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ABSTRACT

Variations of the maximum floc size in the rapid-mixing stages of coagulation and flocculation were
analyzed to investigate the effects of average shear rate and type of impeller on floc growth in mixing
tanks. Most of the experiments were carried out in a 3.86 liter standard tank with two different impellers:
a six-bladed Rushton disk turbine and a 45° pitched-bladed turbine. Detailed floc size measurements
indicated that only 10 ~ 20 s of rapid mixing is required and that the differences in performance between
the two impellers depend on the average shear rate and the chemical conditions applied. It was suggested
that on-line measurement of turbidity can be used to control the impeller speeds for achieving more
favorable floc growth.

A theoretical model for relating the maximum size of stable flocs to the impeller speed and floc
strength was also presented. Positive correlation has been obtained between this model and the experi-
mental results in literature under a condition of constant adhesive force of flocs. Based on the model and
the floc size measurements, the dependence of the adhesive force of flocs after a long period of stirring on

the impeller speed was also discussed.
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I. Introduction

Coagulation and flocculation have long been recog-
nized as important pretreatment processes in solid-liquid
separation of colloidal suspensions. In these processes rela-
tive fluid motion is required to disperse the reagents and
enhance the particle-particle collisions. Obviously, at high
hydrodynamic stress levels the large aggregates break up
again. To maximize the rate of aggregation without rup-
ture as the floc grows in size, the tapered coagulation or
flocculation which is subject to high shear briefly applied
and then followed by a decrease in the mixing intensity
has been widely used in laboratories and industries. Al-
though the tapered shearing paths play vital roles in deter-
mining the rate and extent of aggregation[7, 9, 22], no sat-
isfactory criteria for achieving this mixing for ultimate floc
growth in stirred vessels have been developed yet. In or-
der to acquire a better understanding of how to achieve an

*To whom correspondences should be addressed.
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optimal mixing path in coagulation and flocculation, it is
essential to study quantitatively the effects of hydrodynamic
stress on the floc growth.

Combinations of stirrers, baffles, and pumps have been
used to generate the relative fluid motion in coagulation-
flocculation processes. Hoskinson 8] noted that the pumps
could not produce satisfactory floc growth because of their
very energetic turbulence and quite inhomogeneous distri-
bution of dissipation. When baffled basins are employed
for mixing, as Camp[2] has indicated, they are generally
unsatisfactory for floc growth by reason of the inhomoge-
neity and the inability to change mixing intensity under
fixed throughput rates.

Although the distribution of kinetic energy is also
present in stirred tanks, their flexibility for changing mix-
ing conditions makes them suitable for most coagulation
and flocculation processes. Considering the distribution
of kinetic energy in stirred tanks, Koh et al.[10] have used
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a compartmentalized model to stimulate the flocculation
in stirred tanks and indicated experimentally that the stan-
dard mixing tlocculators and Couette flocculators both have
approximately the same flocculation rate when the same
average shear is applied. More recently, Spicer and
Pratsinis[16] used the average shear rate to simulate the
steady state floc size distribution and the results were in
qualitative agreement with experimental data.

Since the flow pattern and power consumption in tanks
depend strongly on the impeller designs, Oldshue and Mady
[12] have reported on comparisons between the perfor-
mances of pitched flat-blades, rakes, Rushton turbines, and
constant pitch-line velocity impellers on flocculation in
water treatment. It appeared that a rake impeller with high
power consumption gave the best performance in turbid-
ity removal. Glasgow [6] used Laser-Doppler velocimetry
and flow visualization to analyze the hydrodynamic be-
havior in a rectangular flocculation basin with two differ-
ent impellers. His results indicated that the perforated
paddle, which requires a higher power input, can give a
slightly greater floc growth initially than that of a hard-
ware cloth paddle. To the contrary, the latter paddle ulti-
mately produced a larger floc. The effect of stirring inten-
sity on the performance of floc growth was also discussed
by Gregory and Guibai[7] concerning flocculating concen-
trated suspensions in a 1.0 liter beaker with a single-flat
blade. The resulting data showed that high mixing inten-
sity can lead to a very fast floc growth initially, but the
flocs breakup rapidly and do not reform. Therefore, by
reducing the stirrer speed after a few seconds of mixing,
great improvement in floc growth can be achieved.
Recently, the effect of tank size and impeller geometry on
the floc size was studied by Ducoste and Clark[5]. Their
results after 30 min of flocculation at an average shear rate
of 40 s indicated the floc size shifts to a small value with
increasing tank size and a similar shift was observed when
the impeller type was switched from the A 310 foil impel-
ler to the Rushton turbine.

