommend characterization monitoring at the start of
a dredging project to determine whether the 0-20% range needs adjusting, this is not always done in
practice, due to time pressure, costs, complexity or lack of necessity.

Building on the work by Becker et al., this thesis aims to support a more informed implementation of
TSHD source terms on the computational grid of far-field models. In order to explore the behavior of
TSHD dredge plumes, numerical simulations were carried out using computational fluid dynamics model
TUDflow3D. In these simulations, the values of three model input parameters — the water depth, the
overflow density and the crossflow velocity — were varied to gain insight into the behavior of the plume
under the conditions studied. For each of the three parameters, three representative values were chosen
on the basis of expert advice, and all combinations were tested, leading to 27 numerical simulations.

The results of the numerical simulations show that the amount of sediment in the plume has reduced
to less than 20% of the sediment in the overflow plume at 11-42 minutes of plume development, corre-
sponding to a distance of 0-1895 m from the dredging location (500-3800 m from the moving vessel),
depending on the specific conditions. It is important to note that (only) three conditions were varied
in this study. These conditions were all steady state (e.g. no tidal flows). In real-life situations, many
more (combinations of) conditions and hence a wider range of results are possible. Conditions where
the plume was found to travel relatively long and far into the far-field, are a high ambient current, a
low water depth and low overflow densities. The effect of these factors corresponds with existing studies.

The contribution of this work lies in the broad characterization of the developing plume under these
various conditions: not only the magnitude of the plume is investigated, but also its vertical and lateral
distribution. Specifically, the contribution of the bottom 6-13 % of the water column to the total plume
flux is highlighted. This is particularly of interest, as this zone is typically not included in ADCP
measurements. This increases insight in the processes underlying plume development and supports the
appropriate determination and implementation of the far-field source term, including a more informed
use of the 0-20% source term fraction range proposed by Becker et al. (2015).
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Caution should be taken when implementing source terms in far-field models as a virtual source, as is
common practice with the 20% source term fraction as presented by Becker et al. (2015). Implementing
the 20 % source term fraction at the location of dredging activity leads to an underestimation of SSC
and far-field fluxes. When implementing source terms, the user should also be advised that TSHD
overflow plumes have a cross-sectionally skewed character for relatively long plume ages. It is advised
to involve near-field modelling, field measurements and/or prior research (such as the results of this
study) in order to make informed far-field modelling choices (e.g. the optimal vertical distribution of
sediment).
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Introduction

Dredging operations are an integral part of hydraulic engineering operations; it is hard to imagine a
world without them. For centuries, humans have carried out water infrastructure projects and manip-
ulated the interface of land and water. This often involves dredging, which can be described as the
underwater excavation of sediments and depositing them elsewhere. Dredging activities are executed to
ensure the navigability of ports and waterways, to reclaim land and to protect our shorelines, amongst
others. The industry’s total turnover is sizeable, amounting to approximately 5 billion euros per year
(IADC, 2020a). There are several reasons why this number can be expected to increase in the coming
years. The first reason is demographic developments. The global population is rising, and a growing
percentage of people is living close to a coastline. This will increase the need for goods and services,
which can be expected to translate into an increase in waterborne transport (IADC, 2010). Other
important reasons are the phenomena of sea-level rise and extreme weather conditions, both of which
lead to a need for coastal protection projects. A third reason are offshore energy sources, such as wind
energy, that require the construction of infrastructure (IADC, 2020a).

For dredging, various types of equipment can be used. The most appropriate choice of equipment
for a specific dredging task depends on the characteristics of the equipment, the characteristics of the
location and the demands of the job. The main types of equipment are hydraulic, mechanical/hydraulic,
mechanical and hydrodynamic dredgers (Van Raalte & Parys, 2018).

¢ Hydraulic dredgers use centrifugal pumps to transport material sucked up from the bottom.
the Suction Dredger (SD) is the simplest form of this type of dredger.

o Mechanical /hydraulic dredgers also make use of centrifugal pumps and can be divided into
two types: the first is the Cutter Suction Dredger (CSD) that removes (harder) soils from
the bottom with a rotating cutter, and the second is the Trailing Suction Hopper Dredger
(TSHD).Transport of the material to the relocation site is carried by the ship itself. On arrival,
the load is placed. The TSHD is often used for capital and maintenance work.

e Mechanical dredgers use mechanical excavation equipment. This category contains three types:
the Grab Dredger (GD, a cable crane on a vessel), the Bucket Ladder Dredger (BLD, which uses
a rotating chain with buckets for digging up and hauling up material) and the Backhoe Dredger
(BHD, a hydraulic excavator on a pontoon).

e Hydrodynamic dredgers This type of dredging is less suitable for sensitive areas. An example
of a hydrodynamic dredger is the Water Injection Dredger (WID, which injects water into the bed
in order to enable it to be advected and to settle downstream).

This research will focus on the TSHD, one of the most commonly used vessels in the dredging industry.
Approximately 600 of these vessels were active internationally in 2020 (TIADC, 2020b). Moreover, the
TSHD is one of the largest sources of turbidity caused by dredging.
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1.1. Trailing suction hopper dredger

TSHDs are equipped with one or two suction pipes which are connected to a draghead which positions
itself on the sea bed for operation. During operation, the suction pipe is let down from the vessel onto
the sea bed. The draghead, equipped with water jet nozzles, allows the mixing of the sediment with
water. A sand-water mixture is then pumped up through the suction pipe and subsequently deposited
into the hopper of the vessel. Here, the sediment in the mixture starts settling under the influence of
gravity. The excess process water then exits the hopper through a spillway called the overflow. Not
all sediment will have had sufficient time to settle in the hopper. Part of the sediment that enters the
hopper will leave with the overflow discharge. The sediment in the overflow discharge will be predom-
inantly made up of fine grains, since coarse grains will settle faster in the hopper. The release of this
overflow results in an a turbidity plume in the ambient water. The overflow plume is not the only
sediment release mechanism of the TSHD.

Aside from this overflow plume, Becker et al. (2015) distinguish two secondary sources of sediment
suspension by a TSHD: sediment released in the water column through draghead disturbance and (re)-
suspension due to propeller wash, see Figure 1.1. The propeller wash also influences the overflow plume:
the propellers increase suspended sediment concentrations by (re-)distributing sediment in the water
column.

TSHD
Sediment
release
mechanisms

Sediment release as a

Sediment release result from disturbance

directly from vessel of the bed

Sediment
release Disturbance by
through draghead (1)
overflow (2)

Erosion of bed
by propellor
jets (3)

Figure 1.1: Sediment release mechanisms TSHD. Inspired by: (Becker et al., 2015)

Figure 1.2 shows a visual representation of the main suspended sediment sources for a TSHD. The
numbers correspond to the numbers in Figure 1.1. When overflowing is allowed during the dredging
operation, the overflow plume is the dominant source of suspended sediment (Decrop et al., 2018). Out-
side of the immediate vicinity of the dredger, the combined dredge plume, consisting of all three plume
sources, will be taken along by the ambient currents and will eventually settle.
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Figure 1.2: Visual representation of different plume sources of a TSHD. The numbers (1) (2) and (3), correspond to
the numbered plume sources in Figure 1.1. Adapted from: (Becker et al., 2015)

1.2. Environmental impact of dredging

The past few decades have shown an increasing interest in the environmental aspects of dredging. The
well-known and impactful report Our Common Future, commissioned by the General Assembly of the
United Nations in the 1980s, introduced the concept of sustainable development. The report pointed
at the interdependencies between economic, social and environmental developments, urging all nations
to take a holistic view of where we are going (World Commission on Environment and Development,
1987). Since the report was published, the concept of sustainable development gradually took root in
society. The next big milestone in focusing the worlds attention to this subject was the introduction of
the Sustainable Development Goals (SDGs) by the United Nations in 2015 (United Nations, 2015).

Dredging is related to many of the 17 SDGs, for example to the goal of building resilient infrastruc-
ture, and contributing to these goals is an opportunity for the sector in the years to come (Bridges &
Vellinga, 2018). The dredging industry is aware of the need for sustainable development, and increas-
ingly strives for a harmonious integration of the socioeconomic and environmental aspects of dredging
projects. Many contractors perform environmental assessments in the proposal phase on their own ac-
count in order to identify potential environmental impacts and positively differentiate themselves from
competitors. Taking environmental considerations into account is also a necessity, because of increasing
legislative pressure (Vikolainen et al., 2014). Various stakeholders also increasingly emphasize sustain-
ability (Wasim & Nine, 2017).

1.2.1. Noise, emissions and contaminants

Four main sources of environmental impact are increased sound levels, emissions, released contaminants
and increased suspended sediment concentration (SSC) (Adnitt & Van Koningsveld, 2018). With regard
to dredging sounds, a review of studies by Wenger et al. (2017) showed that these sounds can affect fish
in several ways (behavioral changes, temporary hearing loss, stress). The precise effects depend both
on the type of fish and the sound pressure of the dredging project. The authors point out that much
is still unknown and more research is needed. Another source of environmental impact comes from
emissions. Dredging vessels emit greenhouse gases and other harmful emissions, such as SOx and NOx
(Castro et al., 2019). These emissions have a range of adverse effects, which are considered well-known.
The next source of impact discussed here are contaminants. These polluting or poisonous substances
typically adhere to fine sediment, and can end up in the water during dredging activities. The earlier
mentioned review by Wenger et al. (2017) shows that the impact of contaminants on fish is greater
than that of dredging sounds or suspended sediment. The effects include behavioral, physical and/or
physiological impacts and a number of studies also report mortality.
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1.2.2. Turbidity

The last source of environmental impact discussed here, and the one most relevant for this study, is
the suspended sediment concentration (SSC). SSC indicates turbidity, the cloudiness of the water. In
cloudy water, the rays of the sun penetrate less deeply. There can also be more sedimentation. These
factors can affect aquatic ecosystems. Flora or fauna in the area of influence of the project that might
be affected by the proposed activity are called sensitive receivers (Adnitt & Van Koningsveld, 2018). It
should be noted that such receivers might also be exposed to turbidity from sources other than dredging;
ecosystems can exist in areas with naturally high turbidity.

Erftemeijer et al. (2012) studied existing literature on the sensitivity of corals to turbidity and sedimen-
tation, especially when caused by dredging. The authors concluded that the sensitivity of coral reefs to
a high SSC depends on many factors and varies significantly; the most sensitive corals survive no more
than a few days of high turbidity. Sedimentation is a stressor as well; amongst others, it can cause
smothering and shading. Also with respect to these stressors, the sensitivity of corals varies strongly.
Some species cannot survive 24 hours when the sedimentation rate is high. Coral larvae, too, suffer
from turbidity and sedimentation (Erftemeijer et al., 2012).

Research by Cunning et al. (2019) shows the considerable impact that dredging can have on the en-
vironment. The study relates to dredging activities that took place between 2013 and 2016 to make
the Port of Miami shipping channel wider and deeper. The total amount of dredged material was 4.2
million m3. The presence of dredging plumes was established by means of remote sensing. Sediment
accumulation was measured with sediment traps; coral condition and habitat were determined through
observations. The results show that the dredging plumes extended from 10 km south of the dredged
area to 15 km north, and that the impact of the plumes was both long-lasting and widespread. Using
data-driven methods, the authors found a high correlation between the presence of dredging plumes,
sediment trap accumulation, and (partial) burial of coral. The probability of partial or complete burial
of coral rose sharply after dredging commenced, and parts of the benthos were still covered deep in
sediment after 2 years. The density of corals especially small corals - showed a significant decrease over
this period. The authors estimate that over half a million were killed.

Marine mammals are generally used to turbid water, but they can be affected indirectly, because sus-
pended sediment, turbidity and other dredging-related effects can impact communities of the organisms
they prey on (Todd et al., 2014). Wenger et al. (2017) have found that suspended sediments have
various adverse effects on fish, such as avoidance of the area, behavioral changes, and effects on foraging
and predation.

1.2.3. Environmental impact assessment (EIA)

When sensitive receivers are identified in the project area, their ecological thresholds with respect to
turbidity need to be determined. In order to then assess the potential impact of a TSHD dredge plume,
a reliable prediction of the increased turbidity in the area of interest is required. Quantifying the in-
crease in turbidity from dredge plumes is a crucial part of any Environmental Impact Assessment (EIA),
both for regulatory approval and monitoring design purposes (Sun et al., 2020). Figure 1.3 depicts an
overview of the processes that lead to a potential sensitive receiver response. As Figure 1.3 shows,
quantifying the potential receiver response requires an ecological assessment and a turbidity assessment.
This study focuses on the latter.
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Figure 1.3: Flow chart depicting an overview of the required assessments to quantify potential receiver response to
increased turbidity

The aim of a turbidity assessment is to quantify the amount of suspended sediment (SSC in mg/L)
at the location of (potential) sensitive receivers. It should be noted that for such an assessment it is
important to make a distinction between dredging-induced pressure on the ecosystem and the presence
of natural sources of SSC as pointed out by Sun et al. (2020). Aarninkhof et al. (2008) also stress that
turbidity can be induced by natural processes and/or other (human) activities.

1.3. Problem description

Conducting turbidity assessments is challenging through all phases of a dredging project. SSC predic-
tions are inherently accompanied by uncertainty for a multitude of reasons. The exact metocean and
soil conditions that will be encountered during the proposed works are not known. Also, details of the
dredging operations are often not yet known, making it more difficult to accurately predict SSCs. Even
when all above-mentioned details are known, predicting the development of a turbulent overflow plume
is a challenge due to the complex mix of processes that is governing plume development.

