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Abstract In estuaries and coastal waters, floc size and its
statistical distributions of cohesive sediments are of primary
importance, due to their effects on the settling velocity and
thus deposition rates of cohesive aggregates. The develop-
ment of a robust flocculation model that includes the predic-
tions of floc size distributions (FSDs), however, is still in a
research stage. In this study, a one-dimensional longitudinal
(1-DL) flocculation model along a streamtube is developed.
This model is based on solving the population balance equa-
tion to find the FSDs by using the quadrature method of mo-
ments. To validate this model, a laboratory experiment is car-
ried out to produce an advection transport-dominant environ-
ment in a cylindrical tank. The flow field is generated by a
marine pump mounted at the bottom center, with its outlet
facing upward. This setup generates an axially symmetric
flow which is measured by an acoustic Doppler velocimeter
(ADV). The measurement results provide the hydrodynamic
input data required for this 1-DL model. The other measure-
ment results, the FSDs, are acquired by using an automatic
underwater camera system and the resulting images are ana-
lyzed to validate the predicted FSDs. This study shows that
the FSDs as well as their representative sizes can be efficiently
and reasonably simulated by this 1-DL model.
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1 Introduction

Estuarine morphology is mainly influenced by mud deposi-
tion. Among all sedimentation processes, the settling of
suspended particles is an important process to determine
mud deposition (e.g., Chisholm 1999; McAnally 2000;
Mietta 2010). Individual clay particles have little chance to
settle on the bed because of their small sizes (< 2 μm), and
thus, low settling velocities to resist upward transport. Clay
sediments, however, are mostly present as flocs or aggregates
as the result of flocculation that significantly alters their struc-
ture (i.e., size, density, and shape), which have higher settling
velocities. In natural environments, flocs are formed after col-
lision and attachment (because of cohesion) mainly due to the
effect of turbulent shear, which practically limits the maxi-
mum floc size around the size of the Kolmogorov microscale.
Nevertheless, because of the effect of bio-factors such as ex-
tracellular polymeric substances, it is not uncommon to find
that the sizes of bio-aggregates are larger than the
Kolmogorov microscale. Generally, aggregation decreases
turbidity in the water body but increases siltation on the bed,
while primary particles may increase turbidity and therefore
attenuate light penetration in the water body. These environ-
mental issues are largely related to the flocculation processes
of suspended particles. Their floc size distributions (FSDs) are
the most important indicator to quantitatively evaluate
flocculation.

The flocculation process is not yet fully understood be-
cause it can be affected by many factors such as sediment
concentration, clay mineralogy, local shear rate, floc strength,
water chemistry (pH, salinity, and other ions), and organic
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matter contents. Therefore, experiments that can isolate vari-
ous affecting factors in order to understand the significance of
each of the affected parameters in flocculation are important.
These experiments also provide valuable data to validate any
numerical model.

Three types of devices, Couette reactors, oscillating grids,
and chamber/tank mixers (either using a paddle/propeller/im-
peller or a pump), have been commonly used to examine the
FSDs of suspended particles (Serra et al. 2008). In Couette
flow experiments (e.g., Zhu et al. 2015; Vlieghe et al. 2014;
Wyatt et al. 2013; Bubakova et al. 2013; Yuan and Farnood
2010; Barbot et al. 2010; Frappier et al. 2010), the inner and
outer cylinders can either both rotate (in the same or different
directions), or only one rotates. The shear rate in this device
for a laminar flow is constant and can be determined by the
diameters and angular velocities of the cylinders. For a
turbulent Couette flow, the shear rate also changes from
outer cylinder to inner cylinder. Nevertheless, the gap
between the inner and outer cylinders is limited, so that a
floc will have a limited time to experience the change of
shear rate. Serra et al. (2008) indicated that a Couette device
produces larger flocs, compared with other flocculation de-
vices that have the same average shear rate. This is because
flocs in a Couette flow device are either under a constant shear
rate everywhere, or flocs can only response to the average
shear, and thus have time to develop.

Oscillating grids generate a reasonably homogenous turbu-
lence field and are also widely used for studying flocculation
processes and normally applied in settling columns/boxes
(e.g., Pujol et al. 2010; Maggi et al. 2007). For small settling
boxes, a micro-acoustic Doppler velocimeter (ADV) with a
long Bneck^ can be inserted in the water column to measure
turbulence directly (Pujol et al. 2010). Long settling columns
can either provide zero-dimensional (0-D) conditions by only
studying the floc conditions (e.g., size and density) at a select-
ed location (Maggi et al. 2007) or provide one-dimensional (1-
D) conditions by studying the floc conditions along the set-
tling column (Van Leussen 1994). In the above two cases, a
reasonable homogenous turbulence field is generated in the
entire column by using oscillating grids. Rectangular grids are
often used for a best turbulent shear production, and the aver-
age shear rates are controlled by the oscillation speed of the
grids.

Mixing chamber experiments are the other types of setups
used to study flocculation (e.g., Mietta et al. 2009; Kumar
et al. 2010). For small tanks, turbulence is usually generated
by a rotating impeller. Tank-averaged shear rate is determined
by the impeller diameter, power number, rotational speed, and
volume and viscosity of the fluid (e.g., Shen and Maa 2016a).
By using the tank-averaged shear rate, it provides a 0-D case
for studying flocculation. The FSDs at the measuring location
are assumed to represent the tank-averaged FSDs because of
short trajectories for flocs to travel within the tank. Therefore,

the tank cannot be big in order to limit the length of trajectory.
In cubic tanks, usually FSDs are determined from floc images
taken through the transparent wall (Keyvani and Strom 2013,
2014; Shen and Maa 2016a), while another method is needed
for cylindrical tanks since taking images through a curved
wall may produce bias on FSDs. Note that even in these small
mixing chambers, the flow field is not truly homogeneous. It
is a complicated three-dimensional (3-D) flow that can be
measured by using laser Doppler velocimeter (LDV; e.g.,
Ducoste et al. 1997) or particle image velocimetry technology
(PIV; e.g., Ge et al. 2014). The spatial variability of FSDs
within a small mixing chamber is limited because the time
for a floc to travel among different shear zones is too short
to reflect any significant change. Given enough time, the equi-
librium FSD, which represents the balance of aggregation and
breakup, can be assumed to display the results of the chamber-
averaged shear rate (Ducoste et al. 1997).

