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Effective management of sediment transport in water bodies is crucial for
maintaining navigational channels and reducing siltation in harbors. This study
introduces the first effort in the development of a Field Instrument for Measuring
Bed Erosion Response based on microcosmic analysis. The device is designed to
automatically measure the sediment bed responses under a series of selected
bed shear stresses to determine the critical bed shear stresses for sediment
incipient motion and the erosion rates for selected excess bed shear stresses.
Numerical simulations were conducted using computational fluid dynamics
software (FLUENT) to ensure a reasonable and uniform distribution of the
selected bed shear stress across the sediment bed. A lab version of this device
was also built and tested using granular sandy sediments and the results were
validated against the Shields curve for incipient motion. During this test, however,
a problem of sandy bed liquefaction at the bed center was identified because of
the pumping out of water at top center. For enhancing the device performances,
modifications of the pumping intake were made to eliminate the liquefaction
problem. Further a lab test on kaolinite beds with three consolidated durations
also demonstrated the capability of this improved device. The study confirms the
basic design parameters of the improved device, including the optimal rotating
speeds of its pump and disk motors, which are critical for achieving the desired
erosion dynamics. These results highlight the potential of the device to
significantly improve the precision and efficiency of sediment transport studies
in natural aquatic environments.

KEYWORDS

bed shear stress, sediment erosion, field device, laboratory experiments, CFD

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1487962/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1487962/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1487962/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1487962/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1487962&domain=pdf&date_stamp=2024-11-21
mailto:syy@hhu.edu.cn
https://doi.org/10.3389/fmars.2024.1487962
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1487962
https://www.frontiersin.org/journals/marine-science

Shao et al.

1 Introduction

To reduce siltation in navigation channels and harbors remains a
significant challenge because many of the sediment transport
properties, especially the sediment bed erosion process, are not well
understood to date. Because of the complex nature of these fine-grain
sediment accumulated in the harbors or navigation channels are
usually having enough cohesive sediments, and thus, not be able to
duplicate an erosion experiment in laboratory without severely altering
these sediment properties, especially the erosion properties at the
water-sediment interface. An accurate understanding of their erosion
resistance by carrying out an in-situ experiment is urgently needed
(Gust and Muller, 1997; Kwon et al., 2003; Maa, 2008; Ha and Maa,
2009; Grabowski et al., 2011; Wright et al., 2022; Andualem et al., 2023;
Liu et al, 2023). Previous studies indicate that although erosion
formulations have been significantly simplified (Ha and Maa, 2009),
field experiments to measure the critically needed data on erosion rate
under various conditions are still hard to obtain either because the
instrument design is not perfect or the operation cost is too high. For
any field measurement of the erosion process, it is shown that the
critical bed shear stress for sediment erosion, T, and the erosion rate,
E, are the two most important parameters (Hanson and Simon, 2001;
Maa, 2008; Kim and Hwang, 2023; Kulesza et al., 2024).

These two parameters (i.e., T and E) for cohesive sediments are
affected by the interactions of physical, biological, and chemical factors
(Maa et al., 1998; Kimiaghalam et al.,, 2016; Wang and Hung, 2023).
Initially, laboratory studies focusing on these parameters were
conducted (e.g., Partheniades, 1965). It is well-understood that
significant disturbance of sediment samples is inevitable for any
laboratory experiments, making the interpretation of results
particularly challenging. Comparisons between laboratory and field
results often reveal substantial differences (Maa, 2008; Noack et al.,
2015; Nafchi et al, 2021). Consequently, numerous in-situ devices
based on various principles have been developed, all aimed at
quantifying the relationship between erosion and hydrodynamic
parameters. However, existing devices still have limitations in
accurately measuring the distribution of bottom shear stress,
particularly in maintaining consistent shear stress and minimizing
experimental interference. This study aims to overcome these technical
limitations by developing an improved device, offering more accurate
and reliable erosion measurement results.

