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ABSTRACT

The ballasted flocculation (BF) process is widely used in the water treatment process to cope with
climate change. Microsand and magnetite are commonly used, which act as a seed in ballasted floc.
The recovery of the ballast in BF process can affect the operating cost. In this study, we evaluate var-
ious sizes of magnetite particle with a specific gravity of above 5 in order to apply the hydrocyclone
as a ballast recovery system in the BF process. The conventional purpose of the hydrocyclone is to
separate solids and liquids, while the ideal recovery system in BF process should separate the ballast
from the sludge and liquid. Computational fluid dynamics modeling was prepared to estimate the
optimal conditions for the ballast recovery and the sludge removal ratio. The average ballast recovery
ratio shows up to 99.9% varying with the inlet flow velocity. As the inlet flow velocity increases, the
average sludge removal ratio decreases until 2 m/s, but it changes to increase after 2 m/s. The highest
ratio is approximately 91% at 3.5 m/s of inlet flow velocity. This difference is due to the Reynolds
number, which are summarized as the change of the particle size, the inlet flow velocity, and the
specific gravity. In addition, the separation efficiency of each particle shows a fish-hook shape related
with the Reynolds number. In BF process, the ballast recovery ratio should be maintained high, while
the sludge recovery ratio should be maintained low. Criteria for the ballast and sludge recovery can
be reached by maintaining the range of particle size, simultaneously satisfying this requirement at a
certain inlet flow velocity. In other respects, for optimal ballast recovery and sludge removal, above
a certain size of ballast should be used, and the sludge needs to be pulverized to a certain size as the
pretreatment of the hydrocyclone.

Keywords: Ballasted flocculation; Hydrocyclone; Recovery of ballast; Sludge removal; Fish-hook
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1. Introduction

Currently, climate change makes great polarization
impacts on the drought and flood season on natural water
system, thus rapid and efficient technology responses are
inevitable [1]. An importance of flocculation/sedimentation
system is increasing, because the contaminant concentration
increases during the dry season, and the high turbidity water
frequently flows during the flood season [2]. As one of the
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solutions, ballasted flocculation (BF) processes are widely
proposed [3], which are a technology that can increase the
surface loading rate more than 40-100 times compared with
the conventional process [4]. Ballasts, such as microsand and
magnetite having a high specific gravity, act as a seed in bal-
lasted flocs and increase the settling velocity of flocs [4,5].
The typical BF processes are composed with the mixing zone,
the floc-settling zone and the ballast recovery zone. In the
mixing zone, the raw water flows into the mixer, mixes with
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the ballast and the coagulant, and results in a ballasted floc.
In the floc-settling zone, the various sedimentation systems
have been adapted for the higher separation efficiency of the
treated water and the flocs. Finally, the separated ballasted
flocs are moved to the ballast recovery zone for further sep-
aration of the sludge and the ballast. The recovery system of
the ballast requires a maximization of ballast recovery ratio
and sludge rejection ratio, because those affect the operation
cost and the treated water quality.

Because hydrocyclone has been used as the most suit-
able technology for separating particles, it also has been
successfully adapted to recovery system in the BF processes
[6-8]. The hydrocyclone is one of the most useful devices
for separating particles by specific gravity difference. The
fluid-containing particles feed the inlet, and vortex motion
is occurred due to the internal structure. The particles of
high specific gravity are separated along the wall to the
descending underflow. On the other hand, the particles of
small specific gravity are discharged to the overflow gen-
erated at the center of the hydrocyclone through the vortex
finder. Therefore, the ballast with high specific gravity can
be recovered, and the sludge with low specific gravity can be
discharged [9,10]. The hydrocyclone has different separation
efficiency depending on the change of the inlet flow velocity
or the geometrical shape; therefore, these studies have been
conducted according to the applied particles [11,12]. Park
[13] showed the difference of the size and concentration of
the discharged particles at the underflow according to the
inlet flow velocity and concentration using a sediment with
a specific gravity of 1.87-1.92. As a result, according to the
increase of the inlet velocity, pollutants were less measured
at the underflow than the particles were. Majumder et al. [14]
conducted the similar experiment using a magnetite with a
specific gravity of 1.35-1.45.

Although we understand that the efficiency of hydro-
cyclone is sensitive to change experimental conditions or
geometrical design [15,16], all conditions and designs can-
not be tested experimentally. Therefore, computational
fluid dynamics (CFD) analysis can be the best alternative to
understand the behavior of hydrocyclone in the BF process.
Not only CFD analysis provides information on how com-
plex fluid dynamics are affected by changes in geometry and
initial conditions [17], but also it is possible to save cost and
time, because it is free from change of analysis condition and
modify the model [18].