1.3.1. Dynamic and passive plume

In the literature, distinctions are made between different "zones’ of the dredge plume. The most common
classification, and the one that will be used for this study, is the distinction between a dynamic near-field
and a passive far-field (e.g. by Laboyrie et al. (2018) and Sun et al. (2020)). A visual representation is
shown in Figure 1.4.
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Dynamic near-field | Passive far-field

Figure 1.4: Top view TSHD induced dredge plume showing the common distinction between a dynamic near-field and
a passive far-field

Although the exact definitions vary in the literature, there appears to be a general consensus with
regard to the governing processes in the near- and far-field. These governing processes for each zone as
described by De Wit et al. (2020) are summarized in Table 1.1. An in-depth review of these processes
will be performed in Chapter 2.

Dynamic phase ‘ Passive phase

Density driven behaviour Ambient hydrodynamics
Entrainment of ambient water | Settling dynamics
Interaction with the vessel

Table 1.1: Common classification between the dynamic near-field and the passive far-field based on the governing
processes, as described by De Wit et al. (2020)

Although metrics can be defined to indicate the plume age or distance where the plume is no longer
dynamic, such metrics are always somewhat arbitrary. In reality, no clear-cut location of a transition
between a dynamic near-field and a passive far-field exists: the plume gradually becomes less dynamic
with distance from the vessel until it is solely governed by the ambient hydrodynamics and can be
classified as a passive plume. However, it is an important distinction from a modelling standpoint. It is
essential to know which processes are governing plume development to make the best modelling choice:

1.3.2. Dredge plume modelling

Due to the substantial difference between the processes dominating plume behaviour in the dynamic
and passive phase, the zones are typically modelled separately. In the dredging industry, the models
that are used for modelling the passive phase are called far-field models. Depending on model choices
(e.g. grid size), a far-field model will be able to capture some dynamic behavior. Therefore, it can be
argued that the start of 'far-field’ is also modelling choice.

Far-field modelling
The processes in the passive far-field occur on relatively large spatial and temporal scales. Therefore,
well-known large-scale area models such as Delft3D and MIKE are well-equipped to simulate the pas-
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sive sediment transport in the far-field (De Wit et al., 2020). Large-scale area models such as Delft3D
simulate hydrodynamics by solving the 2D or 3D non-linear shallow water equations. The system of
equations consists of horizontal momentum equations and the continuity equation. Delft3D works un-
der the assumption of hydrostatic pressure. To simulate the transport of suspended sediment, Delft3D
solves an advection-diffusion equation. The model requires boundary conditions, initial conditions and
bathymetry to solve the system of equations. It should be noted that even though these large-scale area
models are considered well developed, far-field modelling requires careful and informed choices regard-
ing the number of dimensions used, grid sizes, diffusion coefficients, amongst others. Tuinhof (2014)
made recommendations with regard to effective far-field modelling techniques. In general, the author
concluded that a horizontally and vertically fine-grid 3D model leads to the most accurate results, but
that less computationally expensive techniques may be warranted depending on the requested output.

Large-scale area models such as Delft3D generally have insufficient grid resolution to accurately repre-
sent the governing processes in the dynamic phase. As a result, these models demand the amount of
suspended sediment entering the far-field as input. This is commonly called the far-field source term
(Becker et al., 2015).

Passive far-field
(e.g. Delft3D, MIKE)

Dynamic near-field
(ST estimation)

— .
Source Term

Figure 1.5: Representation of area of applicability far-field model and implementation location source term. Inspired
by: Becker et al. (2015)

Souce term estimation

Reliable source term estimation is key to any assessment. The amount of sediment entering the far-field,
the source term, can vary significantly depending on the type of dredging operation, the equipment,
the bathymetry, site characteristics, etc (Sun et al., 2020). In the literature, it is generally agreed that
estimating source terms is not an easy task. Sun et al. (2020) reviewed a sample of EIA documents
and concluded that there is a lack of consistency and clarity surrounding the best approach to estimate
source terms.

Measurement-based source term estimates may be used as a guide for preliminary inputs for passive
plume modelling, provided that the proposed operations occur under similar conditions to those en-
countered during the measurements. Considering the magnitude of the range of possible combinations
of conditions, work methods, materials and bathymetry, this method is not often applicable. Sun et al.
(2020) also note that the number of field measurement campaigns of sufficient scope and quality to make
reliable source term estimates, is limited. Another approach that is used in practice to make an (initial)

estimate of the far-field source term is the source term fraction concept, a generic method presented by
Becker et al. (2015).
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The source term fraction concept as presented by Becker et al. (2015) is a generic approach which
circumvents the modelling of near-field processes. It can serve as a complementary method to near-field
modelling, which is computationally expensive. The method is also commonly used by the dredging
industry for their initial estimate of the source term magnitude. In principle, the method tracks the fate
of fines available in dredged material across different stages of the dredging operations. The method
uses so-called source term fractions (STF) to relate the different contributions to the far-field source
term to the total amount of fines available (Becker et al., 2015). The general approach of the method
involves 4 steps, which are visualized in Figure 1.6.

«Identification of

Analysis of the different sediment
dredging work method JREEEES
for plume sources mechanisms for
work method

-Reguirements
- In-situ volume dredged
material
- Proportion of material
which is fines
- Dry density matenial

-Choosing
appropriate source
term fraction for
dredging under
consideration

+Choosing proper
grid resolution
+Choosing
appropriate
application location
of source term

Figure 1.6: Visualization of the four steps of the Becker method required for source term estimation

An important step in the method is the third step, choosing appropriate values for the source term
fractions. Regarding the empirical source term fractions required for step (3) the authors present
reasonable ranges for a number of plume sources, which were derived based on a combination of practical
experience and field monitoring campaigns (Becker et al., 2015). For the overflow source term fraction,
a reasonable range of 0 — 20 % is presented. Becker et al. (2015) emphasize that the application of the
source term fraction concept introduces inherent uncertainties and that depending on the level of detail
required, near-field modelling and/or monitoring is warranted. Aside from the authors’ instruction to
use these ranges with caution, a follow-up publication notes that measurements have shown that under
certain circumstances, the overflow source term fraction can exceed 50 % (van Eekelen et al., 2015).
This occurs when the water is shallow and the underkeel clearance is limited. in such cases, there can be
a combined effect of the overflow plume and the propeller wash, leading to effective values of the source
term fraction of over 50%. A more detailed understanding of the area of applicability of the reasonable
range presented for the overflow source term fraction will allow for more reliable (initial) estimates of
the source term.

Model coupling

The appropriate application of source terms on the computational grid of a far-field model, as prescribed
in step (4) of the source term fraction concept, is easier said than done. Far-field modelling requires
choices with regard to the number of dimensions, grid sizes, time steps etc. Tuinhof (2014) already
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showed that these decisions should be informed and that the choices in this phase can greatly affect
the outcome of the predicted concentration and/or flux that is found in the far-field. The intended
input location of the source term on the far-field computational grid is at the transition between the
near-field and far-field. When this transition falls within the size of a single grid cell, the cell where the
dredging activity occurs is the appropriate input location. Partly due to the fact that a robust method
for the determination of the location of the transition is lacking, source terms are often implemented at
the location where the dredging activity occurs. Under circumstances where the spatial extent of the
near-field spans multiple grid cells, this practical use of the source term is not in line with the intended
use and estimates become less accurate. When a STF of 20% is implemented at zero meters from the
dredging activity, whilst this STF in reality is found at a distance of 1 km, the resulting SSC at a
distance of, for instance, 10 km will be underestimated. This is visualized in Figure 1.7. Implementing
source terms in a far-field model also requires choices to be made regarding the vertical distribution
of the source term (when using a 3D model). With more information on the magnitude of the plume
(e.g. where do we find 20%7?) and its vertical and horizontal distribution, the implementation of source
terms can be more informed.

Dynamic near-field Passive far-field

|
|
|
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|
|
|
A: Practical location of |
implementation |
B: Intended location of :
implementation by |
Becker et. al (2015) 1
- A Bl
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Figure 1.7: Schematization of a far-field computational grid and the (potential) difference between the intended
location of implementation of a source term (ST) and the common practical location of implementation

1.4. Research objective

Far-field models require a source term as input representing the amount of sediment entering the far-
field. In order to arrive at realistic predictions of SSC in the far-field, assumptions have to be made
regarding;:

1. The magnitude of the source term

2. The vertical and/or lateral distribution of the source term
3. The location of implementation on the far-field computational grid

As mentioned in Section 1.3.2, Becker et al. (2015) have presented the ’source term fraction concept’: a
guide for determining source term magnitudes (1) in the early phases of a proposal. The authors present
reasonable ranges, based on measurements and practical experience, for the source term fraction: the
amount of fines that are entering the far-field (as a % of the fines leaving the overflow). Focusing on
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the TSHD, a reasonable range of 0-20 % is presented. The authors do not elaborate on aspects (2)
and (3) mentioned above, but Tuinhof (2014) has shown the relevance of these aspects for achieving
appropriate far-field predictions.

From this problem description, the following research objective has been formulated:

"The research aims to support a more informed implementation of TSHD source terms on the far-field
computational grid"

This research objective translates into the following research questions:

1. At which plume age and distance from the dredging location is the 0-20% range for the overflow
source term fraction, as introduced by Becker et al. (2015), found under various conditions?

2. Under various conditions, what is the character of the vertical and lateral distribution of the
TSHD dredge plume?

3. How can current practice regarding the implementation of source terms be improved?
1.5. Methodology

A literature study is performed in order to gain insight into the governing processes of dredge plume
development. The second research question aims to investigate the influence of various processes and
characteristics on the magnitude of the source term. This is done by performing a numerical simulation
study with TUDflow3D. Developed by De Wit (2015), TUDflow3D is a fully 3D Computational Fluid
Dynamics (CFD) solver which makes use of the Large Eddy Simulation (LES) approach to capture
the influence of turbulence in the near-field. TUDflow3d is a trusted and well-calibrated tool for the
prediction of the fate and development of TSHD dredge plumes in the dynamic near-field.

1.5.1. Plume development

A set of scenarios will be designed by varying parameters in TUDflow3D within realistic ranges in
different combinations. Model parameters are based on the base case of the dissertation of De Wit
(2015) and are considered best practice. The scope of the scenario study is limited to varying ambient
parameters (ambient water depth, ambient current velocity) and plume parameters (overflow density).
The vessel’s characteristics are kept constant. Since the spatial extent of the near-field varies, the choice
is made to extend the TUDflow3D runs to 60 minutes of plume development, thereby including (part
of) the far-field. The numerical simulation set-up is described in more detail in Chapter 3.

The resulting model output of the individual model runs are evaluated in terms of dredge plume char-
acter and magnitude. The magnitude is evaluated during various stages of plume development. Sub-
sequently, the resulting source term magnitudes at various plume ages are compared to the reasonable
range as presented by Becker et al. (2015). This gives insight into the relationship between the prevail-
ing conditions and the area of applicability of the source term fraction concept.

1.5.2. Far-field implementation

The results from the detailed TUDflow3D simulations will be used to assess the current practice regard-
ing the implementation of source terms on the far-field computational grid and gain insight into the
potential inaccuracy of the current practice.
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1.6. Structure of report

Chapter 2 starts with the relevant background theory on the development of overflow plumes and
concludes with a review of the relevant studies on the topic. In Chapter 3, the methodology, TUDflow3D
and its governing equations are introduced followed by the set-up of the numerical simulation study.
In Chapter 4, the results are presented and interpreted. This report concludes with the discussion in
Chapter 5 and conclusions and recommendations in Chapter 6.



Theoretical framework

This chapter starts with Section 2.1, Background Theory, which discusses the main processes that play
a role in the formation and development of TSHD overflow dredge plumes. Knowledge about these
processes helps interpret the behavior of plumes as predicted by TUDflow3D. In Section 2.2 a critical
review is conducted of relevant literature.

2.1. Background theory

A substantial body of research exists on understanding the characteristics of discharges in marine en-
vironments. Wang and Mohammadian (2022) studied the impact of improperly discharged brine by
desalination plants, focusing on the mixing of an inclined dense jet on a sloping bottom. The thermal-
saline effluent of power plants has also been a popular topic of research. Both Ardalan and Vafaei
(2019) and Zhao et al. (2018) conducted an experimental study focusing on the mixing characteristics
of the thermal discharge of power plants. In the literature, most of these effluents are classified as
turbulent buoyant jets, given that these effluents are discharges with both momentum and buoyancy.
For the thermal discharge, the buoyancy is the result of a temperature and salinity difference whereas
the buoyancy of an overflow discharge is caused by the increased density of the sediment-laden water
(Taherian & Mohammadian, 2021).

An overflow jet can be classified as a special type of turbulent buoyant jet. Since the ejected sediment-
water mixture is typically entering a non-stationary oceanic environment, it can be classified as a
buoyant jet in cross-flow (JICF). Figure 2.1 shows the character of a typical buoyant JICF.

0 w,

Figure 2.1: Characteristic Negatively Buoyant Jet in Crossflow
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The jet, with an outflow velocity Wy, will interact with the crossflow, with a velocity u.¢, resulting
in a complex pattern of three-dimensional non-linear flows (Dai et al., 2016). Cintolesi et al. (2019)
distinguish three zones in a buoyant JICF: (a) the momentum phase, where the plume is mainly driven
by the initial momentum, (b) the buoyancy phase, where the buoyancy force strongly pushes the plume
upward/downward and (c) the entrainment phase where the cross-flow deviates the plume in horizontal
direction. In these names, the dominant processes in the respective zones can be recognized. In combi-
nation, they lead to the typical shape of a dredge plume, depicted in Figure 1.5.