Although studies have been conducted concerning the
tapered-shearing paths in the coagulation-flocculation pro-
cesses to give better floc growth, only a little quantitative
information is available concerning determining better
operating conditions by adjusting the rapid mixing time
and the tapered sequence. In this study a detailed cxami-
nation of the variations of maximum floc size and turbid-
ity in the rapid-mixing stage was performed to gain insight
into achieving the mixing to produce larger flocs. Empha-
sis was placed on understanding the effects of the average
shear rate and impeller design on the floc growth. In
addition, the decay in floc size under long periods of stir-
ring was also analyzed to investigate the breakage of flocs
in the mixing tanks.
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11. Analysis of floc breakage

FFloc growth is controlled not only by the frequency of
particle collisions, but also by the ability of flocs to sustain
the hydrodynamic stress being exerted on their surfaces.
When the adhesive forces between particles within a floc
are overcome by the hydrodynamic force, the floc growth
is obstructed. Thus, under a given operating condition,
there is a maximum stable floc size which is a function of
the forces controlling the floc strength and the forces caus-
ing rupture. Through a balance between these forces, a
variety of theoretical and experimental analyses of maxi-
mum stable floc, Dgyax, have been reported [11, 19, 20,
21] and it was generally related to the energy dissipation
rate, €, of fluids as:

Drnax o< € ey

in which the exponent n depends on the ratio of the floc
size Dy to the scale of small eddies. (The characteristic size
of small eddies in a turbulent flow is generally estimated
in the range of the Kolmogoroff microscale, 1, defined by:

3\1/4 . e
n= (‘%) , where Vv is the liquid kinetic viscosity).

Miihle and Domasch{11] have analyzed the maximum
stable floc size not only in the ranges of D;>> 1 and Dy <<
T as in previous works, but also in the transition range of
31 < D¢ < 58n. It should be noted that most flocs attained
in stirred vessels, in fact, are in the transition range. They
considered the binding force, B, at the plane of rupture
within a floc with the average adhesive force between pri-
mary particles, Fa, the floc porosity, &, and the diameter
of primary particle, d,. by the following equation:

A\

Fa (2)

2
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P

By balancing the binding force with the hydrodynamic
force acting on the floc, a general relationship was estab-
lished for the maximum stable floc size as

Dipao<Fad; e " (3)

The exponents 1, m and n were determined experimen-
tally as (0.50, 1.0, 0.50) and (0.33, 0.66, 0.42) for the cases
of Tn < Dy < 58n and 31 < Dy < 71, respectively. Since Fy
in flocs cannot be measured directly, it was determined by
the hydrodynamic force required to detach the particles
attached to a flat surface by polymer bridging. The differ-
ences in surrounding condition between the experiment.and
a real floc may result in some uncertaintigs”ih the expo-,

nent values. ot s DA P e N
Equation(2) implies that an estimation of the binding .~
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force requires a knowledge of the floc porosity. In Miihle
and Domasch's report 1-g; ~1Ds' was adopted, but in most
studies the floc porosity has been described by the follow-
ing relationship[1, 4, 18],

1- = A Df Kp (4)

where A and K, are constants dependent on the operating
conditions. For clay-alum flocs, the value of k, has been
reported in the range of 1.0 to 1.5 [18], and increasing with
the alum dosage. A similar result of K, = 0.838 to 1.5 was
also presented by Chang [3] for kaolin-flocs formed with
both alum and polymer.

