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Coanda-effect-based collection stands out as the foremost technology in polymetallic-nodule mining due to
the absence of direct contact between the collector and the ocean floor. Yet, this collection method disturbs
the ocean floor, and minimizing such disturbance is crucial from an environmental viewpoint. To this end, a
solid understanding of the interplay between the collector and the sediment bed is required. Therefore, we
carried out a series of small-scale experiments, where a collector drives over a subaqueous clayey bed. These
experiments provide the very first quantitative data on cohesive sediment erosion caused by a moving Coanda-
effect-based collector, as well as on turbidity currents generated behind the collector head. This paper discusses
the observations and findings derived from these experiments. Our findings reveal a logarithmic relationship
between erosion depth and the flow impinging force applied on the clayey bed. An increased flow rate in the
collection duct results in a slower turbidity current generated behind the collector head. This study enhances the
ability to forecast sediment erosion caused by Coandé-effect-based collectors, offering the possibility to optimize

the collector operational conditions and minimize the magnitude of the resulting sediment plumes.

1. Introduction

The global demand for specific metals (e.g., copper and cobalt) has
been steadily increasing due to the urgent necessity for transitioning to-
wards a decarbonized future. These metals play a pivotal role in driving
the electrification of the transportation sector, particularly in the pro-
duction of battery-powered vehicles. With terrestrial mineral deposits
facing depletion, there has been a growing focus among industrial-
ists and scientists on the deep-sea floor [18]. Vast reserves of strategic
metals and rare-earth elements are embedded in the ocean floor, partic-
ularly within potato-sized concretions known as polymetallic nodules
[16]. These nodules have high concentrations of valuable metals (e.g.,
cobalt, copper, manganese, and nickel) and are typically found at wa-
ter depths ranging from 4 to 6 kilometers across all oceans. Notably,
nodules are widely scattered across the ocean floor within the Clarion
Clipperton Zone (CCZ) [10].

Coandaé-effect-based collection stands out as the leading technology
in polymetallic-nodule mining due to its avoidance of direct contact
between the collector and the ocean floor [20,5]. However, such collec-
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tors disturb the seabed; sediment is inevitably picked up and collected
together with the nodules during the mining process. The collected sed-
iment is discarded at the rear of the collector, forming a sediment plume
traveling across the ocean floor [8,1]. This plume could possibly drift
for long distances, considerably disrupting aquatic ecosystems in its way
[14]. Aiming for the least environmental impact, the sediment pick-up,
and, by extension, the sediment concentration of the sediment-water
mixture discarded at the collector rear must be minimized. To this end,
a solid understanding of the interplay between the collector and the
sediment bed is required.

Alhaddad and Helmons [3] conducted a set of small-scale experi-
ments to explore the pick-up of sand by a moving Coanda-effect-based
collector. They found out that the erosion depth is logarithmically pro-
portional to the impinging force exerted by water flow on the sand
bed. Given that deep-sea sediment, on/in which polymetallic nodules
are available, is mainly composed of clay [9], it is worth exploring
whether such a correlation also holds. Alhaddad and Helmons [3] also
revealed that water spilling behind the collector head generates a tur-
bidity current (particle-laden gravity-driven underflow). However, in
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Fig. 1. Schematic representation of the collector head [3]; v, is the forward
velocity of the collector, ¢ is bottom clearance, Q,, i» Qs; and Q, are the flow
rates through the main-jet duct, the secondary-jet duct and the collection duct,
respectively. The small arrows above the bed depict the direction of water en-
trainment and water spillage behind the collector head.

their experiments they have not sought to measure or investigate the
generated turbidity currents. Noteworthy to mention is that turbidity
currents can also originate from other anthropogenic activities besides
polymetallic-nodule mining, such as dredging operations [6,4] and tail-
ing discharges [11].

The objective of this study is to explore and quantify cohesive sed-
iment erosion generated by a Coandéa-effect-based polymetallic-nodule
collector as well as turbidity currents generated behind the collector
head. To this end, we performed small-scale experiments in a water
flume where a collector drives over an underwater clayey bed. We in-
vestigate how key operational parameters, such as main jet velocity,
secondary jet velocity, collector’s forward velocity (the speed at which
the collector moves over the seabed), and bottom clearance impact the
level of disturbance to the clayey bed. Furthermore, our measurements
are used to investigate the underlying physics that control the depth of
the disturbed bed caused by the collector. We also explore how the dy-
namics of turbidity currents generated behind the collector head change
under the various operational conditions tested in this study. Finally,
the article discusses the implications of our findings for collector oper-
ation, highlighting strategies to reduce the scale of sediment plumes. It
is worth noting that the measurements acquired within this study may
also be used for the validation of numerical models employed for the
enhancement of the collector design.

