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Abstract

The rising demand for minerals and metals and the depletion of land-based resources has created a renewed
interest in the extraction of resources from the deep ocean, i.g., deep sea mining. This research focuses on
the mining of manganese nodules. Manganese nodule are potato-shaped objects composed of metals half
buried in the seafloor. The majority are 5-10cm in size. A Seafloor Mining Tool (SMT) is used to mine the nod-
ules, however, during mining besides the nodules, also the sediment around the nodules is collected. This
sediment is separated in the SMT and discharged through a horizontal diffuser located at the rear of the SMT,
thereby creating a sediment plume. The sediment plume needs to be reduced for environmental, economic
and legal reasons. The sediment plume causes changes in the sediment characteristics, clogging of pores
of suspension feeding organisms and burying of the benthic fauna. The plume will spread in all directions,
thereby burying still to be collected nodules and reducing the pick-up efficiency, making the process ineffi-
cient from an economical perspective. Legal issues will arise when the discharged sediment plume spreads
to other exploration areas owned by other parties or to environmentally protected areas. The aim of this re-
search is to investigate the influence of the choice of diffuser height on the reduction of the sediment plume.

To achieve this goal a Matlab model was made and small-scale experiments in the laboratory of Dredging En-
gineering were done. The Matlab model is based on the JETLAG model, described in 'Jets and Plumes’ by Lee
and Chu (2003), and is a Lagrangian model predicting the centerline trajectory of the plume. The small-scale
experiments provide insight in the behaviour of the horizontal discharge plume at different diffuser heights
and generate measurements to validate the model. A diffuser designed specifically for these experiments is
produced and the height and flow velocity are differed. The experiments consist of visualization experiments,
capturing top view and side view images of the buoyant jet, and experiments measuring the velocity and bot-
tom concentration at different locations.

The velocity profiles, sediment concentration, deposition pattern and impingement range are compared and
analysed. The combined results from the model and the experiments show that the start of the impingement
range increases with increasing diffuser height. Furthermore, a lower diffuser height increases the amount
of bottom deposition near the diffuser outlet. The measured velocity profiles, near bottom concentration
and impingement range are in agreement with this observation. The measured near bottom velocities at 15D
from the diffuser outlet are approximately 0.1 and 0.2m/s, depending on the discharge velocity, both have the
potential of resuspending settled sediment.

This research suggests that the spreading of the plume can be reduced by the choice of diffuser height above
the seafloor. Based on the diffuser heights tested in this research a diffuser height of 100mm is recommended.
Since a higher diffuser decreases the amount of particles settling close to the source and a lower diffuser in-
creases the potential for erosion. This research has shown that up to a distance of 15D from the diffuser, the
near bottom velocities are large enough to cause erosion. Research into the near bottom velocity decay and
magnitude further away from the source, inside the turbidity current, is necessary as well to understand the
full spreading behaviour and the potential for erosion. Furthermore it is recommended to do research into
spreading behaviour of finer particles, especially the behaviour of the actual deep sea sediment in combi-
nation with salt water causing flocculation. Moreover, research into the influence of the forward motion of
the SMT is recommended since the SMT will create a wake that will influence the spreading behaviour of the
plume. Research into the potential creation of a recirculation region caused by the limited entrainment at the
rear of the SMT is recommended as well, this can be done by aligning the diffuser outlet with a screen.
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Introduction

1.1. Background

Deep sea mining is the extraction of minerals from the deep ocean and has been a topic of interest since
the 1960s. At that time no international regulatory regime governing the seabed outside of the economic ex-
clusive zones existed, creating legal uncertainty. This legal uncertainty together with the discovery of new
land-based resources at the time and the subsequent economic uncertainty led to a decline in interest [30].
The last years a renewed interest into deep sea mining can be observed. This interest is created through the
rising demand for minerals and metals together with the depletion of land-based resources [31]. No commer-
cial scale deep sea mining has taken place yet, but exploration contracts have been awarded to companies.
Many metal-rich deposits can be found in the deep ocean, which can be divided into three types [30]:

¢ Cobalt-rich ferromanganese crusts
¢ Seafloor massive sulphides (SMS)
¢ Poly-metallic or manganese nodules

Cobalt-rich ferromanganese crusts occur on seamounts and rock outcrops in all oceans, but the largest de-
posit is located in the western Pacific Ocean. SMS deposits are formed at hydrothermal vents along ocean
plate boundaries. Poly-metallic nodules can be found on the seafloor on abyssal plains at water depths of
4000 to 6500 m. The largest amounts of nodules can be found in the Pacific and Indian Oceans. A map of
the locations where the metal-rich deposits are present is shown in Figure 1.1. This research will focus on the
problem of sediment plume generation when collecting poly-metallic nodules, therefore the focus from now
on will be on poly-metallic nodules.
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Figure 1.1: World map showing the locations where poly-metallic ~ Figure 1.2: Outside and slice through of a manganese nodule [38].
nodules (blue), poly-metallic sulphides/vents (orange) and
cobalt-rich crusts (yellow) can be found [31].

Manganese nodules are located on the seabed or half-buried in it. They are formed in two ways:
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* Hydrogenetically, which means that the minerals forming the nodule precipitate from the ambient sea-
water

¢ Diagenetically, which means that the minerals precipitate from sediment pore water

The precipitation starts with a small piece of hard substrate, like a piece of shell, forming the nucleus around
which the nodule slowly grows its layers. This growth is extremely slow, with growth rates of about 1 to 10 mm
per million years for hydrogenetic nodules and several hundred mm per million years for diagenetic nodules.
But most nodules are formed by a combination of both processes and grow at intermediate rates. Manganese
nodules can become 20 cm in size [14], however the majority are around 5 to 10 cm and are potato-shaped
(see Figure 1.2). Poly-metallic nodules mainly contain manganese and iron. However, the greatest economic
interest comes from the nickel, copper, cobalt and manganese resources they contain. Also traces of molyb-
denum, rare-earth elements and lithium can be recovered as a by-product, which are of great importance
for technology applications. Manganese nodules are usually the most common type of hard substrate in the
areas where they occur, covering about 75% of the seafloor [35].

The concept for collecting manganese nodules comprises a or multiple Seafloor Mining Tool(s) (SMT) picking
up the manganese nodules, a Vertical Transport System (VTS) and a production support vessel with possibly
an ore carrier (see Figure 1.3). The SMT is self-propelled and uses two tracks to move forward while collecting
the nodules. Apart from picking up the nodules a layer of sediment of 5 to 15 cm is collected [11]. This
sediment is separated from the nodules by a separation system located in the SMT and discharged through a
diffuser at the back, shown as the SMT discharge in Figure 1.3. The reason for this separation is twofold, this
minimizes the mass transport and avoids the accumulation of large amounts of sediment in the VTS [19]. The
SMT is connected to a flexible hose, through which the separated nodules are transported to the collection
base station. The collection base station is in turn connected with the VTS, which transports the nodules to
the production support vessel. Once the nodules reach the production support vessel they are separated from
the water and remaining sediment. The waste stream, called sediment, waste and other effluents (SWOE), is
discharged in the water column, preferably close to the seabed. The nodules will be transported to land and
further processed to extract the various resources.

Production support vessel

Ore carrier
P AN

VTS

SWOE discharge

Flexible hose

Collection base station

@
SMT discharge

TRV AN SN YISy

Figure 1.3: A deep sea mining system overview for mining manganese nodules (adapted from [15])

1.2. Problem statement

Not only the nodules are collected but also sediment, about 90% of the sediment is separated and then dis-
charged through a horizontal diffuser at the rear of the SMT [23]. The discharge of sediment will create a
sediment plume that needs to be limited for three reasons:
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1. Environment
2. Economic
3. Legal

Spreading of the plume over a larger area than the mining area will create a larger environmentally impacted
area in which the entire ecosystem is affected. Plumes will spread in areas where natural sedimentation is
very low, deposition rates are around one to two mm per thousand years. In contrast, sedimentation caused
by plumes will have deposition rates orders of magnitude larger. Increased sedimentation will have a large
impact on surface deposit feeding fauna, causing changes in sediment characteristics and clogging of pores
of suspension feeding organisms [13]. Moreover, the benthic fauna can be buried through settling of the
sediment plume [11]. An increase of 1 cm in sedimentation already shows a reduction in the abundance of
biological communities of 21-48% for megafauna, up to 63% for macrofauna and 23% for meiofauna [43]. It
has been shown that some species can recover from a disturbance in a couple of years. However, diversity
and community composition usually do not recover quickly [30] and few faunal groups have shown to return
to the baseline conditions after twenty years [20].

For economic reasons spreading of the plume sideways makes the process of collecting nodules inefficient.
The still to be collected nodules are buried under discharged sediment which has to be collected, separated
and discharged again. Moreover, this possibly reduces the pick-up efficiency of the manganese nodules,
thereby lowering the production.

Legal issues will arise when the discharged sediment plume spreads to other exploration areas owned by
other parties or to environmentally protected areas.

1.3. Research questions
Minimizing the discharged sediment plume is of importance for the whole operation. This leads to the fol-
lowing main question:

‘Can the spreading of the sediment plume, created by a horizontal discharge diffuser, be reduced by the
choice of diffuser height above the seafloor?’

And the following sub-questions:

1. What regulations are already in place to reduce the environmental impact of the deep sea mining sedi-
ment plume on the local flora and fauna?

2. How does a plume develop and spread?
3. What parameters have an influence on the spreading of the horizontal discharge plume?

4. What is the influence of the diffuser height on the spreading of the buoyant jet?

1.4. Research methodology

The main question will be answered through literature research, an analytical model and small-scale experi-
ments. The literature research will answer the first three sub-questions and is necessary to gather knowledge
about existing regulations, the physics behind plumes and the parameters that have an influence on plume
spreading. With the gathered background knowledge, a numerical model is made, based on the JETLAG
model by Lee and Chu [25]. The model uses a Lagrangian approach which follows the plume while it travels
through space and time. It predicts the 2D trajectory of the plume, calculating the velocity and concentration
at each time step. In order to validate the model and gain inside into the behaviour of the plume, small-scale
experiments are done. The experiments are done at the laboratory of Dredging Engineering at Delft Univer-
sity of Technology. The small-scale diffuser used during the experiments will be tested at three heights and
two mixture velocities. During the experiments the velocity and concentration of the plume are measured
and visualization experiments are done to show the spreading of the plume.
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Environmental impact

This chapter deals with the first sub-question: What regulations are already in place to reduce the environ-
mental impact of the deep sea mining sediment plume on the local flora and fauna? First, the cause of the
sediment plume is explained. Second, the environmental impact of the sediment plume and last the existing
regulations.

2.1. Deep sea mining sediment plume

At the exploration area where the nodules will be collected the surface layer of sediment consists for about
85% of water [29]. The top layer of the seabed of the exploration area mainly consists of clay and silt, with
particle sizes less than 90 micron [23]. These particles can reach a settling velocity of about 0.2 cm/s when
aggregated, however, the finest fraction will not aggregate and will stay in suspension [11]. Due to the low
settling velocities of the particles, the particles can stay in suspension for days and spread over distances of
3.5 to 8 km with a cut-off value for the concentration of 10 mg/L [11]. Note that these values are the result
of numerical model simulations and are dependent on the local current conditions and initial concentration
(in this case 500 mg/L).

The deep sea mining sediment plume is caused by multiple parts of the process:
¢ Horizontal sediment discharge of the SMT
¢ Movement of the SMT
e Vertical discharge of Sediment, Waste, and Other Effluents from the vessel

The focus of this research is on the plume created by the horizontal sediment discharge of the SMT, therefore
the other causes for plumes will not be discussed. However, note that the movement of the SMT and the
plume created by this will have an impact on the horizontal sediment discharge plume and will be briefly
discussed in chapter 4.

2.2, Discharge plume impact
There are a number of impacts resulting from the horizontal discharge plume. In short they are:

¢ Burial of organisms [11, 31]

¢ Interference with surface-deposit feeding and suspension feeding organisms [11, 31]

¢ Alteration of the makeup of the seabed [31]

¢ The release and deposition of potentially toxic or oxygen-consuming substances [11, 31]

¢ Alteration of the nutrient dispersal pattern [11]
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Burial of organisms

Large quantities of sediment will be redeposited by the sediment plume, thereby burying the organisms living
on the seafloor.

Interference with organisms
With interference it is meant that the feeding mechanisms, like pores, through which these organisms feed
could become clogged due to the high rates of suspended particles.

Seabed makeup alteration

Alterations of the makeup of the seabed are caused by the different deposition rates inside the plume. Close
to the source the large particles with high settling velocities will settle first. Whereas the fine particles with
low settling velocities will settle further away from the source or even stay in suspension. The alteration of
the seabed makeup might have an influence on the recovery of the fauna [11].

Potentially toxic or oxygen-consuming substances

The release and deposition of potentially toxic substances can lead to bioaccumulation of contaminants. The
toxic metals are released from the potentially metal-rich pore waters when the SMT collects the nodules.
Also, toxic metals can be present in the sediment plume as suspended particulate material. However, it is
difficult to assess the occurrence and impact since no large scale mining operation have taken place yet and
the knowledge of the abyssal marine organisms is still limited. Research by MIDAS has shown that the effect
of long term exposure to toxic substances may vary widely between organisms [30]. The release of oxygen-
consuming substances can lead to oxygen depletion [11].

Alteration of the nutrient dispersal pattern

The redeposited sediment will have a very low average organic carbon content and the grain-size distribu-
tion will be altered. This leads to a change in organic matter remineralisation processes. The phytoplankton
and detritus that naturally arrive at the seafloor will aggregate during plume dispersion and thereby alter the
dispersal pattern of the nutrients. All faunal classes from micro-organisms to the megafauna will be affected
by this [11].

To investigate the long term environmental impact of deep sea mining on the fauna multiple surveys over a
period of up to 26 years were done at seven sites in the Pacific. These surveys specifically assessed the recov-
ery of the fauna. Almost all of them show some recovery in faunal density and diversity for meiofauna and
mobile megafauna. However, few faunal groups return to the baseline conditions after twenty years [20]. A
high variability was observed between and within ecosystems, taxa and size classes. The densities and diver-
sities for some taxa can recover to predisturbance conditions but the community composition cannot, even
after decades. This may be caused by the removal of the hard substrate, the nodules, which are essential for
the survival of some organisms [30].

Many researchers are working on understanding the complexity of the deep sea ecosystem and the impacts
of disturbances caused by deep sea mining. However, the exact environmental impact of deep sea mining in
general and the discharge plume in specific is not clear yet.

2.3. Regulation

The Clarion Clipperton Zone and other manganese nodule rich areas are mainly located outside the national
jurisdiction of countries. This means that no regulations exist for these areas. To ensure that mankind as a
whole will benefit from these resources the International Seabed Authority (ISA) was established in 1994. It
is an autonomous organisation and currently it has 168 members, all of them are party to the United Nations
Convention on the Law of the Sea (UNCLOS). The ISA has established a "Mining Code", which is a set of rules,
regulations and procedures to regulate prospecting, exploration and exploitation of marine minerals in the
international seabed area. With the international seabed area the seabed and subsoil beyond the limits of
national jurisdiction is meant. The mining code is not complete yet, but recommendations and regulations
as part of the mining code are already adopted [5].
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Prior to operation a contractor needs to deliver a proposed mining plan together with an environmental man-
agement plan. Included in the environmental management plan a contractor has to point out the chosen
locations for the impact and preservation reference zones. These zones are used as a reference for the envi-
ronmental disturbances due to mining. Furthermore, contractors need to include their plans for maximizing
the recovery of the mined area in their environmental management plan. During operation contractors are
obliged to provide environmental data to the ISA which will be used to create a database to broaden the
knowledge of the environment. Besides this, contractors are required to minimize potential impacts on the
reference zones [3], in their mining code they state the following:

"The Contractor shall take necessary measures to prevent, reduce and control pollution and other hazards to
the marine environment arising from its activities in the Area as far as reasonably possible applying a precau-
tionary approach and best environmental practices." [4]

Apart from the regulations for the contractors, the ISA has made an environmental management plan for the
Clarion Clipperton Zone (CCZ) in which it explains the implementation of protected environmental areas as
one of the measures to protect the environment of the CCZ. The ISA states that the protected environmental
areas should not be directly affected by physical activity or indirectly by mining effects such as plumes. The
core area of each environmental area should be at least 200km in length and width, this was determined by
the ISA by considering environmental data, faunal distribution, faunal dispersal capabilities and distances,
and ecological proxy variables. This area is said to be large enough to maintain minimum viable population
sizes for species and to capture the full range of habitat variability and biodiversity within a sub region. The
core area will be surrounded by a buffer zone of 100km to ensure that it is not affected by mining plumes from
nearby exploration areas. Thus, the total area of an environmental area will be at least 400x400km. In total
there are nine of these protected environmental areas which are evenly distributed over the CCZ [3].