By substituting Eq.(4) into (2) and considering the criti-
cal condition for floc breakage as B=D7py, (where Pp, is
the pressure fluctuation on the opposite sides of a floc[20]),
the expressions for maximum stable flocs in the range of
3n < Dy < 581 can be obtained in terms of €, F5 and Kp as

1

Dfmax‘x87 ut EKP)FE

1
Dfmaxoce_ ETKPF;\_F Kp

7n < Dr< 581 ®)

3n<Dr<M (6)

Since the energy dissipation rate in stirred tanks is gen-
erally proportional to the 3rd power of the impeller speed,
i.e., € e N7, the above Eqs. with Kp in the range of 1 to
1.5 can be rewritten as
o N 9~1.125>FA(0.4~0.5)

Dfmax 7T] < Df < 58T] (7)

Dy o< N© 855~1.0)FA<0A29~0.33) 3n<Di< N (8)

Under the restriction of constant F4, these relation-
ships were verified by comparison with the experimental
results of floc breakage from Chang's{3] study, where the
flocs were first prepared under a given operating condi-
tion to maintain a constant strength. Then, they were care-
fully injected into a standard tank to measure the decay of
the maximum floc size after a period of stirring. His re-
sults for flocs in 11 < Dg < 131 showed Dy oc N 0761
which compares reasonably well with Eq. (8) under the
condition of constant Fy.

I11. Experimental apparatus and procedures

The experimental set-up is shown in Figure la. Floc
growth was performed using a four-baffled, 17-cm diam-
eter standard mixing tank. The detailed configurations of
the two impellers used for stirring are shown in Figure 1b;
one is a six-bladed Rushton disk turbine (abbreviated as
RDT in the study), and the other is a 45° pitched-bladed
turbine (abbreviated as PBT). The former is a radial flow
impeller which provides a strong circulatory flow, whereas
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PBT gives axial flow patterns. For these impellers in stan-
dard mixing tanks, there are numerous reports concerning
the power consumption and flow patterns [13, 14, 15]. In
the present study, the average shear rate G was evaluated
by the following equation:

G= J% )

in which P is the power consumption, V represents the fluid
volume, and W denotes the fluid viscosity. Table 1 shows
the relationship of the given average shear rate(G) to the
impeller speed(N), the shear rate near the blade tip(ym)[23].
and the Kolmogoroff microscale(n)) in the impeller region.
For a given average shear rate the PBT impeller requires a
higher rotating speed, and the shear rate near the blade tip
is approximately two times that in the RDT system. In
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(a) PBT

(b) RDT

Fig. 1 (a)Scheme of the experimental set- up, (b) Detaﬂed,’f T,
configurations of impellers w
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Table 1. A comparison of N, vy and 1 between pitched-
bladed and Rushton disk turbines under the same
average shear rate

Pitched-bladed turbine

G(s") INGpm) yu(s™) M(um)|N(rpm) yw(s") M(um)
50 145 1342 67 92 678 67
150 | 302 4034 39 191 2029 39
320 | 501 8619 26 316 4317 26
650 | 804 17522 19 507 8774 19

Rushton disk turbine

mixing tanks, the breakage of flocs is subject to occur in
the impeller region at an extremely turbulent intensity; that
is, the floc size is profoundly limited by the local energy
dissipation rate €; in the region. According to the studies
by Ranade and Joshi [14, 15] in analyzing the energetic
efficiency of mixing tanks, €; was estimated at 20 times
the average dissipation in the tank. On the basis of g; =
20 ¢, the local Kolmogoroff microscales in the impeller
region were evaluated and listed in Table 1. For most cases
in this study, the ratios of the maximum floc size to the
local Kolmogoroff microscale, Dsp,,/1, are about 1 to 20.

