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Abstract: The sedimentation of flocs in aquatic environments is a fundamental phenomenon that has
not yet been fully elucidated. This study quantitatively examines sedimentation behavior, particularly
focusing on sedimentation turbulence, in a two-dimensional system between flat plates, utilizing
image analysis. Experiments were conducted in a rectangular container with montmorillonite
suspensions coagulated in a sodium chloride solution. The settling motion of flocs was visualized
using a green laser from above and captured horizontally with a digital camera. The study employed
Particle Image Velocimetry (PIV) to analyze the velocity field in floc sedimentation, using the flocs as
tracers to calculate the mean velocity at the sediment—supernatant interface. The results showed that
the mean PIV value is affected by rising particles caused by sedimentation turbulence, indicating that
PIV analysis of flow fields using flocs as tracers is reliable. The maximum settling velocity was found
to increase with the initial interface height and the thickness of the container. The study further notes
that flow velocity fluctuations increase during rapid sedimentation, marked by repeated collisions,
separation, and the flocculation of variably sized flocs, offering a clear explanation of sedimentation
turbulence. Additionally, Fourier analysis of vertical spectra in the container reflects the formation
and collapse of flocs.

Keywords: montmorillonite flocs; sedimentation; formation and collapse; sedimentation turbulence;
PIV; Fourier transformation

1. Introduction

Colloidal substances are ubiquitous in aquatic environments. Their sedimentation
behavior plays crucial roles in the solid-liquid separation process, such as water treat-
ment, and the transportation of cohesive sediment in rivers and estuaries [1-4]. Although
these substances, the majority of which exist as flocs in natural water environments—are
important in sanitary, river, and coastal engineering, the sedimentation behavior of floc
suspensions has been largely overlooked. This phenomenon is frequently observed in
paddy field agriculture [5]. During the plowing and puddling periods of the irrigation
process, chemicals from fertilizers adsorb onto the surfaces of clay particles within the
flocculated sediments of paddy fields. These chemicals are subsequently discharged from
the paddy fields into irrigation drainage channels through both the percolation and over-
flow of paddy water, thereby contributing to the contamination of river water [6,7]. Such
contaminants can endanger entire ecosystems [8]. Therefore, flocs are considerably more
important transport units than individual particles, influencing diverse environmental
phenomena. Given these factors, the settling process of flocs under gravity is considered
one of the most fundamental yet unexplored issues in understanding the transport of
chemicals through water. The behavior of flocs is classified into three regimes based on
their effective concentration [9]. In the dilute regime, the formed flocs settle relatively
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freely; larger flocs settle more quickly, while smaller flocs settle more slowly, and there is no
clear demarcation between the sediment and the supernatant. In the semi-dilute regime, a
network-like structure emerges from the mutual interactions between flocs, leading to slug-
gish settling before rapid sedimentation begins. This interaction creates a distinct boundary
between the sediment and the supernatant, as smaller flocs are often entrapped within
the larger floc-formed networks. Following this, the flocs start to settle rapidly because of
floc collapse, forming a sediment layer at the bottom that eventually consolidates under
gravitational forces. In contrast, in the high-concentration regime, consolidation occurs
predominantly within the initially formed flocculated sediment network structure. In the
present study, our focus is on the sedimentation behavior of the semi-dilute regime.