According to Tohidi and Kaye (2016), the bent-over behavior of a plume in crossflow is omnipresent
in environmental fluid mechanics. The precise trajectory of the plume will depend on factors such as
the degree of buoyancy of the jet, the initial momentum, the horizontal cross-flow momentum and the
intensity of turbulence (De Wit, 2015).

As mentioned in Chapter 1, the governing processes vary with distance from the vessel, and we follow
the distinction made in the literature between a dynamic near-field and a passive far-field. Section 2.1.1
relates to the dynamic near-field, where the dredge plume originates as a buoyant JICF. Section 2.1.2
discusses the passive far-field, where the plume disperses and is taken along by the ambient current.

2.1.1. Dynamic phase

According to Miedema and Becker (1993), dredge plumes are complex systems in which the physical
processes play an important part. In this section, an overview is given of the processes governing the
extent, intensity and development of an overflow plume in the dynamic near-field.

Descending and mixing

During TSHD dredging operations, sediment-laden process water is ejected from the vessel through
the overflow shaft. This discharge can have sizeable initial momentum and is denser than the ambient
water. This is called the dynamic phase (Spearman et al, 2007). During this phase, the plume may
descend quickly to the seafloor under the influence of initial momentum and density differences. During
its descent, the plume may entrain seawater and lose coarse particles. This leads to loss of momentum
and density, and leads to mixing with the surrounding seawater. Mixing takes place before and after
the plume has reached the seafloor. Once the plume has reached the seafloor, it will spread laterally
as a density current. Ultimately, the plume becomes passive and is advected out of the near-field (e.g.
De Wit, 2015, Van Eekelen, 2007). According to several authors (e.g. Winterwerp, 2002, Kemps and
Masini, 2017), particle settling velocities are much less important in the dynamic phase than the bulk
behavior of the plume. Following Fischer et al. (1979), Winterwerp (2002) notes that two dimensionless
numbers govern the plume’s behavior: the Richardson number R:i and the velocity ratio ¢. This is
the ratio of the velocity of the ambient water relative to the vessel over the initial jet velocity. The
author categorized overflow plumes in three different regimes based on these two numbers: a density
driven regime, a mixing regime, and a transitional regime in between the two. Figure 2.2 shows this
classification.
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Figure 2.2: Different regimes overflow plume. Inspired by Winterwerp (2002)

The Richardson number can be seen as an indicator of the importance of buoyancy. A large Richardson
number corresponds to a regime where buoyancy is dominant over kinetic energy (Sun et al., 2020).
In such a regime, turbulent mixing is suppressed. Equation 2.1 shows that this is the case for large
density differences between the water-sediment mixture and the surrounding water, a large diameter of
the overflow, and low outflow velocities.

- 9Apo/paD
Ri= TOQ (2.1)
where:
g = gravitational acceleration
Apg = difference in initial jet density and ambient water density
pa = ambient water density
D = initial jet diameter

Wy = initial outflow velocity jet

The velocity ratio, which is defined in Equation 2.2, represents the ratio between the ambient velocity
and the initial jet velocity.

_ ey
<=7 (22)

Revisiting Figure 2.2, it can be seen that the density driven regime corresponds to large Richardson
numbers (buoyancy is dominant) and low velocity ratios. Under these conditions, the plume has a
highly dynamic character.

A dense plume with an initial large diameter, a large velocity and a low ambient current, finds itself
in the density-driven regime. A low density plume, on the other hand, with a small velocity in a fast
ambient current, will be in the mixing regime. In the mixing regime there will be a higher availability
of fine sediment for the passive plume and hence a higher source term fraction. It can be concluded
that depending on the plume characteristics and ambient surroundings the plume will descend rapidly
towards the bed or will be more prone to mixing in the immediate near-field.

According to Chen et al. (2022), common values for TSHD dredge plumes lie within the range of 0.3-4
for ¢ and 0.1-10 for Ri. Looking at Figure 2.1, it is noteworthy that the velocity ratio plays a much
larger role than the Richardson number in creating a density driven regime. Such a regime is possible
at practically any realistic Richardson number, but the velocity ratio must be lower than 1.5.
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Upward mixing

Under certain circumstances (high ¢, low Ri), a surface plume may arise in the near-field (Chen et al.,
2022). Research by De Wit (2015) showed that a surface plume varies between 0-2% of the overflow
flux (at normal dredging speed). As the name suggests, a surface plume consists of sediment that is
not directly descending towards the bed, but initially mixes upward to the surface, creating a visible
plume. A surface plume is visualized in Figure 2.3.

Figure 2.3: Surface plume generation

The existence and size of a surface plume affects the far-field source term, as the sediment can stay
suspended for long periods and distances. De Wit et al. (2020) performed a range of CFD simulations
and drew conclusions regarding the generation of a surface plume. The authors conclude that a large
crossflow velocity, this is the sum of the ambient current and dredging speed, results in the generation
of a surface plume. This is confirmed by Decrop and Sas (2018), who also performed CFD plume
simulations. Other factors resulting in the generation of a surface plume are limited dredging depth
and air entrainment.

As the name suggests, air entrainment refers to the presence of air bubbles in the overflow shaft. Due
to the positive buoyancy of the entrained air bubbles, the sediment plume will settle more slowly
(Saremi, 2014). The reason is that escaping air bubbles drag some of the smaller sediment particles
along. Therefore, air entrainment results in a longer-lasting dredge plume. The phenomenon can be
combatted by the use of an environmental valve / a green valve. These measures reduce the flow of air
that is trapped in the overflow. As a result, the dynamic plume descends more quickly to the seabed,
effectively reducing the turbidity.

Influence of external factors

Operational dredging factors such as the dredging speed, propellers, overflow location and pulsing fre-
quency also play a role. Pulsing refers to a discontinuous flow due to ship movements. Using Large
Eddy Simulation (LES), De Wit et al. (2014) studied the effect of these external factors on the mixing
of plumes in the near-field and on the formation of surface plumes. It was shown that a higher dredg-
ing speed leads to less dilution of the plume; the plume stays closer to the surface and there is less
mixing. The authors also found that pulsing leads to a larger vertical spread of the sediment. Factors
that contribute to the formation of a surface plume are a high dredging speed, a propeller and pulsing.
These factors all lead to the stripping off of sediment particles from main plume, thus contributing to
the surface plume. It was also shown that an overflow location at the back leads to a larger surface
plume at normal speed.

Another external factor is the water depth. Winterwerp (2002) hypothesized that in transitional regimes
(which combine density-currents with mixing) a very large water depth gives ambient currents more
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time to mix with the plume and/or strip particles off the plume, leading to more dilution before the
plume hits the bed. De Wit et al. (2020) found that a shallow water depth is an important factor for
the creation of a surface plume.

2.1.2. Passive far-field

Gradually, the dynamic near-field transitions into the passive far-field. Following Sun et al. (2020), the
far-field is described here as the zone where the dynamic plume has weakened and is being spread by
the ambient hydrodynamics and the settling of the suspended sediment under the influence of gravity.
According to (Spearman et al. (2007), sediment particles can end up in the passive plume in various
ways: as a result of separation from the rapidly descending dynamic plume, as a result of impacting
the near-field bed, or after travelling along the bed as part of the bed plume. Kemps and Masini
(2017) point out that, because the plume has already partly dispersed in the near-field, and the coarser
particles have settled there, the suspended sediment concentration is low by the time the plume arrives
in the far-field. It typically consists of fine material such as silt and clay. Differences in density and
momentum have become minimal, and transport in the far-field takes place by ambient hydrodynamics,
settling velocities and deposition and/or resuspension at the seafloor. These processes will now be
briefly discussed.

Dispersal by ambient hydrodynamics

According to Spearman et al., (2007), the passive plume mixes with the ambient water, and slowly
disperses as a result. According to the authors, two mechanisms govern this process: turbulent diffusion
and shear dispersion. A third mechanism is also responsible for mixing; molecular diffusion, but this is
negligible on large scales for high Reynolds numbers flows, which we are dealing with. Shear dispersion,
which is dominant over turbulent diffusion, refers to particles having different directions and speeds at
different heights as a result of the current velocities in the water column. This will lead to dispersion
of the plume.

Settling dynamics

Settling dynamics play an important role in dredge plume development, especially in the far-field. Sed-
iment settling of individual grains is generally well-understood. However, the occurrence and relevance
of aggregation processes such as flocculation in dredging plumes is poorly understood.

Smith and Friedrichs (2011) explain that particle settling is the combined effect of three forces: gravity,
buoyancy and drag. These forces are influenced by properties of the fluid (density, viscosity) and the
particles (density, shape, size, permeability). The particle settling velocity is commonly described by
Stokes Law which is described in Equation 2.3.

(P — pa) 9d?

where:

ws = settling velocity

pp = density of the particles
d = diameter of particles

# = dynamic viscosity

Small particles Reynolds numbers (Re, = wsd/v <« 1 where v is the kinematic viscosity) and imper-
meable, spherical particles are assumed when applying this law. From Stokes Law it is clear that
aggregation processes will influence sediment settling. Smith and Friedrichs (2011) explain that aggre-
gate particles can have various origins. Some have aggregated in the bed before being dredged up, while
others have aggregated in the water column as a result of flocculation. Flocculation also takes place in
the TSHD. Regardless of how they ended up in the water, they cause a clash with the laminar bound-
ary condition in Stokes Law, leading several scholars to adjust Stokes Law to larger particle Reynolds
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numbers.

Some research has been performed on the topic of settling behavior in dredging plumes, but the amount
is limited. Spearman et al. (2020) conducted in-situ experiments of deep sea mining plumes and high-
lighted the reduction of plume dispersal by the effects of flocculation. Mikkelsen and Pejrup (2001)
examined in-situ Particle Size Distributions (PSDs) measured by A LISST-100x along a dredging plume
and showed the occurrence of floc formation in the plume. Smith and Friedrichs (2011) conducted a
field experiment with a Particle Imaging Camera System (PICS) and Acoustic Doppler Current Profiler
(ADCP) to quantify aggregate states and flocculation in a dredge plume. The plume consisted of silt
(46 %), clay (53 %) and sand (16 %). The results showed that 20% — 50% of the total sample mass
consisted of bed aggregates, and 50% — 80% of flocs. Particle sizes ranged from 30 to 70 um for primary
particles, from 40 to 200 um for bed aggregates, and from 40 to 800 um for flocs. Median settling
velocities ranged from 0.8 to 1.7 mum/s. It was also shown that the vertical mass flux in the passive
phase of the plume was dominated by flocs.

Deposition and re-suspension

Once particles have reached the seabed, the processes of deposition and re(suspension) come into play.
They are discussed in this sub-section about the passive far-field, but play a role in the near-field as
well. Both processes take place at the seabed-water interface. The balance between the two results in
the net mass flux across the interface:

J=FE—-D (2.4)
where:

J = vertical mass flux
E = resuspension rate
D = deposition rate

A common parameterization of the deposition rates of cohesive sediments, attributed to Krone, is given
here as Equation 2.5, (Krone, 1962, as cited in Sun et al., 2016).

Td

D =w,C (1 - Tb) (2.5)

where:

7, = bottom shear stress
T4 = critical shear stress for deposition

After particles have deposited, they can be (re)suspended by the flow of water above the seabed. Equa-
tion 2.6 gives a formulation for the linear (re)suspension rate. Krone refers to this formulation as
"Kandiah'’s relation’ (Krone, 1999, as cited in Van Prooijen and Winterwerp (2010). Both Van Prooijen
and Winterwerp (2010) and Sun et al. (2016) follow Krone in attributing this formulation to Kandiah.

E=M(m—"T) (2.6)
where:

T, = critical shear stress for (re)suspension
M = model parameter

The authors note that there are two main paradigms relating to the processes of deposition and repo-
sition. The first assumes that, depending on the shear stress, only one of these processes takes place;
the second assumes that deposition and resuspension take place simultaneously. The latter paradigm
appears to have gained the most popularity.
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2.1.3. Transition

Having discussed the dominating processes in the near-field and the far-field, we will now focus on the
transition between these two areas. At the transition, buoyancy effects diminish and mixing is taken
over by turbulence generated by the ambient water. Where and when this occurs, is different for every
plume. From the previous sections it is clear that this depends on the characteristics of the sediment, the
operational conditions and the local conditions. Kemps and Masini (2017) point out that the transition
occurs in the initial stage for some plumes, and (to a greater or lesser extent) in a later stage for other
plumes, when impacting the seafloor and/or after being spread across the bed. In any case, with time, all
plumes become more passive until they have become completely passive. In the literature, there appears
to be a general consensus that the far-field — the region where the complete plume shows passive be-
havior — starts at a few hundred meters from the vessel (e.g. Spearman et al. 2007, Becker et al., 2015).

Determining where the transition occurs is mainly relevant for modelling reasons. Processes in the near-
field and the far-field take place on such different scales in time and space, that different sub-models are
needed to cover the whole trajectory of the plume. Source terms are used to describe the characteristics
of the plume at the end of the near-field. This information is subsequently used as input in the far-field
(sub)model. In order to find a metric for the end of the near-field, a condition must be found that
defines the end of the dynamic phase. In the literature there is no consensus on this. De Wit (2010)
introduces the so-called local plume Richardson number Ri; , defined in Equation 2.7, as a candidate
for a transition parameter. The method suggests that when the local Richardson number is below 0.15,
buoyancy effects have diminished and mixing is taken over by the ambient current.