The solid material used in the study was aluminum
oxide(Al,O;3) particles, supplied by Alpha Ltd., having the
sizes of 0.24 and 2.74 um at the cumulative mass frac-
tions of 10 and 90% respectively, with a median of
0.6 um. Before the experiment in mixing tanks, a jar test
was employed to determine the optimal pH value for co-
agulating the suspension with aluminum suifate (Al,(SO,)
3.14-16H,0, abbreviated as alum). It appeared that pH =
6.8 results in a better floc formation and turbidity removal.

The polymeric flocculant used throughout this study
was a low cationic polyacrylamide(PAA) with a molecu-
lar weight of 2 ~ 4 x 10° g mol ™", supplied by Chem. Link
Lid. To offer more extension of the polymer branches for
bridging, the polymer solutions(100ppm) were prepared
12 hrs before flocculation; by dissolving solid polymer in
distilled water under a continuously weak agitation.

At the beginning of the experiments in coagulation,
alum was first dispersed in the tank filled with distilled
water and, meanwhile, the pH was adjusted by NaOH and
H,S80, solutions to remain at 6.8 throughout the processes.
Then, under given impeller speeds, 40 ml of a well-dis-
persed Al,Os suspension was injected by a syringe at a
constant rate of Sml/s to give a final solid concentration of
400 ppm. In the coagulation-flocculation experiments, the
polymer solution was injected after 2 min of coagulation
to reach a final flocculant concentration of 1.0 ppm. The
suspension or polymeric flocculant was injected at a point
Just above the impellers (point A in Figure 1b).

From the beginning of the process of adding suspen-
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sions into the coagulation or adding a polymer solution
into the flocculation, a sample of about 25 ml was drawn
from the impeller region (point B in Figure 1b) by a Smm
diameter of dipped pipe every 10-20 s. This sample vol-
ume was found sufficient to provide reproducible size dis-
tribution measurements by Malvern Mastersizer/E, in
which a magnetic stirring cell (MSIS) was equipped to
prevent the flocs from sedimentation without causing seri-
ous floc breakage. The agitated suspension near the im-
peller region was also drawn continuously by a peristaltic
pump to a turbidimeter cell. The turbidity data were re-
corded by a personal computer. For giving reliable resuits,
2-3 replicated experiments with a reproducibility error less
than 10% were performed.

In this study, additional experiments with a larger tank
of 29 cm in diameter were also carried out to investigate
the effect of scale-up on the floc growth. Power consump-
tion in the system was determined by direct measurement
of the torque on the shaft.

IV. Results and discussion
A. Floc sizes from different sampling points

Two points, A and B near the impeller region (see Fig-
ure 1b), have been selected for simultaneous sampling to
analyze the floc size at different locations. The samples
taken from point A are in the circulatory streams flowing
into the impeller, and those from point B in the streams
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Fig. 2 Variations of floc size from dlfferent samphng
points near PBT impeller e
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flowing out of the impeller.

Figure 2 shows the variations of floc size ,Dy, in floc-
culation by PBT with an average shear rate of 50 s”'. Be-
cause of the limitation of sampling for floc size
measurement, the first data was at the 10 s from the start of
processing. Here, Dy was designated as the diameter of
flocs to achieve a cumulative mass fraction of k%. In the
present study, Doy was considered as the size for maxi-
mum flocs in a given sample. At the incipient growth of
flocs, the high shear in the impeller region enhances the
particle aggregations effectively to direct a slightly larger
floc in the streams leaving the impeller. Since the shear-
ing also produces the effects of deformation and break-up
on large aggregates, after about 30 s of continuous stirring
a smaller Dy was observed in the receding streams.

When RDT was used for mixing, there are a shorter
path for the circulating streams and a smaller local shear
in the impeller region than that stirred by PBT. These fac-
tors lead the samples from the two points near RDT to
bave approximately the same floc size, as shown in Figure
3. The results shown below are all based on the samples
from point B, which resides in the circulatory streams de-
parting from the impeller.

