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Abstract: By increasing particle concentration and € value (root-mean-square velocity gradient) to cnhance flocculation, a novel
vertical-flow scttler was designed to increase sedimentation effectiveness, and to simultaneously improve opcrational stabilization.
Duc to the gradual decrease in upward flow-rate of raw water, a {locs blanket would form and suspend in the middle section of the
settler, not at the boftom as in a conventional clarifier. Encugh large flocs, resulted from floceulation or filtration, would continuously
settle out of the flocs blanket, and simultaneously, the flocs in raw water or those forming above the blanket would ceasclessly enter
the flocs blanket. As a result, the flocs concentration in the blanket could keep a dynamic balance. The hydrodynamic shear in the
blanket was improved by tiow separation, which was induced by the abrupt change in flow channel. Due to the flocs blanket and
improved hydrodynanic shear, tlocculation would be enhanced, which was kelpful for removing fine padicles in raw water. A
comparative study showed that the novel vertical-flow settler had a much better performance in the removal of the particles in raw
water than a conventional one, when they treated kaolin suspensions of differont concentrations (500, 100 and 50 mg/L., respectively)

coagulated by polyaluminum chloride(PACT) at the up-flow rates of | and 2 mmys, respectively.
Keywords: verfical-flow settler; scttling tank; flocs blanket; coagulation; flocculation; PACH

Introduction

Settling, usually following coagulation or
biological degradation unit, is an important solid-
liquid separation process in wafter and wastewaler
trcatment. It can be broken down into four types,
namely settling of discrete particles, flocculation
settling, hindered or zone settling, and compression
selthing (AWWA, 1999). The last two kinds of settling
are issucs of high concentration waste strcams, which
typically occur in secondary-settling tanks and
sludge-handling devices or industrial applications. The
first two types of settling representatively take place in
suspension of low concentration, which is of the most
concermn with respect to the design of settler. As
locculation occurs during the settling of particles, the
mass and size of particles will increase, and
accordingly the settling is enhanced.

People have designed various scttlers to satisfy
the requirements in different situations. These settlers
arc different in many aspects, such as inlet manner,
flow pattern, sedimentation efficiency, application
field, and adaptability to fluctuations in raw water
quality. A horizontal-flow settling tank is well adapted
to the fluctuations in water quality, but requircs a vast
footprint. A radial-flow settler has a good perfor-
mance, yet costs too much.. A settler with packing,
such as the inclined plate or tube scttier, performs very
well, takes a  small projective area, while
simultaneously has some defects, such as complex
structure, high cest, and inconvenience for sludge
discharging. A vertical-flow settler, which has been
widcly used in middle- or small-scale water and
waslewater treatment plants, can be used not only as

primary settler, but also as secondary settler. Although
its sedimentation efficiency is generally lower than
that of the settler with packing, its structure is much
simple and is convenient for discharging sludge.
Especially, it may be integrated with coagulation unit,
where total footprint will greatly decrease.

In order to improve scttling performance, various
means were proposed and adopted, essentially
including: (1) to increase settling area and to decrease
settling height based on the principle of so-called
shallow sedimentation proposed by Hazen, such as in
the inclined plate or tube settler; and (2) to enhance
flocculation such as in a clarifier, where the concen-
trated flocs form a blanket to remove particles in raw
walkcr.

For the vertical-flow settler, one of the successful
improvements was the double-V  compartment
vertical-flow settler (Villiers, 1961; Soutar, 1977),
where the settling performance was improved by the
enhanced flocculation induced by increasing the
concentration of particles, or done by so-called
“dynamic filtration”: the solids in suspension were
filtered through a stable flocs blanket. It was found
that the settler, working at or near its maximum flow
rate, produced an effluent of clarity better than that
obtainable in quiescent settling for a comparable
period of time  (Villiers, 1961) . The blanket stability
was controlled by the settling velocity of the flocs and
the up-flow rate of raw water (Gregory et al., 1996;
Head et af., 1997), and its operational control was
stringent to prevent the instability of the flocs blanket
(Soutar, 1977, AWWA/ASCE, 1990). As treating
high-turbidity raw water, the flocs blanket was rather
unstable, and the flocs displayed very poor
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settleability (Chen et «f., 2003).