To conclude, based on these regulations it is clear that the ISA has the aim of minimizing the environmen-
tal impact of deep sea mining. However, the precise measures of what will be rendered harmful and what
not are determined according internationally recognized standards and practices. These do not include clear
boundaries as to what is harmful and what not. Currently there is an ongoing discussion amongst scientist,
specialists in marine law and interested parties about how to define the measurement or threshold of harmful
effects and what will be considered "acceptable harm" to the deep sea ecosystem from seabed mining [31].
The intention for protecting the environment is there, but in practice it will be difficult to assess whether the
impact is truly prevented, reduced and controlled as far as reasonably possible.






Jets and Plumes

This chapter explains the theory of jets and plumes to be able to answer the second sub-question: how does a
plume develop and spread? First the turbulent buoyant jet is explained by its classification and flow regions.
After which the behaviour of the turbulent buoyant jet is explained by describing the concept of turbulent
entrainment, terminology, velocity and concentration profiles and Froude number. Then two special cases
of a jet are discussed, the sediment-laden jet and the submerged offset jet. Lastly the design principles of a
diffuser are explained together with the influence of the diffuser design on the flow.

3.1. What are jets and plumes?

Jets and plumes are turbulent flows produced by momentum and buoyancy sources. Both appear to be the
same, but the turbulent motions are caused by different mechanisms. This will be further explained in this
section, starting with the classification of jets and plumes, after which the different flow regions of a turbulent
buoyant jet are explained.

3.1.1. Classification

A distinction between jets and plumes can be made based on the way the fluid is set in motion. In the case
of a jet, the turbulent flow is generated by a continuous source of momentum, whereas for plumes the tur-
bulent flow is produced by a continuous source of buoyancy. The classification of jets and plumes can be
seen in Table 3.1. The case of the discharge of a sediment-water mixture from the SMT can be classified as a
buoyant jet. Buoyant jets occur when a fluid is discharged with an excess of or deficit in momentum and/or
buoyancy through a diffuser into a fluid [9]. The buoyant jet will develop into a plume when the initial source
of momentum is dissipated and the buoyancy source remains. Another distinction can be made between a
positively buoyant and negatively buoyant effluent. Positively buoyant means that the density of the effluent
is smaller than the density of the ambient fluid. Negatively buoyant is the opposite, the effluent density is
larger than the ambient fluid density. The buoyant jet created by the SMT is negative, the higher density is
caused by the suspended particles.

Table 3.1: Flow classification based on source type and source duration [25]

Source duration
Source -

Continuous | Instantaneous
Momentum Jet Puff
Buoyancy Plume Thermal
Momentum and Buoyancy | BuoyantJet | Buoyant Puff

3.1.2. Flow regions
Slurry, the mixture of sediment and water, will be discharged through the diffuser, after which it develops in
three jet regions: near-field, intermediate field and far-field. The near-field region is the region closest to the

9
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source. In this region the velocity and concentration profiles of the buoyant jet over the distance have the
same shape and jet entrainment is present, jet entrainment is explained in Section 3.2.1. The intermediate
region starts when the jet encounters a boundary (sidewalls, free surface, or seafloor) or is arrested by strat-
ification, for example a water-air boundary. This causes the buoyant-jet to spread rapidly and the boundary
layer assumption that is critical to turbulent jet analysis to become invalid. The flow is no longer classi-
fied as a buoyant-jet. After the spreading region the discharged buoyant jet enters the far-field region. The
behaviour in this region will be dominated by ambient currents, turbulent diffusion and large, basin-scale
motions. Figure 3.1 shows the flow regions and their characteristic length and time scale. The near field mix-
ing determines the amount and distribution of suspended sediment available in the far-field, models of the
near-field behaviour are thus very important for the accuracy of the far-field model [9].
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Figure 3.1: Flow regions and the characteristic length and time scales of these regions [9]

3.2. Behaviour

The behaviour of a turbulent buoyant jet is explained by describing the concept of turbulent entrainment.
Furthermore the terminology of jets and plumes is explained together with the description of the velocity
and concentration profiles. Lastly the influence of the densimetric Froude number on the behaviour of the
turbulent buoyant jet will be explained.

3.2.1. Turbulent entrainment

In the turbulent flow of the near-field regime jet entrainment occurs, meaning that at the boundary of the jet
ambient fluid is mixed with the discharged fluid, see Figure 3.2. The mixing is caused by eddies. An eddy is
the swirling of fluid and the reverse current created by this. The dominant eddies are the larger swirls which
cause mass transfer between the centre region of the jet and the boundary of the jet. The small eddies, the
smaller swirls of fluid, smoothen the sharp concentration gradients created by the dominant eddies. The ve-
locity with which the eddies cause the entrainment of ambient fluid is called the entrainment velocity v,. The
entrainment velocity is given by the local jet centerline velocity times an entrainment coefficient, a [32].

The turbulent zone or boundary layer in which fluid is entrained by the turbulent eddies, increases with
increasing distance from the source. At the same time the concentration of the discharged flow decreases
with increasing distance from the source. This decrease is caused by the dilution of the discharged flow by
the entrained ambient fluid. At some point the discharged flow and ambient fluid are completely mixed
causing the buoyancy in the plume to approach ambient values [25].
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Figure 3.2: Schematic drawing of the turbulent entrainment of ambient fluid by eddies [21]

3.2.2. Terminology

Directly after leaving the diffuser exit during the experiment the discharged flow can be seen as a turbulent
jet, since the initial velocity is dominant over the buoyancy. The development of the discharged turbulent
jet flow can be divided into two zones: the Zone of Flow Establishment (ZFE) and the Zone of Established
Flow (ZEF) [1], as shown in Figure 3.3. Inside the ZFE the mixing layer associated with turbulent entrainment
is located at the edge of the jet. There exists a so called potential core in which the fluid can be considered
irrotational. This potential core has a length of about 6D, where D is the diameter of the diffuser. In the case
of a rectangular diffuser, D is the height of the diffuser. The time-averaged velocity and concentration in the
potential core are constant and can be given by:

u(x,y) = ugp (3.1)

c(x,y)=co (3.2)

Where 1 and ¢ are the initial velocity and initial concentration, respectively. Furthermore, x is the distance
from the source and y is the lateral distance from the centerline. The potential core is the region indicated by
the dashed line in Figure 3.3 and has a width of 2r.
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Figure 3.3: Schematic overview of the development of a jet, with up, cp and dp respectively the initial velocity, concentration and slot
height, 2r the width of the potential core and b(x) the plume half width [25]

In the ZEF, x>6D, the mixing of the discharged fluid with the ambient fluid is up to the centerline of the dis-
charged flow. The velocity and concentration are self-similar, meaning that the profiles at different x look
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similar in shape. These profiles can be approximated by Gaussian distributions [25]. An example of a Gaus-
sian distribution can be seen in Figure 3.4.

The width of the mixing layer is given by the function b(x) and increases linearly with the distance from the
source, in equation:

b(x) = Bx (3.3)

Where S is a constant called the spreading rate. The width of the velocity profile is smaller than the width of
the concentration profile. The difference is a factor A, which is the ratio between the concentration and the
velocity width. This difference is caused by the difference in diffusion of mass and the diffusion of momen-
tum.

Figure 3.4: Example of a Gaussian and top-hat profile [25]

3.2.3. Velocity and Concentration Profiles

There are two types of profiles that can be used to describe the velocity and concentration profiles of a tur-
bulent buoyant jet: the top-hat profile and the Gaussian profile. A top-hat profile means that the average
velocity and concentration are assumed over the width of the mixing layer, an example of the top-hat profile
can be seen in Figure 3.4. The choice between the two depends on the type of analytical framework used to
describe the near-field behaviour of a turbulent buoyant jet: Eulerian or Lagrangian. The Eulerian approach
describes the plume in terms of the centerline variables and the velocity and concentration profiles are de-
fined by the Gaussian profile. Whereas the top-hat profile is convenient for Lagrangian approach to describe
the velocity and concentration profiles. This is because in the Lagrangian approach the average properties
of the buoyant jet are calculated, therefore the top-hat profile is immediately determined. The Lagrangian
approach is simple and easy to implement because the velocity and concentration profiles do not have to be
specified. This is useful because these profiles are not always known for more complex turbulent flows. The
model described in Chapter 5 uses the Lagrangian approach since this approach has a lower computational
expense.

The definition of the width of the mixing layer, b, depends on the choice between Gaussian and top-hat profile.
The width of the velocity profile when using a top-hat profile is defined as the location where the velocity is
equal to the average velocity over the cross-section. The width of the concentration profile when using a
top-hat profile is defined as the location where the concentration is 25% of the maximum concentration. The
top-hat velocity and concentration profiles are related to the Gaussian equivalents by [25]:

Um
=— 3.4
u 7 (3.4)
b=vVr/2bg (3.5)

Where u is the average velocity in the top-hat velocity profile, u,, is the maximum velocity in the Gaussian
velocity profile, b is the half-width of the mixing layer for the top-hat profile, by is the mixing layer half-width
for the Gaussian profile.
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3.2.4. Densimetric Froude number

The near-field plume is characterized by the densimetric Froude number. The densimetric Froude number
at the source can be determined by the following equation:

Uo
Fry = (3.6)
\/&D
Where D is the size of the source and g is the reduced gravity determined by:
lpa — pol
Pa

Where g is the gravitational constant, p, is the ambient fluid density and p¢ is the density of the effluent.
The densimetric Froude number can be interpreted as a ratio of energy dissipation to production [25]. For
a simple jet Fro — oo, for a pure plume Fryp — 0 and for a buoyant jet 0 < Fryo< oo [7]. Fry — oo means
that p,=pg. If the densimetric Froude number is smaller than one the flow is termed subcritical and if the
densimetric Froude number is larger than one it is termed supercritical. In subcritical flows the entrainment
from the ambient fluid is negligible. This is because the maximum velocity is encountered near the boundary
of the flow, preventing entrainment of the ambient fluid. Whereas in supercritical the maximum velocity is
encountered at the centre of the flow and therefore high entrainment at the boundary is present [39].

3.3. Sediment-laden jet

Apart from the characterisation as a negatively turbulent buoyant jet in Section 3.1.1, the horizontal discharge
plume can also be thought about as a particle-laden jet or, more specific, a sediment-laden jet. A particle-
laden jet is a two-phase flow, in this case a mixture of water and sediment hence the name sediment-laden jet,
that is given an initial momentum flux. A particle-laden jet can be characterised by a sedimentation length
scale I, defined by the jet momentum flux and particle settling velocity [27].

1/2
— My

I =

(3.8
W

Where M is the momentum flux and w; is the particle settling velocity. For spherical particles the settling
velocity can be determined from a standard settling velocity formula [27].

ws =/ (4/3)Cp) (s — D gdso (3.9

Where s is the specific gravity of the particle given by p/p with p; the sediment density and p the fluid den-
sity; dsg is the particle diameter. The drag coefficient is given by Cp = 24[1+ (Ref/ 3/6)1/ Reg, Re, is the particle
Reynolds number given by Re; = wds/v with v the kinematic viscosity.

The length scale [, gives the relative importance of jet momentum-induced velocity to settling velocity and
is a measure of the distance from the source where particles start to fall out from the jet. A larger value of [,
indicates that the sediment will settle further away from the source. Based on [, three regions with different
behaviour of the sediment inside the sediment-laden jet can be observed. For x < 0.51;, the upper half of
the jet behaves like a pure jet. For 0.5/, < x < [, the particles start to fallout of the jet and for x = [, the
suspended particles separate significantly from the jet. The decay of the maximum particle concentration
cm/ co can also be expressed by [,,. It can be observed that for x < 0.5;, the maximum particle concentration
is inside the jet region and the decay of c;;, behaves like a free jet [10, 25, 27]. For x = I,;;, ¢, is significantly
less than that given by jet theory. Furthermore Liu and Lam (2013) observed that for initial sediment con-
centration with a volume fraction below 0.1% the characteristics of the jet flow did not change significantly.
However, for a jet with higher initial sediment concentrations, like the case of the SMT horizontal sediment
discharge, the presence of the sediment bends the trajectory of the jet downward. The degree of this bending
is smaller than that of an equivalent one-phase negatively buoyant jet with effluent of the same density as the
fluid-particle discharge combined density [28].
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3.4. Submerged offset jet

A submerged offset jet or submerged wall jet is formed when a fluid is discharged from an elevated opening
above a solid boundary that is parallel to the axis of the jet. Figure 3.5 shows a schematic overview of the flow
zones encountered in submerged offset jets. Once the fluid is discharged from the opening it is deflected to-
wards the solid boundary due to the reduced pressure at the bottom of the jet, this is called the Coanda effect
[37]. This is the recirculation zone in Figure 3.5. The flow velocity in the jet reduces as the jet approaches the
boundary, as a consequence, the pressure inside the jet increases. In the impingement region the flow reat-
taches to the boundary and the jet starts to behave as an impinging jet. This causes the pressure to become
greater than the hydrostatic pressure, creating a pressure gradient that accelerates the flow. At the end of the
impingement region the acceleration stops and a turbulent wall jet condition is established. Due to turbulent
diffusion and the presence of the solid boundary, the thickness of the wall jet region increases [22].

The submerged offset jet seems quite similar to the sediment discharge of the SMT. However there are some
differences that may cause different behaviour. The experiments done by Kishore (2016) showing the be-
haviour of a submerged offset jet are done in a flume that was 0.6m wide, 0.71m deep, and 12m long, and
a slot width equal to the flume width. Therefore these experiments show the 2D behaviour of an offset jet,
however the buoyant jet discharged by the SMT will spread in three directions. Eliminating one direction
might influence the measured velocities and the observed behaviour of the jet. Moreover the initial velocity
of the experiments is between 1.1 and 1.8 m/s, which is about five times larger than discharge velocities ex-
pected for the SMT. Since the occurrence of the Coanda effect is related to the initial jet velocity, it cannot be
safely said that this will also occur at these lower initial jet velocities. Also, these experiments are done with a
single phase fluid, meaning no particles are present in the discharged fluid. This will not be the case in deep
sea mining, where particles will be present in the fluid and the presence of these particles will influence the
behaviour of the jet (Section 3.3).
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Figure 3.5: Schematic overview of the flow zones in a submerged offset jet [22]
3.5. Diffuser

A diffuser will be part of the SMT disposing of the separated water sediment mixture. The purpose of the
diffuser is to lower the flow velocity of the discharge. This is done by increasing the discharge opening of the
diffuser, as a result the pressure is also increased. An example of a flat-walled diffuser as possibly used for the
SMT is given in Figure 3.6.