In a relatively large tank (as used in this study, with a
volume about 0.5 m3), however, spatial variability of FSDs
is measurable, although the differences are still limited. The
shape of the tank is not important since the local FSDs are
usually obtained by using an underwater camera system that
takes pictures through a transparent cover of its waterproof
house. The flow field can also be measured, e.g., by using
an ADV device. The use of a laser in-situ scattering and trans-
missometer (LISST) instrument, however, is still difficult, be-
cause of its large size.

Besides laboratory experiments, numerical modeling is an-
other tool to study flocculation processes. A flocculation mod-
el usually simulates the change of number density n for parti-
cles with size L at any location x and at any time t. For exam-
ple, the population balance model (PBM) (e.g., Shen and Maa
2015) can be used to simulate the FSDs by solving N differ-
ential equations for dni (Li, x, t)/dt (i = 1, 2,…, N) in which N
is the number of size classes used to represent the FSD. PBMs
have the advantage of considering various flocculation mech-
anisms (not limited to the effect of shear rate), and have the
potential for further extension in order to couple with hydro-
dynamic models (e.g., Shao et al. 2017) or include more com-
plicated floc properties (e.g., floc density) .

In this study, the FSDs of suspended kaolinite in an advec-
tion transport dominated tank are studied. It provides the
chance to check the development of a 1-D longitudinal (1-
DL) PBM that simulates the FSDs along an idealized
streamtube. To achieve this objective, measurements of the
flow field (e.g., mean velocity, turbulence kinetic energy,
and energy dissipation rate) using an ADV-Ocean are carried
out first. Those measured flow field results are used as inputs
for the 1-DL model, which is an extension of a previously
presented flocculation model for solving the FSDs (Shen
and Maa 2015). Through an updated camera system, the mea-
surements of FSDs are gathered to validate the modeling
results.
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2 Experimental setup and data analysis

2.1 Flow field measurements

Tap water in a cylindrical tank (diameter = 0.75 m; water
depth = 1.1 m) was agitated by using a RULE 3700 GPH
(gallon per hour) marine pump, mounted at the bottom of
the tank (Fig. 1a). The pump outlet was modified by adding
an adaptor, a 90° 1.5 in. PVC elbow, an 8 cm long 1.5 in. PVC
pipe, and a 1.5 in. PVC diffuser cap with hand-drilled holes.
The outlet was located at the center of the tank and 25 cm
above the bottom of the tank. This setup generated an axially
symmetric flow. The pump was powered with a fixed 12 V
DC power supply for at least half an hour until the flow field
reached a steady condition. Velocity and turbulence were mea-
sured by using a 5-MHz SonTek ADV-Ocean at selected
points, and the measured values were used as inputs for the
flocculation model.

The output of ADV-Ocean includes time series of instan-
taneous velocity components (incl. signal strengths and corre-
lation parameters) for all three directions (SonTek 2001). At a
few selected locations, where the signal strengths and correla-
tions are high, data based on 10, 15, and 20 Hz measurement
frequencies (with duration of 2, 4, and 6 min, respectively) are
processed to check the differences of the mean velocities.
Since there was found no significant difference, velocity mea-
surements in this study are collected at 10 Hz for 2 min in
these places, except for a few extremely high turbulence areas
close to the pump outlet.

The raw velocity data were first filtered based on signal
strength and its correlation. Signal strength is used to demon-
strate if there are sufficient particles in the measuring site. For
a good measurement, signal strength larger than 35 counts is
required. This requirement is always satisfied in this study.
The correlation coefficient evaluates the signal noise. In most
places in the tank far from the pump outlet, the correlation is
generally higher than 70%, with some places higher than 90%.
For high turbulent flow near the pump outlet, however, a cor-
relation as low as 30% is considered suitable in this study
(SonTek 2001). Note that a sufficient amount of data (usually
more than 70%) should be retained after filtering (Martin et al.
2002). For extremely high turbulence flow close to the pump
outlet, little data may remain even after filtering with a 30%
correlation. Increasing the velocity range is a practical way to
increase the correlation coefficient (SonTek 2001). Although
the basic principle for selecting a velocity range is to use the
lowest range that can cover the maximum expected velocities,
it is worth to increase the velocity range to reduce the noise
and keep more data. If the problem of insufficient data would
remain, these points may have to be excluded from the mea-
surements (e.g., the points within 5 cm around the pump outlet
in this study). After filtering the time series, the mean flow
velocities are obtained by time averaging over 2 min.

Because of the axially symmetrical flow, the ADV-Ocean
is held in such amanner that the direction of the marked sensor
is aligned with the radial direction (r), measuring the radial
velocity component, u. The other two sensors measure the
vertical velocity component, w, in the direction, z, and the

Fig. 1 Experimental setup. The
drawing of the stream tube along
the dashed line is not to scale. It is
small near the pump and becomes
large far away at the top due to jet
spreading. It further increases at
the horizontal section between
s = 80 and 116 cm due to
geometrical expansion. Along the
side wall, between s = 116 and
226 cm, there is only minor
change of the cross section due to
the minor gain or loss of ambient
water. The vertical coordinate, Z,
starts at the tank bottom and the
stream tube coordinate, s, starts at
Z = 30 cm
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tangential velocity component, v, in the θ direction. The flow
field in the z-r plane in the tank is displayed in Fig. 1b. An
idealized streamtube may be assigned which starts from a
measurable point close to the outlet of the pump (s = 0), goes
straight up until it is close to the water’s surface at the center
(s = 0 to 80 cm), and then turns 90° and goes horizontally to
the side wall (s = 80 to 116 cm). From there, it turns another
90° and moves downward along the side wall from surface to
bottom (s = 116 to 226 cm). Finally, it goes back to the pump
and then returns to the starting point. Notice that the tangential
velocity component is generally low, except at the bottom of
the tank. The flow field below z = 80 cm is measured by
holding the ADV downward as shown in Fig. 1a, while the
flow close to the surface is measured by holding the ADV
upside down. Therefore, the vertical velocity measured within
s = 0 to 80, and 116 to 226 cm, is set as Us (velocity along the
streamtube), positive along the transport direction. For s = 80
to 116 cm, measured U velocity (which is parallel to the
marked ADV receiver) is the main flow direction and thus it
is set as Us. The velocity at r = 36 cm (s = 116 to 226 cm) is
assumed close to r = 27 cm, since it is the measured point
closest to the side wall. Notice thatUs is always positive in this
idealized streamtube.