In this study, we evaluate various sizes of magnetite
particle with a specific gravity of above 5 in order to apply
the hydrocyclone as a magnetite recovery system in the BF
process. The conventional purpose of the hydrocyclone is to
separate solids and liquids, while the ideal recovery system
in BF process should separate the ballast from the sludge and
liquid. Therefore, we evaluated the recovery ratio of magnetite
ballast and the removal ratio of sludge using the CFD program
with the change of inlet flow velocity and the ballast size.

2. Materials and methods
2.1. Basic geometry of the hydrocyclone

The hydrocyclone for both CFD modeling and
experimental adjustment was designed with 20 mm of top

diameter and 3.54 mm of underflow diameter. The involuted
feed structure was applied to maximize the centrifugal force
and to recover ballast and remove separated sludge as shown
in Fig. 1. The structure of the feed inlet is important, because
the area of feed inlet is closely related with the inlet flow
velocity. The involuted feed structure was used to set the fluid
to swirl when it is fed by the spiral structure and the narrow-
ing inlet [19]. The area of the inlet determines the inlet flow
velocity at the same inlet flow. The minimum cross-sectional
area of the applied involuted feed structure is four times
smaller than the inlet area, as a result, the inlet flow veloc-
ity is increased about four times, and the vortex motion by
the structure is continued [11]. The underflow diameter was
designed to maximize the overflow related with discharging
the sludge. The detailed geometric design parameters of the
hydrocyclone are summarized in Table 1.

2.2. CFD analysis

Flow-3D (Flow science, Inc., USA, v11.2) was used for the
CFD analysis to model the hydrocyclone. The CFD analysis
was conducted to seven cases ranging from 0.5 to 3.5 m/s
at every 0.5 m/s interval. The mesh also can be generated
with the Flow-3D program, and the normal mesh size is set
to 0.5 mm. Because the inlet is narrowed by the involuted
feed structure, the mesh size is applied by using the mesh
plane. The number of mesh for the hydrocyclone is about
510,000. The turbulence model used in the analysis was a
renormalized group (RNG) model. The RNG model has a
constant empirically found and has broader applicability
than other similar turbulence model [15,20,21]. To analyze

(b)

Fig. 1. Schematics of hydrocyclone: (a) geometry of the
hydrocyclone and (b) involuted feed structure.

Table 1

Geometrical characteristics of hydrocyclone
Nomenclature Value
D, Top diameter 20 mm
D, Inlet diameter 4 mm
L Total length 80 mm
l Vortex finder length 7 mm
D, Vortex finder diameter 6.9 mm
D, Underflow diameter 3.54 mm
Angle, 6 Cone angle 13°
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the separation efficiency between magnetite and sludge in
the hydrocyclone, magnetite with specific gravity of 5.57 was
prepared as particle diameter of 20, 40, and 60 um, while
sludge with specific gravity of 1.06 was prepared as particle
diameter of 20, 60, 100, and 200 pm. The detailed information
on the CFD modeling is summarized in Fig. S1.

2.3. Experimental adjustment of the inlet flow velocity
and the material properties

The more accurate CFD results can be obtained, and the
more initial condition is set as in the actual condition [22,23].
The actual overflow and underflow ratio were measured
from two outlets of the hydrocyclone according to the inlet
flow velocity in the laboratory. According to the existing
studies, the optimum inlet flow velocity of hydrocyclone was
reported to be 1-3 m/s [24]. In the laboratory experiment, the
condition of the inlet flow velocity was set at 0.5-3.5 m/s as
used in CFD analysis.

The properties of the raw water flowing into the hydro-
cyclone were set similarly to the experimental conditions,
which is preliminarily set up at pilot plant in South Korea
(data not shown here). The raw water contains 3,000 mg/L
of the ballast and 900 mg/L of sludge, and the manufactured
magnetite is used as the ballast. The particle size distribution
of the magnetite was measured using a particle size analyzer
(Dandong Bettersize Instruments Ltd., Bettersize2000, China).
Fig. 2 shows the particle distribution of the magnetite at the
average particle size of 60 pm used in the actual coagulation—
flocculation process. As shown in Fig. 2, 70% of the ballast of
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Fig. 2. Particle size distribution of 60 um magnetite.