A D
szii#@i<&w (2.7)
uz
where:
Apr = p1 — pa
pi1 = local centerline density of the plume

D; =local plume width, defined by a top hat profile

Dy can be calculated using the principle of conservation of plume volume, see Equation 2.8. The implicit
assumption when using this equation is that all sediment is (still) in suspension.

agwm:%gmm) (2.8)
where:

C; = center line plume concentration
U, = center line plume velocity

Cp = initial plume concentration

Dy = initial plume diameter

Using the transition parameter described above, De Wit (2010) carried out CFD simulations to de-
termine the transition depth. This is the depth at which crossflow drive behavior becomes dominant.
The transition parameter does require center line properties as input, such as the center line density,
velocity and concentration. It is therefore not equipped to determine the transition when no CFD
modelling has been performed. Also, although useful for gaining insight into the effect of water depth
on plume behavior, the approach taken by De Wit (2010) does not easily translate into information on
the horizontal location of the transition.

2.1.4. Source Term Estimation

Far-field modelling requires an estimate of a far-field source term and a decision on where to imple-
ment it. According to Kemps and Masini (2017), carrying out a proper field data collection program



2.1. Background theory 19

during dredging trials in the area where dredging is to take place gives the best chance of obtaining
a realistic source term, however, since this is a very costly and complex exercise, it is seldom carried out.

According to Lisi et al. (2019), there are two main methods to estimate the source term. The first
approach entails detailing the near-field regime with the help of a Computational Fluid Mechanics
framework, and thus gain insight in the dynamics of the sediment moving into the far-field. Disad-
vantages are the cost and the fact that the result is not generalizable. Alternatively, a macro-scale
modelling approach can be taken. This refers to empirical or conceptual models. Conceptual models
base the source term on various parameters related to the characteristics of the site and the dredging
operations.

Becker et al. (2015) describe a generic approach for source term estimation based on current best prac-
tice. The approach does not involve modelling of near-field processes, which makes it attractive to use.
The estimation starts with a calculation of the amount of fines (in kg) that is available from the dredged
material. Subsequently, this mass is distributed over the different work methods that are used. This is
done by applying source term fractions. These fractions link the amount of suspended fine particles to
the amount of fine particles in the soil and the dredge methods used.

The authors stress that it is good practice to check the applicability of the fractions with field mea-
surements for the specific project; great care must be taken with fractions not based on proper mea-
surements. Having expressed these words of caution, Becker et al. (2015) present reasonable ranges for
various source term fractions. For the overflow source term fraction — the fraction of the amount of fines
leaving the overflow that is transported to the far-field — 0-20% is presented as a reasonable range.

Van Koningsveld (personal communications, 19 April, 2022), explains how this range was arrived at.
First, (hundreds of) measurements were carried out in the vicinity of a dredging vessel in operation.
Use was made of an ADCP; for verification purposes, data was also collected from 3 OBSs (Optical
Backscatter Sensors) and water samples. The data was collected along the following tracks: 1 track up-
stream from the ship laterally across the current (background information), 4 to 5 tracks downstream
laterally across the current, and 1 track towards the ship through the heart of the plume. For the
downstream tracks, average flow velocities and the total flux over the water column were calculated.
Combining this with the current velocity, the age of the plume was calculated. Plume age (x-axis) and
total flux (y-axis) were subsequently put in a graph. These graphs showed that the total flux diminished
more initially and slower after a certain plume age. This change was seen as the transition. The flux at
that point divided by the flux at the overflow was labelled the source term fraction. Van Koningsveld
(personal communications, 19 April 2022) notes that ranges of source term fractions were presented
because the transition is not very sharp.

As mentioned above, the water velocity and discharge measurements that Becker et al. (2015) used
for determining realistic source term ranges were collected with an ADCP. A brief description of this
system is given here, because the method has certain limitations which are relevant when interpreting
the results. Mueller et al. (2007) explain that an ACDP is an instrument that is based on the Doppler
principle: an acoustic signal is reflected by small particles in the water. The transducer that emits and
receives the acoustic signals can be mounted on a boat; 3 or 4 beams are pointing at an angle into the
water. One of the limitations of this method is that there is a so-called blanking zone at the water
surface, where measurements are impossible to take. In addition, there is a zone near the bed where
an ADCP is prone to make errors. The reason is that the system has side lobes that are emitted at
an angle from the main beam. These side lobes can interfere with signals emitted from the main beam.
These erroneous measurements can affect 6% to 13% of the water column. Van Eekelen (personal com-
munications, 7 September 2022) and Van Koningsveld (personal communications, 5 September 2022),
co-authors of the study by Becker et al. (2015), acknowledge that ADCP measurements are incomplete
or imprecise in the above mentioned parts of the water column, but the authors both still have faith in
the realistic ranges for the source term fraction as presented in the study by Becker et al. (2015). Van
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Eekelen notes that the realistic ranges have been discussed with various experts, and Van Koningsveld
does not expect the missing information to have a large effect, adding that the source term fraction value
for a certain dredging project can be adjusted anyway after carrying out characterization monitoring
at the start of a project.

Notwithstanding these assurances, the fact remains that accurate measurements in the zones mentioned
above cannot be obtained with an ADCP. As a consequence, (part of) the sediment in these zones may
not be included in the Becker source term fraction of 0-20%. One of the objectives of this study is to
study the near-bed zone, by using a numerical model to study the vertical distribution of sediment in
overflow plumes.

2.2. Literature review

In Section 2.1, about background theory, a range of studies by other authors was referred to. This
section looks closer at (a selection of) this literature. Section 2.2.1 briefly discusses the (shift in)
research methods used over the years. Section 2.2.2. zooms in on relevant research studies carried out
in the past 15 years, by discussing a selection of these studies in chronological order.

2.2.1. Research Methods

Turbulent jets in a cross-flow were initially studied by conducting theoretical research, based on the
continuity and momentum equations. Over time, the research field made steady progress thanks to new
insights, for example on the roles of the Richardson number and the velocity ratio, but solutions were
approximate and could not capture the complete process of flow development. The supplemental use of
measurements led to improved results, but solutions were still incomplete. In recent years, numerical
simulation has become an important approach, thanks to progress in the fields of computational fluid
dynamics, vortex motion theory and turbulence models (Chen et al., 2022). Through numerical mod-
elling, the effects of dredging can be predicted, without conducting expensive full-scale trials (Stewart
& Leaman, 2013).

2.2.2. Literature

In recent decades a number of studies into dredging induced sediment plumes have appeared. Although
(concerns about) the environmental impact of these plumes is mentioned in most publications, this does
not appear to have led to a large body of literature on dredge plumes (yet).

Spearman et al. (2006) developed a process based dispersion model of a THSD. The model consists
of sub-models for the processes in the hopper and for the descent and collapse of the dynamic plume,
and also has a sub-model for the passive plume. The authors quite rightly point out that this is not a
simple task, given the very different length and time scales in the dynamic and the passive phase. The
source terms are determined both in terms of magnitude and shape, and are passed to the sub-model of
the passive plume where sediment particles are tracked in 3D over time and space. Existing laboratory
data were used for validation of the model. Although appropriate field data for validation were still
lacking, tests suggested a promising performance. If nothing else, the fact that the model covers both
the dynamic and passive phases as well as the connection between them, sets the model apart from
most other models and is promising in itself.

In a study on far-field dredge plume dispersion, Tuinhof (2014) conducted a literature study to identify
parameters that affect dispersion. He found three types: model, ambient and input parameters. Using
Delft3D-FLOW (a software engine), experiments were carried out to test the effects of the various pa-
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rameters. The results were subsequently compared with field measurements. It was found that it is not
appropriate to use a virtual source at the location of dredging. Rather, the near- and the far-field should
be coupled through a source term. The study further showed that the lateral and vertical distribution
of the source term have an effect on the sediment concentration and the far-field fluxes respectively.
Under the conditions studied, the author noted that implementing a source term in a single grid cell
with a grid size of 50 m, whilst the actual plume width is 500 m, leads to a factor 10 overestimation of
the peak concentration in the far-field.

De Wit (2015) studied the behavior of TSHD sediment plumes in the near-field. Focusing on the overflow
plume within a few hundred meters of the vessel, De Wit used a combination of CFD model simulations
in 3D, experiments, and measurements (laboratory scale and full scale) to validate the model. One of
the main contributions of the study lies in a better understanding of the vertical distribution of the
plume, including the formation of a surface plume. Another contribution are the guidelines for deter-
mining a far-field source flux. Generally, the flux after approximately 15 minutes plume development
is appropriate for using as a far-field source, in the opinion of the author. The author judges that the
density difference after 15 minutes is no longer important.

Decrop and Sas (2018) studied near-field plume dynamics to improve knowledge about the horizontal
and vertical distribution of sediment going into the far-field. The author used a stepwise approach
that started with laboratory-scale experiments. Then, a corresponding CFD model was built, and the
results of the model were compared with the results of the experiments. After resizing the model to
prototype-scale, field measurements were collected to validate this resized model. This was followed
by simulations carried out to identify the effect of (changed) conditions on the near-field plume. Fi-
nally, a model was built that captured the non-linear interactions between the influencing factors. The
model’s predictions of the vertical distribution of the sediment flux were shown to be relatively accurate.

All three studies described above use field data to validate the numerical models. Although this is
important for increasing the accuracy of the models, it can be a challenge in practice. As Sun et al.
(2016) point out, data availability can be a problem, especially at the EIA stage. The data should
be collected over various seasons and locations to account for variations in time and space. In cases
where this is not possible, the authors advise to use existing data from a similar location, if available.
According to Kemps and Masini (2017), collecting data during preliminary dredging trials gives the
best chance of obtaining realistic source term estimates. They acknowledge, however, that such trials
are expensive and logistically complex.

Taherian and Mohammadian (2021) conducted a review study to better understand buoyant jets in
crossflows, with the ulterior goal of improving the management of discharges and limiting the negative
effects on marine biota. The study looked at effluent discharges such as brine or thermal discharge. In
that context, mixing and dispersion of the effluent are seen as something positive. The main focus of
the study was on the mixing capabilities of buoyant jets, which are not well understood yet, according
to the authors, due to the complex fluid interactions and dispersion behavior of such jets. The research
zoomed in on the various vortical structures that form in buoyant jets in crossflows, including a counter-
rotating vortex pair. These structures are believed to explain the mixing capabilities of buoyant jets in
crossflow. Since the authors not merely present a summary of existing studies, but also weave all the
results to a coherent story, this study offers an important contribution to the understanding of buoyant
jets in crossflows.

Chen et al. (2022) very recently developed an advection and diffusion model of the TSHD overflow. The
authors applied the widely used LES method in combination with the volume of fluid method (VOF)
to gain insight into the effect of various internal and external factors on overflow regimes. The internal
factors in this study were the Richardson number and the velocity ratio. External factors were the
structure of the hull tail of the vessel, the position and frequency of the overflow, and the propeller.
Comparison with existing experimental data showed that the model performed well. With regard to
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the internal factors, the study showed that a low Ri and/or a high ¢ flow are inducive for (the envi-
ronmentally damaging) surface plumes. External factors shown to cause more surface plumes are the
propeller and the structure of the hull tail, because they lead to increased turbulence.

De Wit et al. (2022) used CFD 3D modelling to study the overflow spill available for far-field dispersion
as a result of CSD loading a stationary hopper barge. The authors study and analyze the filling of the
barge, the flux from the overflow, and the sediment from the overflow available for dispersion in the
far-field. The resulting far-field source term is compared to the source term resulting from following the
empirical approach proposed by Becker et al. (2015). In their simulation study, De Wit et al. (2022)
covered three expected particle size distributions, by varying the loading characteristics. They also
covered three different ambient current velocities:. 0.1, 0.2 and 0.5m/s. Far-field source terms were gen-
erated for three different plume ages, at 15, 30 and 60 minutes from the source. The study showed that
the source terms at 30 and 60 minutes from the source were comparable to the source terms when using
the Becker method. The study further showed that the particle size distribution mainly influenced the
mass fraction exiting the overflow barge; the ambient current velocity was the main factor influencing
subsequent deposition.

2.3. Conclusion and knowledge gap

Section 2.2 shows that the body of research on the prediction of TSHD dredge plumes in the far-field
has continually grown over the past few decades. This has led to a basic understanding of the behavior
of the dredge plume: how it leaves the overflow under the influence of momentum, how the Richardson
number and velocity ratio determine the subsequent regime (density-driven vs. buoyancy-driven), how
the formation of a surface plume comes about, and how the plume changes from dynamic behavior of
the plume to passive behavior.

As described in Section 1.3.2, far-field dredge plume predictions are typically made with the help of
numerical models such as Delft3D. These models require a source term as input, reflecting the magni-
tude and characteristics of the dredge plume as it enters the far-field. The proper determination and
implementation of this source term is very much an area of active research. The source term fraction
method (and the realistic range for this fraction) proposed by Becker et al. (2015) is a popular approach,
but characterization measurements to refine the realistic range for specific dredging operations are not
always carried out. Furthermore, Becker et al. (2015) do not elaborate on where (at which distance)
the reasonable ranges for the STF can be expected (and therefore where they should be implemented).
The magnitude of the source term (fraction) and its implementation (vertical and lateral distribution
of sediment in the plume, and the implementation location) are often based on assumptions. If these
assumptions are misguided, this will result in wrong predictions.