In this paper, a novel vertical-flow settler, which
possessed the merits of conventional vertical-flow
settler, such as small projected area and convenience
for discharging sludge, was designed to increase
sedimentation efficiency by enhancing flocculation,
and to simultaneously improve operational stabiliza-
tion. A flocs blanket, which noticeably improved the
rate of flocculation among particles, would form and
suspend in the middle section of the novel
vertical-flow  settler, not at the bottom as in a
conventional clarifier. Enough large flocs would
continunously settle out of the flocs blanket, and
simultaneously, the flocs in raw water or those
forming above the blanket would ceaselessly enter the
blanket. Accordingly, the flocs concentration in the
blanket could keep a dynamic balance. Morcover, the
hydrodynamic shear in the blanket was improved by
the flow separation induced by the abrupt change in
flow channcl. Fine particles in raw water were
removed by the cnhanced floccutation induced by the
flocs blanket and the improved hydrodynamic shear.
The performance of the novel vertical-flow settler was
investigated by a comparison with that of a
conventional vertical-flow scttler.

1 Theories

Based on the equations in Smoluchowski™s
flocculation  model  (Smoluchowski, 1917), a
devcloped equation for expressing the rate of
flocculation, R, between two particles of { and | j can be
given as (Thomas et «l., 1999):

R=aoB (i) nn, {n
where a is the collision efficiency and represents the
percentage of those collisions leading to attachment, B
(, /) is the collision frequency between particles of ;
and j, and n;, n; are the concentrations of particles of ;
and j, respectively. This is the so-called curvilinear
model, where the trajectory of one particle to
approach another is curvilinear due to the actions of
hydrodynamic intcraction, van der Waals force,
electrostatic repulsion, and so on. In rectilinear model,
however, hydrodynamic interaction, van der Waals
force, and electrostatic repulsion between two
particles are not taken into account.

The collision efficiency, o (taking values from 0
to 1), is a function of the extent of particles
destabilization: the greater the extent of destabilization
is, the greater the valuc of & is (Thomas et af., 1999).
Furthermore, according to Han and Lawler (1992), the
collision efficiency is also influecnced by the model of
flocculation, i.e. perikinetic flocculation (induced by
Brownian motion of particles), orthokinctic or shear
flocculation  (induced by hydrodynamic shear) or
differential sedimentation (induced by the differences
in the seuling velocities of individual particles), the
size ratio between two particles, and so on.

The collision frequency, B(i,/), is a function of
flocculation model. According to  Smoluchowski
(1917), Camp and Stein (1943), the collision
frequency for shear-induced flocculation between two
particles, Bz, /), can be given as

Balinj) = (G/6) (d; + d)’ (2)
where G is the root-mean-square velocity gradient, d
and d; are the diameters of particles of / and j,
respectively. Eq.(2) shows that the collision frequency
for shear-induced flocculation, namely orthokinetic
flocculation, will increase with & value and particles
sizes. The ¢ value can be improved by the separation
of boundary layer when the cross-section area of flow
channel increases abruptly, as done in the novel
vertical-flow settler. When both particles are greater
than approximately | pm in diameter and fairly
similar in size (bigger than 0.1 in size ratio of smaller
to larger), the predominant mechanism is orthokinetic
flocculation (Han and Lawler, 1992).