B. Effect of stirring intensity on floc size in PBT system

Figure 4 shows the size of flocs coagulated with a high
shear rate (G = 650 s') at two alum dosages, 100 and 500
ppm. In order to understand the floc breakage, the floc
size under 15-30 min continuously long stirring was also

80 —
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Fig. 3 Variations of floc size from different sampling
points near RDT impeller
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measured and shown in the figure. The flocs grew very
fast in the initial 10 s up to a size of 20~30 pm. After this
stage further growth was prevented, and a slight decline in
floc size occurred in the first 1-2 min of coagulation. With
an increase of alum dosage, a faster initial growth rate and
larger flocs were obtained, due to the enhancement of the
sweeping coagulation by a large amount of aluminum hy-
droxide (Al(OH);). Although the alum-coagulated flocs
can be reformed after breakage, there is still an obvious
reduction in floc size after 15-30 min of continuously strong
stirring.

To produce relatively large flocs for rapid settling and/
or strong enough to withstand the subsequent dewatering
step, a necessary adjunct to coagulation is the addition of a
flocculant to bridge the microflocs. A typical floc growth
produced by dosing a polymeric flocculant into coagulated
suspensions is shown in Figure 5. The peak floc size ap-
pears in the initial 10 s with a value about 12 times of the
microflocs in the coagulation step; then the floc size de-
cays substantially during the first 2 min of mixing. Al-
though the adding of high alum dosage can increase the
peak floc size efficiently, but the large aggregate can't tol-
erate a high shearing action, due to the hydrodynamic force
acting on the floc is proportional to the square of its diam-
eter and on the other hand the flocs containing large amount
of aluminum hydroxide are very weak. If the hydrodynamic
stress is exerted on the flocs continuously, the polymer
branches extending from the floc surfaces compact to lose
their bridging ability significantly. The characteristic of
being unable to reform after breakage will cause a com-
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plete rupture of large aggregates when subjected to a long
period of stirring,.

Figure 6 shows the effects of shear rate, ranging from
G =50 to 650 s, on the floc growth in coagulation with
500 ppm alum. Except at a relatively high shear such as G
=650 57!, larger floc were obtained with a higher stirring

400

Al;0s : 400 ppm

PAA 1 ppm
300 PBT _1

G = 650 s

0 1 2 715 30

Fig.5 Effect of alum dosage on the floc growth during
flocculation

—_—
3 o : 50 s
o : 150 s”)
4 A @ 320 s,
a o : 650 s
Al,03 : 400 ppm
104 Alum : 500 ppm
PBT
[
1 ' 1 I |/ A
% 1 I 2 V15 30
t (min)

Fig. 6 Effect of average shear rate on the variations of
maximum floc size in coagulation (alum 500 ppm,
PBT)

intensity. Based on the mechanism of orthokinetic coagu-
lation that the rate of floc growth is proportional to the
shear rate when no obvious rupture of flocs occurs [9], the
results of smaller flocs obtained initially at the very high
shear rate as G = 650 s™' indicate clearly that the hydrody-
namic shearing is seriously detrimental for alum-floc
growth even only 10 s of stirring. It also appears that, for
each given shear rate except G at 650s™', there is only a
small variation of floc size, which is in consequence of a
great ability for the alum-coagulated flocs to reform after
breakage.

For the cases in which only a polymeric flocculant was
dosed, the floc growth under different degrees of shearing
is shown in Figure 7. Because the bridged flocs can sus-
tain a higher hydrodynamic force, even with G = 6505 a
fast growth rate can be attained at the initial stage of
flocculation. However, there is still a distinct decline in
floc size after 15~30 min of strong stirring.