When a fluid flows through a duct a viscous boundary layer is present at the wall of the duct. This viscous
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boundary layer is due to friction between the fluid and the wall. Due to the pressure increase in the widening
cross-section of the diffuser an adverse gradient is created causing a point of inflection in the flow profile, see
Figure 3.8. The adverse gradient is influenced by the angle of the diffuser and the ratio of length over width.
A large angle over a short length, meaning a fast expansion of the area, will cause a large pressure increase.
Resulting in a large adverse gradient and a high point of inflection when looking at the flow profiles in Figure
3.8. Once a critical adverse gradient is reached, the flow alongside the wall separates. Increasing the adverse
gradient even further will result in a backflow at the wall, in diffuser literature this condition is called diffuser
stall [42].

Figure 3.6: Geometry of a flat-walled diffuser, where b is the width, W is the height, L is the length and 8 is the diffuser angle [42]

The flow patterns of a diffuser can be divided into four regions as shown in the stability map in Figure 3.7. The
first one is the no stall region, in which there is steady flow, no separation and moderately good performance.
The second region, between line a-a and b-b, is the transitory stall region with strongly unsteady flow and the
highest performance coefficient C,, thus best performance. The third region, between line b-b and c-c, is the
bistable steady stall region in which for a flat-walled diffuser the flow will stick to one of the diverging walls.
The flow can change from one wall to the other and performance in this region is poor. Lastly, the fourth re-
gion above line c-c, is the jet flow region where wall separation is so large that the main flow will ignore both
diverging walls in a flat-walled diffuser and simply pass through at nearly constant area. The performance
is extremely poor in this region. If the diffuser is well designed, no flow separation will be present and the
outflow pattern will be uniform with a low exit velocity [42].
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3.6. Conclusion

Jets and plumes are turbulent flows produced by momentum and buoyancy sources. The turbulent flow of
a jet is generated by a continuous source of momentum and the turbulent flow of a plume is generated by
a continuous source of buoyancy. The horizontal sediment discharge from the SMT can be classified as a
combination of the two, named a buoyant jet. In this case the buoyant jet is negatively buoyant, meaning
that the discharged effluent has a larger density that the ambient fluid. After leaving the diffuser outlet of
the SMT, turbulent entrainment occurs at the boundary of the buoyant jet. Ambient fluid is mixed with
the discharged mixture, thereby diluting the buoyant jet and increasing the width. The boundary layer in
which entrainment occurs increases with increasing distance from the source. Entrainment occurs until the
discharged mixture and the ambient fluid are completely mixed. The horizontal sediment discharge from the
SMT can also be seen as a sediment-laden jet, characterised by a sedimentation length scale [,;,. This length
scale gives the relative importance of the jet momentum-induced velocity to the settling velocity and is a
measure of the distance from the source where particles start to fall out from the jet. Another way of looking
at the horizontal sediment discharge from the SMT is to see it as a submerged offset jet. A submerged offset
jet is formed when a fluid is discharged from an elevated opening, due to the Coanda effect the jet bends
towards the bottom boundary and attaches to it.



Influencing parameters

This chapter treats the parameters that influence the spreading of the plume to be able to answer the third
sub-question: What parameters have an influence on the spreading of the horizontal discharge plume? A
distinction is made between parameters that can be influenced and parameters that cannot be influenced.

4.1. SMT variables

This section explains the variables related to the SMT that can be influenced either during the design phase
or during operation. The concentration, discharge velocity and SMT velocity can be adapted during the op-
eration while the diffuser geometry and height are determined during the design phase of the project.

4.1.1. Suspended Sediment Concentration

The initial suspended sediment concentration (SSC) and density of the discharged mixture deviate from the
surrounding fluid and are important for the occurrence of density effects [18]. The suspended particles
change the local fluid density, causing stratification and buoyancy effects as density currents. The inten-
sity of these effects depends on the density difference between the discharge fluid and the surrounding fluid
[17]. The discharge mixture’s salinity and temperature, which also deviate from the ambient fluid conditions,
create density effects as well. The mixing rate between the discharged mixture and the ambient fluid influ-
ences the duration of the buoyancy effects. Mixing causes the density difference to diminish until at some
point the ambient and local density are equal. Density currents are characterised by a high sediment con-
centration within, and a sharp vertical gradient of the sediment concentration at the upper edge. This is the
stratification caused by the suspended sediment and limits vertical mixing [34].

The SSC also has an effect on the formation of flocs. Most particles in the plume will have diameters smaller
than 60 um [18], when particles are this fine the inter-particle forces become in the order of the inertia and
drag forces acting upon them. Due to these cohesive forces between the particles large flocs containing a
large number of single grains can be formed. Flocs have different densities, sizes and shapes than single par-
ticles. Therefore the settling behaviour of the flocs is very different from that of single particles and settling
velocities are higher. Flocculation effects in the plume become significant when concentrations are above
100 mg/1, these high concentrations can be found near the source [18]. Collision mechanisms bring particles
together so aggregates can be formed. Collision mechanisms are Brownian motion, turbulent velocity fluc-
tuations and differential settling. Brownian motion is the random motion of suspended particles resulting
from the collision with fast-moving molecules in the fluid. Only Brownian motion has a significant influence
on the flocculation behaviour of the smallest particles, assuming each collision forms an aggregate. The floc-
culation of larger particles is mainly influenced by differential settling and high turbulence intensities [19].
High turbulence intensities result in high shear rates, these are induced by the moving SMT and the effect
of the momentum flux caused by the discharge of sediment by the diffuser. The shear rate has an effect on
the mixing, by increasing the chance for collisions, and entrainment, by increasing the dilution and thereby
decreasing the chance for collisions. Gillard (2019) analysed the aggregation under differential settling and
turbulent shear. This showed that the sediment concentration in the plume and the shear rate dictate the be-
haviour of the suspended particles. It was found that increasing the suspended particle concentration or the
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shear rate increased the aggregate growth, thereby showing that aggregation dominated over breakup [12].

Large particles suspended in the water column are settling towards the seafloor, thereby collecting finer par-
ticles and transporting them downwards, this process is called scavenging. Scavenging of plume particles
by aggregates formed by flocculation is a function of particle concentration in the plume and shear rate. In-
creasing either the particle concentration or the shear rate results in faster scavenging of particles by flocs
[12].

4.1.2. Discharge Velocity

The discharge velocity is related to the volume flux and area by:
up = Qo/A (4.1)

Where u is the discharge velocity or initial velocity, Qp is the initial volume flux and A s the diffuser exit area.
A larger initial velocity means that the initial momentum flux is larger as well. Suspended particles will fall
out of the plume when their settling velocity w; is higher than the entrainment velocity v.. The entrainment
velocity is proportional to the local jet velocity u, v, = v2au. A higher local jet velocity results in a higher en-
trainment velocity. Since it takes longer to dissipate the energy with a higher initial velocity, the entrainment
velocity will also be higher for a longer time. This means that the particles will start to settle further away
from the source in the case of a larger initial velocity.

The spread angle of the sediment is also related to the initial velocity of the mixture. The spread angle is the
lateral extent of the sediment fallout region (see Figure 4.1), and is given by [27]:

1. U
Ye=sin l(w—i) (4.2)

Sedimentation will start when w; becomes larger than v,, at this moment spreading of the sediment starts. As
can be seen from the spread angle equation the entrainment velocity and particle settling velocity influence
the spread angle. A higher entrainment velocity will create a larger spread angle of the plume, thus a narrower
sediment fallout region and a decrease in width of the particle bottom deposition.

=4
sediment

fallout region

sedimentation
occurs

Figure 4.1: Slice through of the buoyant jet, particles will start to drop out if wssin(y ) > ve, where wj is the settling velocity, y is the
spread angle and v, the entrainment velocity [27]

4.1.3. Diffuser Geometry

The dimensions of the diffuser and thereby the diffuser cross-sectional area at the exit will influence the
spreading of the plume. A larger diameter diffuser means a larger outflow area. The momentum will become
lower and thus less energy needs to be dissipated. Therefore a larger diameter diffuser will cause the impinge-
ment point to be closer to the source when the other parameters are the same.

The angle of the diffuser with respect to the seabed will influence the behaviour of the discharged mixture
once it leaves the diffuser. Experiments done by Papakonstantis [36] showed that for inclined turbulent dense
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jets discharged upwards for angles up to 45deg to the horizontal there is an increase in horizontal distance of
the impingement point. For larger angles the impingement point decreases with increasing discharge angle
up to 80deg. Also, the final terminal height of the jet increases with increasing discharge inclination.

The location of the diffuser on the harvester, especially the height of the diffuser above the seabed, will in-
fluence the spreading of the plume. A lower height above the seabed of the diffuser will lower the potential
energy in the particles of the plume, which would be beneficial for the settling time. However, it is unknown
how much erosion a lower diffuser will result into. Since a buoyant jet discharged close the seafloor has less
time to bend, the forward velocity at impingement will be larger. Depending on the magnitude of the forward
velocity this might results into erosion. Discharging at a velocity equal to the SMT velocity, a neutral veloc-
ity, could be helpful. This would cause the discharged mixture velocity to be completely dependent on the
buoyancy flux, resulting in a lower forward velocity. Research into this topic still has to be done.

4.1.4. SMT velocity

The velocity of the SMT moving over the seabed will influence the amount of sediment being swept up by the
tracks. Also, the SMT will create a wake which will grow when its velocity is increased. Computational Fluid
Dynamic (CFD) simulations show that the velocity of the SMT influences the vertical height of the plume. A
lower velocity will result in a larger height of the plume. The sediment flux caused by the SMT will be the
highest within the first 2 m above the seabed, where the value of the sediment flux is lower for lower SMT
velocities [34].

4.2, Local conditions

This section explains the influence of the local conditions on the spreading of the plume. The local conditions
treated in this section are: the current, temperature, salinity, turbidity, bottom topography and sediment.

4.2.1. Current

Deep ocean currents are relatively slow, in the order of a few cm/s, but can create turbulent disturbances due
to the typically weak stratification. These turbulent disturbances originate from the bottom boundary and
can penetrate a hundred meters or more vertically [2]. Currents will start to have an influence on the plume
transport after the dispersion of the plume by eddies in the wake of the SMT and after the subsequent gravity
current in the direct vicinity of the source [17]. Through experiments it was found that with a current flow
velocity of 3 to 4 cm/s bedload transport of the settled aggregates starts. Bedload transport means that the
particles are transported along the bed. It was also found that flow velocities larger than 7 cm/s will possibly
resuspend the settled aggregates and create a new plume [12]. In the event of passing ocean eddies, model
experiments based on eddy data of a real event showed that the direction of plume spreading is influenced
by the passing of the ocean eddies. The plume will be elongated in the direction of the eddy and disperse
more rapidly. Model experiments also showed that the direction of mean flows has a large influence on the
direction of plume spreading but not on the spreading rate [2].

4.2.2. Temperature, salinity and turbidity profiles

Temperature, salinity and turbidity profiles provide local particle concentrations and density field of the
undisturbed seawater. This information is especially important for modelling surface discharges. The sur-
face discharge will be influenced by the thermocline, which is a boundary between two areas with different
hydro-dynamical characteristics [18]. In the Bottom Boundary Layer (BBL), the influence of temperature and
salinity stratification is assumed to be negligible [19].

4.2.3. Bottom topography

The bottom topography of the Clarion Clipperton Zone is dominated by flats, ridges and troughs [40]. Model
experiments done by MIDAS (Managing Impacts of Deep-seA reSource exploitation, a multidisciplinary re-
search programme) showed that topographic 'bumps’ in the order of 100 m high by a few kilometres wide
have several effects on the near bed flows. They enhance vertical mixing downstream as a result of internal
hydraulics. Mixing levels downstream of a 'bump’ are large enough to disperse material through a 100 m
thick bottom layer within a day. They influence the spatial variations of the bottom currents, which will vary
at the same spatial scale as the topographic variations [2]. Changing the direction of the bottom currents will
influence the spreading of the plume, making it harder to predict its behaviour.
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4.2.4. Sediment

The sediment that can be found in the Clarion Clipperton zone has particle sizes ranging from a few microns
to a hundred microns in size [11]. It differs per location what the exact particle size distribution is. Large
particles settle quicker than fine particles. Thus a plume consisting of mainly large particles will spread less
than a plume consisting of fine particles. Settling velocities range from 1073 to 1077 m/s [18]. The settling
velocity is the main parameter affecting the plume concentration and resedimentation [19].

Scavenging may have an effect on the fine particles in the diluted plume which have low settling velocities
[18]. The influence of scavenging by external particles originating from the upper ocean layers, also called
marine snow, is only important in areas with high biological productivity and when they are not dissolved or
destroyed before reaching the BBL [19].

4.3. Conclusion

The parameters that influence the spreading of the horizontal discharge plume can be divided into parame-
ters that can be influenced and parameters that cannot be influenced. Parameters that can be influenced are
the parameters related to the SMT, these can be influenced either during the design phase or during opera-
tion. These are the SSC, discharge velocity (1), diffuser geometry and SMT velocity. The density difference
between the ambient fluid and the plume influences the intensity of the stratification and buoyancy effects
caused by the suspended particles. Moreover, the formation of flocs is influenced by the SSC and shear rate.
Increasing the SSC or the shear rate increases the aggregate growth. Increasing the discharge velocity causes
particles to settle further away from the source and decreases the width of the bottom deposition. The dif-
fuser outlet area influences the outflow area, and thereby the velocity decrease of the effluent. Moreover, the
angle of the diffuser with respect to the seabed causes the impingement range to increase for angles up to
45deg, increasing the angle further will decrease the distance to the impingement range. However, this in-
creases the the terminal height of the jet. The SMT velocity causes a sediment flux that is highest within the
first 2m above the seabed, where, for lower SMT velocities the sediment flux is lower. Parameters that can-
not be influenced are the local conditions. These are the current, temperature, salinity and turbidity profiles,
bottom topography and sediment. The local currents have low velocities, however currents caused by the
mining operation may cause erosion of the settled particles if they are larger than 7cm/s. The influence of the
temperature, salinity and turbidity profiles is important for the surface discharge, but is assumed negligible
in the BBL. Topographic 'bumps’ in the order of 100m high by a few kilometres wide enhance the vertical
mixing downstream, causing dispersal of the particles through a 100m thick bottom layer within a day. The
’bumps’ also influence the spatial variations of the bottom currents, this change of directions makes is harder
to predict the spreading behaviour of the plume. The sediment found in the Clarion Clipperton zone has very
low settling velocity, that range from 1073 to 10~"m/s, causing particles to stay suspended for long times and
spread further away from the source.



Lagrangian numerical model

This chapter explains the Lagrangian numerical model that was made to extrapolate the results from the
small-scale experiments, explained in the next chapter, to the expected dimensions in full scale deep sea
mining. The chapter begins with an explanation of the model existing of the description, input and output
and adaptations and assumptions. This is followed by the model formulation and model verification with
literature.

5.1. Model explanation

This section will give a description of the model, clarify the input and output parameters and explain the
adaptations and assumptions.

5.1.1. Description

The model is based on the validated JETLAG model [24, 26] as explained in chapter ten of 'Turbulent Jets
and Plumes’ by Lee and Chu [25] and was made in MATLAB. The JETLAG model predicts the 3D trajectory
of a turbulent buoyant jet, but is adapted to predict the 2D trajectory for this research. The model uses a
Lagrangian approach with a moving reference frame, in the case of a buoyant jet, the reference frame follows
the motion of the dominant eddies. Instead of solving the Eulerian differential equations of fluid motion
and mass transport, the key physical processes expressed by the governing equations are modelled. The jet
trajectory is determined based on the division of the trajectory into a sequence of 'plume elements’. The
assumption underlying this division is that there is negligible streamwise mixing between the consecutive
plume elements. A plume element is a certain material volume with a velocity U followed over a time interval
6't, and has a streamwise length of Ud ¢, as shown in Figure 5.1.