A more informed use of the source term and the source term fraction concept would improve the
quality of far-field dredge plume predictions. This thesis aims to fill this gap. Building on existing
knowledge about relevant external conditions influencing TSHD dredge plumes, a numerical simulation
study was carried out with the aim of finding out the effect of (combinations of) typical conditions
on the development of the plume, on its vertical and lateral distribution (shown by several authors
to be important) and on where to implement it. Special attention is paid to the part of the plume
that is present in the bottom 6% - 13% of the water column, since that part cannot be accurately
measured by ADCP measurements. The insights into this near-bed plume can be used to supplement
field data collected by ADCP; they also provide an estimate of the amount of sediment that is possibly
not (completely) included in the realistic range as proposed by Becker et al. (2015). The next chapter,
Methodology, explains the chosen approach in more detail.



Methodology

The body of knowledge about implementing TSHD source terms on the far-field computational grid in
an appropriate manner is limited. As described in the research objective in Section 1.4 this research
aims to support a more informed implementation of TSHD source terms on the far-field computational
grid. Regarding source terms, there is a lack of knowledge on how to determine important aspects such
as:

e What is the amount of suspended sediment entering the far-field?

e How should the source term be distributed vertically and laterally on the far-field computational
grid?

o Where should the source term be implemented on the far-field computational grid?

A numerical scenario study with a validated 3D CFD model was carried out. This methodology was
selected for two main reasons. Firstly because the LES (Large Eddy Simulation) approach, which is at
the basis of the CFD model that is used, has the ability to solve for the highly turbulent flow in the
vicinity of the TSHD. The relevant processes in the dynamic phase of the plume are thereby adequately
captured. Secondly, this methodology was selected because of the opportunity it offers to study the
behaviour of the plume under various conditions. By conducting multiple model runs under various
conditions, a rich set of data can be analyzed and used to form recommendations regarding the aspects
mentioned above.

The resulting model output of the individual model runs are evaluated in terms of dredge plume charac-
ter and magnitude. The magnitude of the plume is evaluated during various stages of plume development
by assessing the sediment fluxes. Subsequently, the simulated sediment fluxes can be compared to the
reasonable range as presented by Becker et al. (2015). TUDflow3D is a trusted and well-calibrated
tool for the prediction of the fate and development of TSHD dredge plumes in the near-field. De Wit
et al. (2014) was one of the first who compared field measurements in the immediate vicinity of the
dredger with simulations performed with TUDflow3d. TUDflow3d reproduced the field measurements
in a satisfactory way.

3.1. TUDflow3D

TUDflow3D is a fully three dimensional solver which can give detailed results of turbulent flows on
engineering scale. It has been developed for performing simulations of TSHD overflow plumes in the
dynamic near-field. It has been validated with lab measurements and field measurements (De Wit,
2015). In this section, the governing equations of the model are described.

23
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3.1.1. Flow

The Navier-Stokes equations describe the conservation of momentum and mass for fluid motion. TUDflow3D
solves the variable density incompressible flow Navier-Stokes equations.

dp B
a-kV-(pu)fO

(3.1)
dpu
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where:
p = mixture density
u = fluid velocity vector
t = time
P = dynamic pressure
T = viscous shear stress
The mixture density p is computed at each location of the grid following Equation 3.2.
nfrac
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where:

C} = volume concentration for each fraction
p1 = density of individual fraction

By using a variable density, TUDflow3D is able to capture the general negatively buoyant JICF behavior
of the overflow plume under the keel of the TSHD. TUDflow3D typically uses a radially spreading (’pie-
shaped’) cylindrical grid (r, ¢, z), see Figure 3.1. This is an efficient grid choice, as the grid shape
follows the lateral spreading of the plume. The grid is equidistant in ¢ and z direction and variable in
r direction. This structured grid allows for the use of a structured solver, which is more (cost-) efficient
than its unstructured counterpart.

3.1.2. Turbulence

The majority of flows found in nature are turbulent flows: they can be characterized by high Reynolds
numbers (high Re: high ratio of inertial to viscous forces). Turbulence is an important three-dimensional
and rotational phenomenon. Turbulent motion transfers momentum, mass, energy and heat at a higher
rate than molecular motions. Turbulence is a three-dimensional phenomenon, infamous for its large
range of scales that must be resolved. The most accurate method of resolving turbulence in all its
complexity is Direct Numerical Simulation (DNS). As the name suggests, DNS numerically solves the
full Navier-Stokes equations on a fine grid capturing all scales present in the flow in question. Such
direct numerical simulation is typically only computationally feasible when applied to flows with low
Reynolds numbers. When DNS is not feasible, turbulence can be represented in the Navier-Stokes
equations by means of an eddy viscosity v., see Equation 3.3. Equation 3.3 shows the constitutive
expression for the stress tensor 7 in Equation 3.1.

7= pve (Vu+ V(u)" —2/3V - u) (3.3)
where:
ve = eddy viscosity

This eddy viscosity v, is the sum of the molecular viscosity v, and the so-called turbulent viscosity
v;. The eddy viscosity concept is based on the idea that turbulent eddies transfer momentum in a
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similar way as momentum transfer caused by molecular diffusion. The hypothesis that the transfer of
momentum caused by turbulence can represented in a model by introducing a turbulent viscosity 14
analogous to a molecular viscosity v, is referred to as the Boussinesq approximation.

There are different types of turbulence models that make use of the eddy viscosity concept, with varying
degrees of complexity. In TUDflow3D, turbulence is captured by use of 'Large Eddy Simulation’(LES).
LES relies on the solving of the large eddies, which contain the majority of the turbulent kinetic energy,
directly. The small scale turbulence, mainly responsible for the withdrawal of energy from the large scale
motion, takes place on smaller scales than the spatial filter (=grid size) and is not solved directly. The
effects of the small scale turbulence are accounted for through a sub-grid model: v; = v445. TUDflow3D
makes use of the WALE (Wall Adapted Local Eddy viscosity) model as a sub-grid-scale model, which
is designed to return the correct wall asymptotic behaviour for wall bounded flows.

3.1.3. Sediment dynamics

A multi-fraction approach is used in TUDflow3D to model sediment. Any sediment that is dredged has
a Particle Size Distribution (PSD). A PSD can represented in the model by a number of sediment frac-
tions. Each fraction is assigned characteristics such as particle diameter, settling velocity and density.

Settling dynamics

In Chapter 2 the settling velocity of particles in the Stokes regime was presented. In Section 2.1, the
relevance of the phenomenon of flocculation was also highlighted. Flocculation, the aggregation of
cohesive sediment to form flocs as a result of cohesive forces, has been shown to play an important role
in the settling dynamics of dredge plumes by Smith and Friedrichs (2011). The effect of flocculation
can be included in TUDflow3D simulation by introducing a floc diameter D; and a corresponding
floc’ settling velocity wg,r. Equation 3.4 which is used in TUDflow3D to calculate this wg ; has been
presented by Winterwerp (1999).

3— ny—1
0.1 =3 18v 1+ 0.15Re% 5 '

where:

D, = particle diameter
D; = floc diameter
Ap = difference in mud particle density and water density

D+

Transport of sediment
Equation 3.5 shows the transport equation implemented in TUDflow3d that accounts for the transport
of sand, mud and air.

a0,

5 +V (wC) =V - (IVQ) (3.5)

where:
I" = diffusion coeflicient

In the vertical, sediment is transported by the mixture velocity, corrected with a drift velocity to account
for settling. The drift velocity is the settling velocity corrected for the return flow created by all settling
fractions. This approach was introduced by Manninen et al. (1996). In the horizontal, the mixture
velocity transports sediment.
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Interaction with the bed

In Chapter 2, the classical deposition function for mud by Krone was introduced. The deposition
function implemented in TUDflow3D, shown in Equation 3.6 differs from Equation 2.5, as there is no
critical bed shear stress for deposition. De Wit (2015) made this choice based on Winterwerp’s (2007)
reasoning that such a critical shear stress does not exist.

D = Cpwy (3.6)

The erosion of fines from the bed does follow the formulation of the erosion flux as presented in Equa-
tion 2.6.

3.1.4. Implementation TSHD

A schematized shape of a TSHD is included in the model by a direct forcing immersed boundary
method. The vessel’s dragheads and suction pipes are also included as obstacles. TUDflow3D also
accounts for the (strong) flow generated by the TSHD’s propellors by using a body force source term
in the momentum equations.

3.2. Model set-up TUDFlow3d

In this section the model set-up of TUDflow3D is discussed, including important assumptions and the
reasoning behind the choice of scenarios that are included in this research.

3.2.1. Extension to 60 minutes plume development

Initially, the first 350 meters of plume development are simulated for each scenario on a cylindrical grid,
with LES. To obtain a more comprehensive picture of the fate of the plume, 27 more simulations are
performed with TUDflow3D, but with a coarser model settings. This is executed in a similar manner
as performed by De Wit (2015). The (time-averaged) model output at the end of the 350 m is used
as inflow boundary conditions of the simplified extended model with a coarser grid and a simplified
turbulence model.

TUDflow3d Simulations [350m —> ]
RANS Type Turbulence Model
Orthogonal grid

TUDflow3d Simulations [0 - 350m]
Large Eddy Simulation
Cylindrical grid

/<
=

Figure 3.1: Visualization of TUDflow3D grid for the detailed LES simulation and the subsequent extended model
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This extended model simulates up until 60 minutes of plume development. The main differences between
the extended model solver and the 'near-field’ solver are:

e A coarser Cartesian orthogonal grid .

¢« RANS type mixing length model.

The extended model solves the Reynolds Averaged Navier-Stokes (RANS) equation. Again, the Boussi-
nesq approximation is applied. The turbulent stresses are calculated in a similar way as the for the
LES approach: the turbulent viscosity v; is the result of multiplying a length scale with a shear term.
However, for this model, the vertical length scale is given by the Bakhmetev profiel and the shear term
is based on the RANS-time-averaged velocities in the extended model.

3.2.2. Base case

The base case consists of a 150-metre-long trailing suction hopper dredger with a draught of 8 metres.
The round overflow pipe has a diameter of 2.25 metres and the overflow discharge is 7 m>®s. The over-
flow discharge consists of a sand-mud-water mixture with entrained air. The overflow discharge is not
fluctuating in time and there is 4% air entrainment in the overflow shaft; this is kept constant for all
runs. The ambient current is constant in time and directly against the sailing direction of the TSHD.
The TSHD has constant sailing speed of 0.75 m/s

The sediment present in the mixture is represented by two fractions: a fine mud fraction with a particle
size D), = 32um and a coarse sand fraction with a particle size D, = 220um. A degree of flocculation
is assumed for the mud fraction based. This degree of flocculation is kept constant in the scenario
study. As mentioned earlier, flocculation is taken into account in the model by adjusting the settling
velocity to a floc settling velocity. In all simulations for this research, flocculation is taken into account
by choosing a floc diameter Dy = 5D,,; five times the particle diameter. The resulting settling velocities
are:

o Fines w, = 0.0035 m/s
o Sand ws = 0.0226 m/s

3.2.3. Scenarios

A simulation study consisting of 27 runs was carried out. This number of runs was the result of varying
the values of three different input parameters which reflect (some of the) external conditions under
which dredging can take place. For each parameter, three different values were chosen. The 27 runs
represent all possible combinations of the three parameters taking on three different values (3x3x3=27)
in this numerical lab. The aim was to gain insight in the effects of the different (combinations of)
external conditions on the development of the plume, as basis for a more informed use of the far-field
source term and source term fraction.

The choice is made to vary three parameters. For the scenario study, the following parameters are
included:

e Dredging depth d
o Effective flow velocity u.s

o Overflow density pover flow

These parameters were chosen because of their shown or expected importance for dredge plume de-
velopment. Decrop and Sas (2018) showed the relevance of dredging depth; De Wit, Bliek and Van
Rhee (2020) showed the relevance of effective flow velocity (this is the combined effect of sailing speed
and ambient current, also called crossflow velocity). Mixture density was chosen because it represents
different phases of overflowing. It is also part of the equation for the Richardson number, and as such
can be expected to have an effect on plume development. For all three parameters, a range of three
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realistic values was selected on the basis of existing work (e.g. De Wit, Bliek, 2020; Van Rhee, 2020).
The following values were chosen:

e Dredging depth d: 15, 20 and 25 m
o Effective flow velocity ucg: 0.75, 1.25 and 1.5 m/s
o Overflow density pover fiow: 1100, 1200 and 1300 kg/m?

Figure 3.2 shows an overview of the conditions for each of the 27 runs.

Overflow density 1100 [kg/m?] Overflow density 1200 [kg/m?] Overflow density 1300 [kg/m?]
Uy=075 Uy=126 Uy=15 U;=076 Uys=126 U,=15 Uy=0756 Uy=126 Ux=15
[mis] [m/s] [m/s] [m/s] [m/s] [m/s] [mis] [m/s] [m/s]

D=15m D=15m D=15m

D=20m D=20m D=20m

D=25m D=25m D=25m

Figure 3.2: Overview 27 simulations and the varying conditions

The values for the effective flow velocity are achieved by varying the ambient current: u.y = Ussha
+ ugo. For the ambient current, velocities of 0, 0.5 and 0.75 m/s are selected. In combination with
the constant sailing speed of 0.75 m/s, this results in the effective flow velocities mentioned above, see
Table 3.1.

Uep = 0.75 (m/s) | ucy = 1.25 (m/s) | ucy = 1.5 (m/s)
Sailing speed uispg (m/s) | 0.75 0.75 0.75
Ambient current ug (m/s) | 0 0.5 0.75

Table 3.1: Chosen ambient current velocities, sailing speeds and the resulting crossflow velocities

For each of the three densities, a different ratio fines/sand is assumed. Different overflow densities
represent different stages of overflowing, where 1100 kg/m? represents the beginning phase, where
mainly fines are making up the sediment in the overflow. As the overflowing progresses, the overflow
mixture will contain more and more sand. It is assumed that during the final phase of overflowing (1300
kg/m?) nearly half of the sediment in overflow consists of fines.