Table 2
Calculation of inlet particles at an inlet velocity of 2 m/s

60 pm or more, 30% of the ballast of 40 pm or less, and 5 % of
the ballast of 20 um or less are included. On the other hand,
the mean particle size of the sludge is 200 pm. Because the
sludge is expected to be crushed, the size of the sludge could
be gradually smaller. Table 2 shows the estimated particle
ratio, weights of each particle, and the calculated number of
inlet particle applied to CFD analysis. In the same manner,
all the values were calculated at the other inlet velocity and
applied to CFD analysis as shown in Table S1.

2.4. Estimation of mass balance and recovery ratio

Assuming no accumulation of mass in the hydrocyclone,
the sum of the mass discharging the overflow and underflow
of the hydrocyclone is equal to the inlet mass. Therefore, the
inlet mass is conserved with the mass of the overflow and
underflow as expressed in Eq. (1).

m=m,+m, M)

where m, m, and m_ are total mass in inlet flow, overflow
mass, and underflow mass, respectively.

The recovery ratio of the particles (E,) or the removal
ratio of the particles (E,) can be calculated as follows:

m m
E = B or E = - (2
mu +m m +m

0 u 0

3. Results and discussion
3.1. Experimental property of the designed hydrocyclone

The overflow and underflow ratio measured from the
experimental values was applied to the boundary condition
in the CFD analysis condition. The actual experimental
conditions are inlet flow velocity ranging from 1.5 to
3 m/s. The other over- and underflow ratios were calculated
from the calibration curve through the experimental data,
and the respective values are shown in Table 3. Table 3 shows
the over- and underflow ratio by inlet flow velocity, and the
underflow ratio decreases linearly according to the inlet
flow velocity increases. The R? value (0.9994) of correlation
between measured and calculated values was very close to
1 as shown in Fig. 3.

Division  Concentration Inletflow  Particle size Specific = Distribution of =~ Weight of particle =~ Number of inlet
(mg/L) rate (L/s) (pm) gravity particles (%) (mg/particle) particles (particles/s)
Magnetite 3,000 0.025 60 5.57 70 6.3 x10* 107,836
40 25 1.9 x10* 38,513
20 5 2.3 x10° 7,703
Sludge 900 200 1.06 25 44x10° 1,266
100 25 5.6 x10* 10,130
60 25 1.2x10* 46,899
20 25 44 x10° 1,266,273
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3.2. Average ballast recovery and sludge removal ratio
by the inlet flow velocity

Fig. 4 shows CFD results of the ballast recovery ratio and
the sludge removal ratio according to inlet flow velocity,
which reflected the distribution and weight of the particles.
It shows a high recovery ratio of 99% or more over 1 m/s of
inlet flow velocity. At the inlet flow velocity of 2 m/s, the
average ballast recovery ratio was 99.9%, which is the maxi-
mum. Because the tested ballasts have a high specific gravity
of 5.57, even the velocity of 1.5 m/s was reported that can
be affected by the centrifugal force, which shows the sta-
ble recovery ratio of 99% or more. In the case of the sludge
removal, as the inlet flow velocity increases, the average
sludge removal ratio decreases until 2 m/s, while it changes
to increase after 2 m/s. The highest removal ratio is approx-
imately 91% at 3.5 m/s of inlet flow velocity. This indicates
that the separation characteristics of particles are different
depending on the inlet flow velocity. Particularly, although
the optimal inlet flow velocity is reported to be 1.5-3 m/s
in the conventional hydrocyclone, the results show that the
optimal inlet flow velocity is above 3 m/s for the BF process
considering the sludge removal ratio.

3.3. Particle size affecting ballast recovery and sludge
removal ratio

Fig. 5 shows the separation efficiency varying with particle
size of the ballast and sludge. The larger size ballast shows
the higher recovery ratio, while the larger size sludge shows

the lower removal ratio. In comparison with Fig. 4, the large
size particle leads the trend of the average ballast recovery
ratio and sludge removal ratio. As shown in Table 2, because
the large size ballast is composed with the high contents, the
recovery trend of 60 um ballast is very close to the average
trend. In case of the sludge particle, because the distribution is
relatively even, the trend of average values is similar to that of
the heavier 100 and 200 pm particles but tends to be mitigated
due to the trend of small size particles of 20 and 60 pm.
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Fig. 3. Underflow ratio according to inlet flow velocity
(underflow ratios are estimated at 0.5, 1, and 3.5 m/s based on
the experimental data).