. =W
entrainment __,

—
plume element '

attimet

plume element
att=0

Figure 5.1: Lagrangian formulation of the motion of a plume element through time [25]

The plume elements are described by their location, average velocity, sediment concentration, width and
thickness. Since the average properties of the element are calculated with this method, the velocity and con-
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centration profiles are given by a top-hat profile over the width of a plume element. The choice of calculating
the average properties is justified by the dominant-eddy hypothesis, which can be explained as the entrain-
ment of ambient fluid due to the largest (dominant) eddies which are formed in turbulent shear flow. These
dominant eddies are filling up the complete width of the turbulent region and move along with the path of
the buoyant jet. Once ambient fluid is entrained by these dominant eddies it stays entrained, thereby causing
the mass and volume of a plume element to increase. Because the model determines the average properties
in the jet cross section, there is no distinction between the ZFE (the potential core) and ZEF.

Shear entrainment

Mass increase
Volume increase

Plume element att Plume element at

t+AL
Direction change

Bucyancy

Figure 5.2: Overview of the physical processes determining the plume element at the next time step

The increase in mass and volume is caused by shear entrainment due to the jet discharge. The plume el-
ements change in direction due to buoyancy. An overview of these physical processes that are calculated
to determine the plume element at the next time step is given in Figure 5.2. The model gives the average
properties of a plume element at each time step while at the same moment the conservation of horizontal
and vertical momentum, conservation of mass accounting for entrainment, and conservation of tracer mass
is ensured. Each time step the turbulent entrainment of ambient fluid, due to shear entrainment into the
plume is calculated. The increase in mass and volume due to shear entrainment is due to the relative velocity
between the plume element and the ambient velocity in the direction of the jet axis.

Method of Excess
The method of excess is used to deal with the continuous increase in mass and volume of a plume element
due to entrainment. The concentration excess can be defined as the concentration relative to the ambient
concentration (¢—c,). To determine the mass balance equation for the excess the mixing between the fluid in
the elemental volume and the entrained ambient fluid is considered. The mass balance can be seen in Figure
5.3. When fluid is entrained by the dominant eddies of the elemental volume, tracer ‘'mass’ is exchanged
between the eddies and their environment. In this formulation the concentration ¢ and c, are considered as
intensive variables, meaning they do not depend on the size and the amount of material of the volume, and
are defined as the tracer 'mass’ per unit mass of carrying fluid. This results into a tracer 'mass’ of ¢M inside
the elemental volume and a tracer ‘mass’ entering the elemental volume of c,0 M. After the mixing of the
fluid the increased elemental volume will have a mass concentration of &+ §¢ and carrying mass M + 6 M. In
equation this gives the mass-balance

81(C~ ca)M] = -M(5¢ca) (5.1)

This equation can give the mass-balance of different properties depending on the choice of considered tracer
‘'mass’ concentration. The tracer 'mass’ concentration can both represent scalars, like salinity and heat, or
vectors such as linear and angular momentum. The above equation can only be used for properties that
are conserved, however in the case of a buoyant jet the momentum of the system may change due to the
buoyancy force. Therefore a general form of the equation for the excess is obtained, Equation 5.2, which can
be adapted to use for any tracer mass in the flow (e.g. suspended sediment, momentum, buoyancy).
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Sl(E—ca)pV]=-pVd(cy) — Kbt (5.2)

Where §[(C— ¢,) ﬁV] is the concentration excess of the tracer mass, ﬁV is the mass of the carrying fluid, ¢ is
the tracer concentration (tracer mass per unit mass of the eddies), c, the tracer concentration of the ambient
fluid, and x the 'mass’ dissipation rate. The dissipation term, k¢, resembles for example the buoyancy in
the momentum equation. The momentum changes due to the buoyancy force, in this case « is the buoyancy
force. Thus, k4t accounts for a positive or negative change to the system.

Elemental Volume Elemental Volume

Ambient| + _ =
ca) OM ¢ M &+ 688, M+oM

Figure 5.3: Mixing of fluid in an elemental volume carrying mass M and concentration ¢ with an ambient fluid volume carrying mass
O M and concentration ¢, [25]

5.1.2. Input and output

The input and output parameters are shown in the block scheme of Figure 5.4. The diffuser outlet diameter,
or hydraulic diameter in the case of a rectangular diffuser exit, is used to determine the initial width of the
plume. Moreover, it is used to determine the initial volume, momentum and buoyancy flux. The mixture
density is determined by the fluid density, sediment density and the volume concentration of sediment. The
difference in mixture density and ambient fluid density determines the magnitude of the buoyancy flux. The
initial jet velocity influence the momentum flux, a higher initial velocity means a higher initial momentum
flux, thus more energy needs to be dissipated. The initial concentration is used to determine the effluent den-
sity and influences the buoyancy flux. With total duration, the duration of the simulation is meant. Since no
bottom boundary is present in the current model, the total duration determines the length of the trajectory.

The trajectory and width of the trajectory (b), show the development of the turbulent buoyant jet. The av-
erage velocity and concentration are given as a top-hat profile over the width of every plume element. The
impingement range is given as the horizontal distance where the horizontal buoyant jet reaches the bottom.
Since no bottom boundary is present in the current model, the impingement range is determined by deter-
mining the horizontal distance at a chosen vertical distance from the center of the diffuser.

Input Output
Diffuser diameter Trajectory
Mixture density — MATLAB model — Trajectory width
Initial velocity Average velocity
Initial concentration Average concentration
Duration Impingement range

Figure 5.4: Input and output parameters of the MATLAB model

5.1.3. Adaptations and assumptions
Some adaptations to the JETLAG model are made to allow for a simple model that can predict the near
field behaviour of the plume. The JETLAG model takes ambient density stratification into account, while



24 5. Lagrangian numerical model

the model used for this research assumes a constant ambient density. Meaning that changes in salinity and
temperature are not considered in the model. Furthermore, the JETLAG model is capable of modelling a uni-
form current influencing the behaviour of the buoyant jet. The model made for this research does not model
a current, since this was not considered necessary for model validation and a first full scale prediction of the
near field behaviour of the plume.

In addition to the adaptations made to the JETLAG model, simplifications to reality are made. The model as-
sumes a circular exit which results into a turbulent round plume, since this is less time consuming to model.
Although the diffuser used in the flume experiments is rectangular it is assumed that the difference between
a circular exit and rectangular exit will not severely impact the outcome of the model. This can be assumed
because the plume resulting from a slot will become circular in a sufficiently short time. Furthermore, the
model source is instantaneous, this implies that the behaviour of the plume element is determined by the
conditions at the first time step. In reality, the buoyant jet has a continuous source of effluent meaning that
the behaviour of the plume element is not only influenced by the conditions at the first time step but also
by the input at later time steps. Moreover, the model does not take the individual sediment particles into
account, instead it models the presence of sediment by the increased effluent density it causes. By ignoring
the individual particles the model predicts a larger bending and therefore earlier impingement than observed
during experiments [28]. Thus ignoring the physical interaction between the fluid phase and the solid parti-
cles causes an overestimation of the bending of the buoyant jet.

5.2. Model formulation

The initial location of the plume element is at the diffuser outlet, but for now consider a plume element lo-
cated at (x;,z;) and with a velocity (u;,w;), where i is the step. The number of steps is determined by the total
duration of the model simulation and the size of the time step, i = ﬁ. The horizontal velocity is given by u
and the vertical velocity is given by w and the magnitude of the velocity is V; = v/( ”12 + wl?). The density is
given by p; and the angle of the jet axis with respect to the horizontal plane is ¢;. The radius and thickness of
the plume element are given by b; and h;, respectively. The mass of the plume element is M; = p inb?hi. For
every time step the results of the following equations are calculated. Starting with the mass of the next time
step, which is determined by the mass at the current step plus an increase in mass due to shear entrainment.
Thereafter the concentration, x- and z-velocity, combined velocity, plume element thickness and radius, jet
orientation and jet location are determined. Where the jet location is given by an x and z coordinate, and the
length of the jet trajectory s.

Mass:
M1 = M;+AM; (5.3)
Concentration:
M;c; (5.4)
Ciy1 = .
" Mi+1
Velocity:
M;u; (5.5)
Uiyl = .
i+1 Mi+1
A
Miu; + Mi+1(7p)i+lgAt
Wiyl = (5.6)
Mi+1
Vi = u12‘+1 + wlg-%—l 6.7
Thickness and radius: v
i = —Lh; (5.8
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M.
bisy =) —— (5.9)
Pi+17hit1

Orientation:
. Witl
¢i4+1 = arcsin (5.10)
i+1
Location:
Xit1 = Xi +Uj 1 At (5.11)
Zivl = Zi + Wiy 1At (5.12)
Asiy1 = Vi At (5.13)

The initial plume element thickness and radius are D/2 and the time step At is determined by the initial

plume element thickness and velocity, At = 0.1 hvg The increase in mass is determined by the shear entrain-
ment (AM; = Ej).

Eg=2mag bih; Vit (5.14)
0.057 + 0.554sin ¢b;
a5, =V2 > P (5.15)
Frli
V:
Fr = ——— (5.16)

\ 8red; bi

Where «; is the entrainment coefficient, Fry is the local jet densimetric Froude number and g4, is the re-
duced gravity as in Equation 3.7 [25].

5.3. Verification

A first verification step can be done by using data from literature. The second step will be validating the
model with small-scale experiments, these results will be shown in Chapter 8. Figure 5.5, shows the dilution
with respect to the dimensionless height of a horizontal buoyant jet in still fluid. The model prediction of the
current model, called Model 2020, is compared to the JETLAG model prediction and data from experiments
done by Cederwall [6, 25]. Based on Figure 5.5, the predicted dilution by the model is acceptable. A slight
underestimation is present for lower heights, but the dilution is still in the same order of magnitude.

The centerline trajectory of a horizontal positively buoyant jet in stagnant fluid is given in Figure 5.6 for a
Froude number of 2 and 10. This upward bending centerline represents for example the case of a plume
exiting a chimney, where the plume has a higher temperature than the ambient temperature, causing the
plume to be positively buoyant. Figure 5.6 (a) shows the trajectory for a Froude number of 2, the predicted
trajectory by the model is compared to experimental data from Lee and Chu [25]. According to this data the
model predicts the trajectory quite accurately. Figure 5.6 (b) also shows a comparison between the predicted
trajectory by the model and the experimental data from Lee and Chu, but in this case for a Froude number of
10. Also for this case the model prediction is supported by the data.
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Dilution of a horizontal buoyant jet in stagnant fluid
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Figure 5.5: Comparison of the predicted dilution of the explained model, called Model 2020, with the predicted dilution from the

JETLAG model and measurements for a horizontal buoyant jet in still fluid, where S is the centerline dilution, made dimensionless by
Qo the initial volume flux, Fy the initial buoyancy flux and My the initial momentum flux
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Figure 5.6: Centerline trajectory of a horizontal round buoyant jet in stagnant fluid, comparison between the model prediction of the
explained model, called Model 2020, and experimental data from Lee and Chu [25] for (a) Fr=2 and (b) Fr=10



Experiment

This chapter starts by explaining the purpose, setup and execution of the experiments. Then the used mea-
surement instruments and their settings are treated followed by the particle choice, diffuser design and test
matrix. Furthermore, the suspended sediment concentration inside the reservoir is discussed.

6.1. Experiment purpose

The main purpose of the tests explained in this chapter is to be able to validate the Matlab model explained
in chapter 5, and additionally to gain more insight in the turbulent buoyant jet behaviour. Three types of data
are used to validate the model: video images from visualization experiments, concentration measurement
data and velocity data.

6.2. Experiment setup

The experiment set up is located in the laboratory of Dredging Engineering of Delft University of Technology.
It consists of a reservoir, a pump, a flume, a diffuser and connecting hoses and pipes. A front view and top
view of the flume are given in Figure 6.1. The flume measures 5.1 m in length, 2.55 m in width and 2.1 m in
height. The volume behind the SMT represented by the flume is 76.5x38.25x31.5 m, with a geometric scaling
factor of 1:15. A table measuring 4.5 m in length and 1.95 m in width is located at the bottom of the flume
representing the seafloor.

A mixture of water and particles is prepared in the reservoir by mixing a predetermined amount of water and
particles with two submersible pumps. The reservoir has two compartments, each compartment has a ball
valve at the outlet. These are connected to two flexible hoses which connect to a T-piece allowing the pump
to be connected to a single flexible hose. The pump pumps the mixture through a pipe connected to the dif-
fuser which exits in the flume. A flow meter is attached to the pipe and the flow is controlled by a ball valve
connected to the outlet of the pump.

The table located in the flume has build in LED’s to be able to illuminate the plume from below. This is nec-
essary for the visualization experiments. On top of the LED’s there are perspex plates with photo paper to
diffuse the light. This enhances the quality of the images recorded during the visualization experiments. The
perspex plates have multiple small diameter holes at predetermined locations that are used to take concen-
tration samples. These holes are connected to tubes which are connected to valves at the outside of the flume
to be able to tap water from the flume. The table has a total of 18 sample locations, however during the ex-
periments not all of them will be used. Figure 6.2 shows the five sample points that will be used. These five
points are chosen based on the model and the first experiments, indicating that the plume will reach the table
between point one and four. Point five is chosen to see if the concentration has returned to the background
concentration, indicating that the particles have settled.

27
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Figure 6.1: Schematic drawing of the (a) front view and (b) top view of the flume
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Figure 6.2: Location of the five sample points to determine the concentration, the indicated distances are in millimeters

Figure 6.3 shows the test setup during the experiments. During visualization experiments a large black cur-
tain covers the flume to block the surrounding light, this is necessary to be able to make high quality video
recordings of the plume.

(a) Test setup (b) Test setup visualization experiments

Figure 6.3: Test set up for the (a) experiments and (b) visualization experiments

6.3. Experiment execution

The preparation for one experiment starts with cleaning the table inside the flume by using a water vacuum
cleaner to remove the particles from a previous experiment. After this, the velocimetry sensor has to be moved
to the correct measurement location and the mixture can be prepared inside the reservoir. The water volume
inside the reservoir is calculated to determine the amount of particles that need to be added. After adding the
particles, the submersible pumps are turned on a few minutes before the start of the experiment to make sure
the mixture is properly mixed. During this time the sensors set up is executed. At the start of the experiment
the valves of the reservoir and pump are opened and the flow meter measurements start. The pump valve is
tweaked until the correct flow velocity is reached. After two minutes of running at the correct flow velocity
the flow is developed and the sensor measuring the velocity profile is turned on. The duration of one test is
about 20 minutes. After this all equipment is turned off, and the particles inside the flume are given about an
hour and a half to settle. Then the whole sequence starts again. During one day of testing about two to three
experiments can be done.