Mixture density 1100 kg/m3 | 1200 kg/m3 | 1300 kg/m3
Volume fraction: fines | 0.0432 0.0734 0.08
Volume fraction: sand | - 0.0315 0.086

Table 3.2: Volume concentrations for each sediment fraction for different mixture densities

Figure 3.3 shows an overview of the most important input parameters of the model. Highlighted are
the parameters that are included in the scenario study as well as the parameters that are adjusted for
the simplified runs (the 60 minute simulations).
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TUDFLOW3D
Simulation Time Numerical Ambient Plume Sediment LES Constants Ship
Parameters Parameters Schemes Parameters Parameters Parameters Model Parameters
The model uses t_end: end num scheme for ambient velocity inflow velocity particle settling Choice Constants such speed TSHD
a ple-shaped timesimulation convection, in 3 directions plume velocity turbulence model as Von Karma,n
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Figure 3.3: Overview all input parameters TUDFlow3d



Results and Analysis

In this chapter, the results of the simulation are presented, both graphically and in words. Throughout
the chapter, the results are also analyzed. This is done by interpreting the results in the light of the
processes described in Chapter 2. Because of the wealth of data, only the main findings are included in
this chapter. Additional graphs have been placed in the Appendices.

4.1. Magnitude of the plume

This section describes the results of the simulation runs with regard to the magnitude of the plume.
First for fines, then for sand. To give the reader an impression of the simulated plume, Figure 4.1 shows
an isosurface, plotted at an arbitrary concentration of 50 mg/L. The contours of the cylindrical grid
are visible and the contours of the aft of the vessel (up until x = 100 m).

Isosurface, 50 mg/L, d = 25m, rho = 1200kg/m3, u = 1.25

Figure 4.1: 3D Isosurface at 50 mg/L for an individual simulation.

4.1.1. The magnitude of the fines plume

In order to get a first, birds eye view of the results, Figure 4.2 shows the plume age at the moment
when the fines flux, as percentage of the total overflow fines flux, is 20%. Via the Y-axis, the colors
and the shapes of the 27 markers, the results can be linked to the conditions that were varied in the
runs. The percentage of 20% is chosen because it is equal to the (high end of the) realistic range for
the source term fraction as presented by Becker et al. (2015). As mentioned in Chapter 2, this realistic
range is much used in practice, but there is no general guidance on where and when the 20% occurs.
This is important for a proper implementation in far-field models.

30
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Figure 4.2: Plume ages at which 20% of overflow fines flux is found under varying conditions

Looking at Figure 4.2, we see that the plume age at the moment when the total fines flux has decreased
to 20% of the overflow fines flux varies between 12 and 42 minutes, depending on the conditions. Plume
age is equal to the duration of plume development.A low plume age means the sediment has been in
suspension for a relatively short time. The 11-42 minutes of plume development, correspond to a dis-
tance of 0-1895 meters from the dredging location (515-3785 from the moving TSHD).

Figure 4.3 depicts above plume ages for the 27 scenarios in a different way. Figure 4.4 depicts the
corresponding distances from the dredging location. Note that for scenarios with a crossflow velocity of
0.75 m/s, this distance is equal to zero. This is the result of a 0 m/s ambient current (see Table 3.1).

Overflow density = 1100 kg/m® Overflow density = 1200 kg/m® Overflow density = 1300 kg/m®

Plume age when fines flux
20% of overflow fines flux (min)

Y 0.75
ud(m s) 15 d(m)

Figure 4.3: Plume ages where total fines flux = 20% of overflow fines flux
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Figure 4.4: Distance from the dredging location where total fines flux = 20% of overflow fines flux for varying

conditions

Looking at Figure 4.3, the following observations can be made for the moment when the total fines flux

has reduced to 20% of the total overflow fines flux:

o The highest plume ages occur when poyer fiow is low (1100 kg/m?) and u.y is high (u.; = 1.5m/s).
The lowest plume ages occur when poyerfiow is higher (1200 kg/m? or 1300 kg/m?), Ues is low

(ucy = 0.75 m/s) and the water is deep (25 m).

This can be explained by revisiting the Richardson number Ri and the velocity ratio (. A low pover fiow
contributes to a low Ri, and a high u.¢ contributes to a high velocity ratio. Under those conditions,
the plume is prone to mixing in the initial stages of plume development. When pyyer fiow is higher and
ucy is low, the initial regime is prone to be density-driven (see Figure 2.2). Figure 4.5 and Figure 4.6
clearly illustrate these different regimes under the conditions mentioned:
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Figure 4.5: Fines flux (as % of overflow fines flux): conditions: poyerfiow = 1100 kg/m? and Ucy = 1.5 m/s
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Figure 4.6: Fines flux (as % of overflow fines flux). For conditions: poyerfiow = 1200 kg/m3 and ey = 0.75 m/s

The left-hand side of these figures (the yellow part) shows the part of the plume that has been simulated
with LES. The green part shows the subsequent (simulated with the extended TUDflow3D model)
development of the % of the total fines flux up to one hour of plume development. A few observations
can be made, looking at these figures. Firstly, the difference between plume development under the
two sets of circumstances compared here mainly takes place in the initial phase, where density-driven
behavior is present or less present. Differences in poyerfiow and ucy explain the two different regimes;
the difference in water depth only leads to modest differences in this initial phase between the three
lines in each graph. Around the end of this phase, however, effects of the water depth on the % fines
flux become noticeable. Figure 4.6 shows that, under conditions of high pover fiow and low u.y, it takes
approximately twice as long for the plume to reach 20% of the overflow fines flux. This causes the line
that represents shallow water conditions (depth = 15 m) to cross the other two lines after approximately
10 minutes of plume development. To gain a better understanding of what is happening here, we will
look at Figure 4.7, which shows SSC cross-sections of the plume at various plume ages under the same
conditions as those in Figure 4.6.
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Figure 4.7: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density poverfiow = 1200kg/m?2 and Cross-flow velocity ucy = 0.75m/s

Figure 4.7 reveals that the SSC of the plume develops differently for the three different water depths;
this is reflected in the SSC distribution over the first 60 minutes. In all three cases, the plume shows
density-driven behavior, as explained above, resulting in high sediment concentrations near the bed,
but in the shallowest water (15 meter deep), another phenomenon is visible: the plume is more mixed
over the entire water column, leading to higher SSC values in the top part of the water column. This
can be attributed to the low keel clearance; the plume is heavily affected by the ships propeller, causing
an uplift of the plume, especially in shallow water. Because of this uplift, it subsequently takes longer
for the plume to settle, because it takes extra time for the uplifted sediment to reach the bed. Another
possible explanation is that sediment is stripped off the density-driven plume when it impinges on the
bed, subsequently mixing with the ambient water. A final possibility is that particles that already
settled in the first few minutes, are re-suspended very quickly afterwards, and are transported upwards
by the ambient water. The fact that a part of the sediment is moving upward from (near the) bed can
also be deducted from Figure 4.8.
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Figure 4.8, again, depicts the development of the flux for the 1200 kg/m? density and 0.75 m/s u.s
scenarios, for the three different water depths. The top line in each figure is the same as the line for the
corresponding depth in Figure 4.6. The additional information shown in Figure 4.8, is a line that shows
the percentage of the overflow fines which is present in the bottom 9.5 % of the water column. The
reason for looking at the percentage of fines in this particular part of the water column is explained in
Section 4.2.2. For now, suffice it to say that these figures illustrate the processes just described: that a
plume with a poyer fiow of 1200 kg/m?® and a u.f of 0.75 m/s is lifted up in conditions of shallow water.
A closer look at the three figures reveals this. Figure 4.8a, which represents the development of the
plume in shallow water, shows that in the first few minutes, almost all the fines find themselves in the
bottom 9.5% of the water column. Only a few percentage points of the overflow fines are present in
the top 90.5% of the water column. At a plume age of approximately 8 minutes, we can see that over
20% of the overflow fines are present in the top 90.5% of the water column. This can only be caused by
sediment that (temporarily) rises in the water column. Figure 4.8b shows that this effect is hardly, if at
all, present in a water depth of 20 m and Figure 4.8c shows it is completely absent in water depth of 25 m.

o In shallow water (15m), the differences between the various scenarios are smaller than for deeper
water (20m and 25m).

Looking at plume ages at the point when the percentage of fines has decreased to 20% of the overflow
flux, Figure 4.3 shows that these plume ages vary between 21 and 35 minutes for a water depth of 15
m, between 11 and 40 minutes for a water depth of 20 m, and between 12 and 42 minutes for a water
depth of 25 m. It can be hypothesized that this interesting difference is mainly caused by a two factors.
Firstly, by the earlier mentioned fact that shallow water is inducive to the formation of a surface plume.
All 15 m scenarios show the collection of sediment higher up in the plume after the first few minutes.
This can be seen in the SSC cross-section graphs in Appendix D. This uplift of the plume prevents the
sediment in all scenarios with a water depth of 15 m to reach the 20% in less than 21 minutes; in deeper
water, much shorter plume ages are possible at 20% of the fines overflow flux (11 and 12 minutes). The
second reason why the variation of plume ages at 20% of the overflow flux is relatively small, can be
sought in the high end of the range. In 15m deep water, it takes at most 35 minutes before the fines
flux has reduced to 20% of the overflow fines flux, whereas it can take 40 and 42 minutes respectively
in 20 m and 25 m deep water under the conditions tested. The explanation for this can be sought in
the shorter distance that the particles have to travel to the bed in 15 m deep water, as compared to
deeper water.

o For low pover fiow (1100 kg/m? and low ucr (0.75 m/s), the plume age at 20% is highest for shallow
water (15m), whereas for low poyerfiow (1100 kg/m?) and high u.; (1.5 m/s), the plume age is
highest for deeper water (25 m).

Looking at Figure 4.3, it can be observed that, for a plume with a low overflow density (1100 kg/m?)
in shallow water (15m), u.s hardly matters. The moment when the total fines flux as percentage of the
overflow fines flux has decreased to 20% is reached at almost the same plume age for the three different
values of u. In deep water, varying u has much more impact on the plume age at 20%: in 25 m deep
water the 20% is reached much quicker when w.¢ is low (0.75 m/s) than when u.y is high (1.5 m/s). The
combined effect of these things is so large, that the plume age at 20% is higher in shallow water for low
ucy and higher in deep water for high u. (the observation made in the bullet point). The explanation
for all this can be found in the processes described earlier in this section. In shallow water, part of
the plume is lifted up in the early stages of plume development, preventing the bulk of the particles to
settle quickly. In deep(er) water, this effect is absent, leading to density-driven behavior if u.s is low. If
Ucy is high, the crossflow velocity will transport the particles further down the far-field where they will
eventually settle, but because the shorter distance to the bottom, this will happen sooner in shallow
water than in deep water.

o The difference in pover frow between 1200 kg/m3 and 1300 kg/m3 has little effect on the plume
age at 20 %.
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Looking at how long it takes before the total fines flux of the plume has decreased to 20% of the
overflow fines flux, Figure 4.3 shows that there is little difference between the 1200 kg/m? and 1300
kg/m? scenarios. This can be explained by looking at the volume fractions of fines and sand in the
overflow. These fractions are mentioned in the Chapter 3 and are repeated here for the convenience of
the reader.

Volume fraction | 1100 kg/m3 | 1200 kg/m3 | 1300 kg/m3
Fines 0.0432 0.0734 0.08
Sand - 0.0315 0.086

Table 4.1: Composition overflow densities

Table 4.1 shows that the difference between the 1200 kg/m?® and 1300 kg/m? overflows can mainly be
attributed to the different volume fractions of sand. With regard to fines, the volume fractions in the
two overflows are not that different. This can explain why the results of the corresponding runs were
quite similar.

4.1.2. The magnitude of the sand plume

As discussed in the previous section, the plumes with the two larger overflow densities contain some sand.
Figure 4.9 and Figure 4.10 show how the sand flux as percentage of the overflow sand flux developed
over the first 60 minutes of the simulation runs. In the two figures, the results of six of the scenario
runs are depicted. The results of the other runs lie in between the results pictured here. The figures
show that the sand settled much quicker than the fines (for the results of the fines, see the previous
section), and there are only small differences between the results of the various runs. In view of this,
the results with regard to sand are not discussed further in this report.
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Figure 4.10: Sand flux (as % of overflow sand flux). For conditions: poyer fiow = 1200 kg/m3 and Ucf = 1.5 m/s

4.2. Vertical and lateral distribution of the plume

The previous section looked at the development of the total fines flux as percentage of the total overflow
fines flux, particularly focusing on the moment when this percentage had decreased to 20%, because
that percentage is often used in practice as source term for far-field models. The presented results were
not solely related to this particular percentage, however: the % decrease of the fines overflow flux over
the first 60 minutes of plume development was also looked at for a number of scenarios.

In addition to the development of the fines flux, the vertical distribution of the plume over the water
column was also analyzed for a couple of the 27 scenarios, in order to better understand what is hap-
pening inside the plume, and connect this information to known processes discussed in Chapter 2.

This section takes a closer look at the vertical, and lateral, distribution of the fines in dredge plumes.
Figures 4.11, 4.12, 4.13 and 4.14 show 3D images of the character of the plume at 7 different plume
ages (1, 10, 20 30 40 50 and 60 minutes)for four of the 27 scenarios. These four scenarios were selected
because they are a nice illustration of the extent to which the vertical and lateral distribution of the
plume can differ, depending on the conditions.

