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a b s t r a c t

The present study investigated the role of non-cohesive fraction of sediments on the flocculation of
kaolin suspension. The floc characterization was achieved through micro-scale investigations using
an image capturing system followed by an image processing technique. Initially, the variations
in the characteristics of flocs of kaolin with salinity and turbulence were examined, followed by
characterization of flocs under the addition of sand fraction at different proportions (10%, 20%, 40%
and 50%). The presence of sand imparts additional shear causing the break-up of macro-flocs of size
>100 µm. The variation of floc volume fraction of macro-flocs with turbulence follows a power law,
which was used to quantify the additional turbulence shear created by different % of sand. The breakage
coefficient of macro-flocs was determined from the experimental results and a relationship for it in
terms of turbulence shear is proposed. The developed relationship was further applied to predict the
breakage coefficient of macro-flocs due to the addition of sand. The sensitivity analysis conducted
between predicted and observed breakage coefficient of macro-flocs due to the addition of sand yielded
a correlation coefficient of 0.99. The study proves that the binary breakage model, which propose
the break-up of a floc into two equal sized flocs, can be applied to predict breakage coefficient only
at intermediate turbulence shear in the range of 20–40 s−1; further it fails to predict the breakage
coefficient of macro-flocs in mixed sediment suspensions. The study highlights the role of sand in
floc break-up and suggests that the developed model can very well predict the breakage coefficient of
macro-flocs in estuaries with mixed sediments as well as at all ranges of turbulence shear encountered
in estuaries.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Cohesive sediments are subjected to complex changes, both
hysical and chemical, in an estuarine environment due to their
lectro-chemical and bio-chemical characteristics. These sedi-
ents possess surface charge, which undergo changes under the

nfluence of hydrodynamic, chemical and biological factors. As a
esult, the sediments undergo aggregation and break-up, leading
o flocculation. The knowledge of flocculation is pre-requisite
or the development of a flocculation model, which can be cou-
led with sediment transport model for predicting the sediment
ransport in estuaries and marine environment. The prediction of
ediment transport is essential for the management of dredging
ctivities in ports and harbours and other navigation channels.
he physical mechanisms influencing flocculation include Brow-
ian motion, turbulent shear and differential settling (Dyer and
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Manning, 1999; Winterwerp, 2002). Brownian motion plays a
significant role only if particle size is less than 1 µm (Winterwerp,
2002) and the suspended sediment concentration (SSC) is much
higher than 10 g/L (Burt, 1986) and therefore can be neglected in
natural environment (Maggi, 2005). The chances of collision due
to differential settling are very small if the particles are more or
less of uniform size and are often neglected (Van Leussen, 1994;
Winterwerp and Van Kesteren, 2004). The influence of differen-
tial settling on flocculation of cohesive sediments in quiescent
environments has been highlighted by Gratiot et al. (2017).

The dominant chemical factors that affect flocculation of cohe-
sive sediments are concentration of suspended sediments, com-
position of suspended sediments, salinity, pH, temperature and
viscosity. An increase in flocculation rate and settling velocity
of suspended sediments has been reported in many literatures
and they proposed a power law for settling velocity with SSC
(Van Leussen and Cornelisse, 1992; Priya et al., 2015). The in-
crease in the rate of flocculation with salinity has been well
documented (Li et al., 1993; Van Leussen, 1999; Portela et al.,
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013). When salinity increases, concentration gradient between
he Stern layer and Guoy layer of a charged sediment decreases
nd the thickness of diffuse double layer decreases. Then, the
epulsive force between two charged particles occurs only close
o the particle, which is overcome by Van der Waals attraction
eading to coagulation. An average salinity of 2 ppt for increasing
ineral cohesion and aggregation was suggested (Van Leussen,
988), while Van Leussen (1994) and McAnally (1999) proposed
ifferent salt concentration for different minerals. The pH of fluid
s also found to influence aggregation by enhancing the ionization
f silicon compounds of clay minerals and thereby altering the
hickness of double layer. With an increase in pH, the thickness
f double layer increases, causing a reduction in cohesion and ag-
regation. In acidic waters, the double layer compresses resulting
n a decrease in zeta potential, getting fully eliminated at a pH∼2
Vane and Zang, 1997). Temperature and viscosity are symbiotic
arameters which affect flocculation. An increase in temperature
s said to reduce fluid viscosity, resulting in enhanced molecular
otion and inter-particle collision. However, the effect of these
re insignificant compared to other parameters and are generally
eglected in natural environment. The influence of suspended
ediment resuspension and transport on heavy metal distribution
as been reported (Priya et al., 2014, 2016).
In the recent years, the role of non-cohesive sediments on