To find these two parameters (i.e., T, and E), mainly there are
three types of approaches: (1) a tripod or quadpod mounted with all
necessary instruments (e.g., Optical Backscatter Sensor, Acoustic
Doppler Velocimeter, etc.) to measure the natural flow conditions
and the change of associated suspended sediment concentrations
(e.g., Shi et al,, 2014). This approach requires extended experimental
durations—typically around 30 days—as it relies on natural events to
generate erosion, which may or may not occur as anticipated. (2) A
field instrument that generates the erosion force, and then, observes
the sediment bed responses (Amos et al., 1992; Maa et al., 1993;
Kleeberg et al., 2008; He et al, 2021; Dunne et al, 2022). This
approach employs modified devices for in-situ underwater use. The
primary advantage of this approach is the minimal disturbance to the
sediment conditions, and typically, this method conducts erosion
experiments over a relatively large bed surface area (approximately
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5000 to 10000 cm®). The entire experiment at a site can be completed
in less than 10 hours. This kind of experiment is quite expensive
because of the need of support from a vessel for the necessary power
or system control. Occasionally, anchoring the supporting vessel can
be the most significant challenge. In general, the supporting vessel
becomes the most expensive part of the overall operation cost. (3) to
carry out the experiment using a lab device but at a location close to
the field site. For example, using a box core to take sediment samples,
and then, immediately transfer the samples (hopefully with a limited
disturbance) to a small erosion chamber, and then, experimenting
immediately (Gust, 1990; Williamson and Ockenden, 1996).

The approach proposed by Williamson and Ockenden (1996) has a
small gap between the driving force (from a rotating bell head) and the
mud bed, ie., ranging from 2 to 6 mm. This means their device (called
ISIS) cannot be for in-situ uses because the gap cannot be precisely
controlled for any field deployment. The device (called Microcosmic)
suggested by Gust (1990), has a much larger gap, ie., 10 cm, and thus,
can be redesigned to be deployed on the sea floor. Notice, however, that
there was no detailed study regarding the bed shear stress distribution,
nor the precise relationship between the pumping discharge and the
rotation disk for these selected representative bed shear stresses.
Additionally, the pressure disturbances on the sediment bed surface
are not available. The effect caused by pumping out of water at center is
never mentioned, but there is a potential that the center cavitation
caused by low pressure may cause bottom liquefaction, and thus,
invalid the experiment (Zhang et al., 2018). That simplification,
however, is not a logical choice because erosion is caused by shear
stress, not pressure disturbance.

The third approach is contingent upon the successful operation of
a box core, and the subsequent smaller core-taking process.
Furthermore, the erosion process is confined to a small surface area
of the core sample, approximately 80 - 100 cm® Given this limited
erosion area, it is challenging to accurately represent the original,
potentially spatially inhomogeneous seabed. However, this method that
combines a selected discharge with a rotating disk to generate a flow
that can maintain a reasonably constant bed shear stress across the
experimental surface, if appropriately configured, is a great
contribution. This suggests that to enlarge the test area (e.g., 5 or 6
times) as well as to enhance the design for underwater, in-situ
deployment/operation would be the ideal instrument. The three
approaches described above each have their respective advantages
and disadvantages. The pressing question thus becomes: “Can a
device be developed that combines all the advantages while avoiding
the disadvantages of existing approaches?” This question has motivated
the current study to explore an ideal Field Instrument for Measuring
Bed Erosion Responses. The basic requirements for the device are as
follows: (1) It should function as a true field instrument,i.e., eliminating
the need to take bed sediment samples; (2) Erosion should be measured
across a relatively large seabed surface; (3) A series of bed shear stresses
should be consistently maintained across the erosion surface area; (4)
The bed erosion response should be readily observable and recorded
using in-situ samples to measure eroded sediment mass; (5) The device
should operate independently without the need for constant support
from an anchored vessel; (6) Erosion experiments at a site should be
completed within 10 hours; and (7) Operational costs should be
affordable to facilitate widespread use. Based on the above
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requirements, we propose using a relatively large erosion chamber,
similar to that developed by Gust (1990), but mounted on a tripod and
deployed from a vessel to the seafloor to carry out erosion tests
automatically. The experiment shall be operated automatically. The
improved device deployment and retrieve still need to use a vessel, but
the vessel does not need to be tied with it. Multiple devices can be
deployed sequentially, and later, to be retrieved sequentially. Thus, the
cost for carrying out experiment at a specified site can be
reduced significantly.