The four figures depict cross-sections of the plume at the 7 plume ages chosen for this analysis. Be-
sides the cross-sections, which show how the sediment is distributed horizontally and vertically, the
corresponding total fines flux as percentage of the overflow fines flux is shown on the X-axis.
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Figure 4.11: 3D Plume development up to 60 minutes. Conditions: poyerfiow = 1200 kg/m3, d=15m, uc.y = 1.25
m/s (uq = 0.5 m/s)
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Figure 4.12: 3D Plume development up to 60 minutes. Conditions: poyerfiow = 1200 kg/m3, d = 25 m, uep = 1.25
m/s (uq = 0.5 m/s)

The conditions of the scenario depicted in Figure 1 are: an overflow density of 1200 kg/m?, a crossflow
velocity of 1.25 m/s and a water depth of 15 m. In the scenario depicted in Figure 4.12, only the water
depth is different: 25 m. The first cross-section in the two pictures shows the character of the plume
after one minute. Note that the plume does not reach to the top of the water column at this very early
stage, because the dredging vessel takes up space in the top part of the water column. Most of the
sediment can be found near the bottom. Looking at subsequent plume ages, at 10, 20, 30, 40, 50 and
60 minutes, we can see that the % of the fines overflow that is still in the plume continually decreases.
This points to the (net) settling of sediment particles onto the bed. During this same time, the par-
ticles in the remaining part of the plume are continually being redistributed over the water column,
both vertically and laterally. The plume gets wider and more diluted over time, and the contours get
more rounded. Looking at the differences between Figures 4.11 and 4.12, we recognize the processes
described in the previous section. Figure 4.11 shows that, in 15 m deep water, the plume is initially
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mainly redistributed upwards. Figure 4.12 shows that, in 25 m deep water, the plume mainly spreads
laterally across the bed, suggesting the formation of a pancake of sediment near the bed. Because the
sediment stays close to the bottom, it can subsequently settle easily. Indeed, this appears to be the case:
the fines flux in 25 deep water decreases more quickly in the first 40 minutes of plume development
than the plume in 15 m deep water. Note that the laterally spreading (bed) plume in 25 m deep water
ends up wider than the plume in the shallower water.

Let us now look at the character of the plume in two other scenarios, depicted in Figures 3 and 4.
The water depth in the scenario of Figure 3 is 15 m, and in Figure 4 it is 25 m. The density of the
overflow in these scenarios is again 1200 kg/m?; the crossflow velocity is now 0.75 m/s. Be aware that
the crossflow velocity is the combined effect of the ships velocity and the velocity of the ambient current.
Since the velocity of the TSHD is 0.75 m/s in all scenarios, the velocity of the ambient current in these
two scenarios is 0 m/s. This means that the development of the plume will take place at one location,
namely the location of the dredging operation. There, at that one location, the plume will change
character, and eventually settle.
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Figure 4.13: 3D Plume development up to 60 minutes. Conditions: poyerfiow = 1200 kg/m3, d = 15 m, ucp = 0.75
m/s (uqg =0 m/s)
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Figure 4.14: 3D Plume development up to 60 minutes. Conditions: poyerfiow = 1200 kg/m37 d=25m, u.y =0.75
m/s (uqg = 0 m/s)

Comparing Figures 4.13 and 4.14 (crossflow velocity 0.75 m/s) with Figures 4.11 and 4.12 (crossflow
velocity 1.25 m/s), we can observe that a lower crossflow velocity allows the plume to settle more quickly.
The flux decreases at a faster rate, and there is more lateral spreading of the plume near the bed in
Figures 4.13 and 4.14 than in Figures4.11 and 4.12. Comparing Figure 4.13 (15 m deep water) with
Figure 4.14 (25 m deep water), we again see the effect of the water depth: in shallow water the plume
is lifted upwards, and in deep water, the plume initially gets very wide across the bed. Interestingly,
because much sediment is already deposited in the early stages of plume development in this scenario,
the plume actually gets less wide from approximately 40 minutes onwards.

4.2.1. Lateral distribution: spreading
More information on the lateral distribution of the plume under various scenarios can be garnered from

Figures 4.15, 4.16 and 4.17. Eagle eye views of three of the plumes are presented showing depth-averaged
SSC values. The entire set is included in Appendix A.

Top-view: depth-averaged SSC Top-view: depth-averaged SSC
= 3 = = 3 =
P overtiow = 1200 kg/m~, Depth =15 m P overfiow = 1200 kg/m~, Depth =25 m
u=0.75mis (u, =0 m/s) SSC [mg/l] u=0.75mis (u, =0m/s) SSG [mg/l]
200 T T T T 100000 200 T T T T 100000
150 150
100 10000 100 10000
50 50
E o 1000 E o < - 1000
> >
50 -50
-100 100 -100 100
-150 -150
-200 L L L L 10 200 L L L L 10
[} 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Distance from moving TSHD (m) Distance from moving TSHD (m)
(a) d = 15 (m) (b) d = 25 (m)

Figure 4.15: Eagle-eye view of depth-averaged SSC. Conditions: 1200 kg/m3, Uer = 0.75 m/s
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Figure 4.16: Eagle-eye view of depth-averaged SSC. Conditions: 1200 kg/m3, u.y = 1.25 m/s
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Figure 4.17: Eagle-eye view of depth-averaged SSC. Conditions: 1200 kg/m3, Ucy = 1.5 m/s

Looking at the figures, we can see the lateral width at the end of the 350 m, varies significantly.

A metric, the spreading angle, is introduced to express the rate of lateral spreading in the first 400
meters behind the vessel. From y = 0, at a distance of 400 m from the moving TSHD, the distance
is found where the depth-averaged SSC reaches 10% of the depth-averaged centerline SSC. This is an
arbitrary choice, but allows quick comparison between the plumes. The results are shown in Table 4.2.

d=15m por = 1100 kg/m> | poy = 1200 kg/m> | poy = 1300 kg/m?
Ug = 0 m/s + ugshg = 0.75 m/s 9 10 11
Ug = 0.5 m/s + Ugspa = 0.75 m/s | 8 12 16
Ug = 0.75 m/s + ugspa = 0.75 m/s | 7 10 11

d=20m por = 1100 kg/m> | poy = 1200 kg/m> | poy = 1300 kg/m?
Uqg = 0 m/s + Uspa = 0.75 m/s 14 24 25
Ug = 0.5 m/s + ugspa = 0.75 m/s 10 15 19
ug = 0.75 m/s + ugspha = 0.75 m/s | 7 11 14
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d=25m por = 1100 kg/m> | poy = 1200 kg/m> | poy = 1300 kg/m?
Ug = 0 m/s + Ugsha = 0.75 m/s 16 28 30
Ug = 0.5 m/s + ugspa = 0.75 m/s 13 17 20
Ug = 0.75 m/s + ugspa = 0.75 m/s | 9 13 17

Table 4.2: Spreading angle in the first 400 m behind the moving TSHD under varying conditions

Table 4.2 confirms that conditions that contribute to a wide plume are high overflow density, deep
water and a low crossflow velocity. This insight could be useful for predicting the area affected by the
dredging operations under various circumstances.

4.2.2. Vertical distribution: contribution of the near-bed plume

Here, we take a closer look at the fines flux (as percentage of the total overflow fines flux) hovering
in the bottom part of the water column, near the bed, over the first hour of plume development. We
have already seen that this is a zone where the concentration of sediment can be high, as compared
to the sediment in the higher parts of the water column. This is not surprising in itself, since the
overflow starts out with downward momentum, is sent towards the bottom in a density-driven regime
(under certain circumstances), and is subject to particle settling while the plume develops. Still, this
phenomenon is worth a closer look, if only because it is an area that is difficult to measure in the field.

Figure 4.8, depicted in Section 4.1.1, showed how the % of overflow flux developed over the first 60
minutes, split up into the top and bottom part of the water column, for sediment with an overflow rho
of 1200 kg/m? and a u of 0.75 m/s in scenarios with three different water depths. Here, we show a
few other striking examples. Figure 4.18 represents a scenario with an overflow of low-density sediment
in shallow water with a high cross flow velocity; Figure 4.19 represents a scenario with an overflow of
high-density sediment in deep water with a low crossflow velocity.
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Figure 4.18: Fines flux (as % of overflow fines flux) in the total water column and the bottom 9.5 % of the water
column.Conditions: poyer flow = 1100 kg/m3, d = 15 m, Uer = 1.5 m/s (ug =0 m/s)
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Figure 4.19: Fines flux (as % of overflow fines flux) in the total water column and the bottom 9.5 % of the water
column.Conditions: poyerfiow = 1300 kg/m3, d = 25 m, Uy = 0.75 m/s (ua = 0 m/s)

The reason for choosing 9.5% of the height of the water column as demarcation between the bottom
and the top part of the water column, is the fact that field measurements are often carried out with
an ADCP, and it is well known that ADCP measurements do not give accurate results in the bottom
6%-13% of the water column (see Chapter 2). This calls for using a different/additional method, in this
case numerical simulation, to find out what is going on in this zone. For ease of interpretation, we have
depicted a center line in the middle of the 6%-13% bandwidth at 9.5%. For the entire set of simulations,
these figures are included in Appendix B.

Let us now look at Figures 4.18 and 4.19. In both scenarios, around 60% of the overflow flux ends up
in the bottom part of the plume in the first one or two minutes. This happens immediately after the
sediment has been ejected from the overflow shaft. After that, the two scenarios paint very different
pictures. Depicting what happens under conditions of low-density sediment in shallow water with a high
cross flow velocity, Figure C shows that in the next few minutes, approximately 20% of the overflow
flux has disappeared. This means that this part of the plume has settled onto the bed. Interestingly,
sizeable part of the remaining flux has at the same time moved from the near-bed zone to the top 92%
of the water column. As hypothesized in the section where Figure 4.8 was discussed, several processes
can play a role here: uplift of the plume in shallow water because of the influence of the propeller
and/or sediment that is re-suspended after having settled, and is subsequently transported upwards in
the midst of all the wild and chaotic movements of the plume and the ambient water around it. Approx-
imately between minutes 4 and 10, some of the uplifted sediment sinks back to the near-bed zone, and
this happens at a higher rate than the rate of sedimentation, hence the little bump we see in near-bed
plume. After that, Figure 4.18 shows that the total fines flux steadily decreases until approximately
90% of the total fines have settled after one hour. All this time, most of the sediment is present in the
top 92% of the water column.

Figure 4.19 looks very different. In this scenario - an overflow of high-density sediment in deep water
with a low crossflow velocity we recognize a density-driven regime in the early stages, resulting in a
sediment-laden zone near the bed from which there is no net upwards transport to the top 92% of the
water column at any stage of plume development. The total fines flux as percentage of the total overflow
fines flux decreases quickly, compared to the scenario depicted in Figure 4.18, which points to settling of
the particles from the near-bed plume. This behavior can be explained by the combination of conditions
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represented in this scenario. Firstly, the overflow sediment has a high density, which leads to a high
Richardson number. In addition, the crossflow velocity is low, compared with the scenario depicted
in Figure 4.18. This leads to a low velocity ratio. Like a high Richardson number, this indicates a
density-driven regime. Figures 4.18 and 4.19 represent two scenarios which lead to large differences in
plume development. Similar figures for the other 25 scenarios are included in this report as Appendix B.

4.3. Character plume at STF of 20 %

Implementing far-field source terms involves the determination of the magnitude of this source term, as
well as the corresponding vertical and horizontal distribution of the suspended sediment in the plume,
and the distance from the dredging source. Depending on the far-field model that is used, there are
no hard and fast rules for choosing this location. In view of the current practice of using 20% of the
overflow flux as source term fraction, we will now look at cross-sections of the simulation runs at the
moment when the 20% is reached. (The results for the scenarios with an overflow density of 1300 kg/m3
are not presented here, because they are very similar to those for 1200 kg/m?. They can be found in
Appendix C). For each cross-section, the corresponding distance from the dredging location and the
plume age are also stated.
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Figure 4.20: Character overflow plume when fines flux (as % of overflow fines flux) = 20 %.

Conditions: poyerflow = 1100

The cross-sections in Figure 4.20 reveal big differences between the cross-sections of the different scenar-
ios. We will not go into the underlying processes here, since these have been discussed in the previous
sections already. The cross-sections are presented here to stress the importance of (collecting and) in-
corporating knowledge about the lateral and vertical distribution of the plume when implementing the
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far-field source term.
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Figure 4.21: Character overflow plume when fines flux (as % of overflow fines flux) = 20 %.

Conditions: poyerflow = 1200




Discussion

In this research the subject of estimating source terms for TSHD overflow plumes was investigated.
This chapter starts off with a reflection on the research process as a whole in Section 6.1 In Section 6.2
a reflection of the results is given, focusing on the findings which were especially profound. Section 6.3
will elaborate on the contribution of this study by placing the results in perspective and revisiting key
sources from literature. In the final section, Section 6.4, limitations and weaknesses of the research are
identified and discussed.

5.1. Reflection on the research process

Even though a vast body of research exists on the development of dredge plumes and several guide-
lines exist for modelling these plumes, the topic is inherently complex and warranting further research.
Although the general topic of this thesis was clear from the beginning, identifying an unambiguous
knowledge gap with a fitting and feasible methodology turned out to be a difficult task.