The turbulent kinetic energy (TKE) is obtained as

K ¼ 1

2
u0
� �2

þ v0
� �2

þ w0
� �2

 !
ð1Þ

where u′, v′, and w′ are velocity fluctuations with u' = u −U,
v′ = v − V, andw′ = w −W, respectively, and the over bar de-
notes the time average within the time duration T. Note that
de-spiking is required before calculating TKE. By trial-and-
error, any fluctuation that is larger than five times of the stan-
dard variation is considered a spike and is discarded from the
statistics.

In a turbulent flow, instability of the main flow produces an
eddy with similar wave length or scale as the main flow. This
eddy is unstable and disintegrates into smaller and smaller
eddies until all of their energy is dissipated by viscosity and
converted to thermal energy. To directly measure the energy
dissipation rate, ε, is difficult, because it is hard to capture
precisely the smallest turbulent structures (Saarenrinne and
Piirto 2000). Tennekes and Lumley (1972) suggest that in
the inertial subrange in the region of fully turbulent flow, the
wave number-based energy spectral density E (m3/s2) can be
expressed as

E kð Þ ¼ A⋅ε
2

.
3
⋅k

−5
.

3 ð2Þ

where A is the 1-D Kolmogorov universal constant, ε is in
units of square meter per cubic second, k (in units of m−1) is
the wave number, and the inverse of k is the size of the eddy.
Since the ADV noise level is the lowest for the flow

component parallel to the ADV source wave propagation di-
rection, the vertical velocity spectrum is used in this study to
estimate the energy dissipation rate (Feddersen 2010;
Thomson et al. 2012; Nimmo Smith et al. 2005).

Results of Fourier transform of w (t) show energy at each
frequency, f, thus it is necessary to transfer wave number k to
wave frequency f. Based on the Taylor’s frozen turbulence
hypothesis, Lumley and Terray (1983) suggest

k ¼ 2π
.
L ¼ 2πf

.
W ð3Þ

in which L is the wave length, and W is the mean vertical
velocity. Although Lien and D’Asaro (2006) suggest using
instantaneous velocity instead of mean velocity, this study
found that using instantaneous velocity merely introduces
more spikes, and thus, was not used. Therefore, the energy
spectrum based on wave frequency f can be obtained as
(Fugate 2002; Thomson et al. 2012)

E fð Þ ¼ A⋅ε
2

.
3
⋅ f

−5
.

3
⋅

W
2π

� �2

.
3

ð4Þ

The selected spectrum domain is from about 1 Hz (cf.
Feddersen 2010) to about 5 Hz (Nyquist frequency, because
of the 10 Hz sample frequency). As an example, Fig. 2 shows
the non-smoothed velocity spectrum (in m2/s2/Hz). Because
of the strong turbulence, it shows large scatter. Nevertheless,
the inertial subrange is within this domain where the spectrum
slope is − 5/3 (Fig. 2).

From Eq. 4, the energy dissipation rate ε can be estimated
as (Fugate 2002; Liu et al. 2011; Thomson et al. 2012)

ε ¼ 2π
W

⋅ C
.
A

� �3.2
ð5Þ

whereC = E (f = 1) is the reading of energy at f = 1Hz from the
least square fitted line with a fixed slope of − 5/3 in the log-log
plot of E( f ) vs. f. Although A is a constant on the order of 1, it
is selected as 0.7 because of the suggestions that A = 0.71 from
Liu et al. (2011) and A = 0.69 from Thomson et al. (2012).
MATLAB codes for finding energy dissipation rate based on
spectrum method can be found in Shen (2016).

Because the created flow field is quite complex, it is diffi-
cult to determine shear rates based on instantaneous velocity
gradients. In this study, the turbulent shear rateG is defined as
(e.g., Levich, 1962):

G ¼
ffiffiffiffi
ε
ν

r
ð6Þ

where ν is the kinematic viscosity of the fluid. The turbulent
shear rate G is a Reynolds-averaged shear rate referring to the
turbulent fluctuations only, following the actual definition of ε:
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ε ¼ ν
∂u0i
∂x j

∂u0i
∂x j

ð7Þ

Therefore, the definition of G simply follows from dimen-
sional analysis and indeed is a measure of the averaged turbu-
lent shear, which implicitly is assumed to be much larger than
the averaged shear.

Kolmogorov (1941) proposes that the Kolmogorov micro
length scale ηK, which is a length scale of eddy where viscos-
ity is the major mechanism to dissipate energy (Thomas et al.
1999), can be estimated as

ηK ¼ ν3

ε

� �1

.
4

ð8Þ

This length scale can be used to determine the possible
maximum floc size. The eddy diffusivity D is assumed close
to the eddy viscosity and can be estimated by

D ¼ Cμ
K2

ε
ð9Þ

in which Cμ = 0.09 is a constant that is widely used in turbu-
lence models (Rodi 1993).

2.2 FSD measurements

Initially kaolinite flocculated poorly since it was soaked in
deionized water for more than 30 days to reach a fully
water-saturated condition (Ha 2008). The pump made the
flocs in the tank grow in a very short time and then break back
to the original size in the pump. A properly selected amount of
high concentration sediment-water mixture was poured into
the cylindrical tank and diluted with tap water until the same

water depth (i.e., z = 110 cm) was reached as that of the
previous flow field measuring experiment. As shown in Fig.
1b, from s = 0 to s = 226 cm, the main flow is along the
streamtube. The transport time from s = 0 to s = 226 cm is
around 33 s, according to the measured mean velocities along
the streamtube. It is difficult to estimate when the FSDs be-
come locally steady, thus 48 h is waited to give sufficient time
for the system to become stable. An optical backscatter sensor
(OBS) is mounted at 50 cm above the bottom of the tank with
the measuring point around 10 cm away from the wall. The
measurements show the SSC is 0.38 g/L at the beginning and
then slowly decreases to 0.36 g/L (Fig. 3). This result is based
on the calibration results of SSC and OBS counts for the same
kaolinite suspension carried out earlier in the mixing chamber
experiments (Shen and Maa 2016a). Several water samples
were also collected from the port on the tank’s wall at
t = 30 min, and the results also indicate that the average SSC
is 0.4 g/L, which is close to the OBS monitoring results. If
assuming the change of floc size distribution has no effect on
the OBS calibration, an average SSC of 0.38 g/L may be used
as one of the input parameters to model the FSDs along the
entire streamtube.