he flocculation of cohesive sediments has been studied by re-
earchers (Manning et al., 2010; Cuthbertson et al., 2010; Man-
ing et al., 2011; Cuthbertson et al., 2018). According to the
tudies conducted by Manning et al. (2010, 2011), non-cohesive
and have a tendency to interact more with smaller denser micro-
locs than with larger fragile macro-flocs. On the contrary, Cuth-
ertson et al. (2010) identified that non-cohesive fraction inhibits
he aggregation rates and floc sizes of kaolin suspension. Further
tudies by Cuthbertson et al. (2018) reported that sand fraction
educes initial aggregation rate and floc size at low shear rates,
hile the effect diminishes at high shear rates. However, these
henomenon were explained on a qualitative basis, even though
hey attempted modelling the flocculation using population bal-
nce model. Thus, the need for quantifying the shear caused by
on-cohesive fraction is recognized.
In modelling flocculation of mixed sediment suspensions, the

eneral practice is to adopt a volume double discretization
ethod, wherein a floc of size i breaks into two equal sized flocs,

hereby following a binary breakage model. In reality, the floc
f size i can break into ‘‘n’’ number of smaller flocs of different
izes. The assumption of binary breakage of flocs will influence
he quantification of breakage coefficient (Γ ), which is defined as
he volume fraction of fragments of size i obtained from j sized
flocs (Kusters, 1991; Jackson, 1995; Spicer and Pratsinis, 1996;
Ding et al., 2006). Thus, two equal-sized flocs are assumed to
form from the break-up of larger floc, thereby leading to a value
of 1/2 for the breakage coefficient (Cuthbertson et al., 2018). The
present study examines the reliability of the assumption of binary
breakage model of flocs of kaolin suspensions due to the shear
imparted by non-cohesive sand through experimental observa-
tions. A relationship for breakage coefficient in terms of % sand
is proposed, which find applications while modelling flocculation
of sand–clay suspensions using population balance model. Thus,
the main focus of the study is to quantify the turbulence created
by the sand fraction and to develop a relationship for breakage
coefficient.

2. Materials and methods

2.1. Instrumentation

The instrumentation facilities used for the study include a
flocculator, image capturing system and an image processing unit
which are described under subsequent sections.
2.1.1. Flocculator
The facility adopted for the study include a flocculator

equipped with a variable speed agitator having a single rectangu-
lar paddle of 5 cm diameter, placed 20 mm above the bottom of
1 L glass beaker, in which the suspension is placed. The paddle is
operated at a turbulence ranging from 0–300 rpm. The turbulence
shear (root mean square velocity gradient) G (s−1) was obtained
from the power dissipation of the propeller, P (Nagata, 1975;
Bouyer et al., 2005).

G =

√
P

µV
(1)

where µ is the viscosity of the fluid, V the volume of suspension.
The power dissipation was obtained from the power number Np,

P = Npρwn3d5 (2)

where ρw is the density of the fluid, n represents the stirring
frequency in rotations per second and d the diameter of the
propeller (Nagata, 1975). The turbulent shear adopted for the
study ranged between 5–40 s−1 (5.6 s−1, 10 s−1, 16 s−1, 22 s−1,
29 s−1, 40 s−1).