Besides increasing & value, Eq.(1) implies that
increasing particle concentration also can enhance the
rate of flocculation, as founded by Casson and Lawer
(1990). This has been adopted in the clarificr and the
double-V compartment vertical-flow settler (Villiers,
1961; Soutar, 1977). The flocs blanket, which plays a
crucial role in removing finc particles, is a typical
example of increasing particles concentration, and was
employed in the novel vertical-tlow scttler. It should
be noted that the flocs blanket in the novel
vertical-flow settler suspended in the middle section,
not at the bottom as that in the conventional clarifier.
In a vertical-flow settler, as we know, raw water flows
upwardly, opposite to particle settling in direction. So
these particles with lower settling velocity than the
flow rate will upwardly flow together with raw waler,
unless they form cnough large particles by flocculation
with other particles. As the flow rate gradually slows
down with expanding flow channel in the middle
section of a vertical-flow settler, it is possible that
much more particles will stop flowing upwardly, and
consequently form a flocs blanket, which wilil
flocculate with most fine particles in raw water and
remove them. Enough large particles will continuously
settle out of the flocs blanket, and the flocs in raw
water and those forming above the blanket will
endlessly enter the flocs blanket. As a result, the flocs
blanket can be maintained automaltically at a certain of
concentration. These scitling particles will flocculate
with the rising fine particles below the blanket, and
the fine particles through the blanket will further
flocculate each other above the blanket. Moreover,
based on the theory proposed by Wilson et af. (1979),
the eddies generated by the scttling particles also will
lead to collisions among particles and improve the
removal of fine particles.

Based on these methods on enhancing coagu-
lation as discussed above, a novel vertical-flow scttler
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(Fig.1a) was designed. In this settler, some flocs
would stop flowing upwards with raw water in the
flocs blanket zone duc to the gradual decrease in flow
rate of raw water, and at the same time, the large flocs
forming by flocculation in the settling zone [ would
settle down and finally suspend in the flocs blanket
zone becausc of the high flow rate in the settling zone
1. As a result, a flocs blanket would form in the flocs
blanket zone., Morcover,  value would increase
because of flow separation induced by the abrupt
change in flow rate near the boundarics between the
settling zone 1, 1 and flocs blanket zone, respectively.
All these will enhance flocculation, and consequently
improve settling performance. It should be noted that
mechanical filtration is also play an important role in
the removal of fine particles in the flocs blanket
(Gregory et of., 1996).

2 Experimental

2.1 Preparation of PACI coagulant solution

Polyaluminum chloride (PAC!) was used as coa-
gulant in this study. A commercial liguid PACI
(Tianjin Dagang Chemical Plant, China), labeled with
ALO; content as 16% and OH/AI ratio as 2.1, was
diluted by deionized water to a concentration of 1%
(v/v) a day prior to every set of experiments, to avoid
ageing phenomena and improve reproducibility
(Rossini et af., 1999),
2.2 Synthetic kaolin suspension

A stock suspension of kaolin was prepared by
dispersing kaolin in powder form {Beijing Xudong
Chemical Plant, China; chemical grade) into
deionized water to a concentration of 10 g/L.. The
experiment suspensions were prepared by diluting the
stock suspension to a desired concentration. All used
suspensions contained 1 mmol/L of NaHCOQ, to
provide alkalinity. The size distribution of the kaolin
suspension, measured by Mastersizer 2000 (Malvern
[nstruments Ltd., UK}, was (n the range of 6.275 to
39.8 um, and with a mean volume diameter of 10.1
.
2.3 Coagulation experiments

The primary purposes of coagulation experiments
were to evaluate the optimum coagulant dosage and to
supply the seitlers with kaolin suspension coagulated
at the optimum coagulant dosage. All coagulation
experiments were conducted at (20 £2)°C. The initial
pH value of all suspensions used was 7.5 £0.1,
adjusted by hydrochloric acid and sodium hydroxide.
All coagulation experiments were conducted with the
same coagulation mixer {(Model JTY, Daiyuan Comp.
Ltd., Beijing, China). The coagulation vessel was a
I-L cylindrical container with an inner diameter of
105 mm. The mixing was provided by a 5040 (H X
W) mm flat rectangular blade centrally located 15 mm
above the base of the container. The rotate speed of
the blade was adjustable. The experiments to optimize

coagulation dosage involved rapid mixing (G = 350 5",
2 min), slow mixing (G=15 s', 10 min} and
scdimentation (30 min). Following sedimentation, a
25-ml sample was taken trom 50 mm below the water
level for residual turbidity measurement ( Turbidimeter
2100N, Hach Chemical Comp., USA). At the end of
rapid mixing, a 5-ml sample was taken for zeta
potential measurement (Zetasizer 2000, Malvern
Instruments Ltd., UK). The experiments for supplying
the settlers with suspension involved merely rapid
mixing (=350 5", 2 min) and slow mixing (G=15 s",
1G min).
2.4 Settling experiments