2. Coanda-effect-based collector

The collector considered in our study utilizes the Coanda effect, a
fluid-mechanical phenomenon, where a jet flow adheres to an adjacent
surface even if it curves [15]. The collector consists of four curved sur-
faces forming three ducts: the main-jet duct, the secondary-jet duct,
and the collection duct (see Fig. 1). As a result of the Coanda effect,
high-velocity water jets flow along the upper curved plate and entrain
ambient water toward the collection duct. This creates a suction under
the collector, dislodging nodules from the bed, which are subsequently
dragged by the flow towards the collection duct [5]. The idea behind
using a secondary-jet duct in the full-scale, real-life collector is to al-
low sediment-water circulation over the duct within the collector head,
which reduces the discharge rate of sediment-water mixture at the col-
lector rear.

Due to ambient water entrainment, the collector ejects water behind
the collector head (termed as the ‘spilling water’), which flows in the
opposite direction of the collector movement, with sufficient velocity to
carry sediment particles in suspension. This, in turn, results in the for-
mation of an additional turbidity current, which will eventually interact
with the turbidity current resulting from the mixture discharge behind
the collector itself.

3. Laboratory experiments

This section describes the experimental setup, instrumentation, test
procedure and characterization of clay, respectively.
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3.1. Experimental setup

The experimental setup has been designed to investigate the influ-
ence of the collector head on a clayey bed. Experimental components
include the collector head, mobile carriage, PVC hoses, water pumps,
and a water flume. The collector head, mounted on a mobile carriage,
undergoes controlled motion along a 5-meter rail atop the water flume
with a controllable velocity. A wooden tray within the flume is used for
the systematic application of clay to the bed. A separate tank is used to
collect the sediment-water mixture flowing through the collection duct.

The collector head used in this study is detailed in Alhaddad
et al. [5]. It is equipped with two jet ducts (main and secondary) and
one collection duct, each connected to individual water pumps (Fig. 2).
Variable-frequency drives (VFDs) are employed to regulate flow rates in
all three ducts, providing a methodical means to fine-tune experimental
conditions.

3.2. Instrumentation

The experimental configuration incorporated two electromagnetic
flow meters to monitor the flow rate within the jet hoses, along with an
acoustic flow meter dedicated to tracking the flow rate in the collection
hose. For the assessment of bed disturbance depth, or ‘erosion depth,’
three optical sensors (optoNCDT 1302) were affixed to the mobile car-
riage. These sensors measure the distance from the sensor to the clayey
bed as the carriage moves along the water flume. To facilitate underwa-
ter use, the optical sensors were securely housed in a bespoke watertight
housing. The determination of sensor position and subsequent measure-
ments along the flume was achieved through the utilization of a wheel
encoder. Additionally, an Ultrasonic Velocity Profile (UVP) was em-
ployed for the purpose of measuring the vertical velocity profile of the
turbidity current caused by the spillage underneath the collector head.

3.3. Test procedure and data acquisition

The experiments were conducted by replicating identical steps. This
approach ensures a systematic comparison of experimental results, pro-
viding reliability and meaningful observations. The sequence of steps
for each test is as follows:

Empty the testing compartment from water using two submersible
pumps.

Fill the prepared clay in the wooden tray to a depth of 50 mm.
Level the clayey bed with a wooden plate.

Add water until reaching a water level of 360 mm, leaving a 70 mm
clearance between the water surface and the top of the flume.
Measure the initial bathymetry using optical sensors by driving the
mobile carriage forward and then backward to the starting point.
This process is repeated twice, making six scans using three lasers
each time.

Turn on the water pumps. Variable-frequency drives (VFDs) are
used to obtain the target flow rate in each duct.

Drive the mobile carriage forward at the required velocity and stop
at the end of the rails using sensors mounted at each endpoint.
Slowly empty the flume using the submersible pumps.

Clean the testing compartments from clay chunks using a wet vac-
uum cleaner, leaving the eroded clayey bed untouched.