Table 3
Overflow and underflow ratio by inlet flow velocity
Division Value
Inlet flow velocity (m/s) 0.5 1 2 2.5 3 3.5
Inlet flow rate (m®/d) 0.54 1.09 1.63 217 2.71 3.26 3.80
Overflow ratio 0.80 0.83 0.86 0.89 0.93 0.96 0.99
Underflow ratio 0.20 0.17 0.14 0.11 0.07 0.04 0.01
Note: The results of 1.5-3 m/s are experimentally measured.
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Fig. 4. CFD results by inlet flow velocity: (a) average ballast recovery ratio and (b) average sludge removal ratio.
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Fig. 5. CFD results by inlet flow velocity: (a) ballast recovery ratio and (b) sludge removal ratio.

40 and 60 um ballast seems to show the optimal recov-
ery ratio between 1.5 and 2.5 m/s, however, the recovery
ratio increases again above 99% after suddenly dropping
at 3.0 m/s. These specific curved patterns are repeatedly
observed in the smaller sized ballast and sludge. The reason
seems to be related with that the separation efficiency of each
particle is influenced by the Reynolds number. Because the
Reynolds number is expressed by the ratio of the inertia force
to the viscous force as shown in Eq. (3), the inlet flow velocity
and the particle size affect the inertia force of the particles.

_ pVL _ Inertia force

Re @)

u  Viscous force

where p is the density of fluid, V is the velocity of flow, L
is the hydrocyclone diameter, and p is the viscosity of fluid
[25,26].

Majumder et al. [14] studied a fish-hook curve that shows
the separation efficiency of particles depending on the influ-
ence of Reynolds number. When the experimental condition
or geometry of hydrocyclone is changed, the intensity of
centrifugal force is changed. Therefore, the particles in the
hydrocyclone are affected differently according to Reynolds
number, and the result represents “fish-hook” in various
shapes [14].

3.4. Change of the fish-hook pattern by inlet flow velocity

Fish-hook phenomenon was analyzed with further CFD
modeling under the conditions of inlet flow velocity of 2 m/s,
which indicates the maximum ballast recovery ratio, and inlet
flow velocity of 3.5 m/s, which indicates the maximum sludge
removal ratio. Particle sizes from 1 to 200 um were applied,
and results were plotted based on the recovery ratio of the
ballast and sludge as shown in Fig. 6. The “fish-hook” pat-
terns were not observed at an inlet flow velocity of 2 m/s, and
the ballast and sludge particle recovery ratio have stable sep-
aration characteristics. However, the “fish-hook” appeared at
inlet flow velocity 3.5 m/s which seems to have reached the
certain Reynolds number that can affect the recovery ratio.

The sludge particles with low specific gravity have a clear
fish-hook shape. Fig. 6(b) represents a critical point at 40 um
particle and a dip point at 100 pm particle, which is the parti-
cle size from which the recovery of relatively coarser particle
in the underflow starts decreasing and the relatively coarser
particle size where the recovery is minimum, respectively.
The 110 um of particle size shows the end point which is the
same recovery ratio as the critical point [14]. The ballast with
a higher specific gravity than sludge has relatively stable sep-
aration characteristic and shows a much smaller fish-hook
pattern than that of sludge in between 15 and 40 pm.

In BF process, the ballast recovery ratio should be main-
tained high, while the sludge recovery ratio should be main-
tained low. For instance, if the criteria of ballast and sludge
recovery ratios are above 80% and below 20%, respectively,
the range of particle size simultaneously satisfying this
requirement is 20—-60 pm at inlet flow velocity of 2 m/s, while
it is 40-105 um at inlet flow velocity of 3.5 m/s. In other
respects, the optimal ranges of the ballast and sludge size are
above 40 um and below 20 um, respectively. Therefore, for
optimal ballast recovery and sludge removal, a ballast of a
certain size or more should be used, and the sludge needs
to be pulverized to a certain size as the pretreatment of the
hydrocyclone.

In comparison between Figs. 6(a) and (b), the ballast
recovery was not significantly different when the inlet flow
rate was increased above 40 um, however, the recovery rate
of sludge could be maintained low even at larger size. This
could give us alternatives between the crushing energy
saving and the pumping energy saving for increasing inlet
velocity.