2.1.2. Image capturing system
The flocs formed during the experiments were captured as

per the method proposed by Ramalingam and Chandra (2017).
The system consists of a DSLR (Digital Single Lens Reflex) camera
(Canon 800D), a test section for holding the sample which is
placed in a rectangular glass cuvette of 1.5 cm square cross
section and 4 cm height, and a LED light of 48 W (Fig. 1) The
18–55 mm normal lens of the camera is converted into a macro-
lens with 1 to 4 times magnification using a reverse ring, which
disconnects the electronic connection between the lens and the
camera, thereby restricting the lens ability to change its aperture.
Thus, the aperture, shutter speed and ISO (International Orga-
nization for Standardization) has to be set manually and was
optimized after a number of trials: Aperture – f/5.0 (f being the
focal length), shutter speed – 1/800 & ISO – 3200. An additional
light source was required since the macroscopy requires a large
amount of illumination, for which a LED light was employed.

2.1.3. Image processing
The captured images were processed using ImageJ software,

which is freeware, in order to obtain the floc characteristics. The
different stages involved in image processing include: (i) setting
scale; (ii) converting image into grey scale; (iii) filtering of image;
(iv) thresholding of image; (v) computation of floc characteristics.
The process of spatial calibration involves calibrating a single
image against known values after which the calibration is applied
to un-calibrated image. After calibration, the 24-bit RGB (Red
Green Blue) images are compressed into 8-bit grey scale. The grey
scale image is further filtered through Fourier transform which
involves suppressing or enhancing features in the Fourier domain
before carrying out an inverse Fourier transform to obtain a
filtered real-space image thereby removing noises and improving
the quality of the image. Image thresholding using Otsu’s method
was employed to reduce the grey-scale image to binary image
with the help of an algorithm so that the image get partitioned
into foreground and background (Otsu, 1979). Successively, the
floc parameters such as area, major axis, minor axis etc. were
extracted and the diameter of the floc was obtained, assuming
circular cross section (Flory et al., 2004; Mikes et al., 2004; Verney
et al., 2009). From the extracted data, the fractal dimension, floc

density and floc volume fraction were quantified.
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Fig. 1. Image capturing system adopted for the study.
2.2. Experimental protocol

Batch experiments were performed in a 1 L glass beaker in a
flocculator using kaolin suspension at a concentration of 1 g/L for
all the experimental runs. The particle size distribution of kaolin
was analysed using a laser particle size analyser (Analytical) and
it was observed that the size varied between 0.1 µm and 4 µm
with a d50 of 0.6 µm (Fig. 2a). Salinity was varied between 0‰
and 35‰ (0, 5, 10, 15, 20, 25, 30, 35) under varying turbulence
shear of 5.6 s−1, 10 s−1, 16 s−1, 22 s−1, 29 s−1, 40 s−1 for each
salinity. The NaCl of analytical grade was used to vary the salinity
values. All experiments were performed for duration of 30 min for
ensuring floc formation after which aliquots of 2 mL was pipetted
out into a glass cuvette with flat walls for capturing images, as
explained earlier. All experiments were repeated in triplicates
and the average values were adopted for the analysis of the floc
volume fraction (FVF), floc density and breakage coefficient.

Subsequently, experiments were conducted with kaolin sus-
pensions with addition of sand (silica) of analytical grade to
examine the influence of non-cohesive sand on the floc break-
up. The experiments were conducted at a turbulence of 40 s−1

and the flocs formed were characterized. The sand (Akshar Chem
Silica Sand – AKSHAR 1124) was added at different proportions
ranging between 10% and 50% by weight of kaolin (10%, 20%,
40% and 50%). Fig. 2(b) shows the particle size distribution of
silica sand. After 10 min of the addition of sand, aliquots of 2
mL samples were pipetted out into the glass cuvette to analyse
the change in the floc characteristics due to the presence of sand.
Experiments were repeated in triplicates so as to obtain repre-
sentative values of floc volume fraction and breakage coefficient
for each experimental run.