6.4. Measurement instruments

This section explains the working principle of the used measurement instruments and their settings. The
used instruments are the Acoustic Doppler Velocimetry sensor, the FASTEC high speed camera and the GoPro
Hero7, the KATflow 200 flow meter and the Aquatic turbidity meter.
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6.4.1. Acoustic Doppler Velocimetry sensor

The velocity measurements are done with an Acoustic Doppler Velocimetry (ADV) sensor from NORTEK, of
the type vectrino profiler, as shown in Figure 6.5. The probe, the bottom part of the sensor, consists of a trans-
mitter and four receiver arms. The sampling volume spans 4-7 cm below the transmitter and gives the velocity
in x-, y- and z-direction at every millimeter with a sampling rate of 30 Hz. The sensor uses the Doppler Effect
to measure the velocity, a pair of sound pulses is transmitted by the transmitter and partly reflected by the
particles in the water. The shifted reflected signal is received by the receiver arms and processed internally by
the ADV to give the velocity as an output.
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Figure 6.4: Error of the 1-30s, 30-60s, 60-90s average velocities with respect to the average velocity over 90-120s divided by the 90-120s
average velocity for one measurement height

During an experiment the ADV measures the velocity for 60s after which it is raised 15mm. By raising the ADV
15mm instead of 30mm, overlap is created between the different measurement locations. This enhances the
accuracy of the results because the sensor has the highest accuracy at the center of its measuring range. The
choice of measuring a minute at each location is based on a test where the ADV was kept in place for two
minutes. Subsequently the difference between the average velocity over 90-120s and the 1-30s, 30-60s and
60-90s average velocities were determined. This difference was then divided by the previously determined
average velocity over 90-120s to get the relative error shown in Figure 6.4. The graph shows the relative error
at one of the measuring heights that was used to choose the measuring time. As can be seen the relative error
gets smaller by increasing the measuring time. The measurement of the shown graph was in the center of the
diffuser. For the determination of the needed measurement time multiple graphs at different measurement
heights were used. By comparing these graphs the choice was made that measuring for 60s would be suffi-
cient to reduce the error due to the displacement of the ADV to another measurement height. Increasing the
measuring time to 90s was considered not beneficial because this would increase the the measurement time
by 50% and due to the limited amount of time available this implies a reduction in amount of measurement
locations during a test. Since the achieved relative error with a measurement time of 60s is maximum 10 per-
cent, this was considered as a good compromise between accuracy and amount of measurement locations.

6.4.2. High speed camera and GoPro

During visualization experiments the FASTEC-IL5 high speed camera is used to make high speed side view
recordings of the plume. These recordings, together with top view recordings from a GoPro HERO 7, give
information about the behaviour of the plume. The FASTEC high speed camera is set to have a resolution
of 1600x600, frame rate of 130 fps and a shutter speed of 0.350 ms. The GoPro has a frame rate of 60 fps.
Figure 6.6 shows the location of the high speed camera during the visualization experiments. The GoPro is
connected to the frame carrying the black curtain.

6.4.3. KATflow 200

The KATflow 200 flow meter from Katsonic gives the flow through the PVC pipe connected to the diffuser. The
sensor measures the flow velocity every second by emitting ultrasonic signals from two transducers located
on the PVC pipe, as shown in Figure 6.7. These signals are emitted alternately in the direction of the flow and
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sl

Figure 6.5: The ADV sensor Figure 6.6: High speed camera position during testing

opposite to the flow direction. The transit time of the signal in the direction of the flow will be shorter than the
transit time of the signal against the flow direction. The difference between these two signals is measured and
used to determine the average flow velocity. Figure 6.8 shows the control module of the flow meter. Before
every test the temperature of the mixture, needed to ensure the density for the flow calculation is correct, is
changed to the measured temperature in the reservoir.
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Figure 6.7: Attachment of the transducers to the PVC pipe Figure 6.8: The control module of the flow meter

6.4.4. Aquatic turbidimeter

The turbidimeter is used to determine the turbidity in Nephelometric Turbidity Units (NTU) of the samples
taken from the ’tab points’ in the flume. These values are converted to a concentration in gram per liter by
the graph given in Figure 6.10. This graph is determined by measuring samples with a known concentration
in the turbidity meter. An image of the used turbidimeter is shown in Figure 6.9.

6.5. Particle choice

The choice of particles for these tests was based on the limitations of the flume while still wanting particles
that are representative for the expected plume in deep sea mining. Testing with sediment that has a Particle
Size Distribution (PSD) similar to that found in the deep sea is not achievable in this flume. The amount of
particles that would have settled at the end of the flume would not have been sufficient before the plume hits
the back of the flume and reflects [27]. Therefore the choice was made to look at larger particles like glass
beads used for surface cleaning and shot peening. These particles have a density similar to the deep sea sed-
iment and are available in multiple particle size distributions. Since there already is experience with these
particles, which showed that these particles are representative for the behaviour of a plume, these particles
were chosen.

Two particle size distributions of these glass beads were investigated, 40-70 micron and 65-105 micron. The
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Figure 6.9: The Aqualitic turbidimeter [41] Figure 6.10: Turbidity to concentration conversion

choice between the two is made by comparing the advantages and disadvantages while keeping in mind the
goal of these tests, which is to be able to validate the previously explained Matlab model. The two particle
sizes are compared based on five points:

* Representative: how close are the particle sizes to the deep sea sediment particle sizes?

* Mixing: how well do the particles mix in the reservoir?

e Number of tests: the amount of tests that can be executed in the three months available for testing
e NTU measurements: the accuracy of the NTU measurements with the turbidity sensor

* Duration of test: the possible length of a test, this can be shortened due to contamination of the flume,
reducing visibility

Figure 6.11 shows the PSD of both particle sizes, a sample of both particle sizes was analysed by Ahmad Sha-
keel in a Malvern Mastersize 2000 from Deltares. The Malvern Mastersize 2000 analyses the sample based on
laser diffraction. The ds for the particle size 40-70um is 66m and for the particle size 65-105um, 89um. The
sediment discharged during the mining operation has particle sizes smaller than 90um, with a ds( of around
8um [23]. Compared to the ds( of the sediment during the mining operation, both considered particle sizes
for testing are significantly coarser. Therefore the difference in representation of the sediment discharged
during the mining between the two particle sizes is considered minor for these experiments.

The coarser particles have higher settling velocities and are therefore more difficult to keep in suspension.
The problem of mixing the coarser particles was solved by using two submersible pumps in one compart-
ment of the reservoir, creating more turbulence to keep the particles in suspension.

The number of tests was considered most important because of the limited time available for testing. Testing
had to be done in three months of testing three days a week, of which the first month was needed for sensor
calibration and getting familiar with the test setup. With the coarser particles about two to three tests a day
can be done. With the finer particles this is about one or two tests, due to the longer time needed for particles
to settle between tests because of the lower settling velocities.

The NTU measurements will give less accurate results due to the larger settling velocity of the particles, this
was observed during the calibration of the turbidimeter. The particles of 40-70um have a o/ u (standard devi-
ation/average) value of 10% and the particles of 65-105um have a o/ value of 15%. Although the accuracy of
the measurement for the finer particles was better, the lower accuracy of the coarser particles was accepted
due to the advantage of the number of tests that can be executed with these particles.

The test duration between both particle sizes is limited by the amount of mixture in the reservoir. How-
ever, while testing with the finer particles it was observed that these particles contaminate the flume in a few
minutes. Due to the fast contamination it was assumed that these particles would possibly reflect from the
sidewalls and back wall of the flume. This would cause interference with the measurements, especially be-
cause the test duration will be around 20 minutes.
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Thus, the particle size of 65-105 micron was chosen. The particles of 40-70 micron will still be used for a
single visualization test to be able to compare the behaviour of the finer particle size with the 65-105 micron
particles.
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Figure 6.11: Cumulative particle size distribution for 40-70um (black) and 65-105um (blue)

6.6. Diffuser design

The diffuser is designed based on the explanation given in Section 3.5 and Figure 3.7. The diffuser is designed
to operate in the no stall region, where no flow separation is present. The length over width ratio, L/W, is 3.3
and the angle 26 is 11 degrees. Figure 6.12 shows the final design of the connection piece and the diffuser
which are bolted together with a flange. Since a 90 degree bend is necessary because of length limitations
of the flume, the length of the connection piece needs to ensure a developed flow profile at the inlet of the
diffuser. According to Cimbala (2006) a straight connection piece length of 10D is necessary for the flow
profile to recover from the bend [8]. Where, in this case, D is the hydraulic diameter for a rectangular cross
section.

Figure 6.12: Diffuser design

6.7. Test matrix

The test matrix is shown in Table 6.1. The experiments were done at three diffuser heights, 200 mm, 100 mm
and 50 mm, and two diffuser outlet velocities, 0.27 m/s and 0.37 m/s. The initial concentration is equal for all
experiments and has a value of 25g/L. The diffuser height is the height of the bottom of the diffuser above the
table. The choice of the heights is based on common heights of the full scale SMT. With a geometric scaling
factor of 1:15 the tested heights of the diffuser are 3 m, 1.5 m and 0.5 m above the seafloor, respectively. The
velocities correspond to a full scale diffuser outlet velocity of 0.77 m/s and 1.55 m/s, respectively. The test
numbers without an ADV location are the visualization experiments which are done at each diffuser height
for both velocities.

The initial choice of diffuser outlet velocity was different from the presented diffuser outlet velocities and
was based on the Froude number, Reynolds number and common discharge velocities for the SMT. However,
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during the first experiments a problem with the flow at the diffuser outlet was encountered (further explained
in Section 7.2.1). Therefore the velocities were adapted to a velocity which is more relevant for the actual dis-
charge velocity encountered in the mining operation, 0.27 m/s, and a velocity where the problem does not
occur, 0.37 m/s. The two diffuser outlet velocities correspond to a flow rate of 0.3 1/s and 0.6 1/s through the
pipeline where the flow meter is attached.

The ADV measurements are done at three locations, 5D, 10D and 15D, in which D is the inner height of the
diffuser outlet and the distance is measured with respect to the diffuser outlet. At a height of 100 mm a fourth
measurement location at 50D from the impingement point (the point where the center of the plume reaches
the table) was chosen as well. These extra measurements were done to gather knowledge about the density
current.

Test number | Height (mm) | Velocity (m/s) | ADVlocation
1 200 0.27 5D
2 10D
3 15D
4 200 0.37 5D
5 10D
6 15D
7 50D
8 200 0.27 -

9 200 0.37 -

10 100 0.27 5D
11 10D
12 15D
13 50D
14 100 0.37 5D
15 10D
16 15D
17 50D
18 100 0.27 -

19 100 0.37 -

20 50 0.27 5D
21 10D
22 15D
23 50 0.37 5D
24 10D
25 15D
26 50 0.27 -

27 50 0.37 -

Table 6.1: Test matrix

6.8. Suspended sediment concentration

Measurements of the SSC in the reservoir for the duration of one test are shown in Figure 6.13, mixture sam-
ples were taken in the bottom part of the reservoir. It can be seen that the measurements have a large error
and that the measured concentration in general is higher than expected. This can be explained by uneven
mixing in the reservoir. The mixing in the reservoir is done by two submersible pumps which are placed on
the bottom of the reservoir. They are placed in opposite corners to create a flow through the whole reservoir,
keeping the particles in suspension. Because the pumps are placed on the bottom of the reservoir and the
intake and output of these pumps are also located on the bottom of the reservoir the pumps cannot generate
enough turbulence to create an even distribution of particles over the reservoir. The generated turbulence is
assumed to be the largest at the bottom of the reservoir and lower in the upper region of the reservoir. This
could explain the high measured concentrations at the bottom of the reservoir, since less particles are sus-
pended in the upper region more particles are located in the lower region of the reservoir. The concentration
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at the bottom of the reservoir during the experiments is approximately 30% higher than the predetermined
concentration of ¢y=25g/1. This means that the concentration at the diffuser outlet will be higher than ex-
pected.

SSC in the reservoir against time

0.8

0 0.2 0.4 0.6 0.8 1
t/ttotal

Figure 6.13: Measurements of the reservoir concentration over the duration of one test






Results experiment

This chapter discusses the results of the experiments, starting with the results of one set of experiments with
the same initial conditions. After this, the troubleshooting for two problems encountered during the experi-
ments is discussed. Lastly, the analysis of the experimental results is treated.

7.1. Results

This section displays the results of multiple experiments with the same initial conditions, namely a diffuser
height of 100mm and an initial velocity of 0.27m/s. The results for the other experiments are shown in Ap-
pendix A. The measured SSC is discussed first, followed by the velocity profile, bottom deposition pattern
and impingement range. Furthermore a comparison with finer particles is given and the behaviour of the
buoyant jet for a densimetric Froude number smaller than one is discussed.

7.1.1. Concentration

The concentration is determined by measuring the turbidity in NTU with the turbidimeter and calculating
the average concentration and the standard deviation for each sample location. Subsequently the NTU value
is converted into gram per liter with the calibration graph shown in Figure 6.10. The results for experiment 10
are shown in Figure 7.1, displaying the dimensionless concentration c/cy against the dimensionless horizon-
tal distance x/D compared to the background concentration. The value for ¢y is not adjusted to the measured
higher reservoir concentrations and has a value of 25g/L. For this particular experiment samples were taken
from the first 4 sample points because sample point 5 was clogged during the experiment. Fortunately, this
did not cause a lack of data because the measured concentration at location 3 and 4 are already close to the
background concentration, indicating that the suspended sediment in the plume has settled already. It can
be seen that the relative concentration c/ ¢y increases for the first two sample locations and subsequently de-
creases to the background concentration. The increase in the first location shows that the particles start to
settle, at the second location the amount of settling particles has increased as indicated by the higher relative
concentration. This shows that the buoyant jet impinges in the range of these two points.

7.1.2. Velocity profile

For each combination of initial conditions a vertical velocity profile at three locations is measured. To obtain
the graph shown in Figure 7.2, the velocity measurements at each measurement height are averaged over a
duration of 30s. The velocity profile is determined by measuring a profile of 30mm for 60s at each height, sub-
sequently raising the sensor 15mm obtaining overlapping velocity profiles. These overlapping measurements
are averaged as well, giving one velocity value at each millimeter along the vertical velocity profile. The re-
sulting graph in Figure 7.2 shows the velocity profile obtained for experiment 10, 11 and 12, where z/D =0 is
the height of the center of the diffuser outlet and x/D = 0 is the horizontal location of the diffuser outlet. The
lower bound of the y-axis gives the location of the bottom boundary. The red arrows indicate measurements
with an SNR value lower than or equal to 40dB. This value is based on the jump in the SNR data profiles, cor-
responding to the location of the erroneous velocity profile explained in Section 7.2.2. An example of a graph
showing this jump is given in Appendix A Section A.2.1. The development of the buoyant jet can be noticed
by the Gaussian profile visible at x/D =5 and the downward direction of the velocity vectors at the bottom

37
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Figure 7.1: Dimensionless SSC at the sample locations 1, 2, 3 and 4 compared to the background concentration for test 10 (h=100 mm,
1up=0.27 m/s)

of the profile at x/D = 10 and x/D = 15. Indicating that the buoyant jet trajectory bends downward until it
reaches the bottom, subsequently moving further as a density current. The increase in velocity for z/D > 0
is the erroneous velocity profile explained in Section 7.2.2. The velocity profile measured at 50D from the
impingement point is shown in Figure 7.3 and depicts the velocity inside the near bottom turbidity current.
It can be seen that the velocity has decreased significantly at this location but there is still a forward velocity
present at the lowest measurement points, this is the density current. Almost all measurements are shown
in red because of their low SNR values. However, since the amount of particles is low at all measurement
heights at this location, this is expected and does not mean that these measurements are wrong. The x-, y-
and z-velocity profiles for test 10 are shown in Figure 7.4, the y- and z-velocity profiles show a velocity of
approximately Om/s. The z-velocity profile shows a slightly negative velocity below the diffuser centerline,
indicating the settling particles and the bending of the buoyant jet.