For the cases of dosing the flocculant after 2 min of
coagulation, the floc growth under four different degrees
of agitation is depicted in Figure 8. The formation of
microflocs in the coagulation stage can provide an explo-
sive growth of flocs in flocculation. At an average shear
rate larger than 320 s™', the rapid dispersion of flocculant
and the high frequency of particle collisions make the flocs
grow very fast, evidenced by requiring only a short time to
reach the peak of Dgg. After the peak there is a serious
reduction in size, especially with the high shear at 650s™".
This result suggests that only a very short time of about

200
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Fig. 7 Effect of average shear rate on t“héwva‘rﬁiat,lons f
maximum floc size in flocculation (with PBT) - .
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10 s is required at the stage of rapid mixing; excess time
causes a severely detrimental effect on the ultimate floc
size. When a lower shear rate such as 50~150 s was
applied, a longer period of about 20 s of rapid mixing was
needed to achieve a better floc growth. Even with a lower
shear rate (G = 50s™"), the floc size decreased considerably
after 15-30 min of mixing, becoming only slightly larger

500

N\
1 ppm \\\

100 PAA
PBT AN n
i
I 1 1 ! i E I §
95 1 215 =30
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Fig. 8 Floc growth after dosing flocculant into 500 ppm
alum-coagulated suspension (with PBT)

650 s Al;O; : 400 ppm
10§ Alum : 500 ppm
RDT
[
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O 1 ] 2 15 30
t (min)

Fig.9 Variations of maximum floc size by RDT in co-
agulation with 500 ppm alum
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than that before flocculation. A regression of the Dy at-
tained after 30 min of agitation gives D¢ s ~ N, the
exponent being only half of that obtained from the theo-
retical derivations (see Eqgs.(8)). Since the theoretical model
has been verified above to relate the Dy, to N under a
condition of constant adhesive force F,, thus the differ-
ence is obviously by virtue of F, not being a constant un-
der a given chemical condition, but as pointed out by Miihle
and Domasch[11] being significantly influenced by the hy-
drodynamic action. Comparing the regression result with
Eq.(8) where Dy, o< N OF,%° was adopted, the relation-
ship of F, to the impeller speed was then obtained as Fj o<
N'* which indicates that the F, depends importantly on
the impeller speed.

C. Effect of stirring intensity on floc growth in RDT
system

For the stirring accomplished by a RDT impeller, the
variations of floc size in coagulation are shown in Figure
9. By comparison with that by PBT (see Figure 6), it was
found that at G = 50~320 s™' the higher local shear in the
PBT region can produce a slightly larger Dgg. However, as
G was increased to 650 s, the too-high shear near the PBT
blade tip produced opposite results. When the polymer
was added into coagulated suspensions, the floc growth
by RDT is shown in Figure 10. In comparison with the
results in Figure 8, it is apparent that RDT produces larger
flocs than PBT. This is caused by the factors that the floc-

Alum : 500 ppm N
PAA 1 ppm Y
\

0 1 I L ! ! 1
1 2
t (min)

100

]

Fig. 10 Floc growth after dosing flocculant into,500-ppm
alum-coagulated suspension (with RDT). - Py
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culation of microflocs with an average size of 8~10 pum is
controlled by the polymer adsorption and bridging, and
the lower local shear in the RDT impeller region giving a
more extension of the polymeric branches to bridge
microflocs. By relating the floc size after 30 min of stir-
ring by RDT to the impeller speed, Dy o< N°! and then
F4 o< N were obtained when compared with Eq. (8),
which is nearly the same as that described above by PBT.
The interesting phenomenon of both impellers exhibit simi-
lar expression for F versus N was also observed in other
condition as alum 100 ppm and PAA 1.0 ppm, where F o<
N*¢! and N**2 for that by PBT and RDT, respectively. Such
results lead to the conclusion that the effect of impeller
speed on the adhesive force within flocs after a long pe-
riod of stirring depends deeply on the chemical condition
applied and the difference between the two impellers is
not profound under same chemical conditions.

D. Effect of scale-up on floc growth

In this research, additional experiments in a larger tank
of 19.16 liter were implemented to study the effect of scale-
up on floc growth. If the criterion for scale-up is based on
the same average shear rate, a lower rotating speed is re-
quired in the large tank. When a weak agitation such as G
=50 s was applied, it was found that most flocs settle to
the bottom of the large tank in the initial stage of
flocculation.