3. Results and discussion

3.1. Variation of floc sizes with salinity and turbulence

The floc sizes obtained in each set of experiments through
routine image capturing and processing methods were used to
analyse their dependency on salinity and turbulence. The total
count of flocs included in the analysis varied between 20000
and 35000. There is a visible variation in the maximum floc
size with salinity and turbulence with the maximum size ranging
from 766 µm recorded at salinity 10‰ and turbulence shear
10 s−1 to 110 µm recorded at salinity 0‰ and turbulence 5.6
s−1. The mean size ranged between 57 µm (at salinity 35‰ and
for turbulence 5.6 & 40 s−1) and 79 µm (at salinity 10 ‰ &
turbulence 10 s−1). The general trend observed is an increase
in the floc size with the initial increase in salinity (from 0‰ to
10‰) and turbulence (5.6 s−1 to 10 s−1) and thereafter a gradual
reduction in the floc size. The root mean square (RMS) floc size
exhibited a variation from 58 µm to 93 µm (Fig. 3(b), whereas
the median size have a marginal variation between 52 µm and
63 µm. The highest standard deviation between the floc sizes has
been observed for salinity 10‰ for all the turbulence shear.

3.2. Variation of floc density with floc size

The influence of floc size on the density of floc was assessed
at a particular turbulence shear of 10 s−1, as this turbulence
produced the peak floc size and consists of all ranges of floc size.
The density of floc was estimated using the equation proposed by
Dyer and Manning (1999) and Mantovanelli and Ridd (2008).

ρf = ρw + (ρs − ρw)

(
Dp

Df

)3−nf
(3)

where ρw is the density of water, ρs the density of particles,
Dp the diameter of particle and Df the equivalent diameter of
spherical floc, nf the fractal dimension, which represent the com-
pactness of floc and corresponds to the slope of log–log variation
of area and length of floc.

nf =
log A
log a

(4)

where A is the area of the floc and a the major axis of the ellipse
containing the floc. Fig. 4 shows the variation of floc density with
floc size at various salinity values. It is very well understood that
as floc size increases, there is a reduction in the floc density. The
floc density ranged between 1.7 g/cc and 1.01 g/cc, the highest
being for 4 µm and lowest for 766 µm. The reduction in floc
density with floc size is attributed to the formation of more
porous structure of floc at higher sizes and this can lead to the
easy break-up of floc on the application of turbulence shear.
The inverse relationship of floc density with floc size has been
proposed by Krone (1963), Winterwerp (1999) and Winterwerp
et al. (2006). The influence of salinity on the floc density seem
to be very marginal and can be neglected, especially at a salinity
>10‰. A marginal increase in floc density has been observed as
salinity increased from 0‰ to 10‰. A regression analysis was
carried out to establish the relationship between floc size with
floc density at a salinity of 10‰, and a power relationship existed
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Fig. 2. Particle size distribution of (a) kaolin and (b) sand used for the study.

Fig. 3. Variation of (a) Maximum floc size and (b) Root Mean Square (RMS) floc size at various salinity and turbulence shear. Note: The error bars in Fig. 3(a) represent
the standard deviation of the maximum floc size between the triplicate experiments carried out to arrive at the floc size distribution.
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Fig. 4. Variation of floc density with floc size.

for the floc density ρf in terms of floc size Df (as shown in Fig. 4).
This relationship finds application while modelling flocculation,
where density of floc is an input to the flocculation model. The
power relationship between density of floc and floc size takes the
form:

ρf = 2.056Df
−0.222 (5)

3.3. Floc volume fraction of kaolin suspensions

It is highly essential to express the floc population in terms
of floc volume fraction rather than representing in terms of floc
size and number because it gives a real picture of the volumetric
distribution of flocs of different classes. According to the floc size,
the flocs are classified into 3 size classes for this study: 0–50 µm,
50–100 µm and >100 µm. The first and second class consists of
micro-flocs while the third class forms the macro-floc group. The
total volume of flocs in each class divided by the total volume
of flocs in all the size classes will give the floc volume fraction
of each size class. Fig. 5 shows the floc volume distribution of
various size classes at various salinity and turbulence shear. The
figure clearly depicts the influence of salinity and turbulence on
the floc volume fraction in different size classes. The floc volume
fraction exhibited the following variations:

(i) At a salinity of 10‰, the floc volume fraction of size class
III (>100 µm) exhibited the highest value for all the turbulence
shear; (ii) At higher salinity ranges, the variations of floc volume
fraction was marginal for a particular turbulence; (iii) The highest
floc volume fraction was obtained for a salinity of 10‰ and a
turbulence shear of 10 s−1; (iv) The variations of floc volume
fraction for size class II (50–100 µm) was marginal with respect
to salinity for a particular turbulence, except for turbulence shear
of 10 s−1; (v) the floc volume fraction of size class I (0–50 µm)
showed pronounced variations with salinity for all the turbulence
shear, wherein micro-floc formation initially decreased and then
increased with an increased in salinity. The least population of
size class I was recorded at a salinity of 10‰; (vi) As turbulence
increased from 5.6 s−1 to 10 s−1, floc volume fraction of higher
size class (>100 µm) increased, further increase in turbulence
resulted in a reduction of floc volume fraction of size class III,
while the floc volume fraction of lower class (0–50 µm) reduced
initially and further increased with turbulence; (vii) The size class
II (50–100 µm) was not much influenced by turbulence, however

a marginal decrease in floc volume fraction was evident as the
turbulence increased from 5.6 s−1 t 10 s−1 for the salinity range
of 0 ‰– 10‰. From these observations, the following inferences
were made:
(1) As the turbulence increase, the macro-floc population initially
increases and further decreases; the reason for a decrease be-
ing the break-up of macro-flocs into smaller micro-flocs in the
size class I (0–50 µm), resulting in an increase in micro-floc
population.
(2) The increase in salinity from 0‰ to 10‰ results in an in-
crease in macro-floc population; further increase in the salinity
resulted in the flocs to remain as micro-flocs, thus the macro-floc
formation is limited by salinity.

3.4. Floc volume fraction of sand-kaolin suspensions

It has been documented that the presence of sand may impart
additional shear causing the clay flocs to get fragmented and
broken-up (Cuthbertson et al., 2018). In order to quantify the
additional shear created by sand, experiments were conducted
with sand–clay suspensions at a turbulence of 40 s−1 (so as to
keep the sand in suspension) and at a salinity of 0‰ and 10‰
(as these salinity ranges play dominant role in floc formation).
The floc population initially formed at a turbulence of 40 s−1 was
obtained and the floc volume fraction after the addition of sand,
keeping the turbulence shear constant, was determined. The %
changes in the floc volume fraction after the addition of sand at a
turbulence of 40 s−1 and salinity of 0‰ and 10‰ are represented
in Fig. 6. The positive figures show the increase in the floc volume
fraction after the addition of sand and vice versa. A pronounced
increase in the floc volume fraction of size class I (0–50 µm)
and corresponding decrease in the size class III (>100 µm) is
observed with an increase in the % sand. This shows that the
additional shear created by sand cause the break-up of macro-
flocs into micro-flocs. The effect is much prominent at a salinity
of 0‰, whereas the flocs formed at salinity 10‰ is comparatively
stable and resistant to break-up due to shear imparted by sand.
This indicates that the degree of bonding between individual
flocs in a macro-floc kernel is much higher at salinity 10‰ than
that at salinity 0‰, depicting the role of Van der Waals force
of attraction between individual particles at mid-salinity reaches
as has been demonstrated by many authors (Van Leussen, 1999;
Portela et al., 2013). Thus, the presence of sand in sediment
suspension will impart additional shear causing the break-up of
macro-flocs.

An analysis of the variation of floc volume fraction of size
class III (>100 µm) with turbulence and % sand at salinity 0‰
and 10‰ was attempted (Fig. 7a & b). After the initial build-
up of macro-flocs at low turbulence (5.6 s−1 to 10 s−1), the floc
volume fraction of size class III decreases with further increase in
turbulence (Fig. 7a). The relationship for floc volume fraction with
turbulence follows a power law relationship for the decreasing
limb (Fig. 8). A prominent decrease in the floc volume fraction of
size class III was observed with an increase in % sand (Fig. 7b).
The floc volume fraction with turbulence for salinity of 0‰ and
10‰ which is obtained through regression analysis as depicted
in Fig. 8 is:

FVF = 6.66G−1.117 for salinity 0h (6)

FVF = 27.349G−1.39 for salinity 10h (7)

The additional shear created by sand was quantified from the
power relationship for the floc volume fraction in terms of tur-
bulence shear (Eqs. (6) and (7)) and is given in Table 1. Here, the
floc volume fraction determined experimentally for each % sand
was used to derive the equivalent shear caused by sand from the
power law relationship (Eqs. (6) and (7)). It was observed that
the turbulence shear predicted for salinity 0‰ and 10‰ does not
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Fig. 5. Floc volume fraction for various size classes at various salinity and turbulence shear.
Table 1
Estimation of turbulence shear caused by sand from the floc volume fraction.
% sand G (s−1) SD of G

Salinity 0h
FVF = 6.66G−1.117

Salinity 10h
FVF = 27.349G−1.39

Average
salinity

10 12 16 14 2.83
20 39 33 36 4.24
40 43 41 42 1.41
50 57 53 55 2.83

vary by more than a standard deviation of 5, thereby implying
the reliability of the relationship used for predicting the shear
caused due to sand. Thus, the additional shear created by sand
varies with % sand as a power law of the form, where S is the %
sand in the sediment suspension (Fig. 9).

G = 2.69S0.78 (8)

The variation of floc volume fraction with turbulence shear in-
cluding that produced by sand is shown in Fig. 10. The influence
of salinity on floc volume fraction of size class III is felt only at
low turbulence shear, while as the turbulence increases, the effect
of salinity becomes weaker. Thus, it is inferred that the influence
of salinity on floc formation can be neglected at high turbulence
that is high enough to keep the sand in suspension.
3.5. Breakage coefficient

In modelling flocculation of mixed sediments using population
balance equation, volume doubling discretization is adopted for
the clay fraction (Krishnappan and Marsalek, 2002; Selomulya
et al., 2003; Cuthbertson et al., 2018). Accordingly, a floc is as-
sumed to undergo fragmentation resulting in the formation of
two equal sized flocs, thereby following binary breakage model,
yielding a value of 1/2 for breakage coefficient. Thus, the breakage
coefficient, which is the cubic root of ratio of floc volume fraction
of a particular size class after breaking to that before breaking,
was estimated for flocs of different classes under varying turbu-
lence and % sand. Fig. 11 represents the variation of breakage
coefficient with % sand for different size classes, while Fig. 12 that
with turbulence (initial part shown in continuous solid line) for
size class III (>100 µm). A power law relationship for breakage
coefficient Γ in terms of turbulence shear G is proposed:

Γ = 45.911G−1.318 (9)

This relationship was used to estimate the breakage coefficient of
flocs due to turbulence imparted by sand (Fig. 12). Solid square
bullets in the figure represent the predicted breakage coefficient
using the power law relationship, while the solid circular bullets
show the breakage coefficient determined through experiments.
The solid curved line shows the variation of breakage coefficient
with applied turbulence shear for average salinity (0‰ and 10‰).
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Fig. 6. Change in floc volume fraction with addition of sand for (a) salinity 0‰; (b) salinity 10‰.
Fig. 7. Variation of floc volume fraction of class III (>100 µm) with (a) turbulence shear; (b) % sand.
Fig. 8. Decreasing limb of floc volume fraction of class III vs. turbulence curve.
The dotted curved line represents the variation of breakage co-

efficient of macro-flocs due to turbulence created by sand. It is

interesting to note that the dotted curve follows the solid curve,
thereby implying that the power law can very well predict the
breakage coefficient due to turbulence shear and sand.

A sensitivity analysis was conducted between observed and
predicted breakage coefficient of macro-flocs and the results of
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Fig. 9. Turbulence shear created by sand (average of values for salinity 0 and 10‰). Note: Error bar shows the SD of turbulence shear for salinity 0 and 10‰.

Fig. 10. Variation of floc volume fraction of class III with turbulence (including that caused due to sand) at different salinity; influence of salinity felt only at low
turbulence.