4. Conclusion

In this study, we evaluate various sizes of magnetite
particle with a specific gravity of above 5 in order to apply
the hydrocyclone as a magnetite recovery system in the BF
process. The conventional purpose of the hydrocyclone is to
separate solids and liquids, while the ideal recovery system
in BF process should separate the ballast from the sludge and
liquid. CFD modeling was prepared to estimate the optimal
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Fig. 6. Separation characteristics of ballast and sludge recovery ratio at underflow: CFD results at inlet flow velocity of (a) 2 m/s and

(b) 3.5 m/s.

conditions for the ballast recovery and the sludge removal
ratio. The average ballast recovery ratio shows up to 99.9%
varying with the inlet flow velocity. As the inlet flow velocity
increases, the average sludge removal ratio decreases until
2 m/s, but it changes to increase after 2 m/s. The highest ratio
is approximately 91% at 3.5 m/s of inlet flow velocity. These
differences are due to the Reynolds number which summa-
rized the change of the particle size, the inlet flow velocity,
and the specific gravity. In addition, the separation efficiency
of each particle shows a fish-hook shape related with the
Reynolds number. In BF process, the ballast recovery ratio
should be maintained high, while the sludge recovery ratio
should be maintained low. Criteria for the ballast and sludge
recovery can be reached by maintaining the range of parti-
cle size simultaneously satisfying this requirement at a cer-
tain inlet flow velocity. In other respects, for optimal ballast
recovery and sludge removal, above a certain size of ballast
should be used, and the sludge needs to be pulverized to a
certain size as the pretreatment of the hydrocyclone.
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Supplementary materials

Table S1
Calculation of inlet particles by an inlet velocity
Inlet flow Division Concentration  Inlet Particle Specific Distribution Weight Number of
velocity (mg/L) flow rate size gravity  of particles of particle inlet particles

(m/s) (L/s) (um) (%) (mg/particle)  (particles/s)

0.5 Magnetite 3,000 0.006 60 5.57 70 6.3 x10* 26,981

40 25 1.9 x 10 9,636

20 5 2.3x10° 1,927

Sludge 900 200 1.06 25 4.4x10° 317

100 25 5.6 x10* 2,535

60 25 12x10* 11,734

20 25 44x10° 316,820

1 Magnetite 3,000 0.013 60 5.57 70 6.3 x10* 54,133

40 25 1.9 x10* 19,333

20 5 2.3 x10° 3,867

Sludge 900 200 1.06 25 4.4 x103 636

100 25 5.6 x 10+ 5,085

60 25 1.2x10* 23,543

20 25 44x10° 635,659

15 Magnetite 3,000 0.019 60 5.57 70 6.3 x10™ 80,985

40 25 1.9 x10* 28,923

20 5 2.3x10° 5,785

Sludge 900 200 1.06 25 44x103 951

100 25 5.6 x10* 7,608

60 25 12x10* 35,221

20 25 4.4 x10° 950,966

2 Magnetite 3,000 0.025 60 5.57 70 6.3 x10* 107,836

40 25 1.9 x10* 38,513

20 5 2.3 x10° 7,703

Sludge 900 200 1.06 25 4.4 x103 1,266

100 25 5.6 x10* 10,130

60 25 1.2x10* 46,899

20 25 4.4 x10° 1,266,273

2.5 Magnetite 3,000 0.031 60 5.57 70 6.3 x10™ 134,903

40 25 1.9 x10* 48,180

20 5 2.3 x10° 9,636

Sludge 900 200 1.06 25 44x103 1,584

100 25 5.6 x10™* 12,673

60 25 1.2x10* 58,670

20 25 4.4x10° 1,584,102

3 Magnetite 3,000 0.038 60 5.57 70 6.3 x10* 161,969

40 25 1.9 x10* 57,846

20 5 2.3 x10° 11,569

Sludge 900 200 1.06 25 44x103 1,901

100 25 5.6 x10* 15,215

60 25 1.2x10* 70,442

20 25 4.4 x10° 1,901,932

(Continued)
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Table S1 (Continued)
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Inlet flow Division Concentration  Inlet Particle Specific Distribution Weight Number of
velocity (mg/L) flow rate size gravity  of particles of particle inlet particles
(m/s) (L/s) (um) (%) (mg/particle)  (particles/s)
35 Magnetite 3,000 0.044 60 5.57 70 6.3 x10* 188,950
40 25 1.9 x 10 67,482
20 5 2.3x10° 13,496
Sludge 900 200 1.06 25 44x107 2,219
100 25 5.6 x10™ 17,750
60 25 1.2x10* 82,176
20 25 44x10° 2,218,752
4 )
(a) STL file modeling of the
hydrocyclone geometry
. J/
e ™
(b) Mesh generation in Flow-3D
\. J
e ™
(c) Set boundary conditions
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( )
(d) CFD analyzes (Solver) :
B 0 2
. J/

W Siabiity imit @ Time-sep size

Fig. S1. CFD analysis using Flow-3D (Flow Science, Inc., USA, v11.2): (a) producing stereolithography (STL) file using modeling
program, (b) mesh generation using mesh plane by Flow-3D quick tool, (c) setting boundary conditions in Flow-3D, and (d) solution

and calculated values