A schematic diagram of the novel vertical-flow
settler is showed in Fig.la. The main difference
between the novel and the conventiona! (Fig.1h)
settlers was that in the former, there was a flocs
blanket zone which divided the settling zone into two
parts, settling zone | and settling zone II, but in the
latter, there was no flocs blanket zone and only one
settling zone. Both settlers were made of organic
glass, and had the same valid volume of 820 ml to
ensure the same hydraulic residence time at the same
up-flow rate  (in this study, the up-flow rates refer to
those in the settling zone 1 of the novel settler or in the
settling zone of the conventional settler). In the novel
settler, the inner diameters of the settling zone [ and 11
were respectively 40 mm and 25 mm, and the inclined
angle of the cone-shaped surface in the flocs blanket
zone was 75°, The inner diameter of the settling zone
in the conventional settler was 40 mm.

~
Supernate zone ~ Outlet Supernate zone | Outlet
Settling zone [
" e
Settling zone
Flocs blaqket ZOng, Buffer Buffer
. — ~
Settling zonell Inlet A4 Inlet
Inlet zone fnlet zone

Sludge pipe

Sludge pipe
- st PP

-

Sludge zone - Sludge zone_-

a b
Fig.| Schematic descriptions of the novel {a) and the conventional {(b)
vertical-flow scttlers used in the study

A semi-continuous experiment was carried out,
as shown in Fig.2. The coagulated kaolin suspension
was added into the feed tank {capacity of 5 L}, and
then was fed into the novel or conventional
vertical-flow settler by a peristaltic pump (Model
SYB-Z, Beijing Qingyun Instrument Plant, China).
The flow rate was monitored by a rotameter. The
suspension in the feed tank was controlled with a
volume of 4—5 L, and mixed gently to keep flocs in
suspension. From the onset of the experiment, 25 ml
samples were taken from the outlets of both settlers at
a desired time for turbidity measurements.
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|

Outlet stream

Mixer

Novel ot conventional
Vertical-flow settler

Kaolin suspension
coagulaled

Rotameter B

Feed tank Peristaltic

pump
Sluge
Fig.2 Schematic chart of the settling experiments

3 Results and discussion

3.1 Determination of PACI dosage for the coagu-
lation of kaolin suspensions

Kaolin suspensions of three different concen-
trations, namely high- (500 mg/L), medium- (100
mg/L} and low-concentration (50 mg/L), were
investigated. The results are shown in Fig.3. With the
increase in PAC] dosages, the zeta potentials of kaolin
particles in suspensions continued to increase until
PACI was no more dosed, and simultanecusly, the
residual turbidities continued to decrease, which was
similar to that observed by Kan e¢ «f.  (2002). At last,
the zeta potentials increased to around zero, and the
residual turbidities correspondingly decreased to the
lowest values. The lowest values of residual turbidities
corresponding to kaolin  suspensions of high-,
medium- and low-concentration were 3.00, 4.74 and
4.80 NTU, respectively. The optimal PACI dosages in
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Fig. 3 Effeet of PACI dosages on the residual turbidity and the
zela potential of the kaolin suspensions
Kaolin suspension conc. 500 mg/L(a), 100 mg/L {b) and 50 mg/l.
(e} 7= (20X 2); initial pH=7.52+0.1