Fill the flume slowly and carefully with clean water to avoid dis-
turbing the clayey bed, enabling the optical sensors to measure the
bed effectively.

Drive the carriage along the flume again to measure the final
bathymetry. This process is repeated five times, making a total of
fifteen scans.

The erosion analysis involves measuring the change in bathymetry,
and a cross-sectional profile is determined using the average values of
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Fig. 2. Front view of the experimental setup showing most of the equipment used.

Table 1

A summary of the experiments conducted within this study. v

mj» Usj» and v, represent the flow velocities through the

main-jet duct, the secondary-jet duct, and the collection duct, respectively, while e,, denotes the maximum erosion

depth.
Test#  Q,; [L/s] Q,; [L/s] Q. [Lys] Uy [m/s] v; [m/s] v, [m/s] ¢ [mm] vy [em/s] e,, [mm]
1 4.4 6.1 10.5 4.4 0.98 1.4 3 50.0 8.9
2 4.4 6.1 10.5 4.4 0.98 1.4 3 37.5 10.0
3 4.4 6.1 10.5 4.4 0.98 1.4 3 25.0 11.8
4 4.4 6.1 10.5 4.4 0.98 1.4 3 12.5 17.6
4r 4.4 6.1 10.5 4.4 0.98 1.4 3 12.5 16.9
5 4.4 6.1 10.5 4.4 0.98 1.4 0 12.5 24.3
6 4.4 6.1 10.5 4.4 0.98 1.4 5 12.5 16.0
7 4.4 6.1 10.5 4.4 0.98 1.4 8 12.5 13.9
8 4.4 0.0 4.4 4.4 0.00 0.6 3 12,5 10.0
9 4.4 3.0 7.4 4.4 0.48 1.0 3 12.5 11.6
10 4.4 4.7 9.1 3.0 0.75 1.2 3 12.5 16.1
11 3.0 6.1 9.1 3.0 0.98 1.2 3 12.5 11.7
12 2.0 6.1 8.1 2.0 0.98 1.1 3 12.5 10.2
13 0.0 6.1 6.1 0.0 0.98 0.8 3 12.5 4.6
14 4.4 no duct 4.4 4.4 no duct 0.6 3 12.5 185
the fifteen scans. Table 1 summarises the initial conditions of the ex- 106 Shear strength of clay sample
periments conducted within this study. Four different values for each B
operational parameter are tested, providing ample variations to ade- i
. 5
quately study the influence of these parameters. 10
3.4. Characterization of clay 104 .
—_ I L) W
L]
While the terrestrial clay and soft sediment on the seafloor differ § 103 i
significantly in composition, and formation conditions, they exhibit =
a degree of similarity, as indicated by the findings from the in-situ
test conducted in the CCZ [12]. The synthesized clay should replicate 102
the characteristics of deep-sea clay, with particular emphasis on align-
ing its shear strength properties. It is crucial for the clay to be easily 101
mixable, ensuring a homogeneous and consistent mixture to facilitate L
reliable experimentation. Moreover, a preference for ease of cleaning i‘
is emphasized to mitigate excessive stickiness, which could disrupt the 10° . ; ; ;
p 8 P 1072 107t 10° 10t 10? 103

experimental setup. Adhering to these criteria, the prepared clay serves
as an apt medium for studying clay erosion, contributing to a more pre-
cise representation of real-case scenarios. Drawing inspiration from the
work of Shakeel et al. [17], the selected blend comprised 8% bentonite
and 92% kaolinite, yielding a total solid content of 45%. This specific
composition was chosen for its desirable rheological properties and be-
haviour aligned with the objectives of the experiments. As indicated
in Shakeel et al. [17], this mixture yields a shear strength of 0.1 kPa.
Validation of this value was conducted through a rheological analysis
(see Fig. 3). Other characteristics of the prepared clay can be found in
Table 2.

T [N/m?]

Fig. 3. Shear strength, 7, as a function of the clay viscosity, #, for the used clay.

Table 2
Characteristics of the clay used in the experiments.

o (kPa) p (kg/m?) Solid content (-) Particle Size (d,) (um)
djp dso dgp  dgo
0.1 1352 0.43 2.1 59 7 14.7
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20 cm

40 cm

Fig. 5. Top view of the water flume depicting the position of the collector (left).
Trench created as a result of clay erosion of Experiment 3 (right).