An underwater camera system was developed to measure
the FSDs of kaolinite suspensions. This camera system is
based on that given by Shen and Maa (2016a) but improved
for underwater uses. The technical details of this camera sys-
tem can be found in Appendix A. The acquired floc images
are processed using the MATLAB Image Processing toolbox,
as reported by Shen and Maa (2016a) with some modifica-
tions. The procedures of image processing include converting
RGB images (i.e., truecolor images) to grayscale images, re-
moving background noise, contrast stretching and
thresholding, removing small objects, dilation and erosion,
filling the holes, removing on-border particles, and checking
pixel gradients to remove out-of-focus flocs. Since the laser
source is in green, only the green part of the RGB figure is
extracted and its intensity is used to generate the grayscale
image. The histogram of the grayscale image shows intensities
varying from 10 to 180, with the span three times wider com-
pared with that from the image taken with LED light source
(Fig. 4). This is one of the advantages to using laser light,
since a better quality image would span its light intensity on
a wider range (full range is from 0 to 255). The background
light intensity is estimated by finding the minimum light in-
tensity for a pixel within a block of each 30 × 30 pixels. The
resulting 163 × 108 square blocks are bi-interpolated to all
pixels to generate a continuous background light intensity.
Notice that the selected block in this study is much smaller
than that used in an early version of the camera system (Shen
and Maa 2016a). This is because the laser light is better than
the LED light in this application for generating a finer grid
background. The range of the intensity of the background is
from 0 to 0.6 in this study, compared with 0.2 to 0.3 for

Fig. 2 Example of the energy dissipation rate calculated by using the
vertical velocity component of the energy spectrum
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polystyrene particles used by Shen and Maa (2016a). Images
are enhanced by a nonlinear contrast stretching with input
intensity [0, 0.6] and mapping parameter 2 (mapping toward
darker). Then, particles are separated and converted to a bina-
ry display using a constant threshold value 0.18 (a number
determined by trial-and-error). Small objects with area less
than 4 pixels or minor elliptic equivalent axis less than 2 pixels
are removed as noise, dilation and erosion are applied to col-
lect the morphology of flocs, and particles on the border are
removed. The critical pixel gradient, which is estimated based
on pixel gradient statistics, is set as 120. Any identified floc
with a maximum pixel gradient below 120 is considered an
out-of-focus particle or threshold noise, and thus, is removed.
These values are used throughout this experiment. Circular
equivalent diameter is thus calculated based on the number

of pixels to construct a floc, and converted to floc size in
microns based on the subject-to-image ratio (SIR) of the cam-
era system.

3 Floc size distribution model

A simplified FSD model along a streamtube is presented. A
bundle of nearby streamlines may be used to constitute a
streamtube. For a steady turbulent flow, the location of the
streamtube may be considered as a fixed tube in space.
Since fluid only flows along the streamline, it assumes that
the transport of sediment also mainly moves along the tube.
As shown in Fig. 1a, this streamtube starts from s = 0 (close to
the outlet of the pump where the velocity can be measured),

Fig. 4 Example of intensity
diagram for the light source of a a
green laser module and b 12
LEDs

Fig. 3 Response of OBS counts
during an experimental period
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goes along the measured streamline (with some degrees of
idealization), and finally back to the pump and repeated again.
The actual condition in our prediction is from s = 0 to
s = 226 cm, and there is no measurement for s > 262 cm.

To find the governing equation for this 1-DL floc distribu-
tion model, consider a control volume along a streamtube
between two control surfaces, CS 1 and CS 2 (Fig. 5), in
which we focus on size L particles. These particles enter the
control volume at CS 1 with a number density (number of
particles with size L per unit volume) n. At this location, the
streamtube cross section is A, and the mean velocity along the
streamtube is Us. When leaving the control volume at CS 2,
the corresponding properties become n + dn, A + dA, andUs +
dUs. Since Us > > ws (settling velocity), settling is ignored in
the formulation.

At time t, the control volume contains particles with vari-
ous sizes. Among these sizes, particles of size L have number
density n (L, s, t) at a location s and time t. At time t + dt, it is
assumed that the floc remains in the streamtube, while the
number density n (L, s, t) might alter. This is not only because
particles enter or exit the control volume, but also because
particles flocculate within the control volume. During the floc-
culation processes in the control volume, total particle mass is
conserved but the particle number (either with all sizes and/or
with a particular size L) may change because of aggregation
and breakup processes. There may be turbulent exchange with
the neighboring suspension, but here it assumes that its net
contribution is negligible.

The governing equation for the change of total particle
number (N) for a particular size L is based on a balance of
local change, advective transport, and flocculation sources
and sinks:

∂
∂t

Nð ÞLocal þ Nout−Ninð Þ ¼ N˙
� �

Floc ð10Þ

in whichNin andNout are the total particle numbers transported
in and out of the control volume through the control surfaces
CS1 and CS2, respectively, and ṄFloc is the rate of particle
number change due to flocculation processes within the con-
trol volume.

Since length of the control volumeΔs and cross section A
are selected as independent of time, the first term in Eq. 10 is
given by

∂
∂t

Nð ÞLocal ¼
∂
∂t

n⋅A⋅Δsð Þ ¼ A⋅Δs⋅
∂n
∂t

The net difference of total number of size L particles enter-
ing and leaving the control volume (second term in Eq. 10)
can be given as

Nout−Ninð Þ

¼ nþΔnð Þ⋅ U s þΔU sð Þ⋅ AþΔAð Þ−n⋅U s⋅A
≈n⋅U s⋅ΔAþ n⋅A⋅ΔU s þ U s⋅A⋅Δn

¼ n⋅U s⋅Δs⋅
∂A
∂s

þ n⋅A⋅Δs⋅
∂U s

∂s
þ U s⋅A⋅Δs⋅

∂n
∂s

¼ n⋅U s⋅
∂A
∂s

þ A
∂ n⋅U sð Þ

∂s

� �
⋅Δs

where higher order terms are ignored. The third term in Eq. 10
can be expressed as:

N˙
� �

Floc ¼ S⋅A⋅Δs

Here, S represents the flocculation source and sink terms
describing the rate of change of the number of size L particles
per unit volume due to aggregation and breakup. As a conse-
quence, the instantaneous number density n for a particular
size L at time t in a steady flow field along a streamtube can be
written as:

∂n
∂t

þ ∂ n⋅U sð Þ
∂s

þ n⋅U s

A
⋅
∂A
∂s

¼ S ð11Þ

Applying the classical Reynolds averaging procedure to
decompose the instantaneous properties into time-averaged
and fluctuant sections gives:

n ¼ nþ n
0 ð12Þ

U s ¼ U s þ U
0
s ð13Þ

The cross section A is assumed to be independent of time,
so that it does not have a turbulent contribution. The floccu-
lation source and sink terms S is more or less empirical and
therefore the turbulent contribution is neglected as well
(Winterwerp and van Kesteren 2004). Substituting Eqs. 12
and 13 into Eq. 11 and averaging over the turbulent time scale
gives

Fig. 5 Control volume to derive the governing equation of the 1-DL FSD
model along a streamtube. Filled circles represent floc with size L and the
number density of this size floc is n
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∂n
∂t

þ
∂ n⋅U s

� �
∂s

þ
∂ n0 ⋅U 0

s

 !