Over the past decades, the sedimentation phenomena of various types of particles
have been studied; Kynch first established a theoretical framework for sedimentation [10].
However, this theory was developed based on monodispersed, non-colloidal materials [11],
and thus, it does not accurately describe the sedimentation of flocculated materials [12]. In
1954, Richardson and Zaki studied the hindered settling of monodispersed fluidized beds
and established the well-known Richardson and Zaki equation to describe bed expansion,
which is used in various industries [13]. Later, in 1962, Michaels and Bolger demonstrated
that the sedimentation equation could be applied to the flocculated clay suspension (kaolin-
ite in their case) in the dilute regime [14]. However, to apply this equation, we must assume
a representative size and settling velocity for flocs. Additionally, they reported a tendency
for the maximum settling velocity to be influenced by the initial height of the suspen-
sion, a finding also observed in our previous study on flocculated montmorillonite [15,16].
This phenomenon has been identified as the feed-forward mechanism of sedimentation
turbulence [15,17]. This mechanism can be described as follows: large flocs settle rapidly,
leading to collisions with smaller flocs due to differences in settling velocities. These colli-
sions contribute to the growth of larger flocs, thereby fostering the downward movement
of flocculated sediment and the upward motion of fluid. Sedimentation is accelerated by
the growth of larger flocs, and conversely, the growth of larger flocs is facilitated by the
process of sedimentation. The repetition of this sequence leads to rapid sedimentation and
turbulent flow. Increasing the initial height of the suspension allows for a longer settling
distance, which, in turn, increases the likelihood of collisions between settling flocs. This
promotes the growth of larger flocs and enhances the sedimentation process. Therefore,
the increase in maximum settling velocity with the initial height can be attributed to sedi-
mentation turbulence. However, few studies have quantitatively evaluated such settling
behavior, except for the measurement of settling velocity at the interface.

Montmorillonite is a type of alkaline clay [18,19]. An aqueous suspension of mont-
morillonite particles is readily flocculated upon the addition of NaCl. In addition, mont-
morillonite flocs can be enlarged by increasing the concentration of NaCl, making them
very suitable for analyzing the sedimentation behavior of flocculated materials. Given
its semi-transparent nature, the formed flocculated suspension of montmorillonite can be
easily observed by illuminating a laser sheet. For these reasons, an aqueous suspension
of montmorillonite particles coagulated in a high NaCl concentration can be regarded
as one of the best models for observing and analyzing the sedimentation behavior of
flocculated materials.

Particle Image Velocimetry (PIV) is a popular and well-developed technique in hy-
draulic engineering and fluid sciences used to measure the velocity field of fluid flow in
elapsed time. It has been utilized in previous research to study various turbulent phenom-
ena in laboratory experiments [20]. In this study, we employed PIV analysis to investigate
the two-dimensional sedimentation behavior of montmorillonite flocs, including the char-
acteristics of sedimentation turbulence phenomena, within a rectangular container. The
study also explored the effects of the physical constraints of rectangular containers on
sedimentation behavior, with different initial interface heights and varying container thick-
nesses. Additionally, Fourier analysis was introduced to estimate floc size. The remainder
of this paper is organized as follows: Section 2 describes the experimental setup, materials,
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and image analysis. Section 3 presents the experimental results and discussion. Section 4
provides the conclusions.

2. Experiments

The sedimentation behavior of montmorillonite flocs between flat plates in a 2D
system was explored using Particle Image Velocimetry (PIV) analysis. For this purpose, the
experimental apparatus consisted of a rectangular container. A laser sheet, specifically, a
Nd:YAG laser (LA-D40-CW from Omicron, Erlangen, Germany) illuminated the flocculated
sedimentation of the montmorillonite suspension within each container, thereby facilitating
a 2D system analysis. The experiment utilized a mixture of water, montmorillonite gel,
and sodium chloride solution. Section 2.1 details the experimental setup and materials,
and Section 2.2 delves into the image analysis, encompassing PIV; PTV; observation of
the interface height; and Fourier transformation, as applied to the settling behavior of
montmorillonite flocs.