4. Experimental results

The following subsections will encompass the presentation and anal-
ysis of the experimental data in the context of our scientific inquiry.

4.1. General description of sediment erosion

As the collector drives over the clayey bed, it erodes a layer of clay,
of which a large portion is captured and directed toward the collection
duct. Concurrently, the remaining eroded clay becomes suspended in
the water column behind the collector head, creating a turbidity flow
(Fig. 4). Notably, not all eroded clay reaches the collection duct. The
spilling water, moving counter to the collector’s direction, brings clay
particles in suspension, which will ultimately settle out on the clayey
bed. This results in a deposition layer forming within 1-4 hours after
each experimental run, necessitating the flume to be emptied for mea-
surements due to the long settling time.

Clayey bed erosion exhibits variations in both length and width di-
rections (see Fig. 5 right). To visually present this, 15 line scans were
taken, and their average values were used to construct a cross-sectional
profile of the clayey bed (Fig. 6). This profile aids in determining the
maximum erosion depth and eroded clay area, providing valuable in-
sights into the erosion mechanisms. The dashed horizontal line aty = 0
represents the averaged clayey bed position prior to experiments based
on six line scans. These scanning steps were applied consistently across
all experiments to generate cross-sectional profiles (see Appendix A).

To ensure the reliability and validity of the experimental outcomes,
it is critical to confirm their reproducibility under consistent operational
parameters. To this end, we have repeated Experiment 4, referred to
as Experiment 4r. The maximum erosion depths observed in Experi-
ment 4 and its repetition, Experiment 4r, were 17.6 mm and 16.9 mm
respectively. The presence of similar cross-sectional profiles in both
experiments serves as robust validation for the obtained results, en-
hancing the overall trustworthiness of the findings (see Fig. 7). The

0.51

0.0 7

-0.5

-1.0

~1.5-

—2.0

Bathymetry [cm]

-2.54

—-- Before

-—- After-o
® After

----- After + o

—3.01

-3.5 T T T T T T T
0 5 10 15 20 25 30 35 40
Flume Width [cm]

Fig. 6. Cross-sectional profile of Experiment 3 obtained with optical sensors;
o is the standard deviation.

consistent appearance of the clayey bed’s cross-section indicates that
the experimental conditions were controlled and reproducible, result-
ing in uniform erosion patterns.

4.2. Flow impinging force

Cohesive sediment erosion is a complex process that involves the de-
tachment and transport of fine-grained particles that have a high degree
of inter-particle bonding, such as clay and silt. The cohesive forces be-
tween the particles in the sediment can make it difficult for the water
flow to detach and transport them, leading to different erosion mech-
anisms depending on the hydraulic conditions and sediment properties
[19].

Alhaddad and Helmons [3] revealed that the erosion depth resulting
from the collector is logarithmically proportional to the flow impinge-
ment force on a sand bed. Here, we investigate whether such a corre-
lation also holds for cohesive sediment. Fig. 8 depicts a photo taken by
a high-speed camera when the collector was operated in a stationary
mode (v = 0). It can be seen that the flow under the collector head
impinges on the bed.

The component forces and resultant force read [3]:

F, =m(v;cos6; — v, cosb,) (€9)]

F, =m(-v;sinf; — v, sin6,) 2)

F=\[F2+F2 )

where v; is the velocity of the water jet when the two jet ducts are

combined, 6; (40°) is the angle between v 5 and X-axis, v, is the flow

velocity in the collection duct, 6, (45°) is the angle between v, and
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Fig. 7. Cross-sectional profile of Experiment 4 (left) and Experiment 4r (right); o is the standard deviation.
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Fig. 8. Image obtained by a high-speed camera illustrating that the flow under
the collector head strikes the bed.
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Fig. 9. Logarithmic correlation between the flow impinging force and the max-
imum erosion depth.