The objective of this study is to develop an improved erosion
chamber with an optimal size for mounting on a tripod, facilitating
deployment from a vessel, and ensuring good hydrodynamic
characteristics, namely reasonably uniform distributions of bed shear
stresses. To achieve these goals, a geometry of the benthic erosion
chamber called FIMER (Figure 1) is suggested. This chamber is
constructed from an aluminum tube with an inside diameter of 25
centimeters, providing an erosion surface area of 490 cm?. This size is
our first attempt and may be changed later if necessary. The chamber is
designed to penetrate the seafloor under its own weight and is halted by
a bearing disk, thereby forming an effective erosion chamber. A
rotating disk, installed 10 cm above the seafloor, can rotate at
various selected speeds. With a combination of selected pumping out
rates at the center, reasonable uniform bed shear stresses can be
developed over the majority of bed surface in the chamber.

10.3389/fmars.2024.1487962

By starting with a small bed shear stress for a selected duration,
increasing the bed shear stress to next higher level for another selected
duration, and repeating this process for preselected numbers of bed
shear stresses, a complete erosion experiment can be finished within a
few hours.

The hydrodynamic characteristics of improved device are
quantified using a commercially available software FLUENT
(Fluent Inc., 2006). Initially, the model’s performance is validated
by comparing it with available data and conducting physical model
experiments aligned with the Shields curve. Subsequently, the study
reveals the flow patterns of the improved device and the distributions
of bed shear stresses.

2 Materials and methods

2.1 Improvement and validation of the
erosion device

2.1.1 Improvement of erosion device

During experimental procedures, the improved device apparatus
often generated vortices when using the planar shear disc at specific
flow rates and low rotational speeds. Vortices, resulting from the
interaction between the shear disc and water inflow/outflow, cause

Tube to pump

Observation box,
for measuring SSC

Inflow hole for
ambient water

Rotating tube

disk
"

Aluminum
cylinder

supporting frame

Rotating

flow

FIGURE 1

The conceptual diagram of an automatic Field Instrument for Measuring bed Erosion Responses (FIMER). The pumping device, disk rotation
mechanism, water sampling, data logger, and the deployment tripod are not shown.
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sediment to accumulate around the central axis, forming a tornado-like
structure. Simultaneously, Optical Backscatter Sensors (OBS) detect
changes in sediment concentration. It is crucial to note that the
sediment surface does not undergo complete erosion, significantly
affecting the accuracy of the erosion experiments. Figure 2 shows that
the experimental material used was quartz sand with a median
diameter (Dsp) of 185 um. The left panel corresponds to a flow rate
(Q) of 1.3 L/min and a rotational speed of 15 RPM, distinctly indicating
the presence of vortices in the central region. The right panel,
associated with a flow rate of 1.8 L/min and a rotational speed of 10
RPM, reveals an earlier onset of vortex formation with increasing
flow rates.

In the course of intake design revision, two phases were
undertaken. In the first phase, a transition from a flat and straight
rotating disk configuration (Figure 3A) to a bell shape (Figure 3B). In
other words, the intake size was gradually enlarged from LD. = 9 mm to
several selected size in order to reduce intake velocity and the associated
low pressure at bottom center. Despite two attempts has been made,
this approach failed as substantial vortices persisted, as well as the
liquefaction at the bottom center. It is realized that the small distance
between the original 1.D. and the enlarged bell-shape mouth cannot
effectively reduce the maximum intake speed at the intake center.