∂s
þ n⋅U s

A
⋅
∂A
∂s

þ n0 ⋅U 0
s

A
⋅
∂A
∂s

¼ S ð14Þ

Applying Fick’s law, i.e., assuming the n0 ⋅U 0
s term is pro-

portional to the gradient of time average number density along
the streamtube, gives

n0 ⋅U 0
s ¼ −D⋅

∂n
∂s

ð15Þ

in which D is the turbulent diffusivity coefficient, which can
be evaluated by assuming it is close to the eddy viscosity of
the fluid.

Substituting Eq. 15 into Eq. 14 yields

∂n
∂t

þ
∂ n⋅U s

� �
∂s

−
∂
∂s

D
∂n
∂s

 !
þ n⋅U s

A
⋅
∂A
∂s

−
D
A
⋅
∂n
∂s

⋅
∂A
∂s

¼ S ð16Þ

After this point the Bbar^ in n andU s is omitted, thereby all
variables are taken to be time-averaged. Therefore, the follow-
ing governing equation for particles with a particular size L
that specified its time-averaged number density n at time t in a
steady flow field along a streamtube is obtained:

∂n L; s; tð Þ
∂t

þ ∂ n L; s; tð Þ⋅U s sð Þð Þ
∂s

−
∂
∂s

D sð Þ⋅ ∂n L; s; tð Þ
∂s

� �

þ n L; s; tð Þ⋅U s sð Þ
A sð Þ ⋅

∂A sð Þ
∂s

−
D sð Þ
A sð Þ ⋅

∂n L; s; tð Þ
∂s

⋅
∂A sð Þ
∂s

¼ S

ð17Þ

In Eq. 17, the variables Us, A, and D do not change with
time, but do vary along the direction of the streamline s. The
number density n is for a particular particle size L and can
change with time t and space s. The flocculation source and
sink term S can be expressed as (Shen and Maa 2015).

S ¼ L2

2
∫L0

β L3−λ3
� �1.3

;λ

 !
⋅α L3−λ3

� �1.3
;λ

 !

L3−λ3
� �2.3

⋅n L3−λ3
� �1.3

; s; t

 !
⋅n λ; s; tð Þ

2
666664

3
777775
dλ

−n L; s; tð Þ∫∞0 β L;λð Þα L;λð Þn λ; s; tð Þdλþ ∫∞L a λð Þ⋅b Ljλð Þ⋅n λ; s; tð Þdλ−a Lð Þ⋅n L; s; tð Þ

ð18Þ

in which λ is the integral variable with the same dimension of
floc size L, β(L, λ) is the Euclidean collision frequency func-
tion that describes the frequency of two spheres with size L
and λ colliding to form a particle with size (L3 + λ3)1/3,α(L, λ)
is the collision efficiency that includes the effects of particle
geometry, contact efficiency, and sticking probability, a(L) is a
breakup frequency function that denotes the frequency of dis-
ruption for particles with size L, and b(L|λ) is a fragmentation
distribution function that represents particles with size L pro-
duced by the breakup of a particle with size λ. The four terms
in Eq. 18 include the following: the birth of flocs with size L
due to aggregation of smaller particles, the death of flocs with
size L due to aggregation with other particles, the birth of flocs
with size L due to fragmentation of larger particles with size λ,
and the death of flocs with size L due to themselves break up
into smaller particles.

Equation 17 with flocculation source and sink terms repre-
sented by Eq. 18 is the governing equation for the number
density of size L particles. To further track the number, surface
area, volume, etc. of particles of all sizes, the quadrature method
of moments is selected to solve the governing equation by ap-
plying Gaussian quadrature approximation with an adjustable
factor, p. Details are given elsewhere (Shen and Maa 2015).

m
k

.
p
s; tð Þ ¼ ∫∞0 L

k

.
p
n L; s; tð ÞdL

¼ ∑
i¼1

Nd

ωi s; tð Þ⋅Li s; tð Þk
.

p
k ¼ 0; 1;…; 2Nd−1ð Þ

ð19Þ

in which n is integrated over the whole size range. mk/p is the (k/
p)th order moments of FSD,withm0 (i.e., k = 0),m2 (i.e., k = 2p),
and m3 (i.e., k = 3p) proportional to the total number of all
particles, total surface area, and total volume of all particles per
unit fluid volume. The integral in Eq. 19 is numerically solved
usingNd—node Gaussian quadrature approximation (Press et al.
1992) using Nd Gaussian quadrature nodes Li (i = 1, 2, …, Nd)
andNd correspondingweightsωi (i= 1, 2,…,Nd) by tracking the
first (2Nd − 1) moments k = 0, 1, …, 2Nd − 1. The Gaussian
quadrature nodes and corresponding weights are actually the
characteristic sizes and number densities that can constitute the
number-based FSD (Shen and Maa 2015). The variable p is an
adjustable factor that controls the number of nodes (Nd) that can
be tacked. For example, p = 1, 2, 3, 4, 5 for Nd = 8, and p = 1, 2,
3, 4 for Nd = 7. The optimum p is usually selected by trial-and-
error.
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Substituting Eq. 19 in Eqs. 17 and 18, the governing equa-
tion becomes

∂m
k

.
p
s; tð Þ

∂t
þ
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.
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And

bi
k

.
p

� �
¼ ∫∞0 L

k

.
p
b Ljλð ÞdL ð22Þ

The flocculation kinetic kernels given in the above equa-
tion (i.e., collision frequency β, collision efficiency α, break-
up frequency a, and fragmentation distribution function b) for
suspended kaolinite can be summarized as (Smoluchowski
1917; Winterwerp 1999; Shen and Maa 2015)

β Li; Lj
� � ¼ G

6
Li þ Lj
� �3 ð23Þ

α Li; Lj
� � ¼ C1 ð24Þ

a Lið Þ ¼ C2⋅
μ
Fy

� �1

.
2

⋅G
3

.
2
⋅Li⋅

Li
lp
−1

� �3−nf

ð25Þ

bi
k

.
p

� �
¼ 2

3−k
.

p

� �.
3
Li

k

.
p ð26Þ

in which G is the local shear rate, C1 and C2 are the aggrega-
tion and breakage parameters respectively, μ is the fluid dy-
namic viscosity, lp = 5 μm is the representative primary parti-
cle size, Fy is the floc strength with a constant value of 10

−10 N
following the values given by Maggi et al. (2007) and Lee
et al. (2011), and nf = 3 ⋅ (L/lp)−0.1 is the fractal dimension fol-
lowing the formulation given byMaggi et al. (2007) and Shen
andMaa (2015) for suspended kaolinite. Equation 26 assumes
a floc splits into two equal sized particles if it breaks up.