2.1. Experimental Setup and Materials

The experimental arrangement, depicted in Figure 1, utilized a rectangular settling
container measuring 120 mm in width and 500 mm in height and featured varying thick-
nesses of 10 mm, 15 mm, and 20 mm. The container was filled with a prepared flocculated
Na-montmorillonite suspension. To illuminate the flocculated sedimentation of the mont-
morillonite within each container, a laser sheet from a Nd:YAG laser (LA-D40-CW; Omicron,
Erlangen, Germany) was used. The sedimentation flow within this 2D system was captured
using a NIKON D7200 digital camera (Nikon, Tokyo, Japan), operating at a frame rate of
30 frames per second (fps). For the purposes of this study, the Particle Image Velocimetry
(PIV) technique was employed to capture a 2D flow field within a vertical plane. This
approach allowed for the quantification of the two velocity components within the plane
using a series of time-resolved images taken by the camera. In this experiment, mont-
morillonite (Kunipia-F) [21], commercially obtained from Kunimine Industries Co., Ltd.
(Tokyo, Japan), was used as a flocculated material. The preparation of the montmorillonite
sample and flocculated Na-montmorillonite was described in a paper by Ghazali et al. [15].
For the experiment, the working liquid comprised a mixture of water, montmorillonite
gel, and sodium chloride solution. Initially, 18.86 g of montmorillonite gel was added to
1 L of water to create a volume fraction of 2.0 x 10~4. Following this, 1 L of 2 M sodium
chloride solution was added to the montmorillonite suspension, resulting in a 1 M NaCl
montmorillonite suspension. We stirred the NaCl montmorillonite suspension in a separate
container several times and then transferred it into the rectangular container to begin
the experiment.

2.2. Image Analysis for Montmorillonite Floc Settling Behavior

In this study, the Particle Image Velocimetry (PIV) technique is utilized to analyze
the settling behavior of montmorillonite flocs. PIV facilitates the capture of both two-
dimensional and three-dimensional images within a single frame and identifies particles
from one frame to the next using a multi-frame recording method [22]. We employed a PIV
system comprising a camera coupled with image-processing software to quantify the well-
described concept of sedimentation turbulence observed during the sedimentation of Na-
montmorillonite flocs in a 2D flow. An extensive analysis of the flow velocity field, including
parameters like mean velocity and velocity fluctuation, was conducted. The tracking of
the settling particles, including those in unstable flow conditions, was accomplished by
illuminating the laser sheet. As a result, the images were analyzed to determine the
entire flow velocity field. Additionally, PIV analysis enables the determination of various
parameters, including cross-sectional average flow velocity, vorticity, divergence, and
velocity vectors. This makes it highly suitable for investigating the flow conditions of
numerous particles within the system. In this study, we utilized PIVlab, an open-source
MATLAB tool known for its excellent performance and minimal error rates. In addition
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to ease of implementation and use, PIVIab provided accurate and reliable results [23]. For
the analysis conducted in this study, 300 data points were acquired along the interface
at regular intervals. Using these data points, the interfacial average flow velocity, 7, was
calculated utilizing Equation (1).
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Figure 1. Schematic diagram of the experimental setup using PIV.
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7= %1:21 v; (1)
where v; is the flow velocity at each data point. The image data acquired from the experi-
ment was also analyzed using Particle Tracking Velocimetry (PTV) to validate the results
obtained from the PIV analysis. PTV analysis enables the selection and tracking of multiple
particles of interest using the analysis software Move-tr/2D. For this purpose, three flocs
situated near the interface were identified, and their settling velocities were measured. Con-
sequently, the verification of the PIV analysis was carried out by comparing the interfacial
average flow velocity obtained from the PIV analysis with the average settling velocity
determined through PTV analysis. Additionally, the interface velocity was calculated based
on the observation of the interface height. The interface height was determined by setting
it at the lowest position of the interface line, with measurements conducted visually. The
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interface velocity, v, was then calculated using a fourth-order accurate difference scheme
based on the first derivative, as shown in Equation (2).

8h(t+ At) — h(t — At) — h(t + 2At) — h(t — 2At)
12At

oy = ()
where h(t) and At represent the interface height at time ¢ and the time step, respectively.
Furthermore, Fourier analysis was performed to investigate the growth of the flocs over
time following image processing. The montmorillonite flocs experience growth through
sedimentation and consolidation, which results in increased illumination. By taking this
phenomenon into account, it was possible to quantify the growth of the flocs over time by
analyzing the illumination intensity in the images using Fourier analysis. In this analysis,
the Fourier transform was applied to calculate the spectrum and to quantitatively measure
the floc size at the dominant wave number. The relationship between the wavelength (floc
size in 2D), L (cm), and the wave number, f (cm™'), is provided by Equation (3).