In the second phase, a completely new intake geometry (i.e., a ring
shape intake) was selected, as shown in Figure 3C. The ring geometry
has a gap = 3mm and a radial distance = 1/5R = 25 mm. This geometry
practically changes the intake cross section from 63 mm? (LD. = 9 mm)
to 470 mm?. It effectively and significantly reduces the intake velocity,
which corresponds to a lower pressure drop, and thus, eliminates the
liquefaction at the bottom that under intake.

Further investigation revealed that eliminating inflow-outflow
water while maintaining shear plate rotational speed prevented the
formation of a central vortex. In response, this study focuses on
redesigning and refining the shear plate to mitigate the central
vortex by altering the inflow-outflow water configuration.

2.1.2 Validation of the improved
erosion apparatus
(1) Introduction to Homemade Indoor Pressure Measurement Device.
Due to the combined effects of shear plate cutting and water
inflow-outflow, various pressure gradients appear on the

Q=1.3 L/min
RPM=15

FIGURE 2

10.3389/fmars.2024.1487962

experimental sediment surface, leading to vortex formation. As a
result, developing a pressure measurement device is essential to
quantify the pressure distribution across the sediment’s working
surface. This effort aims to validate the increased effectiveness of the
modified shear plate.

A pressure measurement device is essential to quantify the effect
on pump intake design that causes pressure drop around the
bottom center of intake. Since the flow applied in the erosion
chamber is a steady flow, a simple pitot tube that measures the
change of water elevation can be used to show the pressure.

Figure 4 shows the setup of the homemade simple pressure
measurement device. To obtain better pressure gradients in the
radial direction along the bottom, seven sets of copper tubes were
positioned at specific locations: the center (r = 0), r = R/16, R/8, 3R/
16, R/4, R/3, and 2R/3, respectively. The change of water surface
elevations on these seven glass tubes was observed and
recorded manually.

(2) Experimental Procedure for Pore Water Pressure Measurements.

a). Before starting the experiment, carefully remove any air
bubbles from the glass and silicone tubes.

b). Position the glass tube at a 45° tilt, ensuring the liquid level is
parallel to that in the improved device apparatus, and record the
initial dataset, which includes 7 static pressure values.

¢). Gradually adjust the shear plate’s rotation speed from 5 RPM
to 60 RPM in 5 RPM increments (12 levels in total), recording data
at each setting and maintaining a 10-minute interval between
adjustments to ensure data stability.

d). Ensure all glass tubes are uniformly tilted at 45° to
improve the clarity of pressure measurements. While achieving
consistent liquid levels in all runs may be challenging, ensure
each experimental set maintains identical liquid levels in
all tubes.

The spatial arrangement between the ring-shaped outflow and
the center, as well as pore size considerations, significantly
influences the bottom shear stress and its distribution.
Understanding these factors thoroughly requires implementing
numerical modeling techniques.

These steps highlight the systematic and precise execution of the
pressure measurement experiment, ensuring data integrity and
facilitating its dissemination in scholarly publications.

Q=1.8 L/min

“RPM=15

Experimental erosion response of quartz sand by Modified Microcosmic. (A) Disk rotating speed = 15 rpm, Q = 1.3 L/min. (B) Disk rotating speed =

15 rpm, Q =1.8 L/min.
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A
| |(b) bell-W L |

I_l/
|(e) ring-gap — —

Different design of the rotating disk for checking the bottom pressure distribution. Outlet I.D. for subfigure (A, B) are 9 mm. For subfigure (C), it is 16

mm. In sub-figure ¢, r = R/5 = 25 mm and the gap is 3 mm.