Note that Eq. 20 actually is a series of (2Nd − 1) equations.
At each time t, the left hand side of Eq. 20 is updated using a
finite difference method, while the source and sink terms follow
for Eq. 21 is a constant if the value of Li (i = 1, 2,…,Nd) and ωi
(i = 1, 2,…,Nd) are available. A total of 2Nd variables of Li and
ωi at time t are calculated from a finite set of 2Ndmoments (m0,
m1/p,…,m (2Nd − 1)/p) at time (t − Δt) using Eq. 19 based on the
long quotient modified difference algorithm (Sack and
Donovan 1972; Wheeler 1974; Press et al. 1992; Shen and
Maa 2015). Since advective transport dominates in this case,
an explicit upwind scheme is used to avoid numerical instabil-
ities. In this study, 14 moments with adjustable factor p = 4
were used to solve the seven size classes and seven correspond-
ing number frequencies to construct the FSDs. The time step Δt
is selected as 1.0 × 10−4 s for both transport and flocculation
processes. Since the flow velocity is always positive along the
streamtube, the upwind scheme actually becomes a backward
difference scheme. The entire streamtube (292 cm) is divided
into 58 grids with a resolution of 5 cm. The streamtube between
s = 0 and s = 226 cm corresponds to cell numbers 1 to 45.

Note that the total mass of fluid and sediment (i.e., all
particles) within the tube should be conserved, because the
streamtube may be considered a rigid tube with no local stor-
age (i.e., incompressible flow). This implies that the cross
section areas of the streamtube are altered according to its
mean velocity. The conservation of total sediment volume,
i.e., m3 (indicator of volume), remains unchanged, thus the
source and sink term S3 = 0 when k = 3p in Eq. 20.

A repetitive boundary condition is applied for m3 between
the last and the first cell of the computational grid, i.e., m3 in
cell 59 is equal tom3 in cell 1. This relation is also valid for the
eddy diffusivity D, mean velocity u, and cross section A. For
other moments mk/p (k ≠ 3p), which are an indicator of FSD
and other properties such as total particle number and total
particle area, there is no need to specify the boundary condi-
tion because these moments at a downstream-most grid cell
are only influenced by the one before.

4 Results and discussions

4.1 Model inputs

The presented 1-DLmodel is an extension of the previous 0-D
model given by Shen and Maa (2015). Flow conditions and
FSDs close to and away from the outlet of the pump should be
different because of the significant different shear rates. This
difference, however, cannot be identified by using a 0-D mod-
el. Near s = 0, the shear rate is extremely high, and particles
may remain as primary particles. When close to the side wall,
the shear rate is relatively low, and large flocs could be
formed. Therefore, the presented 1-DL model was developed
to elaborate such differences. Because of the limited traveling

Ocean Dynamics (2017) 67:1495–1510 1503



time between the pump exit and near the tank wall, the differ-
ence of FSDs is not significant, but it shows some differences.

The measured flow properties along the streamtube are
represented in Fig. 6, with s = 0 to s = 80 cm indicating a path
near the center of the tank (center zone), s = 80 cm to
s = 116 cm indicating close proximity to the water surface
(surface zone), s = 116 cm to s = 226 cm indicating the side
wall (side zone), and s > 226 cm indicating a return path for
water to go back into the pump. Data from s = 0 to s = 116 cm
are measured, while data from s = 116 to s = 226 cm at a radial
distance r = 37 cm (Fig. 1b) are assumed close to the vertical
component for the measured data at r = 27 cm. The velocities
along the streamtube mainly change with the cross section of
the streamtube. The minimum velocities around s = 150 cm
and s = 220 cm (Fig. 6a) are due to the neighborhood of
stagnation zones in the corners of the tank. Small size particles
are expected in the high shear zone close to the outlet of the
pump, while large flocs are expected far away. The turbulence
close to the pump outlet is high, with the main flow
Us > 80 cm/s, the energy dissipation rate ε around
1000 cm2/s3, the TKE K around 1000 cm2/s2, and the eddy
diffusivity D in the order of 100 cm2/s. From s = 0 to
s = 80 cm, Us, ε, and K all decrease more than 1 order of
magnitude, while D shows a local minimum at s = 25 cm.

At the water surface from s = 80 cm to s = 116 cm, Us and
K show a gradual decrease, ε is relatively stable, and D con-
tinuously decreases to 1 cm2/s. At the side from s = 116 cm to
s = 226 cm, which is a vertical downward flow, Us and K are
relatively stable. D shows a parabolic character with small
values at the surface and bottom of the side, while their local
maximum is located around 30 cm above the bottom. ε con-
tinues to decrease until s = 190 cm, and it must increase again
between 226 cm < s < 262 cm, since the velocity increases
along the tank bottom and toward the pump. The local shear
rate G and Kolmogorov microscale ηK are proportional to 1/2
and − 1/4 power of ε, respectively, such that they display
similar or reverse shape as that of ε. From Fig. 6e, it is clearly
seen that the shear rate close to the pump outlet could be as
high as 300 s−1, while at s = 190 cm it may be as low as 5 s−1.
With this level of shear rate, the Kolmogorov microscale
shows that the maximum floc size without organic matter
influences usually cannot exceed 60–500 μm even with suf-
ficient time for flocculation (Fig. 6f) (Mietta et al. 2009).