A central question from the start was the area applicability of the reasonable range as presented by
Becker et al. (2015) for the STF of a TSHD overflow plume. This method is widely used in the dredging
industry in different stages of a dredging operation for a multitude of reasons. However, placing the
STF concept at the center of the research proved to be tough. The authors do not clearly define where
(at what distance from the dredging activity) the reasonable range of 0-20% is found. Following their
definition for a STF, the 0-20% should be implemented at the transition from the near field to the far
field. However, these zones are not sharply defined. Aside from the Local Plume Richardson number
as presented by De Wit (2010), which proved difficult to apply, there are no robust metrics for this
transition presented in the literature.

Another complicating factor regarding this transition, is the fact that any physics-based metric that is
indicating the ’start’ of the far-field does not necessarily coincide with the ’start’ of a far-field model.
Depending on modelling choices such as grid resolution, number of dimensions and included processes,
a far-field model will be able to represent more or less dynamic behavior (e.g., density driven behavior,
turbulence). Ultimately, it is up to the modeller to make such modelling choices and to make informed
choices regarding source term implementation on the far-field computational grid. What we see in prac-
tice is that the STF of 0-20% is often implemented at the location of dredging activity. This current
practice deviates from the intended use of STF concept.

As a result of the challenges mentioned above, making unequivocal statements on the conditions where
the STF concept is applicable (or not) proved to be unworkable. Coming across these challenges, the
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research evolved. Instead of clear-cut refinement of the 0 —20% range, this research presents conclusions
which aid the dredging industry to implement source terms in a more informed way.

5.2. Reflection on the results

The results clearly show the significant contribution of the sediment in the bottom 6-13 % of the water
column to the total amount of sediment in the water column. What happens in this bottom 6-13% is
specifically interesting because it represents the part of the water column that is typically missed by
the ADCP. One could argue that, when interested in SSC in the far-field, what happens in this zone is
not that relevant because the sediment in that zone is prone to quick settling. But, perhaps it does: the
results show that, under certain conditions, this sediment is largely re-entrained out of the bed plume
into the ambient water above, before settling eventually. ADCP measurements close to the vessel might
therefore give a wrong impression that most of the sediment has settled.

In general, the results of this study are in line with, and build upon, existing work. The results confirm
findings by Decrop and Sas (2018) about the contributing effect of a low overflow density on the
generation of a surface plume. De Wit et al. (2022) also used CFD modelling to study STF magnitudes
in overflow plumes and made a comparison with the STF-concept. At plume ages of 30 and 60 minutes,
the authors found fines fluxes comparable to the Becker STF. These plume ages are higher than the
ones in this study (11-42 min), but the two studies differ on various aspects so cannot be compared in
a straightforward manner. One contributing factor could be the higher floc settling velocities in this
study (roughly three times as high).

5.3. Contributions of this study

The results of this study contribute in a number of ways to the existing body of research. To start with,
the TUDflow3D simulation runs have shown that TSHD dredge plume fluxes can still be significant a
few hundred meters from the overflow, an area commonly believed to mark the transition between the
near-field and the far-field where the flux is believed to have decreased to 0-20% of the overflow flux.
This study has shown that this fraction can be much higher at that distance under given conditions.
This is relevant because it may indicate that the plume still shows (some) dynamic behavior. Field
measurements at the start of a project are definitely warranted to arrive at correct source terms. It
should be noted that this was also stressed by Becker et al. (2015). For cases where such measurements
are not feasible, the results of this study gives some guidance on where to implement the 0-20% source
term fraction under various circumstances. Or, if an implementation closer to the vessel is desired, it
gives guidance on which (higher) source term fraction is appropriate.

A second contribution of this study lies in using a well-respected numerical model to produce extensive
simulation results on the vertical and horizontal distribution of the dredge plume, under various con-
ditions and over time. This information gives a deeper insight into what happens inside of the dredge
plume, showing where in the water column the sediment is situated and how this distribution changes
over time. Combining this information with theoretic background information sheds light on how the
various hydrodynamic processes form the plume. As Tuinhof (2014) has shown, knowledge about the
horizontal and vertical distribution of the plume is important for obtaining reliable predictions of SSC
in the far-field. The results of this study confirm this. Both the horizontal and vertical distribution of
suspended sediment is skewed and changes as the plume develops. The distribution also varies with the
conditions tested. This information should be incorporated in the implementation of the source term.
This improves the quality of far-field SSC predictions, since implementation of the source term involves
making assumptions/choices about the distribution of sediment.

A third contribution is the insight this study offers into the effects of three relevant conditions on plume
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formation and development: the crossflow velocity, the density of the sediment and the water depth.
Although the effect of these conditions is generally known from other studies, this thesis gives more
insight into why these effects take place, for example by linking the plumes flux development under the
studied conditions to the distribution of the sediment in the plume. The research also has practical
relevance. The findings about the effects of various crossflow velocities on the magnitude of the flux,
for example, are of direct use to dredging companies about to start a dredging project. They can use
the results of this simulation study and combine it with knowledge of the local conditions to produce
estimations of the expected plume that are as realistic as possible.

5.4. Limitations of this study

The main limitations of this research have to do with the assumptions and simplifications made for
running the model. Some important assumptions are listed below.

e Soil conditions. In practice, many different soil types are dredged: this research limits itself to
mud-sand mixtures. The particle size distribution (PSD) of the sediment, is represented by only
two sediment fractions, whereas in reality a PSD consists of many more.

o Settling velocities Assumptions are made with regard to the settling velocity of the sediment and
the degree of flocculation, etc. In the numerical simulation, 3.5 mm/s is used as settling velocity
of the fines. Using 1 mm/s, also a realistic value, would lead to lower deposition and longer times
before the 0-20% range of Becker et al. (2015) is reached.

e Idealized conditions The model conditions - apart from the varied conditions - are idealized: the
sailing speed, ambient current and sailing direction are all constant in time for the duration of
the simulation. In reality, dredging operations often take place in conditions with varying current
speeds and currents coming from various directions.

Obviously, making assumptions and simplifications is inherent to using a model, but it is important to
be aware of, since it adds an unknown amount of uncertainty to the results. When TUDflow3D (or
another numerical model) is used to estimate dredge plumes in a real-life project, care should be taken
to make all model inputs reflect the local circumstances as much as possible.



Conclusions and Recommendations

6.1. Conclusions

The objective of this study was to support a more informed implementation of TSHD source terms on
the far-field computational grid. This aim translated into three research questions, which are repeated
here for the convenience of the reader. Per question, the conclusions are presented.

e The first research question was: ’At which plume age and distance from the overflow shaft is the
0-20% range for the overflow source term fraction, as introduced by Becker et al. (2015), found
under various conditions?

This research has shown that the 20% STF (when considering the plume flux over the entire water
column) can be found at a wide range of plume ages (and distances). Across the scenarios studied in
this research, this ranged from 11-42 minutes in plume age and 0-1895 m in distance from the dredging
location (515-3785 m from the moving TSHD).

The simulation runs for the various combinations of conditions (a water depth of 15, 20 or 25 meter,
a crossflow velocity of 0.75, 1.25 or 1.5 m/s and an overflow density of 1100, 1200 or 1300 kg/m3
) have shown that the total sediment flux decreases fastest when the water is deep, the crossflow
velocity is low and the overflow density is high. These conditions lead to strong density-driven behavior.
Table 6.1 shows the distance from the dredging location where the 20% STF is found, for each individual
simulation.

=15m por = 1100 kg/m> | poy = 1200 kg/m> | poy = 1300 kg/m?
Ug = 0 m/s + ugspg = 0.75 m/s 0 0 0
Ug = 0.5 m/s + ugspa = 0.75 m/s | 955 755 730
ug = 0.75 m/s + ugspa = 0.75 m/s | 1565 1330 1270

d=20m por = 1100 kg/m> | poy = 1200 kg/m> | poy = 1300 kg/m?
Ug = 0 m/s + Ugsha = 0.75 m/s 0 0 0
Ua = 0.5 m/5 + urspa = 0.75 m/s | 900 490 510
Ua = 0.75 m/5 + Ursha = 0.75 m/s | 1815 1160 1155
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o1

d=25m

por = 1100 kg/m3

por = 1200 kg/m3

por = 1300 kg/m3

Ug = 0 m/s + Ugsha = 0.75 m/s

0

0

0

Ug = 0.5 m/s + ugspa = 0.75 m/s

785

500

515

ug = 0.75 m/s + ugspa = 0.75 m/s

1895

1195

1170

Table 6.1: Distance from dredging location where total fines flux = 20% of overflow fines flux

When the 20% STF is implemented at the dredging location, which is common, the data in Table 6.1
also represent the error that is made in meters.

e The second research question was: Under various conditions, what is the character of the vertical
and lateral distribution of the TSHD dredge plume?

Both the vertical and the lateral distribution of the plume change over time as the plume develops,
and are influenced by the conditions varied in this study: the water depth, the overflow density and
the ambient current velocity. In the first few minutes after leaving the TSHD overflow, a large fraction
of the plume ends up in the bottom 6-13% of the water column. In conditions of deep water, a high
overflow density and a low crossflow velocity, this remains the case in the first 60 minutes of plume age.
This means that the turbidity will disappear relatively quickly and occurs mainly in the bottom zone
of the water column under these circumstances; density-driven behavior dominates the development
of the plume. This conclusion is in line with the conclusion of the first research question, about the
rate with which the sediment flux diminishes under various circumstances, underlining the connection
between the way the sediment is distributed over the water column and the fate of the plume as a whole.

With regard to the lateral distribution of the plume, the effects of several key processes in plume devel-
opment can be recognized in the simulation results. Four minutes after leaving the overflow shaft, SSC
cross-sections clearly show the dynamic behavior of the plume. It can be seen that the large fraction of
sediment present in the bottom part of the water column, mentioned above, has impinged on the seabed
and is forming a laterally spreading bed plume. In this early stage of plume development, the formation
of a surface plume can also be seen. Conditions that are conducive to surface plume formation are
shallow water, low density sediment. After the initial stage, the suspended sediment spreads laterally
and gradually settles onto the bed.

Conditions that contribute to a laterally spreading (bed)plume are: deep water, a low cross-flow velocity
and high overflow density.

o The third research question was: How can current practice regarding the implementation of source
terms be improved?

In practice, source terms are often implemented as a virtual source at the location of dredging activity.
This is also common practice for the 20% STF as presented by Becker et al. (2015). Assessing Table 6.1
and the variety of the vertical and lateral distributions, we can conclude that this approach is too blunt
an instrument to do justice to the complex character of TSHD dredge plumes. The current practice
can be improved by making more informed modelling choices to (1) account for the non-uniformity and
skewed distribution of the source term and (2) to take into account the local conditions. Scenarios with
conditions where density-driven behavior is present for a longer period might require more advanced
far-field models.

Concrete recommendations with regard to implementing source terms are proposed in the next section.
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6.2. Recommendations

The remainder of this section discusses a number of recommendations that can be made on the basis
of this study. These recommendations are aimed at obtaining a more complete picture of the environ-
mental impact of dredging activities.

6.2.1. Recommendations for the dredging industry

e When implementing source term fractions in a far-field model, avoid implementing them as a
virtual source at the location of dredging, since this could lead to a sizeable underestimation of
the magnitude of the plume.

e When possible, complement the use of the STF concept with the use of a near-field model such as
TUDflow3D. Even by simulating the first 5 minutes of plume development, the implementation
of STs in a far-field model will be more informed.

o If measurements or the use of a near-field model are not feasible, seek guidance from the results
of this study (e.g. Table 6.1) to obtain a first indication of the adjustments to the source term
fraction necessary to reflect local conditions.

6.2.2. Recommendations for future research

¢ Quantify the underestimation of the source term that results from implementing STFs at the loca-
tion of dredging activity. The validated CFD model TUDflow3D could be brought in to quantify
the extent of this underestimation in terms of SSC and/or flux.

e The second recommendation regards model coupling; even when the exact character and magni-
tude of the plume are known when entering a far-field model, the far-field results will be inaccurate
if the model is not able to capture the processes governing plume development. For a modeller to
be able to know whether or not their far-field model has a sufficient resolution, a physics-based
metric for the ’transition’ can still be useful. TUDflow3D has the unique capacity to capture
the complex mix of processes. The model output thus forms a rich dataset, containing velocities,
densities and concentrations.

e Flocculation parameters have a relatively large impact on model ouput: larger floc diameters re-
sult in greater settling velocities and therefore a more rapid decrease in fines flux and SSC. There
is a lack of knowledge on the topic in general, but particularly on the role it plays in dredge plume
development: it is poorly understood what degree of flocculation takes place at different stages
during the dredging cycle. Insight can be gained on this topic by performing field measurements
with instruments such as a LISST, which are able to measure in-situ particle size distributions.
Adding to the current body of data of floc diameters, in-situ PSDs, allows for more informed
choices with regard to flocculation parameters.
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9.5% of the water column. Nine simulations with overflow density of 1100 kg/m3
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9.5% of the water column. Nine simulations with overflow density of 1200 kg/m3
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SSC Cross-sections: 60 minutes
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Figure D.1: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.

Overflow density pover flow = 1100kg/m? and Cross-flow velocity u.y = 0.75m/s
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Figure D.2: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density pover flow = 1100kg/m? and Cross-flow velocity u.;r = 1.25m/s
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Figure D.3: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density pover flow = 1100kg/m? and Cross-flow velocity Ucp = 1.5m/s
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Figure D.4: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density poverfiow = 1200kg/m? and Cross-flow velocity ucy = 0.75m/s
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Figure D.5: SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density pover fiow = 1200kg/m> and Cross-flow velocity u.r = 1.25m/s
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Figure D.6:

SSC cross-sections at different plume ages for depths of 15, 20 and 25 [m], respectively.
Overflow density poverfiow = 1200kg/m? and Cross-flow velocity Ucp = 1.5m/s
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