Evolution of the velocity profile Velocity profile in x-direction at 50D

Arrow scale: 0.3m/s
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Figure 7.2: Velocity profile for experiment 10, 11 and 12, where Figure 7.3: Velocity profile in x-direction at 50D from the
z/D=0 is the center of the diffuser exit, the dotted lines indicate the impingement point, the red arrows resemble less reliable
diffuser boundaries, the lower bound of the y-axis is the location of measurements
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measurements
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Figure 7.4: Velocity profile for test 10 in (a) x-direction (b) y-direction and (c) z-direction

7.1.3. Bottom deposition pattern

The bottom deposition pattern is determined based on the GoPro footage. First the base frame is determined,
see Figure 7.5 (a). This frame serves as a reference for determining the amount of bottom deposition. Then
the superposed image is determined by converting the images over a time interval of 15s into greyscale images
and superposing these images. A certain start and end time can be chosen, for example, in the image shown
in Figure 7.5 (b), the start time is t=420s and the end time is t=435s. To create the image in Figure 7.5 (c),
the superposed image is divided by the base frame and a step filter is applied to smoothen the edges of the
deposition pattern. Figure 7.5 (c) shows the bottom deposition, and is used to determine the contours shown
in Figure 7.6. This is done by visually locating the points composing the boundary of the deposition and
converting these points into a plot. Since the first 120s of each test are needed to obtain the desired flow
velocity, the first deposition contour is determined at t=120s. The contour at t=420s shows the final deposition
pattern, five minutes after the first contour. The bottom deposition pattern of experiment 18 is shown in
Figure 7.6, this experiment has the same initial conditions as experiment 10, 11 and 12, shown in the previous
figures. It can be seen that the contour is approximately symmetrical and increases in y-direction with time.

7.1.4. Impingement range

The high speed camera footage is used to determine the impingement range of the buoyant jet. However, due
to the density current followed after impingement no distinction could be made between the furthest edge of
the impingement range and the subsequent density current. Furthermore, due to the strong light from below
the plume it was difficult to make a distinction between the location of the nearby edge of the impingement
range and the light from the bottom panel, the flow is too opaque to observe a difference. Moreover, the
density current develops in all directions, thus also in the direction of the diffuser. This means that what is
determined as the beginning of the impingement range, actually is the outer boundary of the density current.
Based on the current footage no distinction can be made between the two, however, the difference is assumed
to be small due to the low discharge heights. This will cause the density current to spread more towards the
positive x-direction since the bottom velocity still has a large component in x-direction. For experiment 18 the
start of the impingement range is approximated by visual inspection of a 30s average image, and is x/D = 5.
This agrees with the shown concentration and deposition pattern when compared to Figure 6.13 and Figure



40

7. Results experiment

(©

Figure 7.5: Image processing steps to determine the bottom deposition pattern, with (a) the base frame, (b) the superposed image, and

(c) the final filtered image at t=420s
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Figure 7.6: Bottom deposition pattern through time, experiment 18

7.6. It can be seen that the concentration is higher than the background concentration at x/D = 8, indicating
that the buoyant jet has reached the bottom and x/D = 5 corresponds to the start of the lateral spreading of

the contour.

7.1.5. Comparison particle sizes

In addition to the experiments done with a particle size of 65-105 micron, two visualization experiments for
a particle size of 40-70 micron were done. These tests have a diffuser height of 100mm and initial velocity of
0.27m/s and 0.37m/s, and are compared to test 18 and 19, which have the same starting conditions.

Figure 7.7 shows the comparison of the final bottom deposition pattern for an initial velocity of (a) 0.27m/s
and (b) 0.37m/s. For uyp=0.27m/s, the spreading in the x-direction of the finer particle size is less than for



7.1. Results 41

Bottom deposition pattern Bottom deposition pattern

t=240s —©—65-105um t=240s
15 F u0=0.27m/s —*—40-70um |4 15 u0=0,37m/s

o o
S0 =0
5 5
10 10
15+ ] -15 | |—e—65-105um
——40-70um
20 . . . . . 20 : . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
x/D x/D
(@) (b)

Figure 7.7: Bottom deposition pattern for both particle sizes, 65-105 micron in black and 40-70 micron in blue, and an initial velocity of
(a) 0.27m/s and (b) 0.37m/s at t=420s

the coarser particle size. This difference can be explained by the way the contour is determined, namely in
the same way as explained in Section 7.1.3. The finer particles will stay longer in suspension because of their
lower settling velocity, thus the particle build up height is less, making it harder to detect the visual edge. This
can be noticed when comparing Figure 7.8 (a) and (b), showing the filtered images of the bottom deposition
for an initial velocity of 0.27 m/s at time t=420s for a particle size of 65-105 micron and 40-70 micron, re-
spectively. The grey area in the left image shows the amount of settled particles, a darker area means more
particles are present. In the right image the grey area is less evident, indicating that less particles have settled.
This shows that the coarser particles settle faster than the finer particles. The bottom deposition pattern for a
higher velocity shows no significant difference between both particle sizes, but a similar difference in thick-
ness of the bottom deposition is noticed as in the case of 1(=0.27m/s.

Figure 7.8: Filtered average image of bottom deposition for a particle size of (a) 65-105 micron, test 18 and (b) 40-70 micron, test 30 at
t=420s

A comparison of the start of the impingement range (x/D), determined through image processing of the high
speed camera footage, between the two particle sizes is shown in Table 7.1. The determined start of the
impingement range for both particle sizes are quite similar for both initial velocities. However, since fine
particles stay longer in suspension, the beginning of the impingement range is expected to be further away
from the source. This cannot be seen in Table 7.1, and can be explained by the small difference in dsp and the
determination of the start of the impingement range through visual inspection of the camera footage.
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Table 7.1: Comparison of the impingement point for a particle size of 40-70 micron and 65-105 micron

ug [m/s] | 40-70 micron | 65-105 micron

x/D x/D
0.27 3.5 5
0.37 11 10

7.1.6. Densimetric Froude number <1

To investigate the behaviour of the buoyant jet for a densimetric Froude number inside the subcritical region,
meaning it is lower than the one (see Section 3.2.4), a visualization experiment was done. The Froude number
was lowered by decreasing the initial velocity to 0.03m/s, while keeping all other initial conditions the same.
The experiment was done at a diffuser height of 50mm. In Figure 7.9 the averaged image of the high speed
camera footage for a densimetric Froude number of 0.5 and 3.5 are shown. The experiment with a densi-
metric Froude number of 3.5 was experiment number 26, which has the same initial conditions except for a
higher initial velocity of 0.27m/s to obtain a densimetric Froude number of 3.5. Despite of the higher initial
velocity in Figure 7.9 (b) the buoyant jet bends earlier than the buoyant jet in Figure 7.9 (a). The maximum
velocity in a buoyant jet with Fry < 1 is located at the boundary of the buoyant jet, preventing entrainment
of ambient fluid. This also causes particles to stay inside the buoyant jet for a longer time, causing the bend-
ing of the buoyant jet to start later than for Fry > 1. Figure 7.10 shows the GoPro footage, where the diffuser
contour can be noticed at the right of the figure. In front of the diffuser some slightly darker spots can be
noticed, these are a combination of the buoyant jet and settled particles. Due to the high intensity of the
LEDs, only a part of this is visible, but in reality the buoyant jet and particle deposition are continuous. It can
be noticed that the darker spots increase in width only slightly, meaning that the buoyant jet barely spreads
laterally, this indicates that there is practically no entrainment of the ambient fluid, as would be expected
with a densimetric Froude number lower than one.

(b)

Figure 7.9: Averaged image of the high speed camera footage for a densimetric Froude number of (a) 0.5 and (b) 3.5
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Figure 7.10: GoPro image of the average image relative to the background, the diffuser can be seen on the right and the slightly darker
spots in front of the diffuser is the buoyant jet

7.2. Troubleshooting

During the experiments two problems were encountered and further investigated, the explanation of both
problems is given in this section. The first problem was the fall-out of sediment at the diffuser outlet, this
phenomena was noticed while starting with the first experiments. The second encountered problem was
discovered while analysing the data, where an erroneous velocity profile was noticed.

7.2.1. Fall-out of sediment at diffuser outlet
During testing a phenomena was encountered where sediment seemed to fall out the bottom of the diffuser
outlet, as can be seen in Figure 7.11. Multiple actions were taken to determine the cause of this phenomena.

¢ Alignment of the diffuser
¢ Increase the flow rate
¢ Change the start up procedure

¢ Use of a by-pass over the pump to limit the flow rate

Polish the bottom edge of the diffuser exit

Calculate the critical flow velocity
¢ Measure the x-velocity profile at the diffuser exit

The alignment of the diffuser was checked, bad alignment of the diffuser might influence the velocity profile
inside and at the exit of the diffuser. It was found that the coupling piece and the diffuser were not properly
aligned. However, after alignment and testing it was concluded that the problem was not solved.

A next step in searching for the cause of the problem was taken by testing if the phenomena was present at
multiple flow rates. The flow rate was increased step by step and it was concluded that at a flow rate of 0.6
1/s and above, corresponding to a flow velocity of 0.4 m/s through the system, the phenomena is not present
anymore. However, this did not solve the problem since testing at flow rates above 0.6 1/s would be less rele-
vant for deep sea mining purposes.
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Figure 7.11: Sediment fallout

The valve located at the pump outlet regulates the flow rate, to check if this valve influences the occurrence
of the phenomena, the pace with which the valve is opened and closed is altered. For example, for one test
the valve is completely open initially, the flow rate is now at its maximum. Then the valve is closed slowly
until the required flow rate is reached. The idea behind this, is that by closing the valve rapidly the flow inside
the pipe also changes rapidly, causing a sudden flow change that influences the outlet flow profile. However,
if the valve is closed slowly the flow does not encounter a sudden change and the flow profile has time to
recover. Unfortunately, after testing different procedures, for example first opening the valve completely and
than slowly closing it until the right flow is reached, it was found that this did not solve the problem.

In order to limit the use of the pump valve to regulate the flow rate a by-pass was used. With the by-pass
an extra flexible hose connected to the pump inlet and exiting inside the reservoir is meant. The amount of
mixture flowing through the by-pass can be regulated by a ball-valve, hereby the flow through the pump can
be limited. The idea behind this is similar to the previous point, limiting the closure of the pump valve to
minimize the interference with the flow. However, after testing it was found that this also did not solve the
problem.

The next step was to polish the edge of the diffuser outlet to create a smoother path for the flow to follow
when exiting the diffuser. However, this as well did not solve the issue.

The critical flow velocity, the minimum velocity necessary to keep particles of a certain size in suspension,
was calculated to see if this was causing the sediment to form a granular bed. The calculated critical flow
velocity for particles of 65 micron is 0.23 m/s and for the particles of 105 micron 0.41 m/s. This is based on
the MTI model [29], however this is an empirical model based on data for circular pipelines with a diameter
larger than 200 mm, while the coupling piece and diffuser have a rectangular cross-section with a height of 30
mm. Other models used to calculate the critical velocity pose the same problem. Inside the PVC pipe section
the velocity is around 0.55 m/s and it slows down to and average velocity of approximately 0.3 m/s at the
diffuser exit. Thus the exit velocity is lower than the critical velocity, which might explain why the sediment
falls out of the diffuser exit. However, it remains uncertain if this causes the problem since the critical velocity
calculations are based on a model that is not valid for a small diameter and rectangular pipe section.

During testing of all these possible solutions, the x-velocity profile at the diffuser exit was measured. Figure
7.12 shows the profiles at the diffuser exit at both flow rates. It can be seen that the flow in the x-direction
shows a Gaussian profile, as should be according to theory. As can be seen in both figures the highest speed is
not encountered in the centre of the diffuser as would be expected. However, this could be caused by the fact
that the velocity profiles are not measured immediately at the exit of the diffuser but approximately 6 cm in
front. This is because the ADV could not measure closer to the exit due to the length of the receiver arms. The
Lagrangian model of Chapter 5 was used to determine the expected bending of the centerline velocity at a
distance of 6 cm from the diffuser outlet. This resulted in an expected height difference of 4mm for an initial
flow velocity of 0.27m/s and 2mm for an initial flow velocity of 0.37m/s. Indicating that the bending of buoy-
ant jet lowers the profile. For the initial flow velocity of 0.27m/s it can be seen that the measured velocities at
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the bottom of the diffuser are lower than those at the top. This is not the case for the other flow velocity. This
shows that there is a difference in velocity profile between the two flow velocities but this could be the result
of the phenomena and shows that it is possible that the phenomena has an influence on the measured results.

In addition, it was noticed that the phenomena did not always occur even though the initial conditions were
the same, adding to the confusion of what might be the cause. In the end it was decided that due to time
limitations the search for the cause of this phenomena would stop and the presence of this phenomena in
experiments at velocity of 0.27 m/s would be accepted.

Velocity profile at diffuser outlet Velocity profile at diffuser outlet
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Figure 7.12: Velocity profile of the velocity in x-direction at the diffuser outlet for an initial velocity of (a) 0.27m/s and (b) 0.37m/s

7.2.2. Erroneous velocity profile

During multiple tests a velocity significantly larger than zero was noticed in the velocity profiles above the
buoyant jet. At these locations the velocity is expected to be around zero, since the buoyant jet does not
influence these locations. One of these velocity profiles, measured at location 2 (see Figure 7.13) and the
corresponding SNR profile above the buoyant jet are shown in Figure 7.14. The SNR (Signal-to-Noise Ratio)
is the amplitude relative to the instrument noise level and is measured in decibels. The higher the ratio
the better the signal strength. If the mean of the data over a certain time is taken, which is the case for
these graphs, an SNR value of at least 5 dB is recommended by Nortek [33]. As can be seen from Figure
7.14 (b), the SNR value stays above the recommended 5 dB. However, it can also be noted that the SNR value
decreases when the measurement height increases, this is due to the decrease in particle concentration. Thus
the noise at the highest measurement points is larger than at the lower measurements points resulting in a
lower accuracy for the measured velocities at these higher measurement points.

Location 2
Location 1

Diffuser

Figure 7.13: Measurement locations of the measured velocity profiles above the diffuser and buoyant jet
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Figure 7.14: Profile of the (a) x velocity and (b) SNR above the buoyant jet

Since the SNR profile only shows a lower accuracy of the measurement points, this could not with certainty
be seen as the cause of the high velocities measured. As a next step to find the cause, velocity measurements
above the diffuser were taken, location 1 in Figure 7.13, while discharging at an initial flow velocity of 0.27m/s,
showing whether the faulty velocity measurements are caused by the flume. Figure 7.15 shows the graphs of
the velocity and SNR profile resulting from these measurements. It can be seen that the SNR value stays
above 10dB, however, at a height of approximately 220mm and higher the SNR value decreases significantly.
The x-velocity profile shows that the velocity is approximately zero at the beginning but increases from a
height of approximately 220mm onward. Since these results are not conclusive as well, another test was
done to exclude that the faulty velocity profile is caused by the flume. A cord with a nut attached as mass,
was lowered into the flume while discharging the buoyant jet. Above the diffuser the cord did not show any
movement, indicating that no velocity was present. Therefore it can be assumed that the velocity is zero
above the diffuser, and no flow effects due to the flume are present. The cord was also used in front of the
diffuser, here the outflow pattern of the diffuser was clearly visible at the height of the diffuser outlet. But at
locations higher than the diffuser outlet, no velocity profile was observed. If there would have been a velocity
profile with measured velocities equal to those of the maximum velocity in Figure 7.14, this would have been
visible since these are approximately equal to the measured velocities at the diffuser outlet height. Therefore,
it can be concluded that these measured velocities are faulty and it is concluded that they are caused by the
ADV sensor. While inspecting the velocity data it was noticed that the erroneous velocity profile is present
at locations where the amount of particles is low and the SNR value becomes lower than 40dB (see Section
7.1.2). Based on this observation it was chosen that all measured values with an SNR value lower than 40dB
would be considered less reliable and shown in red in the velocity profiles. The values with higher SNR values
are considered reliable and are shown in black in the velocity profiles.

Velocity profile above diffuser SNR profile above diffuser
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Figure 7.15: Profile of the (a) x velocity and (b) SNR above the diffuser
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7.3. Analysis

This section describes the data analysis of the velocity, concentration, bottom deposition pattern and im-
pingement range. The results are analysed based on the offset ratio, OR = h/D, where h is the height of the
center of the diffuser above the bottom boundary and D is the slot height.