4.2 Model validation

The FSDs at s = 130, 145, 160, 175, 190, 205, and 220 cm are
obtained by processing of the images taken by the underwater

Fig. 6 Flow properties along the streamtube. Circles are measured
results, and diamonds are estimated. Lines in a, b, and c are fitted
results, while in d, e, and f are modeled results based on data shown in

b and c. (Us—flow velocity along the streamtube; ε—energy dissipation
rate; K—TKE; D—eddy diffusivity; G—local shear rate; ηK—
Kolmogorov scale)
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camera system. Particles from a consecutive 50 images are
used (more than 1000 particles) to have a stable FSD. In other
words, all FSDs are the results of 2 min measurements that
were displayed with a 5-μmbin size. These images were taken
after running the pump for sufficient time to assure that locally
steady conditions are obtained. All FSDs (Fig. 7) show a de-
creasing trend with its peak at the smallest bin. At s = 205 cm
(about 20 cm above the bottom, close to the side wall), it has
the most abundant small particles with a number fraction
above 60%, while at other measuring points, the number frac-
tion of flocs in the 5–10-μm bin varies around 40–50%. The
short period for one cycle of a particle moving around along
the streamtube is the reason why small particles are abundant
because flocs do not have enough time to aggregate. It is
important to notice that some flocs might travel out of the
streamtube by turbulent dispersion, even though the measured
velocity that represent cross-tube flow, from s = 0 to
s = 226 cm, is low. Those flocs traveling outside of the
streamtube may have the chance to become larger.
Unfortunately, there is no data to investigate this assumption.

The original selected timing for taking images does not
reflect the time for particles to achieve locally steady state,
since it only takes 33 s for a particle to complete one circula-
tion in the streamtube and, according modeling results, it takes
60 s to become steady (Fig. 8). Since this is an initial value
problem (i.e., the FSD at any place along the streamtube is
controlled by the strong pumping shear at the beginning), the
48-h waiting time (waiting for flocs arriving steady state) is
not needed for this purpose. The waiting is to make sure that
all sediments in the tank have passed through the pump and
there is no long-term effect. In general, for an experiment
where sediments have to go through high-and-low shear zones
(e.g., a settling column with vibration screens, or a mixing
chamber with a propeller), the waiting time is long (Maggi
et al. 2007; Keyvani and Strom 2014). This long waiting,
however, will not affect the fact that the flocculation process

is completed in a short period of time. As discussed in Shen
and Maa (2016b), the selection of absolute values for the
parameters C1 and C2 should be based on matching the mea-
sured and predicted mean floc sizes at t > 60 s.Meanwhile, the
ratio C1/C2 should be the same as that given in Shen and Maa
(2016b)’s box model, which simulates the FSDs in a mixing
chamber experiment using the same sediment. This is because
the ratio C1/C2 determines the FSD at the final equilibrium
state while their absolute values determine the growth path-
way to arrive at the final state in the box model (Shen andMaa
2016b). The fitted C1 and C2 based on both flocculation path
and final FSD in the 0-D modeling results can be used in a 1-
DL model . By tr ia l -and-er ror, C1 = 0.0325 and
C2 = 1.224 × 10−6 are selected in this study for a reasonable
match between the simulated and measured mean sizes at
t = 60 s (Fig. 8). The ratio of C1/C2 is the same as that used
in the Shen and Maa (2016b). It is important to note that the
distance of measured data from s = 130 cm to s = 220 cm is
relatively short, so the difference of their mean sizes are lim-
ited (especially when plotted on a logarithmic scale). The
measured mean size at s = 205 cm is smaller than in other
locations probably because of the turbulence is too low to
promote flocculation, and without enough time, the particles
cannot become large flocs. The model, however, does not
reproduce this. This part may be improved by using a more
complicated 3-D model in the future.

At t = 60 s, the normalized moments show the particle vol-
ume (m3) along the tube is the same as that specified for the
initial condition, which illustrates the conservation of total par-
ticle volume (mineral part) in the tube (Fig. 9). If the initialm3 is
not uniform along the tube, it will become uniform quickly
because of strong advection transport.m0,m1, andm2 show that
the total particle number, total particle length, and total particle
surface area continuously decrease from s = 0 to s = 150 cm
while relatively unchanged in the side zone (Fig. 9). On the
other hand, m4 and m5, which are proportional to the total

Fig. 7 Measured FSDs at varying elevation close to the side wall of the
tank

Fig. 8 Time evolution of mean size along the streamtube, with symbol
Bo^ denoting measured results at t = 60 s
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surface area of sediment settling per unit time and the settling
flux (Mehta 2013), respectively, continuously increase (Fig. 9).
The same m3 at s = 0 (starting point) and s = 292 cm (ending
point) also illustrate the assigned repetitive boundary condition
of sediment volume in the tube. Other moments, however, do
not have this boundary condition.

At the beginning of the simulation, the total number of all
particles (m0) is the same everywhere. Between s = 0 and 50 cm
(center zone), this number changes quickly to an equilibrium,
and does not change anymore because of strong shear. In the
surface zone, m0 approaches an equilibrium status with more
time but less than the time of one circulation (Fig. 10). The side
zone is the last place to approach the equilibrium status, and
only this zone has reached the equilibrium status after t = 60 s.

At t = 60 s, the predicted FSDs at s = 176 cm are compared
with measured results (Fig. 11). The error between the

experimental and simulated FSDs is calculated using the fol-
lowing equation (Maggi et al. 2007)

Error ¼ 1

2
∑
i¼1

Nd

wMi−wEij j
 !

ð27Þ

where Nd = 7, ∑
i¼1

Nd

wMi ¼ 1, and ∑
i¼1

Nd

wEi ¼ 1. wMi and wEi are

modeled and experimental number frequencies for each size
class, respectively. In this study, the error of the FSD at sizes 5,
8, 19, 39, 67, 102, and 145μm (measured data are interpolated
or extrapolate to these size classes) is 0.19. This error seems
reasonable, as similar values (0.11–0.21) have been obtained
in a settling column experiment by Maggi et al. (2007). The
initial condition at t = 0, and simulated FSDs at t = 1 s, 5 s are
also shown in this figure. It appears that the model prediction

Fig. 9 Normalized moments mk (t)/mk (t = 0) (k = 0, 1, 2, 3, 4, 5) at
t = 60 s along the streamtube

Fig. 10 Time evolution of total particle number along the streamtube.
Lines are normalized and plotted every 2 s. The initial number is assumed
the same along the streamtube

Fig. 11 Example of computed time evolution of FSDs at s = 176 cm in
the side zone. Measured FSD at t = 60 s are also plotted for comparison