X-axis, and m is the mass per unit time entering/leaving the control
volume and can be calculated as:

=00, = pQ, @

In our analysis, we consider all experimental runs in which v, =
12.5 cm/s and ¢ = 3 mm as these represent the vast majority of the
tests performed. Interestingly, similar to the finding of Alhaddad and
Helmons [3], Fig. 9 depicts a logarithmic correlation between the im-
pinging force F [N] and the maximum erosion depth, e, [mm]:

e, =13.1In(F)-21.7 5

4.3. Main and secondary jets

The investigation of the impact of the main jet velocity, v,,;, on clay
erosion is conducted through a series of four tests in which the other
parameters are held constant. The main jet velocity is systematically
varied, with the bottom clearance fixed at 3 mm and the forward ve-
locity maintained at 12.5 cm/s. The flow velocity in the secondary-jet
duct is kept constant at 0.98 m/s. It can clearly be seen that a lower v,,;
results in a smaller erosion depth (see Fig. 10 left). A decrease in v,, i
leads to a reduction in the impingement force, resulting in shallower
but wider erosion patterns. Furthermore, the higher standard deviation
of the erosion data indicates non-uniform chunks of the eroded clay, as
opposed to a homogeneous pattern.

The exploration of the effect of secondary jet velocity on clay ero-
sion also involves four tests, maintaining constant parameters. The sec-
ondary jet velocity is systematically varied, with the bottom clearance
fixed at 3 mm and the forward velocity held constant at 12.5 cm/s.
Additionally, the flow velocity in the main-jet duct is maintained at 4.1
m/s. An intriguing observation arises when there is little to no flow rate
in the secondary jet, resulting in more concentrated and deeper erosion
in the middle (Fig. 10 right). This phenomenon suggests that the ab-
sence or reduction of the secondary jet velocity alters the distribution
and intensity of erosion in the clayey bed. The concentration of ero-
sion in the middle indicates a localized effect likely influenced by the
impingement of the main jet. The decrease in erosion depth with a re-
duction in the secondary jet velocity can be attributed to the decreased
impingement force on the clayey bed.

4.4. Presence of secondary-jet duct

To investigate the influence of the presence of the secondary-jet duct
on clay erosion, Test 14 was conducted. This test is identical to Test 8
(secondary jet velocity = 0), but with the secondary-jet duct removed,
as documented in Table 1. The purpose of Test 14 is to compare the
erosion patterns and dynamics in the absence of the secondary-jet duct
with the conditions when the duct is present.

Fig. 11 displays the cross-sectional profiles of Test 8 and Test 14,
comparing the cases with and without the secondary-jet duct. Notably,
Test 14 exhibits much more erosion, indicating that the presence of the
secondary-jet duct leads to a decreased erosion depth. To investigate the
reason behind this observation, we studied the influence of the presence
of the secondary-jet duct on the flow rate through the collection duct in
tests where no hose or pump was connected to the collection duct. We
found out that the flow rate in the collection duct, Q,, is higher when
the secondary-jet duct is still fastened in place. A higher O, indicates
an increase in water entrainment.
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Fig. 10. Effect of the flow velocity in the main jet (left) and the flow velocity in the secondary jet (right) on the erosion depth.
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Fig. 11. Cross-sectional profile of Experiment 8 (left) and Experiment 14 (right), where ¢ is the standard deviation.

The observed increase in water entrainment and decrease in erosion
depth when the secondary-jet duct is present can be attributed to the at-
tachment of the flow under the collector head. When the secondary-jet
duct is present and switched off (v, ;= 0), the flow under the collec-
tor head adheres more to the curved underside, leading to more water
entrainment and no strike on the sediment bed. The latter was also ob-

served by Alhaddad and Helmons [3].
4.5. Collector’s forward velocity

In this section, we explore the impact of the collector’s forward
velocity through a series of four tests. The forward velocity is systemat-
ically varied while keeping all other parameters constant. Specifically,
the flow velocities in the main-jet duct and secondary-jet duct are main-
tained at 4.4 m/s and 0.98 m/s, respectively, with a fixed clearance of
3 mm. Notably, our experimental findings clearly demonstrate that a
lower v I results in a greater erosion depth (Fig. 12). This correlation is
expected, as a lower v, implies a longer exposure of the clayey bed to
the water jets and thus more erosion.

4.6. Bottom clearance

The investigation of the impact of bottom clearance on clay ero-
sion involves four tests. While keeping all other parameters constant,
the bottom clearance is systematically varied, with the forward veloc-
ity held constant at 12.5 cm/s. The flow velocities in the main-jet duct
and secondary-jet duct are maintained at 4.4 m/s and 0.98 m/s, respec-
tively.