regard to the residual turbiditics were 0.62, 0.03 and
0.02 mg/l. as Al, respectively. The zeta potentials
around zero indicated that the predominant
coagulation mechanism at the optimal PACH dosages
was charge neutralization. Letterman et al. {1982} and
Dentel (1988) found that the amount of coagulant
needed to bring the zeta potential of particles to zero
would increase with the increase in the surface area of
all particles in suspension. So the PAC] dosage
required to neutralize the surface charge increased
with the concentration of kaolin particles in the
suspension. At constant pH, the restabilization of
kaolin particles and sweep flocculation would possibly
occur sequentially if continue to increase the dosage
of PACI in this study, based on the research by
Letterman et af. (1982).
3.2 A comparative study on settling performance
3.2.1 Residual turbidities of outlet streams

Fig.4a shows the residual turbidities versus time
in outlet streams from both settlers when the kaolin
suspension of high-concentration (500 mg/L) was
treated at the up-flow rates of | and 2 mm/s,
respectively. The novel settler obviously excelled the
conventional settler in the residual turbidities at both

« (Conventional vertical-flow settler, up-flow rate of 2 mm/s

o Novel vertical-flow settier, up-flow rate of 2 mm/s

4+ Conventional vertical-flow settler, up-flow rate of 1 mmv/s
—i— Novel vertical-flow settler, up-flow rate of 1 mm/s
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Fig.4 Comparison of the residual turbidities in the outlet streams
of both settlers treating various kaolin suspensions  (a. 500 mg/L;
b. 100 mg/L; c. 50 mg/L) coagulated by PACI at ditferent up-flow
rates 7= (Z0£2)C; initial pli=7.520.1: PACI dosages: a, .62
mg/L., b, 0.03 mg/L, and ¢. Q.02 mg/lL as Al
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up-flow rates. The residual turbidities in the novel
settler gradually decreased by time at the initial stage,
but those in the conventional settler generally did not
decrease by time. In the novel settler, the large flocs
forming by flocculation in the settling zone 1 would
continually settle, and most of them would suspend in
the flocs blanket zone due to the high up-flow rate in
the settling zone II. As a result, the concentration of
the flocs in the flocs blanket zone would increase with
time at the initial stage, which would lead to gradual
increase in the rate of flocculation in terms of Eq.(1).
Simultaneously, some of the flocs up-flowing from the
settling zone Il would also suspend in the flocs blanket
zone and lead to the increase in flocs concentration
because of flocculation or mechanical filtration, A
flocs blanket would finally form in the novel
vertical-flow settler, as shown in Fig.5a. In the
conventional settler, however, the large flocs forming
by flocculation in the settling zone would settle to the
bottom of the settler, and so flocs blanket would not
form, as shown in Fig.5b. As the flocs concentration in
the blanket was constant, the rate of flocculation and
the residual turbidities generally did not change over
time. Fig.4a also shows that the residual turbidities at
the high flow rate (2 mm/s) were higher than those at
the low flow rate (1 mm/s), consistent with those
predicted by a model proposed by Head et al. (1997),
which gave a good prediction for a water treatment
plant. The reasons are that the number of the particles
with the settling rate lower than the up-flow rate of
water was much more at the high flow rate, and that
the high flow rate shortened the hydraulic residence
time of the suspensions. Besides, at the higher flow
rate (2 mm/s) in the novel vertical-flow settler, the
flocs concentration in the blanket was lower, and
simultaneously the interface height of the blanket was
higher, as shown in Fig.6. At the initial stage, before
the flocs blanket was formed, the novel settler also
showed a better settling performance than the
conventional settler, which was mostly due to the
enhanced shear flocculation in the former.

The performance of the novel settler was also
better than that of the conventional settler in the
residual turbidities of outlet streams, when the kaolin
suspensions of medium- (100 mg/L) or low-concen-
tration (50 mg/L) were settled at the up-flow rates of 1
and 2 mm/s, as shown in Figs.4b and c. These further
confirmed the conclusion that the performance of the
novel settler was better than that of the conventional
settler.