L=- 3)
f
Furthermore, the angular wave number, 27f, is calculated by multiplying the wave
number f by 2. Utilizing this angular wave number, along with amplitude and time data,
a three-dimensional graph can be generated to visually represent the changes and growth
of the flocs over time.

3. Results and Discussion

The sedimentation behavior of montmorillonite flocs in the rectangular container was
examined using PIV analysis. It was observed that the flow velocity obtained from the PIV
analysis was smaller than those obtained from other methods. Additionally, sedimentation
turbulence was observed during the settling of flocculated Na-montmorillonite flocs in a
2D flow. It was also noted that the maximum settling velocity increased with the initial
interface height and thickness of the rectangular container. This section is organized as
follows: Section 3.1 describes the sedimentation behavior of montmorillonite flocs over
time, while Section 3.2 discusses the validity of the PIV analysis. Section 3.3 describes the
sedimentation turbulence phenomenon in 2D using PIV analysis. In Section 3.4, the quan-
tification of sedimentation turbulence using root-mean-square (RMS) velocity fluctuations
is explained. In Section 3.5, the effects of initial interface height and container thickness on
sedimentation behavior are discussed. Section 3.6 shows the floc size estimation conducted
via Fourier analysis.

3.1. Sedimentation Behavior of Montmorillonite Flocs

Figure 2 represents the time variation in the interface height, while Figure 3 illustrates
a time-lapse image describing the growth process of montmorillonite flocs during sedimen-
tation in a container with a thickness of 20 mm. We observed that the initial 5 min of the
experiment can be characterized as the flocculation stage. During this stage, the particles
initially diffuse uniformly and gradually collide with surrounding particles, leading to the
growth of flocs. At this stage, these interactions between flocs result in a slow decrease in
the interface height. Following the flocculation stage, approximately from 5 min to 20 min,
the settling stage occurs. In this stage, the floc interactions formed during the flocculation
stage collapse, initiating rapid sedimentation. Larger flocs settle more quickly, leading to
collisions between flocs with different settling velocities, promoting further floc growth
and the development of a descending flow. Simultaneously, an upward flow of fluid is
generated, enhancing the sedimentation process. This process, known as the feed-forward
mechanism, is responsible for the rapid sedimentation. After the settling stage, a very
slow consolidation commences as the flocs at the bottom start to compact under their own
weight. This stage is referred to as the consolidation stage. Thus, settling phenomena for
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montmorillonite flocs similar to those observed in a previous experiment in a cylindrical
container [15] were successfully observed.
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Figure 2. Time variation in the interface height during sedimentation in a container with a thickness

of 20 mm.
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Figure 3. Time-lapse image describing the growth process of montmorillonite flocs during sedimenta-
tion in a container with a thickness of 20 mm.