2.2 Numerical simulation investigation
utilizing FLUENT

2.2.1 Basics of FLUENT model

FLUENT is a commercially available three-dimensional (3-D)
Computational Fluid Dynamics (CFD) software which is capable of
simulating many complex hydrodynamic processes that are
incompressible and isothermal Newtonian fluid flows (Yan et al,
2023). Tt solves the momentum equation and the continuity equation
with the k-e turbulence model. The version applied in this study is
version 6.3 (Fluent Inc., 2006). Since it is a commercially available
software and details of the model can be found in the FLUENT User’s
Guide, no details will be repeated here, only the special features of the
improved device, the boundary conditions, and the initial conditions
for the proposed device are given next.

Still water level

45 degs

5mm ¢
glass tube

5mm ¢
flex tube

FIGURE 4

All the aforementioned equations were converted to segregated
formulations and solved using a finite-volume technique. A second-
order upwind scheme was employed for the numerical simulations.
As the benthic chambers exhibit two-dimensional axisymmetric
flow, significant reductions in computation time are achieved. The
enhanced wall treatment method was selected for modeling the
near-wall region to bridge the gap between the viscosity-affected
region and the fully turbulent region (Galvan et al., 2011).

2.2.2 Model setup for simulating the flow in the
improved device

The modeling domain for simulating axially symmetrical flow
in the improved device is shown in Figure 5. The distance between
the rotating disk and an ideal sea floor is 10 cm and the disk rotates
at a selected constant speed, Q. Water is pumped out from the

T discharge

Rotating disk

5 mm ¢ hole
and tube at
7 positions

A false bottom
made of PVC

Conceptual drawing to show the pressure measurements on the device's bottom (i.e., the seabed elevation) by using a false bottom made of PVC
and simple Pitot tubes at 7 locations. The first measurement location is at the center. The pitot tubes are inclined at 45 degrees to increase the

resolution of measurements.
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FIGURE 5

The FLUENT simulation domain for the improved device. (not to scale)

center at a rate Q with a pipe I.D. = 9 mm, and this pumped-out
water is all allowed to flow back into the erosion chamber (after a
proper settling in a still water bath, and then through the gap
between the rotating disk and improved device’s outer wall) as
ambient water. The top and bottom corners near the chamber wall
and the center area all have fine meshes for more details. The model
comprises 65,563 quadrilateral cells, 66,148 nodes, and 130,542 2-D
interior faces in total.

The three boundary conditions are (1) the disk rotating at speed €,
ie,atz =10 cm and 4.5 mm < r < 12.2 mm, the tangential velocity,
ug = €2, the vertical component, u, = 0, and the radial component, u, =
0. Between r = 0 and r = 4.5 mm, the sum of u, contributes to the
discharge rate Q. Between 122 mm < r < 12.5 mm, the u, also
contributes to the discharge rate Q, but with their direction opposite to
that at the center; (2) Atr=12.5 mm, ug =u, =u,=0;and (3) Atz=0,
the idealized sediment surface, ug = u, = u, = 0.

The initial condition is that there is no flow anywhere at the
beginning, i.e., ug = u, = u, = 0 when t = 0. These steps are crucial for
determining the effectiveness of the new intake design, which will be
further evaluated in the subsequent results section.

3 Results

3.1 Pressure measurement experimental
results for the improved device

Although many configurations on the intake revision have been

tested, only three measurements (i.e., the original flat, Figure 3A; the
bell shape, Figure 3B; and the Ring-gap, Figure 3C) of the pressure

Frontiers in Marine Science

distribution on the bottom were presented because they represent
the best attempt at that time. Experimental results for Q = 1.8 L/min
and Q = 20 RPM (Figure 6A) show that both the flat and bell-
shaped disks exhibit significant negative pressure at the bottom
center (which is also the center of intake). Upon increasing the
rotational speed to Q = 60 RPM (Figure 6B), only the ring-gap disk
remains effective, with a negligible central negative pressure, while
the other disk configurations demonstrate strong negative pressure
at center. Notice that when far away from the intake center, i.e., r >>
0, the negative pressure on bottom remains negligible small. The
negative pressure on the bottom under the pump intake and the
zero pressure when far away from the center also produce a strong
pressure gradient near the center. These two forces must cause
sediment liquefication at the bottom center.