It is noteworthy that Experiment 5 exhibited the highest erosion
depth among the tests. Specifically, in this experiment, the bottom

c=3mm, vpj=4.4m/s, v5;=0.98m/s

2.5
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Fig. 12. Effect of collector’s forward velocity on the erosion depth.

clearance was set to 0 mm, resulting in the most significant erosion
observed in the clayey bed (Fig. 13). The experimental results unequiv-
ocally demonstrate that a smaller bottom clearance corresponds to a
larger erosion depth. This correlation aligns with expectations, as a re-
duced bottom clearance exposes a larger clay layer to the water jets,
resulting in more erosion.

5. Sediment erosion caused by full-scale collector

Utilizing the measured erosion depths from the conducted exper-
iments, and considering that the collector head is scaled down by a
factor of four in 2D dimensions, Froude scaling can be applied to pro-
vide first-order predictions of the maximum erosion depth at full scale.
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Fig. 13. Effect of bottom clearance on the erosion depth.

The maximum erosion depth e,, can be converted to an erosion rate v,
using the following relationship:

e

v, = T’" (6)
where ¢ is the time over which the bed is exposed to the flow, which
can be estimated using the following relationship:

t=4 %)

vy
in which d = 150 mm represents the bed distance instantly exposed to
the flow, which was measured from photos obtained by a high-speed
camera.

Employing Froude scaling, one can estimate the full-scale maximum
erosion depth as follows (the subscript s indicates small scale, while the
subscript f indicates full scale):

emf = Ve,f .tf:4'UE,S I :4'13 *Cm,s ®
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Here, we provide an example of the erosion depth that can be pre-
dicted for reasonable operational conditions using our experimental
results and Equation (8). Based on Test 4, for a full-scale scenario with
a forward velocity of 25 cm/s, a clearance of 12 mm, and main and
secondary jet velocities of 8.8 m/s and 2.0 m/s, respectively, the maxi-
mum erosion depth is determined to be 70 mm. Notably, this value falls
within the anticipated range, as reported by Boschen-Rose et al. [7].

6. Turbidity currents generated by spilling water

The phenomenon of spilling water behind the collector generates
a turbidity current that moves in the opposite direction of the collec-
tor. Videos are recorded for each experimental run to visually assess
the characteristics of this current. Additionally, an Ultrasonic Velocity
Profiler (UVP) equipped with one transducer operating at 4 MHz is em-
ployed to measure vertical velocity profiles at a specific position (3500
mm a way from the rear of the clay tray). The transducer is held in po-
sition by a custom-built holding house with a 30° angle relative to the
normal of the flume bottom as presented in Fig. 14, which also displays
the turbidity current of Test 4.

To facilitate comparison between experiments, velocity profiles of
turbidity current bodies were analyzed at the moment when the front
of the current was 4000 mm away from the rear of the clay tray. Fig. 15
shows time-averaged vertical velocity profiles obtained from the UVP
data for two experimental runs. Using such a velocity profile, it is pos-
sible to determine associated characterizing parameters. Among these
parameters, the characterizing height 2 [m] represents the thickness of
the turbidity current, while the layer-averaged velocity U [m/s] reflects
the average velocity of the current across its depth. These parameters
can be determined using the following relations [13]:

ZOO

Uh= / udz, (C)]

Transducer
T -I "

Fig. 14. Photos showing turbidity currents generated by the spilling water behind the collector head and the position of the UVP transducer measuring the flow

velocity of the body of the turbidity current.
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Table 3
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Characterizing height 47 (m) and layer-averaged velocity U (m/s) determined
using the velocity profiles obtained by the UVP.

U [em/s] h [mm] U-h [em?/s]
2.7 120 32.0
2.8 136 37.9
2.8 129 35.5
2.5 130 329
2.7 93 25.1
4.3 193 82.8
2.9 148 42.5

Test # Qc [L/s] Front velocity [cm/s]
4 10.5 1.77
5 10.5 1.78
6 10.5 1.67
7 10.5 1.86
8 4.4 1.63
9 7.4 2.45
10 9.1 1.91
ZOO
U2h=/u2dz, (10)

0

where u [m/s] is locally averaged streamwise flow velocity, z [m] is
upward-normal coordinate and z, is the height at which the local ve-
locity u is zero. The quantities 2 and U are obtained by solving the
system of Equations (9)-(10).