3.2. Validation of PIV Analysis for Sedimentation Behavior

The time variations in the interfacial average velocity determined via PIV in the
20 mm rectangular container are presented in Figure 4. Figure 4a represents a comparison
of interfacial average velocity calculated via PIV and PTV and interface velocity based
on the observation of the interface height. As depicted in Figure 4a, it is evident that
the flow velocity changes over time, and all the characteristic features of flocculation,
sedimentation, and consolidation stages are consistent with previous studies [15]. However,
when comparing the value of flow velocity obtained with different analysis methods, a
discrepancy is noted. The flow velocity obtained from the PIV analysis is found to be
smaller than those obtained from other methods. This discrepancy can be attributed to
the lifting of smaller flocs vertically due to sedimentation turbulence. Since PIV analysis
captures upward flow velocity points, it is anticipated that the obtained average values will
be smaller. To address this issue, as shown in Figure 4b, the interfacial average flow velocity
obtained using PIV analysis was recalculated by excluding the upward flow velocity points
from the 300 velocity points. Upon recalibration, it was observed that the corrected values
of interfacial average flow velocity increased compared with the original values across
the overall time series. However, they remained smaller than the average flow velocities
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obtained from the PTV analysis and the interface velocities based on the observation of
the interface height. The maximum flow velocities of all the interfacial velocities obtained
with the PIV analysis have also been incorporated into Figure 4b. It was noted that the
maximum flow velocities were significantly high, indicating that the analysis was capable
of tracking even high-velocity particles. However, the presence of numerous measurement
points with low flow velocity was also observed. This could be because the flow velocity
at each measurement point in PIV is derived by averaging the flow velocities around the
measurement point, which could be influenced by flocs moving in the opposite direction
of settling, as illustrated in Figure 5. Similarly, in PTV analysis, multiple flocs near the
interface are selected and averaged, which could introduce errors. Despite the inherent
errors associated with each analysis method, the consecutive characteristics of flow velocity
variation were found to be consistent across all methods. This consistency suggests that the
results obtained from the PIV analysis are reliable and validate its effectiveness in studying
the sedimentation behavior of montmorillonite flocs.

0.5 0.7
—e—Interfacial average velocity by PIV —e—Original values of interfacial
0.4 1 % o Interfacial average velocity by PTV 06 1 average velocity by PIV
. . — Corrected values of interfacial
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Figure 4. Time variation in interfacial average velocity calculated with PIV: (a) comparison of
interfacial average velocity calculated with PIV and PTV and interface velocity based on observation
of the interface height; (b) comparison of original and corrected values of the interfacial average
velocity and maximum values of all the interfacial velocities, calculated with PIV.

— Particle velocity

l — 7 Output velocity
—@ @ @ @ *—©O

\ 4 v
Figure 5. Schematic diagram of the mechanism of flow velocity output via PIV.

3.3. Sedimentation Turbulence Observed in PIV Analysis

Figures 6 and 7 illustrate the distribution of velocity vectors and the direction of
these vectors along a horizontal line, respectively, during the sedimentation of flocculated
Na-montmorillonite in a rectangular settling container with a 20 mm thickness. In Figure 7,
positive degrees indicate downward flow, while negative degrees indicate upward flow.
The vector maps revealed that the presence of turbulence resulted in a variety of effective
velocity values, demonstrating that the flocs and the surrounding fluid move at different
velocities. Additionally, they showed flow instability, with larger flocs descending and
smaller flocs, along with the fluid, ascending. This is indicative of the feed-forward
mechanism occurring during the sedimentation process.
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(x1, 1) X axis

Vy axis

Figure 6. Distribution of velocity vectors during the sedimentation of flocculated Na-montmorillonite
in a rectangular settling container with a thickness of 20 mm.

(x1, 1) X axis

Figure 7. Distribution of vector direction along a horizontal line during the sedimentation of floccu-
lated Na-montmorillonite in a rectangular settling container with a thickness of 20 mm.
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Velocity Profile (mm/s)

3.4. Time Variation in Interfacial Average Velocity and RMS Velocity Fluctuation

The sedimentation turbulence was quantified for the sedimentation of flocculated
Na-montmorillonite in a rectangular settling container with a 20 mm thickness. The
analysis focused on the first two stages of the semi-dilute regime (i.e., flocculation and
sedimentation), where flow instability begins to emerge and intensifies during the floc
collapse. This instability or turbulence during the sedimentation of flocculated material
results in fluctuations in velocity [24,25]. Therefore, to investigate the time variation in
sedimentation turbulence, the interfacial average velocity and the root-mean-square (RMS)
velocity [26] were obtained using the following equations:
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x; represents the horizontal coordinate, while y; denotes the vertical coordinate from
the interface boundary to the bottom. U(y1) and V(y;) represent the mean velocity of all
points on the interface boundary for the u and v components, respectively. u5s(y1) and
Vrms(y1) represent the RMS velocity on the interface boundary for the u and v components,
respectively. Figure 8 represents the time variation in the mean velocity and RMS velocity
on the interface boundary for the u and v components. It was observed that the range
value of the v component was greater compared with the # component, as its direction is
consistent with the gravitational force and the settling Na-montmorillonite.
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Figure 8. Time variation in the mean velocity and RMS velocity at the interface boundary during the
flocculation and sedimentation stages: (a) u component; (b) v component.