The comparison of bed shear stress distributions in two
different benthic erosion chambers, all having similar average bed
shear stresses (Figure 7), indicates that the improved device exhibits
a superior uniformity in T, distribution. The highest bed shear stress
of the improved device was less than 25% higher than the average. If
excluding the two locations with nearly zero values next to the
device’s center and wall, this difference becomes even more
pronounced. This demonstrates T, can be used to represent the
entire bed shear stress reasonably well except near the center and
the side boundary.

It is possible to exclude those area that Ty, is much small then T,
(e.g., for the area that T, < 0.8 7, and redefine T, as the new average
bed shear stress to measure the sediment bed response, a slightly
different critical bed shear stress for erosion and the erosion rate may
be resulted. As a rough estimate of the near-center area (~ 11 cm? for
r < 0.15R) and near the wall area (~ 38 cm? for 0.96R < r < R) for a
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FIGURE 6

Measured pressure on the sediment surface (or chamber bed) for different shape of the rotating disk. (A) Disk rotating speed = 20 rpom, Q = 1.8 L/

min. (B) Disk rotating speed = 60 rpm, Q =1.8 L/min.

total area about 49 cm” which is about 10% of the entire erosion area.
This is something that can be addressed later, but worth to point out
at this stage.

3.2 FLUENT simulation findings

Over 100 cases were simulated using FLUENT with varying €2 and
Q. The challenge lies in selecting an optimal combination of Q and Q
in order to achieve uniform bed shear stresses (T,) that meet the

requirements for erosion experiments. Therefore, a method for
evaluating bed shear stress distribution must be determined, and the
following steps: 1)Select 501 locations on the idealized bed surface that
are equally spaced from the improved device’s center (i.e.,, r = 0) and
the inner wall (i.e., r = 1. = 12.5 cm); 2) Linear interpolation of bed
shear stresses is performed at these 501 locations based on the
simulation results; 3) Calculate the 500 bed shear stresses that are
between two consecutive locations; 4) Sum the 500 bed shear stresses
and use this sum as a basis to normalize these stresses. Meanwhile, find
the average of those 500 bed shear stresses; 5) Normalize the 501 vector

0.4
- ISIS: 7,= 0.0876N/m?; Kleeberg: 1,= 0.0945N/m?; 1
::. ~.,\ R - N::\ -
4 "y ” T
—~ [ < H 1
S : R
< s ", $ N
4 *, s
g 02 . \.
= ' -, SR
o -’ . -
8 -, i
O | R )
~ i )
e FIMER: 1,= 0.0936 N/m?; Q
ol 7 =25RPMand Q = 1.5 L/min
0 1 1 1 1 1 "-
0 20 40 60 80 100

1, distance from disk center (% of the disk radius, R)

FIGURE 7

Comparison of model simulated bed shear stress (1) distribution of two different benthic erosion chambers. The average bed shear stress in the

radial direction (t,) across the disk radius, R, is also marked.
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values to percentages by dividing by the maximum radius value to
compare results from chambers of different radii; 6) Determine the
standard deviation of the normalized bed shear stresses, with the
smallest value indicating the most desirable outcome.

For each Q, a corresponding Q is incorporated to find the shear
stress distributions and the associated standard derivations. In this
study, the relationship between T, and Q can be reasonably
described by a quadratic function (1, = 4x10%° Q? + 0.0031 Q -
0.0039). Because Q can also be varied with €, another quadratic
function (Q = 3x10® Q% + 0.0058 Q + 1.3299) was established. A
decreasing trend in the standard deviation with increasing Q
indicates that the bed stress becomes more uniform as the disk’s
rotational speed increases.