7.3.1. Velocity

The velocity profiles for the tested offset ratios are analysed for each measurement location and both initial
velocities. Figure 7.16 and Figure 7.17 show the velocity profiles at different locations for an initial velocity
of 0.27m/s and 0.37m/s, respectively. The dotted line shows the boundaries of the diffuser and the red data-
points are considered less reliable based on the SNR profile and are therefore not taken into account in this
analysis.

The velocity profiles for 1(=0.27m/s for an offset ratio of 7.33 are shown in Figure 7.16 (a). The Gaussian pro-
file is evident at all measurement locations, and the maximum velocity (or centerline velocity) decreases with
increasing distance x/D. The height of the Gaussian profile at x/D=15, in this case the height of the density
current, since at this location the buoyant jet has already impinged, compared to the other two offset ratios
is larger. Since the settling velocity of the particles is equal, this means that it will take longer for the particles
to settle, suggesting that the particles will spread further.

The velocity profiles for an offset ratio of 4 are shown in Figure 7.16 (b). At this offset ratio the Gaussian profile
is clearly visible at the measurement location closest to the diffuser outlet, x/D=5. At the other two measure-
ment locations no Gaussian profile is present. The velocity profile at x/D=15 shows a near bottom relative
velocity, u/uy, of approximately 0.4.

The velocity profiles for an offset ratio of 2.33 are shown in Figure 7.16. Since the buoyant jet impinges at
x/D=1.5 for this offset ratio and initial velocity (see Appendix A), no Gaussian profile is present. The cen-
terline velocities at x/D=5 and x/D=10 are visible at z/D=1. The centerline velocity at x/D=10 is the highest
centerline velocity at this measurement location for all offset ratios, however it is unclear how the profile
evolves up to the bottom boundary. This is because measurements were stopped at three centimeters above
the table. The velocity profile at x/D=15 is similar to the velocity profile at this location for an offset ratio of 4,
both show a near bottom relative velocity, u/ 1, of approximately 0.4.

The centerline velocity, the highest velocity below the dotted lines illustrating the diffuser boundaries, at
x/D=5 is largest for OR=7.33 and smallest for OR=4. The centerline velocity for OR=2.33 is in the middle and
a full Gaussian profile is not visible. The near bottom velocity increases with decreasing offset ratio, as would
be expected since a lower diffuser height causes the buoyant jet to develop closer to the bottom boundary.
However, at measurement location x/D=15 the velocity values are similar for an offset ratio of 4 and 2.33.

Figure 7.17 gives the velocity profile for an initial velocity of 0.37m/s. The Gaussian profiles are clearly visible
at the first measurement location, x/D =5, for all offset ratios. In this case the centerline velocity is similar for
all three offset ratios and the near bottom velocity is highest for an offset ratio of 2.33, at x/D=5. At the second
measurement location, x/D=10, the Gaussian profiles are still visible for an offset ratio of 7.33 and 4, but the
location of the profile is lower, indicating the bending of the buoyant jet. The velocity profile for an offset
ratio of 2.33 still shows a maximum, but it is not clear what the profile looks like in the last three centimeters
to the bottom boundary. Also at this location, the centerline velocities for the three offset ratios are similar
is magnitude. For measurement location x/D = 15 the velocity profile still has a clear Gaussian profile for an
offset ratio of 7.33. For the other two offset ratios the velocity profile shows an increase in velocity towards
the bottom, but it is unclear what happens in the last three centimeters above the bottom boundary.

The relative near bottom velocities are approximately 0.4 or 0.6 at x/D=15, for an initial velocity of 0.27m/s
or 0.37m/s, respectively. This corresponds to a velocity of 0.1m/s for 1#(=0.27m/s and a velocity of 0.2m/s
for up=0.37m/s. These are the velocities at experiment scale, for the full scale mining operation these veloc-
ities will be larger. Both the near bottom velocities at experimental scale and full scale have the potential of
resuspending particles [12].
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Figure 7.16: Velocity profile at different measurement locations for an offset ratio of (a) OR=7.33, (b) OR=4 and (c) OR=2.33, the dotted
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Figure 7.17: Velocity profile at different measurement locations for an offset ratio of (a) OR=7.33, (b) OR=4 and (c) OR=2.33, the dotted
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7.3.2. Concentration

The relative SSC, c¢/cy, is analysed for the three offset ratios and both initial velocities, the resulting graphs
are shown in Figure 7.18. It can be seen that for an offset ratio of 2.33, for both initial velocities, the bottom
concentration is high and shows a clear maximum with a relative concentration c/cp > 1. Since the concen-
tration along the centerline is higher than the concentration at the boundaries of a buoyant jet, the maximum
indicates the location where the center of the buoyant jet approximately impinges. The measured values are
larger than one because the particles have accumulated at the table, where the sample points are located,
resulting in a higher concentration than the initial concentration.

For an offset ratio of 7.33 the development of the SSC is similar for both initial velocities, c/ ¢y stays low and
shows a slight increase around the point where the buoyant jet approximately impinges. A higher diffuser
outlet means that it will take longer for the buoyant jet to reach the bottom boundary, therefore the dilution
of the buoyant jet will be larger than for a buoyant jet discharge close to the bottom boundary, hence the lower
concentration values. In Figure 7.16 and Figure 7.17 it can be noticed that the velocity profiles for OR=7.33,
at measurement location x/D =5 and x/D=10 are similar. At measurement location x/D = 15 the velocity
profile for the lower velocity has reached the table, however the velocity profile for the higher velocity has not
jet reached the table. This is a difference that can also be noticed in the concentration profile, where for the
lower velocity the largest relative concentration is seen just after x/D = 15 and for the higher velocity this is
at x/D =25.

The offset ratio of 4 shows different behaviour for both initial velocities, for the lower velocity the develop-
ment is similar to that of OR=7.33, whereas for the higher velocity the behaviour is similar to OR=2.33. This
can be explained by looking at the velocity profiles from Figure 7.16 and Figure 7.17. For the lower initial
velocity comparing the velocity profiles for the two highest offset ratios shows that the bottom velocities for
OR=4 are higher than those for OR=7.33, thus the buoyant jet has reached the bottom. This explains the
slightly higher SSC for OR=4 at the first two sample locations. For the higher initial velocity the velocity pro-
file for the two lowest offset ratios show similar near bottom velocities, explaining the similar concentration
development.
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Figure 7.18: SSC at the bottom boundary with increasing distance x/D for different offset ratios and an initial velocity of (a) 0.27m/s and
(b) 0.37m/s

7.3.3. Bottom deposition pattern

The bottom deposition pattern at different times and offset ratios is analysed. Figure 7.19 shows the depo-
sition pattern at t=420s for the different offset ratios and the two initial velocities. For an initial velocity of
0.27m/s, the left figure, the width of the bottom deposition is the largest for an offset ratio of 4. The contours
for an offset ratio of 2.33 and 4 show an immediate increase in width, indicating that the buoyant jet impinges
close to the diffuser outlet. Comparing these contours to the contour for an offset ratio of 7.33 shows a differ-
ence until x/D = 17, the impingement range for this offset ratio starts further away from the source, thus the
particles will settle at a larger distance from the source. The right figure, showing the contours for an initial
velocity of 0.37m/s, displays similar deposition patterns for all three offset ratios. The increase in width starts
at the same distance from the source and the width of the contour is similar as well. This indicates that there
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is no significant difference for this velocity when looking at the bottom deposition pattern for different offset
ratios.
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Figure 7.19: Bottom deposition pattern for different offset ratios at t=420s, (a) up=0.27m/s and (b) up=0.37m/s

The averaged images used to determine the bottom deposition pattern for an initial velocity of 0.27m/s at
t=420s are shown in Figure 7.20. The diffuser can be seen at the bottom of each image. The grey area in
each image shows the settled particles. A darker area means that more background light is blocked, and thus
more particles are present. The buoyant jet can be observed in the first image, OR=7.33, as the straight grey
area immediately in front of the diffuser. For the other two images this is less visible, since the buoyant jet
impinges closer to the source. It can be noticed that even though the width of the grey area is similar for
each offset ratio, the amount of particles is different. For a large offset ratio the least particles are present,
indicating that these are spread further away by the density current. The images for an offset ratio of 4 and
2.33 are quite similar, although the grey area for an offset ratio of 2.33 is slightly darker and the darkest area
starts closer to the diffuser.



7.3. Analysis 51

(@) (b)

(©

Figure 7.20: Averaged image of the top view of the bottom deposition pattern with an initial velocity of 0.27m/s at t=420s, (a) test 8
OR=7.33, (b) test 18 OR=4, and (c) test 26 OR=2.33

7.3.4. Impingement range

Figure 7.21 shows the start of the impingement range for different offset ratios for both tested initial velocities.
It can be noticed that the start of the impingement range increases with increasing offset ratio. Also, for
an initial velocity of 0.37m/s, increasing the offset ratio from 2.33 to 4 gives a larger increase in x/D than
increasing the offset ratio from 4 to 7.33. The same can be said for an initial velocity of 0.27m/s although
the difference is smaller. This shows that the start of the impingement range increases with increasing offset
ratio, but the increase in impingement range decreases with increasing offset ratio.

Stagt of the impingement range for different offset ratios
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Figure 7.21: Comparison of the start of the impingement range for the three tested offset ratios






Results model

This chapter discusses the results of the model and combines these results with the results of the experiment
to validate the model. The initial concentration for all model results shown in this chapter is adapted to
the increased reservoir concentration explained in Section 6.8. The figures shown in in this chapter are for
up=0.27m/s, all graphs for ©(p=0.37m/s are shown in Appendix B.

8.1. Trajectory

The model prediction for the buoyant jet trajectory and width is shown in Figure 8.1, where the bottom
boundary is located at z/D=0. The datapoints are the locations of the measured centerline velocity during
the experiments and give an indication of the centerline trajectory of the buoyant jet during the experiments.
It can be noticed that these points are good agreement with the model prediction for all offset ratios. The
model prediction of the impingement range shows that the location of the impingement range increases for
increasing offset ratios. Furthermore, the width of the impingement range decreases for increasing offset
ratios.
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Figure 8.1: Model and experiment results of the buoyant jet trajectory for #(=0.27m/s

8.2. Suspended sediment concentration

The evolution of the average SSC predicted by the model is shown in Figure 8.2. The average SSC is made
dimensionless by the initial concentration and plotted against the length of the buoyant jet trajectory until
impingement, s. The datapoints are the concentrations at the impingement point measured during the ex-
periments. It can be noticed that the model prediction and experiment values are in good agreement for an
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offset ratio of 7.33 and 4. For an offset ratio of 2.33 the measured concentration is higher. This could be due to
the larger accumulation of sediment at the sample location for a low offset ratio. The model prediction shows
that the average concentration at impingement decreases with an increasing offset ratio, as is expected since
a higher offset ratio means more time for dilution.

Average concentration evolution for different offset ratios
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Figure 8.2: Model and experiment results of the average suspended solid concentration for 1#9=0.27m/s

8.3. Velocity

The average x-velocity and z-velocity development are shown in Figure 8.3 (a) and (b), respectively. Both are
plotted against the length of the buoyant jet trajectory, where the end of the trajectory is the moment the
buoyant jet impinges. The datapoints are the average velocities determined by averaging the velocities inside
the measured Gaussian profiles of the experiments.

The average x-velocity profile, Figure 8.3 (a), shows that the velocity, u,,g, at impingement decreases for an
increasing offset ratio. Because it takes longer for the buoyant jet to impinge there is more time for entrain-
ment, decreasing the density difference and causing the velocity to decrease. Because there is no bottom
boundary present in the model and the line is cut-off at a given height, the velocity is not zero at the bottom.
Comparing the model prediction to the measured datapoints illustrates that they are in good agreement. For
a discharge velocity of #9=0.37m/s the model prediction is still in the same order as the measured values, but
the difference is bigger. The standard deviation for the measured velocity is approximately 0.07m/s, which is
equal to a standard deviation of approximately u4,¢/19=0.2. The model prediction is still inside the standard
deviation. Moreover, it is expected that the model overestimates the bending of the buoyant jet because it
ignores the interaction between individual particles (see Section 5.1.3). Overestimating the bending in the
model implies that the velocity in x-direction would be lower for the model than for the experiment.

The average z-velocity profile, Figure 8.3 (b), shows that the velocity near the bottom boundary increases for
an increasing offset ratio, since gravity has more time to accelerate the buoyant jet. It can be noticed that the
model prediction overestimates the z-velocity, especially for the second datapoint at an offset ratio of 7.33.
The same can be seen for a discharge velocity of 14p=0.37m/s. For both initial velocities the standard deviation
of the measurements is approximately 0.03m/s, and it can be noticed that the model prediction lies inside the
standard deviation of the measured datapoints for most datapoints. Moreover, it is expected that the model
overestimates the bending of the buoyant jet because it ignores the interaction between individual particles
(see Section 5.1.3). Overestimating the bending means that the predicted z-velocity would be larger than the
measured z-velocity, as is the case in this graph.
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Figure 8.3: Model and experiment results for #9=0.27m/s, (a) average x-velocity evolution and (b) average z-velocity evolution

8.4. Impingement range

The start of the impingement range is compared to the model prediction, see Table 8.1. Comparing the results
of the model with those of the experiments shows that the results are in good agreement. For 1(=0.27m/s and
adiffuser height of 50mm and 100mm, and for ©(=0.37m/s and a diffuser height of 50mm, the model estimate
is larger than the experiment value. This is different than the expectation that the model would overestimate
the bending (see Section 5.1.3). This could be explained by the difficulties encountered in determining the
impingement range and is only a small difference, maximum 2D. Moreover, the start of the impingement
range is, in this case, the outer boundary of the density current, the actual start of the impingement range
will be at larger values of x/D. This would result into a smaller difference between the model and experiment
values. For uyp=0.27m/s and a diffuser height of 200mm, and for #(=0.37m/s and a diffuser height of 100mm
and 200mm, the model value is smaller than the experiment value. This is in agreement with the expectation
that the model would overestimate the bending and would still be the case if the experiment value would be
larger than the currently measured value. The estimated difference is at most 3.5D, and still gives a good first
estimate of the impingement of the buoyant jet.
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Table 8.1: The start of the impingement range calculated by the model and determined through experiments

up [m/s] h[mm] Model Experiment

x/D x/D
50 3.5 1.5
0.27 100 5.5 5
200 7.5 9
50 4 3.5
0.37 100 6.5 10
200 9.5 13

8.4.1. Deposition width to impingement range ratio

The ratio between the width of the bottom deposition pattern and the predicted length of the impingement
range is determined to relate the model prediction to the results of the experiment. This could be used to
give an indication of the deposition width when using different input values for the model. The ratios for
both tested discharge velocities and all diffuser heights are shown in Table 8.2. These results indicate that
multiplying the model prediction of the length of the impingement range with a factor 5 to 6 would give a
good first estimate of the width of the bottom deposition.

Table 8.2: Ratio of the deposition width of the experiments over the model prediction of the length of the impingement range

up [m/s] h[mm] Ratio [-]

50 5
0.27 100 7.5
200 6.5

50 4

0.37 100 6

200 5.5



Discussion

The objective of the experiments and the model was to investigate the influence of the diffuser height on
the spreading of the buoyant jet. This chapter discusses the results, both from the experiments and model.
Furthermore, the limitations of the experiments and model and recommendations for further research are
discussed.

9.1. Results

The influence of the diffuser height on the velocity, concentration, bottom deposition pattern and impinge-
ment range are discussed individually in order to combine the results into a single conclusion in the next
chapter.