At the beginning of the flocculation stage, the slighter movement of the flocculated
particles results in a lower mean velocity and corresponding RMS velocity. However,
during the floc collapse, the sudden downward movement of the flocculated sediment
generates an upward flow, increasing the mean velocity and corresponding RMS velocity.
This implies that the flow velocity fluctuation in the turbulent flow region is amplified [27].
Additionally, the larger value of u,,,s compared with U indicates a significantly high flow
instability, observed as sedimentation turbulence during the sedimentation process.
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3.5. Effects of Initial Interface Height and Container Thickness on Sedimentation Behavior

In this section, we delve into the effects of initial interface heights and container thick-
nesses on the sedimentation behavior of flocculated Na-montmorillonite. To investigate the
effects of the initial interface height, the time variation in the height of the settling interface
boundary is visually represented in Figure 9. The sedimentation curve demonstrated a
trend consistent with previous work, specifically referenced in [15]. This alignment was
noted in the context of a 2D analysis conducted on the rectangular container. A distinct
stage of initial flocculation was identified, which was more pronounced in scenarios in-
volving higher initial suspension heights. To enhance the clarity of observations during
this initial flocculation phase, the time axis in the upper right graph of Figure 9 was plotted
on a logarithmic scale. The maximum settling velocity of the interface boundary is also
depicted in Figure 10. The results confirmed that the maximum settling velocity increases
with the initial interface height, which is caused by sedimentation turbulence. To clarify
the effects of container thickness, the time variation in interfacial velocities for thicknesses
of 10 mm, 15 mm, and 20 mm is represented in Figure 11. As the thickness increased, the
maximum value of the interfacial average velocity also increased, and there was a tendency
for the duration of the flocculation stage, i.e., the time taken to reach this maximum value,
to be shortened. Previous studies have also reported that the maximum interfacial velocity
is larger in cylinders with diameters ranging from 20 mm to 40 mm [17]. It is believed that
the differences in maximum interfacial velocity arise from the fact that, as the thickness
decreases, the wall resistance increases, reducing the downward and upward flow that
promotes settling. Furthermore, for the same reason, it is hypothesized that, when the
thickness becomes sufficiently large, the maximum value reaches a constant. This observa-
tion underscores the significance of the physical constraints of the experimental setup on
both the sedimentation process and the characteristics of the flocs formed.
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Figure 9. Time variation in the interface height as a function of initial suspension height for the
sedimentation of flocculated Na-montmorillonite in rectangular settling containers with different
thicknesses: (a) 20 mm; (b) 15 mm.
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pension heights for the sedimentation of flocculated Na-montmorillonite in rectangular settling
containers with different thicknesses: (a) 20 mm; (b) 15 mm.
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Figure 11. Time variation in the interfacial average velocities in containers with different thicknesses.