4 Discussion

The recent updates to the FIMER device have notably enhanced
its performance. The introduction of a ring-shaped shear plate has
successfully addressed concerns regarding central negative pressure
and vortex formation, resulting in more dependable and precise
erosion threshold determination. Additionally, we have identified
optimal combinations of rotational speed (€2) and discharge (Q)
through comprehensive FLUENT simulations, thereby contributing
to the attainment of consistent bed shear stresses.

4.1 Erosion experiment with non-cohesive
sediment in the FIMER apparatus

To validate the mathematical model results, physical experiments
were conducted using a laboratory version of the FIMER apparatus

10.3389/fmars.2024.1487962

In the lab-FIMER, a false bottom made of a 17 thick PVC plate was
inserted to substitute for the sea floor or to carry a selected sediment
above. This false bottom can be jacked up or lower down so that the
distance between the rotating disk and the top of the PVC plate (or the
top of the sand bed) is 10 cm. For this verification test, a layer of quartz
sand with eight selected median sand sizes (from 0.089, 0.107, 0.15,
0.186,0.27,0.833, 0.954 and 1.651 mm) were successively placed on top
of the false bottom, one size at a time, and the average bed shear stress
was gradually increased stepwise to check when the sand starts moving.
This facilitated the measurement of the critical bed shear stress for
incipient motion. These results were compared with the Shields
diagram, a well-established empirical relationship between the Gain
Reynolds Number, and the critical bed shear stress for incipient
motion. The experimental findings (Figure 8), show reasonable
agreement, and thus, warrant the model simulating results.

The findings demonstrate a significant concordance between the
results from the FIMER apparatus and those derived from the Shields
curve. This alignment underscores a high level of consistency between
the numerical model outcomes and experimental observations,
affirming the reliability of the numerical model. Consequently, these
results can be confidently applied for experimental purposes.

4.2 Sensitivity analysis of the FIMER
apparatus using the FLUENT
numerical model

Although suitable pumps and motors will be used to generate
the specified Q and Q, discrepancies between designed and actual
values may occur due to limitations in accuracy. For this reason,
sensitivity tests were conducted to check the tolerance. As shown in
Figure 9, a 5% difference of discharge may cause a maximum of

T T T
— Shields curve
Dy, = 0.089 mm

D50 =0.107 mm
Dgo = 0.150 mm
Dy, =0.186 mm
Dgo = 0.270 mm
Dy, =0.833 mm
Dgy = 0.954 mm
Dgo = 1.651 mm

SNy oo

FIGURE 8

Comparison of the measured non-dimensional average bed shear stress for incipient motion, 6, in the laboratory version of the FIMER with that
from the Shields diagram given by Van Rijn (2007). The eight selected quartz sandy sediments were also marked.
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FIGURE 9

Sensitivity tests to show the effect of changing the pumping discharge and disk rotating speed on the designed bed shear stress profile. The
designed operation condition is Q = 150 rpom and Q = 2.2 L/min. (A) Only when Q changed, and (B) only when Q changed.

2.6% difference on t,, while 5% difference of disk speed may cause a
maximum of 13.4% difference on 1,. This suggests that the accuracy
of the disk motor impacts FIMER performance more significantly
than that of the pump motor. Although Q is more sensitive than Q,
the impact of Q on FIMER performance is essential and cannot be
omitted (Figure 10). Without the discharge, i.e., Q = 0, the bed shear
stress distribution would be unacceptable for carrying out an
erosion experiment.

When applying the FIMER in the field, the actual seafloor
may not be perfectly smooth. While a three-dimensional FIMER
model that reflects the actual seafloor topology is an ideal but not

a practical practice because too many possible scenarios.
Utilizing an idealized seafloor remains a practical approach at
this stage. Nevertheless, the distance between the rotating disk
and the seafloor may vary due to a not-perfect-deployment
because the sediment bed is too soft or too hard. Erosion can
also result in a depth change, e.g., up to 1 cm if the critical shear
stress reaches 0.8 N/m”. For this reason, the model is employed
to calculate the bed shear stress at three different depths: 9 cm, 10
cm, and 11 cm. The result (Figure 11) is not meant to be a
sophisticated evaluation but rather aims to demonstrate a minor
difference of about 5%.