3.2.2 Sedimentation efficiency

Sedimentation efficiency can be used to evaluate
the performance of a settler. It is defined as (Ziolo,
1996):

7= (3)

where 7 is the sedimentation efficiency, and ¢, and ¢,

(a) Novel vertical-flow settler (b) Conventional verti

cal-flow settler
Fig.5 Flocs behavior in novel and conventional vertical-flow

settlers with the kaolin suspension of 100 mg/L coagulated by
PACI at the up-flow rate of 2 mm/s
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Fig.6 Flocs concentration and interface height in the flocs blanket
in the novel vertical-flow settler at equilibrium

are the particles concentrations of the inlet and outlet
streams (mg/L) for a settler, respectively.

For the kaolin suspension used in this study, there
was a linear correlation between the suspension
turbidities and the particle concentrations in the range
of 0 to 500 mg/L (Fig.7). So for both settlers in this
study, substitute respectively ¢, and ¢, in Eq.(3) with
the turbidities of the inlet and outlet streams, the
sedimentation efficiency could be obtained, which was
shown in Fig.8. At the same flow rate, the
sedimentation efficiency of the novel vertical-flow
settler was higher than that of the conventional
vertical-flow settler whether high-, medium- or
low-concentration of kaolin suspensions were treated.
At the flow rate of 1 mm/s, the sedimentation
cfficiency for the conventional and the novel scttlers
was 0.60 and 0.86, respectively. At the flow rate of 2
mm/s, the sedimentation efficiency for the
conventional and the novel settlers was 0.45 and 0.79,
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respectively. The difference in the sedimentation
efficiency between both settlers was more significant
at higher flow rate. The reason was that in the novel
settler, the enhanced flocculation induced by the flow
separation and the concentrated flocs blanket, to a
certain extent, offset the effect of insufficient
hydraulic residence time, which had a remarkable
effect on the conventional settler, as obscrved by
Demir {1995}). Fig.8 also shows that the sedimentation
efficiency at the high flow rate (2 mm/s) were higher
than those at the low flow rate (1 mm/s),
correspondingly to the residual turbidities at various
flow rate shown in Fig.4.
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i} t 1 ! 1 1
0 100 200 300 400 500 600

Concentration of kaolin suspension, mg/L

Fig.7 Corelation of the concentration and the turbidity of the
kaolin suspension used in the study

I Conventional vertical-flow settler, low rate of 2 mm/s
3 Novel vertical-flow settier, flow rate of 2 mm/s
EZX3 Conventional vertical-flow settler, flow rate of 1 mm/s
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Fig.8 Comparison of the scdimentation efficiency for both
settlets treating the kaolin suspensions of various concentrations
at different up-flow rates. The experiment conditions were the
same as those in Fig. 4

4 Conclusions

By increasing flocs concentration and 6 value to
enhance flocculation, a novel vertical-flow settler was
designed to improve settling effectiveness. A flocs
blanket would form and suspend in the middle section
of the novel vertical-flow settler, not at the bottom as
that in a conventional clarifier. The flocs concen-

tration in the blanket could keep a dynamic stable. A
comparative study between the novel vertical-flow
settler and a conventional vertical-flow settler showed
that the former had a betier performance in the
removal of the particles in suspension and sedimen-
tation efficiency than the latter, when they treated the
kaolin suspensions of different concentrations (500,
100 and 50 mg/L, respectively) coagulated by PACI at
the up-flow rates of 1 and 2 mm/s, respectively. At the
flow rate of | mm/s, the sedimentation efficiency for
the conventional and the novel settlers was 0.60 and
0.86, respectively. At the flow rate of 2 mm/s, the
sedimentation efficiency for the conventional and the
novel settlers was 0.45 and 0.79, respectively, All
these showed that the novel vertical-flow settler was
promising in increasing sedimentation efficiency,
Certainly, & further study is necessary to optimize the
geometry of the novel vertical-flow settler and to
¢xaming its operation in pilot or full scale.
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