3.6. Floc Size Estimation by Fourier Analysis

Fourier analysis was applied in the vertical direction for rectangular containers with
thicknesses of 10 mm, 15 mm, and 20 mm. The temporal evolution of the vertical component
of the Fourier spectrum in containers with different thicknesses is presented in Figure 12.
These figures illustrate the temporal changes in the spectral distribution, where the spectral
distribution itself represents the frequency (amplitude) of flocs of various sizes (wave
numbers). Thus, by examining Figure 12, we can visually understand the temporal changes
in the size distribution of flocs during sedimentation. In cases (a), 10 mm, and (b), 15 mm,
we observed temporal changes in the spectral distribution corresponding to the flocculation
stage, sedimentation stage, and consolidation stage. However, in case (c), 20 mm, it was
not possible to clearly observe temporal changes in the spectral distribution. This may
be because the laser is emitted in a sheet-like form, and as the thickness increases, flocs
not directly illuminated exist, affecting the brightness. This remains a future challenge
for flock size estimation using Fourier analysis. The beginning of the sedimentation stage
in case (a), 10 mm, is around 10 min, whereas in case (b), 15 mm, it is around 5 min, a
trend that is consistent with Figure 11. In the flocculation stage, from approximately 0
to 10 min in case (a) and 0 to 5 min in case (b), the montmorillonite flocs appear to be
uniformly distributed, resulting in a small amplitude across all wave numbers. In the
settling stage, from approximately 10 to 20 min in case (a) and 5 to 20 min in case (b),
there is a significant variation in amplitude. During this stage, the grown flocs undergo
separation and additional flocculation because of collisions, further promoting floc growth.
The sedimentation of different-sized flocs causes a large amplitude across all wave numbers.
In the consolidation stage, from approximately 20 to 40 min in cases (a) and (b), compaction
commences from the flocs that have settled at the bottom, and the compaction process
progresses very slowly because of the weight of the flocs. As a result, the floc size gradually
decreases until stabilization occurs, leading to a gradual decrease in amplitude, eventually
stabilizing into a specific amplitude pattern.

Based on these observations, it can be concluded that the Fourier spectra effectively
reflect the formation and collapse phenomena of the flocs.
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Figure 12. Temporal evolution of the vertical component of the Fourier spectrum in containers with
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4. Conclusions

In this study, we examined the sedimentation behavior of montmorillonite flocs in a
rectangular container with a narrow gap, employing a 2D system and utilizing PIV analysis.
Our observations confirmed that the flow velocity obtained via PIV analysis was lower
than those acquired from other methods, as illustrated in Figure 4. This discrepancy can be
attributed to the fact that other methods often neglect the influence of small flocs, which
possess upward flow velocities because they are entrained by sedimentation turbulence.
With this consideration, the results of the PIV analysis can be deemed reliable and reflective
of the actual flow velocity. Moreover, sedimentation turbulence was observed during the
settling of the flocculated Na-montmorillonite flocs in the 2D flow. We noted a monotonous
increase in maximum settling velocity as a function of the initial suspension height, as de-
picted in Figure 10. Additionally, an increase in the thickness of the rectangular containers
correlated with an increase in the maximum settling velocity and a decrease in the duration
from the flocculation stage to the settling stage, as depicted in Figure 11. Prior experiments
using cylinders have also indicated a similar trend, which can be attributed to the fact
that a small container size limits sedimentation behavior by reducing both downward and
upward flow because of large wall resistance. This mechanism suggests that, when the
thickness becomes sufficiently large, the maximum value may reach a constant. However,
this needs to be verified in further studies. The time variation in the interfacial average
velocity—alongside the corresponding RMS turbulence fluctuation of particle movement
within the flow of the interface—was analyzed, revealing the sedimentation turbulence
observed during the sedimentation process, as showcased in Figure 8. Additionally, the
temporal evolution of the vertical component of the Fourier spectrum illustrated the forma-
tion and collapse phenomena of the flocs, as demonstrated in Figure 12. In the flocculation
stage, the montmorillonite flocs were uniformly distributed, resulting in a small amplitude
across all wave numbers. During the settling stage, significant amplitude variations were
observed, with a large amplitude across all wave numbers, because of the sedimentation of
differently sized flocs resulting from the collisions, separation, and flocculation of the flocs.
In the consolidation stage, there was a gradual decrease in amplitude, which corresponded
to a reduction in floc size. This trend can be attributed to the slow process of compaction.
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