0.04 - - - ' ' |
(a)
Q=1.4 L/min
0.02 1 |
Q=0 L/min
= O .l“‘- 1 1 1 1 1
E : : : : . :
% 2
2 Q=2.2 L/min
1 -
‘,“,“"" Q=0 L/min
O ..--l""" 1 ! 1 1 1
0 2 4 6 8 10 12

1, Distance from the FIMER center (cm)

FIGURE 10

Model simulated bed shear stress distribution for selected operation conditions: (A) Q = 10 RPM with the optimum discharge Q = 1.4 L/min and
(B) Q = 150 RPM and Q = 2.2L/min. Profiles without discharge (Q = 0) are also included to show the importance of Q.
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FIGURE 11
Simulated average bed shear stress of FIMER for slight change of depth.

4.3 Application of cohesive sediment in the
FIMER erosion device

Erosion experiments were conducted with a commercially
available cohesive sediment, kaolinite, at three consolidation times
(12, 24, and 48 hours). The experimental results (Figure 12)
demonstrate that the device consistently produces realistic
outcomes. Notably, as consolidation time increases, the critical
shear stress of the kaolinite bed rises. The slight increase of
Suspended Sediment Concentration (SSC) at the few initial bed
shear stresses also indicates the existence of a small fluffy layer,
even under the total calm water consolidation. This indicates that in
terms of erosion rate, the device accurately reflects the erosion effects.

10.3389/fmars.2024.1487962

5 Conclusions

After conducting thorough validation through experimental
observations and numerical simulations, we have achieved
significant and highly promising results. The enhanced FIMER
device has demonstrated superior performance in both controlled
laboratory settings and simulated environments, indicating its
potential for future applications in field experimental research.
Notably, the incorporation of a ring-shaped shear plate and the
determination of optimal operational parameters through extensive
FLUENT simulations have effectively addressed previous
limitations, resulting in more accurate and reliable erosion
threshold determinations. As a result, the upgraded FIMER device
has emerged as a crucial tool for advancing sediment erosion studies
across various environmental conditions. This study demonstrates
the approach to finding the correct design of an automatic Field
Instrument for Measure Erosion Responses (FIMER). A Laboratory
version of the FIMER is also constructed to confirm and enhance
the FLUENT model results. This study confirmed a small bed
liquefaction area at the bottom center and a solution (i.e., using a
ring-gap intake) was found to eliminate that problem. Numerical
investigations using the FLUENT model validated the distribution
of bed shear stress in the FIMER. The disk rotational speed, 2, and
the flow pumping out rate, Q, are two pivotal parameters for
determining the distribution of bed shear stress. A quadratic
relationship between the average bed shear stress, T,, and €,
along with the associated Q, was identified. This study
demonstrates that a highly uniform bed shear stress distribution
in FIMER can be achieved by judiciously selecting the Q and Q.
This numerical study also shows encouraging results that a 10%
variation in the depth between the rotating disc and the seabed only
leads to a 5% change in the average bed shear stress.
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FIGURE 12

Results of three erosion tests using a commercially available kaolinite with three different consolidation periods. The applied average bed shear stress
are all the same, and the sediment before each experiment were totally stirred up and then consolidated for the specified consolidation period.
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The success developed and use of the lab-FIMER provide
evidence to support the numerical model results, explain the
reason of having bed liquefaction at the bottom center area, and
more importantly, it helps to find the solution for removing the
sediment liquefaction problem. This further concluded that the
FIMER is capable of characterizing the erosion properties of
cohesive sediments and setting the stage for future in-

situ experiments.
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