Additionally, the front velocity of the turbidity currents was deter-
mined for each experiment from the video recordings. The analysis of
front velocities and layer-averaged velocities of the body of turbidity
currents reveals their clear correlation with Q, (see Table 3); an in-
creased Q, results in decreased turbidity current velocities (Tests 4, 9,
and 10). This indicates that a larger O, results in less water spillage be-
hind the collector head and thus smaller flow velocities, which is in line
with the observation of Alhaddad and Helmons [2]. It is also clear that
U is almost the same in Tests 4, 5, 6 and 7, because Q. is the same.

6.1. Discussion

The analysis of our experimental results demonstrates that the thick-
ness of the cohesive sediment layer eroded by a Coandi-effect-based
collector is logarithmically proportional to the flow impinging force.
This indicates that the force exerted by the flow on the sediment bed
is the crucial parameter to optimize for minimizing sediment pick-up.
Once minimized, the amount of sediment discarded behind the collector
through the collection duct will be minimized, consequently alleviating
the associated environmental impact.

The sediment-water mixture is recirculated over the secondary-jet
duct in the actual complete collector. With regard to sediment ero-
sion, based on the findings of our study, it is recommended to keep
the secondary-duct jet with a minimised flow velocity to minimise ero-
sion depth. It should be noted that the optimal operational conditions
of the collector should eventually be determined based on minimal en-
vironmental impact, together with satisfactory pick-up efficiency.

A clear distinction between our experiments and real-life condi-
tions lies in our use of a sediment bed devoid of nodules, unlike the
actual environment. The impact of the presence of nodules remains un-
explored. Nevertheless, our hypothesis suggests that the presence of
nodules would likely decrease sediment erosion depth. The collector
initially gathers existing nodules, and subsequently, the sediment faces
the flow, resulting in a reduced exposure time compared to a scenario
with a bare sediment bed. This reduced exposure time is expected to
lead to shallower erosion depths, as previously detailed in this article.

With regard to turbidity currents, our study shows that an increased
flow rate in the collection duct, Q,, results in a slower turbidity current
generated behind the collector head. In this respect, it should be noted
that increasing Q, may result in a more energetic turbidity current re-
sulting from discarding the sediment-water mixture at the rear of the
collector through a discharge duct. Given that these two turbidity cur-
rents will eventually interact behind the collector, it is recommended to
investigate which turbidity current should be more dampened from an
environmental standpoint.

7. Conclusion

In order to facilitate the development of a Coanda-effect-based hy-
draulic collector with minimal environmental stresses, we conducted
a series of small-scale experiments investigating the erosion and sus-
pension of cohesive sediment caused by such a collector. These exper-
iments involved testing various operational conditions, demonstrating
the impact of each operational parameter on clay erosion, which is in
agreement with former experiments on sand erosion. Our experimental
results demonstrate an inverse relationship between the collector’s for-
ward velocity and the erosion depth. Furthermore, an increase in the
main/secondary jet velocity contributes to a larger erosion depth. Be-
sides, when the collector’s underside is closer to the sediment bed, a
larger portion of the sediment layer is exposed to the water flow, result-
ing in a greater erosion depth. A thorough analysis of the experimental
outcomes confirmed a logarithmic relationship between erosion depth
and the flow impinging force applied on the clayey bed. This suggests
that minimizing this force is necessary to minimize erosion depth. Our
analysis also shows that an increased flow rate in the collection duct re-
sults in a slower turbidity current generated behind the collector head.
Another key finding of this study is that the presence of a secondary-jet
duct itself leads to a decreased erosion depth, underscoring the impor-
tance of minimizing the flow velocity through it.

CRediT authorship contribution statement

Said Alhaddad: Writing — review & editing, Writing — original
draft, Visualization, Supervision, Project administration, Methodology,
Investigation, Formal analysis, Conceptualization, Data curation. Mo-
hammed Suleman: Writing — original draft, Visualization, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Alex Kirichek: Writing — review & editing, Supervision, Resources,
Project administration, Conceptualization, Methodology. Claire Chas-
sagne: Writing — review & editing, Supervision, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgement

The authors would like to thank the Hydraulic Engineering Labo-
ratory of Delft University of Technology for providing the necessary
laboratory facilities to conduct our experiments.

Appendix A. Cross-sectional profiles of all experiments

Figs. 16-29 depict the cross-sectional profiles corresponding to all
experiments listed in Table 1.
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