Fig. 11. Breakage coefficient, Γ for flocs of the three size classes for different sand proportion at (a) salinity 0‰ and (b) salinity 10‰.
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Fig. 12. Breakage coefficient as a function of turbulence (including that created by sand) for size >100 µm. The extended portion of curve shown in dotted line
epresents the predicted breakage coefficient for flocs >100 µm due to sand induced turbulence.
Table 2
Results of sensitivity analysis.
% sand G Breakage coefficient,

Γ (predicted)
Breakage coefficient,
Γ (observed)

SD Coefficient of
determination (r2)

Correlation
coefficient (r)

20 76 0.152407 0.19 0.03
0.9995 0.999740 82 0.14 0.16 0.01

50 95 0.113574 0.09 0.02
s
a
a
a
b
d
o
T
a
i

D

c

statistical parameters are presented in Table 2. The power re-
lationship predicted the breakage coefficient of flocs fairly well
with a coefficient of determination of 0.99 and a correlation co-
efficient of 0.99, thereby highlighting the effectiveness of the re-
lationship. Another point that is noteworthy is that the breakage
coefficient takes values ranging from 0.8 to 0.1, which indicates
that binary breakage model may not be applicable to all ranges of
turbulence shear, especially when the sediment consists of cohe-
sionless fraction, wherein the breakage coefficient takes a value
less than 0.2. At average turbulence shear conditions, i.e. between
20 and 40 s−1, where most of the estuaries encounter during
average tidal conditions, the breakage coefficient approximates
to 0.5, during which the binary breakage model finds application.
Thus, the study identified that at low turbulence level of <20
−1 and high turbulence level of >40 s−1 and in estuaries with
mixed sediments, the binary breakage model cannot be applied;
the new developed model can very well predict the breakage
coefficient. Further, the study highlights that the effect of salinity
is negligible at very high turbulence shear conditions and in
estuaries having mixed sediment environment. More insight into
the settling characteristics are required to further validate the
developed relationship for breakage coefficient and is out of scope
of the present paper.

4. Conclusions

Microscale investigations were undertaken to investigate the
floc characteristics of kaolin suspensions under the influence of
salinity, turbulence and non-cohesive sand, which was achieved
with the assistance of an image capturing system and image
processing, followed by analysis of floc size, fractal dimension,
floc density and floc volume fraction in 3 size classes: 0–50 µm,
0–100 µm and >100 µm. The maximum floc size was observed
t a salinity of 10‰ and turbulence shear of 10 s−1. The floc
ensity was identified to be a decreasing function of floc size. The
 t
floc volume fraction of size class I and III varied with salinity and
turbulence, while that of class II was marginal. The floc volume
fraction of class III decreases with increase in turbulence shear
(above 10 s−1) due to the break-up of macro-flocs, while the
floc volume fraction of size class I increases with turbulence. The
addition of sand creates additional shear causing the break-up of
macro-flocs thereby decreasing the floc volume fraction of size
class III with increase in % of sand. The floc volume fraction is a
power function of turbulence shear and the power relationship
proposed for the floc volume fraction in terms of turbulence,
when extended to that due to sand enables the quantification of
additional turbulence created by sand. The relationship between
the additional turbulence shear and % sand can be applied in estu-
aries to quantify the turbulence imparted by sand, once the grain
size distribution of bed sediments is known, thereby enabling
the inclusion of the effect of sand in terms of turbulence while
modelling flocculation.

The binary breakage model, which proposes the break-up of a
single floc into two equal sized flocs under the influence of turbu-
lence leads to the assumption of breakage coefficient as 1/2. The
tudy suggests that the binary breakage model finds application
t intermediate turbulence ranges of 20–40 s−1 and cannot be
pplied in estuaries having bed sediments composed of cohesive
nd non-cohesive fractions. Thus, the detailed analysis of the
reakage coefficient from the experimental results led to the
evelopment of a relationship for breakage coefficient in terms
f turbulence, which also include the turbulence created by sand.
herefore the developed model can be applied to quantify break-
ge coefficient under all ranges of turbulence shear encountered
n estuaries as well as in estuaries with mixed sediments.
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