Fig. 12 Model predictions of time evolution of mean sizes at three
selected locations
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at t = 60 s has more large flocs. This is different from the
measurements, and may be caused by a more favorable aggre-
gation condition specified in the modeling. Besides, as exam-
ples of a few selected points, at s = 58 cm (at the center zone)
and s = 113 cm (at the surface zone close to the starting point
of the side zone), the time evolutions of the mean floc size
show that it only takes 5 and 10 s to reach the equilibrium state
(Fig. 12), with their predicted FSDs (Fig. 13) illustrating that
most of the particles are small flocs, but some large flocs are
also present. The flocculation process reaches steady state in
such a short time because the flocculation time is inversely
proportional to the shear rate (Colomer et al. 2005). Therefore,
for the location at the outlet of the pumpwhere the shear rate is
extremely high, flocs must remain as primary particles. For the
location far away from the pump, flocculation may require
longer time to reach an equilibrium state. At s = 218 cm (close
to the end of the side zone), however, the period for one cycle
(t = 33 s) is less than that required to attain equilibrium (see
Fig. 12), and thus, there are less large flocs compare with
t = 60 s (Fig. 13).

5 Conclusions

A 1-DL flocculation model is developed to simulate the FSDs
of suspended kaolinite in a streamtube whose boundaries are
defined by streamlines. Water and sediment flow within the
streamtube, with their velocity or sediment concentration dis-
tributions assumed uniform across the tube. The governing
equations show the change of number density of a particular
particle size based on a balance of local change, advection,
diffusion, and flocculation. The settling term is omitted due to
high advection in this case.

A laboratory experiment was carried out to validate this
model. A 3700 GPH marine pump was placed at the bottom

center of a 0.5-m3 cylindrical tank, with its outlet re-fitted to
eject fluid upward at the center to create an axially symmetri-
cal flow. The flow field was measured by using a 5-MHz
ADV-Ocean, and the measured data (mean flow, energy dis-
sipation rate, turbulent kinetic energy, eddy viscosity,
Kolmogorov micro length scale, and local shear rate) are put
into the 1-DL model for solving the change of FSDs along the
streamtube. Both the measured and predicted FSDs show a
small particle dominated distribution, with the peak at the
smallest particle size. The ratio of aggregation and breakage
parameters C1/C2 is consistent with that obtained in a 5-L
mixing chamber test for the same clay mineral (kaolinite).
The absolute values of C1 and C2 depend on local environ-
ments, and they were determined by trial and error.

In this study, the flow condition is not the typical vertical 1-
D flow, and not representative for natural environmental con-
ditions. However, this 1-DL flocculation model can be easily
extended to a 2-D longitudinal and vertical model to analyze
cohesive sediment transport and flocculation in a conventional
flume test. It can also be adapted for implementation into a 3-
D sediment transport model, although the computational cost
may be high for large-scale applications. This may provide a
better method to study floc density and settling velocity of
fine, cohesive sediments in the near future.
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Appendix A Details of the underwater camera
system

This system was developed to measure the FSDs of kaolinite
suspensions. This camera system is improved based on that
given by Shen and Maa (2016a). It includes a Sony Alpha
NEX-5R camera body with 4912 × 3264 pixels for images,
a NEX E mount to Nikon F mount adaptor, three Kenko ex-
tension tubes (36 + 20 + 12 mm), a Nikon Macro Nikor
55 mm lens, and a +10 close-up lens that mounted sequential-
ly (Fig. 14). These settings magnify the subject, from a subject
size of 10.7 × 7.2 mm to an image size of 23.5 × 15.6 mm, i.e.,
a subject-to-image ratio (SIR) of 1: 2.2, and thus, changes the
resolution from 4.8 μm per pixel to 2.2 μm per pixel. Using at
least 2 × 2 pixels to identify a floc, the minimum sphere

Fig. 13 Model predictions of FSDs at the equilibrium state for three
selected locations
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equivalent floc size that can be identified by this camera sys-
tem is around 5 μm, which is roughly consistent with the
primary particle median size of cohesive sediment minerals
in the natural environment. The shutter speed is set to 1/1000 s
to catch the fast moving particles, the aperture is set at the
maximum, f/2.8, to receive more lights and to limit the focus
depth to about 2 mm. The ISO is set to 100 to minimize noise
which may be considered as primary particles or small flocs.
The trigger to take pictures is controlled by a commercially
available remote control unit which is powered and controlled
via a four-pin connector, J2, on the control board.

The major improvement on the current system is to replace
the original LED light source by a 150mWgreen laser module
with a concave lens to spread the laser light. This laser module
is mounted on the same side of the camera lens (i.e., front
illumination) and points to the center of the image window.
It is connected and controlled by the control board via a three-
pin connector, J1. The above components are assembled and
protected in a PVC tube with one cover made by PVC plate,
and the other made by a 23-mm-thick plexiglass plate to allow
pictures to be taken. Through air dielectric, the distance be-
tween the subject and lens (DSL) is slightly larger than 23mm,
but it increases to 29 mm when the plexiglass cover is placed
between the lens and the subject. This gives around 5 mm
distance between the cover and the front of the camera lens
to take pictures for any subject that is within 1 mm of the other
side of the plexiglass cover. The power for this camera system
is provided by a set of four 18,650 lithium rechargeable batte-
ries (i.e., 16VDC) inside the PVC tube via the connector, J3.
This power is converted to 3.7 V to provide power for the laser
source, converted to 5V for themicrocontroller, and converted
to 3 V for the camera remote control. Amagnetic switch which

is attached on the PVC cover can be turned on if a magnetic
bar is placed on the other side of the PVC cover. Once the
switch is closed, the microcontroller begins to work following
the instruction of the control program. This program generates
periodic pulses which are fed into the gate of two field effect
transistors (FETs), (i.e., 2N7000 and RFP2N08L, respective-
ly) which behave as two electronic switches, K1 and K2. The
timing of these two pulses match so that when the camera is
taking images, the laser light is on. The program is set to take
pictures every 2 s until the battery for the camera is exhausted.
Nevertheless, this system operates for about 3 h before the
batteries need to be changed. This working duration is suffi-
cient for the current application, and much longer than the
previous system (Shen and Maa 2016a) that uses LED light
source. For field measurements in a typical tidal estuary, more
improvements can be arranged to extend the operation dura-
tion. Finally, the acquired floc images are processed using the
MATLAB Image Processing toolbox to statistically find the
FSDs (Shen and Maa 2016a).
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