9.1.1. Velocity

The influence of the diffuser height on the velocity profile of the buoyant jet is similar for both tested dis-
charge velocities. The results of the experiments and model were compared based on the offset ratio, OR=h/D,
where £ is the height of the center of the diffuser above the bottom boundary and D is the slot height. Ac-
cording to the measured velocity profiles of the experiment, the diffuser height influences the magnitude of
the centerline velocity of the buoyant jet marginally, therefore it is concluded that the diffuser height does
not have a significant influence on the magnitude of the centerline velocity. The velocity profiles show that it
takes longer for a buoyant jet discharged at a large offset ratio to impinge than for small offset ratios. Further-
more, the model shows that a lower diffuser height means a higher bottom velocity at impingement. Since
the velocity at the lowest three centimeters above the table was not measured during the experiments the
conclusion about the bottom velocity is drawn for a height of three centimeters above the table. The veloc-
ity profiles measured at this height show that for an offset ratio of 4 and 2.33, the velocity decay and profile
are similar. The relative near bottom velocity is approximately 0.4 for 1(=0.27m/s and 0.6 for 1y=0.37m/s,
this corresponds to velocities of 0.1m/s and 0.2m/s, respectively. These velocities are the experimental scale
velocities, the full scale velocities will be 0.4m/s and 0.77m/s, respectively. Both have the potential of resus-
pending particles, since previous research has shown that flow velocities of 0.07m/s will possibly resuspend
the settled aggregates [12].

The velocity profiles can be compared to the velocity profiles found by Kishore and Dey (2016) [22] for a
submerged offset jet. The evolution of the velocity profile found in this study is similar to that found in these
experiments (see Figure 9.1). However, the underlying mechanism is different. In the case of Kishore and
Dey a single phase flow is discharged into a fluid of similar density with an initial velocity between 1.1 and
1.8m/s, and the bending of the jet is caused by the Coanda effect. However, in this research a two-phase
flow is discharged into a fluid of different density with an initial velocity that is approximately four times
smaller, and the bending of the plume is most likely caused by the negative density difference. Despite this
difference, the evolution of the velocity profile found in the research into submerged offset jets can be used in
the research into the horizontal discharge plume because of their similarities in development. Furthermore,
the diffuser outlet and the wall were not aligned in this research. During the mining operation the diffuser
will be aligned with the rear of the SMT, which will influence the flow pattern. This will probably create a
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recirculation region as was seen in the research of Kishore and Dey, see Figure 9.1 [22]. Depending on the
magnitude of the flow in the recirculation region, bottom erosion directly behind the SMT may develop. Due
to the flow pattern these particles will mix with the plume, increasing the size of the plume.
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Figure 9.1: Schematic overview of the flow zones in a submerged offset jet [22]

9.1.2. Concentration

Both the experiments and the model show that the bottom concentration increases for a decreasing diffuser
height. The sediment concentration during the experiments is determined by taking samples at different
locations, these samples are taken one by one. Meaning that the first sample is taken at the beginning of the
experiment and the last sample near the end. Since the amount of discharged and settled particles during an
experiment increases with time, the measured values might differ from the instantaneous concentration and
measurements taken later in the experiment might be higher.

9.1.3. Bottom deposition pattern

The results of the experiment show that for an initial velocity of 0.27m/s and offset ratio of 4, the width of the
deposition contour is the largest. For a higher initial velocity the diffuser height has no influence on the lateral
spreading of the particles. The images shown in Figure 7.20 indicate that increasing the offset ratio causes
particles to spread further away from the source, hence the light grey color in the figure for a large offset ratio.
Thus, a small offset ratio means that particles will settle close to the source and therefore less particles will
spread further away from the source. The bottom deposition pattern cannot be determined by the model,
but a relation between the width of the bottom deposition pattern determined through the experiments and
the length of the impingement range predicted by the model can be determined. Multiplying the model
prediction of the length of the impingement range with a factor 5 to 6 would give a good first estimate of the
width of the bottom deposition.

9.1.4. Impingement range

Both the experiments and the model show that increasing the offset ratio increases the start of the impinge-
ment range. However, this influence decreases when the diffuser height is increased. During the experiments,
the start and end of the impingement range were difficult to determine because no distinction between the
buoyant jet and the density current, that develops in all directions after impingement, could be made. There-
fore it was chosen to use the boundary of the density current closest to the diffuser as the start of the impinge-
ment range. The actual start of the impingement range is in this case always underestimated.

9.2. Limitations and recommendations

This section discusses the limitations and recommendations of the experiment and the model.



9.2. Limitations and recommendations 59

9.2.1. Experiment

The dimensions of the flume influenced the particle choice, the particles chosen for this research are round
and coarser than the particles discharged during the mining operation. It was not possible to use finer par-
ticles or real sediment, since these would not have settled before the edges of the table. Moreover, the finer
particles would reflect of the sidewalls and interfere with the buoyant jet. The sediment mixture discharged
by the SMT consists of clay and silt particles suspended in salt water, which have the potential to form flocs
that could be beneficial for the deposition of sediment. This could not be tested in this flume because it was
not made for salt water testing. Besides, since time was limited in this research the preparation time for these
kind of experiments was not acceptable.

During the mining operation, the combination of deep sea sediment and salt water will cause flocculation,
resulting in the formation of aggregates containing a large number of single grains. These aggregates have dif-
ferent densities, sizes and shapes than single particles, therefore the settling behaviour of these aggregates is
different and they have larger settling velocities. The glass beads used in this research do not form aggregates.
Settling velocities in this research are in the order of 0.1m/s, whereas settling velocities of the aggregates are
thought to be 0.01m/s for the largest aggregates and 0.0001 m/s for the smallest aggregates [12]. Even though
settling velocities are increased by flocculation during the mining operation, compared to this research they
are still at least one order in magnitude smaller. Therefore it is expected that the real sediment will spread
further than is found in this research.

The experiments in this research were done with a fixed diffuser, however during the mining operation the
diffuser will be part of the SMT which is moving at a velocity of approximately 0.5m/s during the discharge
of the sediment-water mixture [23]. The movement of the SMT will create a wake, thereby influencing the
behaviour of the buoyant jet. CFD simulations have shown that the height of the plume is increased by the
wake of the SMT [34]. Due to the increased flow velocity caused by the wake, the velocity inside the buoyant
jet will probably increase, resulting in increased spreading of the sediment. Furthermore, depending on the
size of the wake and the velocity of the fluid inside the wake, this could potentially resuspend settled particles.

The mixing of the water-particle mixture was done by two submersible pumps located at the bottom of the
reservoir. It was found that this caused uneven mixing through the reservoir and caused the initial concen-
tration to be higher than expected. Therefore it is recommended to improve the mixing, this could be done
using a system similar to a food or concrete mixer, where the length of the blades cover a large part of the
reservoir. This helps create even mixing throughout the reservoir.

The initial SSC in this research is at the higher side of the SSC values expected during deep sea mining. A lower
concentration would reduce the buoyancy flux by reducing the mixture density. Due to the reduced buoyancy
flux, the velocities inside the plume would be lower as well, resulting into a reduction of the spreading of the
sediment.

During the investigation into the cause of the sediment fall-out at the diffuser outlet, it would have been help-
ful to see the flow inside the diffuser. Although many possible solutions to the problem were investigated, the
real cause of the problem was not found. Moreover, the implications of this phenomena on the measure-
ments is not clear. However, comparing the results to the experiments with a higher initial velocity, where
the phenomena did not occur, does not show a difference in overall behaviour. Because of the occurrence of
this phenomena, it is advised to do further testing with a see-through diffuser, giving more insight in the flow
through the diffuser.

During the data analysis it was found that the footage from both the GoPro and the high speed camera were
difficult to assess. The quality of the GoPro footage could be enhanced by replacing the current photo paper,
which is damaged by the cleaning of the flume. The addition of a second layer of photo paper might help to
reduce the visibility of the LED strips in the footage. The high speed camera images could be enhanced by
using horizontal light instead of vertical.

A densimetric Froude number inside the subcritical region should be avoided since the experiment showed
that the particles will, in this case, hardly settle near the source (see Section 7.1.6). Since the spreading of
the buoyant jet needs to be limited, it is beneficial if particles settle close to the source. It is therefore recom-
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mended to keep the densimetric Froude number above one.

9.2.2. Model

It was necessary to make certain adaptations and assumptions to the model because modelling the full prob-
lem is too complex and time-consuming. Currently no bottom boundary, individual particles, continuous
input and possibility to add a current are present in the model. The model validation shows that the model
gives a good first estimate of the buoyant jet behaviour. However, a next step would be to add these parts,
thereby increasing the accuracy of the model prediction of the buoyant jet behaviour in the region until
impingement. Moreover, this model can be used as input for modelling the density current to predict the
spreading after impingement.
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Conclusion and recommendations

This chapter presents the conclusion and recommendations based on the results, data analysis and discus-
sion presented in the previous chapters.

10.1. Conclusion

The research objective was to investigate the influence of the diffuser height on the behaviour of a horizon-
tally discharged negatively buoyant jet. The main research question to be answered is:

‘Can the spreading of the sediment plume, created by a horizontal discharge diffuser, be reduced by the
choice of diffuser height above the seafloor?’

To be able to answer the main research question, the conclusions of the sub questions are treated first, after
which a conclusion for the main research question is given.

At the moment there are no regulations in place to reduce the environmental impact of the deep sea mining
sediment plume. Contractors have to provide proof that enough measurements are taken to limit the envi-
ronmental impact of their operation.

A buoyant jet develops when a fluid is discharged into an ambient fluid with a continuous source of momen-
tum and buoyancy. In the case of SMT, a negatively buoyant jet is discharged, meaning that there is a negative
density difference between the discharged mixture and the ambient fluid. The buoyant jet width increases
due to turbulent entrainment of the ambient water by dominant eddies. The entrainment of ambient water
also causes dilution of the buoyant jet, thereby decreasing the density difference. The buoyant jet is com-
pletely mixed with the ambient fluid when the density difference goes to zero, at this point the momentum
and buoyancy values approach the ambient values.

There are several parameters that influence the spreading of the buoyant jet. These parameters can be divided
into parameters that can be influenced and parameters that are fixed conditions. The parameters that can be
influenced are related to the SMT and can be chosen during the design phase or during operation, these are
the SSC, discharge velocity, diffuser geometry and SMT velocity. The fixed conditions are the local conditions,
current, temperature, salinity, turbidity, topography and sediment.

The results of the experiment and model suggest that increasing the diffuser height causes the particles to spread
further away from the source. Comparing the results based on the offset ratio, h/D, with & the height of the
center of the diffuser above the bottom boundary and D the slot height, shows that for an offset ratio of 4 and
2.33 the difference between the results is small. The velocity profiles show that it takes longer for a buoyant
jet discharged at a large offset ratio to reach the bottom boundary than for lower offset ratios. Furthermore,
the near bottom velocity at experiment scale is 0.1-0.2 m/s, indicating that there is a potential for erosion of
settled sediments. The sediment concentration at the bottom boundary shows a lower concentration for a
large offset ratio, indicating that most particles do not settle close to the source. Moreover, the bottom de-
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position pattern shows no significant difference in width of the pattern, but it does show that a higher offset
ratio decreases the amount of settled particles near the diffuser. Increasing the offset ratio also increases the
distance to the start of the impingement range, however the amount of increase decreases with increasing
offset ratio.

The results of this research suggest that the spreading of the sediment plume can be reduced by the choice of
diffuser height above the seafloor. Based on the tested diffuser heights in this research a diffuser height of
100mm is recommended. Since a higher diffuser decreases the amount of particles settling close to the source
and a lower diffuser increases the potential for erosion. This research has shown that up to a distance of 15D
from the diffuser, the near bottom velocities are large enough to cause erosion. Research into the near bottom
velocity decay and magnitude further away from the source, inside the turbidity current, is necessary as well
to understand the full spreading behaviour and the potential for erosion.

10.2. Recommendations

The recommendations for future research are given in this section, for further recommendations based on
the experiment and model see Section 9.2.

» The false velocity profile above the buoyant jet needs further investigation to find the cause of this
limitation of the ADV. It is thought that the false profile is caused by the lack of particles, causing the
ADV to measure the velocity profile at the lower measurement heights again. This could be tested by
adding particles from the top of the flume and measuring the velocity profile above the buoyant jet.

¢ Further research into the deep sea mining horizontal discharge plume is recommended. Experiments
with finer particles were not possible in this flume, however they are still necessary to gain insight in
the behaviour of these small particles in a buoyant jet. Especially the behaviour of the actual deep sea
sediment in combination with salt water, causing flocculation, is recommended for future research.
Furthermore, research into the influence of the forward velocity of the SMT is necessary, since it is ex-
pected to have a large influence on the behaviour of the horizontal discharge plume, due to the creation
of a wake.

¢ During the experiments, the measured velocity profile at the outlet of the diffuser showed a higher
average velocity than expected. This is due to the diffuser design, the width expanded while the height
was kept constant. However, the end of the expansion is also the outlet of the diffuser, giving the flow
velocity no time to adjust. When designing the diffuser, take into account that the flow velocity needs
time to decrease, therefore my advice would be to end with a straight section with the dimensions of the
wished outlet dimensions. Furthermore, during this research the diffuser showed the potential of bed
formation, expanding the height of the diffuser instead of the width of the diffuser would be beneficial
for reducing the fall-out of sediment resulting from the bed formation.

e For future research it is recommended to place a screen under the diffuser outlet while testing, simu-
lating the rear of the SMT. This will create an area of reduced entrainment and a near bottom velocity
opposite to the discharge velocity, potentially causing bottom erosion directly behind the SMT. Due to
the flow pattern these particles will mix with the plume, increasing the size of the plume.
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A.1. Concentration
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Figure A.1: Dimensionless SSC at the sample locations 1, 2, 3, 4 and 5 compared to the background concentration for (a) experiment 1,
h=200 mm and ugp = 0.27 m/s, (b) experiment 4, h=200 mm and up = 0.37 m/s, (c) experiment 14, h=100 mm and ug = 0.37 m/s, (d)
experiment 20, h=50 mm and ug = 0.27 m/s, and (e) experiment 23 h=50 mm and u( = 0.37 m/s
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A.2. Velocity
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Figure A.2: SNR profile for (a) test 10, (b) test 11 and (c) test 12
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A.2.2. Velocity profile
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Figure A.3: Velocity profile at different measurement locations for (a) test 1, 2 and 3, (b) test4, 5 and 6, (c) 14, 15 and 16, (d) 20, 21 and
22, and (e) 23, 24 and 25; where the dotted lines indicate the diffuser boundaries
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A.3. Bottom deposition pattern

20Time evolution of the bottom deposition pattern
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Figure A.4: Time evolution of the bottom deposition pattern for (a) test 8, h=200mm and 1=0.27m/s, (b) test 9, h=200mm and
up=0.37m/s, (c) test 19, h=100mm and ©(=0.37m/s, (d) test 26, h=50mm and ©(=0.27m/s, and (e) test 27, h=50mm and #(=0.37m/s
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A.4. Impingement range

Table A.1: Approximate start of the impingement range (x/D) for different experiments, with in red the experiments for a particle size of
40-70 micron

Experiment | h [mm] | u [m/s] | x/D
8 200 0.27 9
9 200 0.37 13
18 100 0.27 5
19 100 0.37 10
26 50 0.27 1.5
27 50 0.37 3.5
30 100 0.27 3.5
31 100 0.37 11







Results model

Buoyant jet trajectory for different offset ratios
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Figure B.1: Model and experiment results of the buoyant jet trajectory for #(=0.37m/s
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Average x-velocity evolution for different offset ratios
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Figure B.3: Model and experiment results for ©9=0.37m/s, (a) average x-velocity evolution, and (b) average z-velocity evolution
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