Figure 11 shows the time-dependent changes in maxi-
mum floc size when flocculation was performed in the large
tank. Although the flocs can tolerate 2 min of rapid mix-

250

t (min)

Fig. 11 Floc growth by flocculation in the larger tank
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ing at a shear rate smaller than 320s™, it can be seen that
10-20 s of mixing is sufficient for achieving the peak size.
By comparison with the results from the small tank (Figure
7), it was found that the large tank can produce consider-
ably larger flocs. Such a tendency was also observed for
all other coagulation-flocculation conditions in this study,
which is primarily due to that the lower locally turbulence
in large tank gives a more extension of polymer branches
to bridge aggregates.

E. Determination of rapid-mixing time for better floc
growth

The results described above indicate clearly that the
degree of mixing plays an important role in floc growth.
Currently, the criteria for achieving the mixing with re-
gard to ultimate floc growth are generally determined by
experienced rules or by a jar test, and 0.5-2 min of rapid
mixing is usually adopted in most laboratories and indus-
trial operations. Such a mixing time is too long when com-
pared with the 10-20 s shown in this study. The excess
mixing may cause a serious reduction in floc size.

As mentioned above, the information for determining
the rapid-mixing time can be provided by measuring the
floc size in the initial stage of floc growth. However, the
measurement requires 10-30 s for sizing one sample and
sometimes causes rupture of aggregates. These shortcom-
ings make this measurement method unsatisfactory when
used for on-line control of the impeller speed.

Thus, the variations in turbidity during coagulation and
flocculation were also examined to determine the mixing

250 250
200 —200
~—~
— 150 =150~
- I
e’ E;
£~ 100 4100
: Dgo jam
¢ Dyo 4
50 =50

1 1 i 1 L 1 1 O
t (min)

Fig. 12 A comparison between the variations in ﬂoc Si:
and in turbidity [
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path. As shown in Figure 12, there is a steep decrease in
turbidity in the initial 10 s and, then, a slight increase when
the floc size begins to decay. According to this well corre-
spondence between the variations in turbidity and floc size,
it can be concluded that the sequences of tapered shearing
for better floc growth can be obtained by adjusting the
impeller speed to maintain a low turbidity.

V. Conclusions

Through a detailed examination of the variations in
floc size, the effects of average shear rate and impeller
design on floc growth in mixing tanks have been
investigated. It was found that, under the same average
shear rate, the differences in performance between the
Rushton disk turbine and the pitched-bladed turbine in floc
growth depend on the chemical conditions applied. Ac-
cording to the results that the turbidity data correspond very
well with the floc size, a method using on-line detection of
turbidity to adjust the impeller speed is proposed to con-
trol the ultimate floc growth.

A theoretical model for describing the dependence of
maximum stable floc size on the impeller speed and adhe-
sive force, F,, within flocs was presented and also demon-
strated to be reasonable by comparison with the experi-
mental data available in the literature under the constraint
of constant F,. Based on this model and the floc size
measurements, the dependence of adhesive force within
flocs on the impeller speed after a long period of stirring
was presented as Fy o N®, where the exponent {3 varies
significantly with the chemical conditions applied and is
almost not affected by the impeller designs in the study.
Since the floc strength is profoundly influenced by the
impeller speeds and chemical conditions and also changed
with stirring time, a quantitatively theoretical estimation
of maximum floc size in coagulation-flocculation processes
still remains as a challenge.
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Nomenclature

B:  binding force (kg.m/s%)
Dsy:  median floc size (undersize 50%) (m)
Dgy:  undersize 90%(considered as maximum floc size)
(m)
Dy floc size (m)
Diinax: upper limit of floc size (m)
ot primary particle size (m)
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F.:  adhesive force between two particles within a floc
(kg.m/s?)

G: average shear rate in a stirred tank (s™)

N: rotational speed of impellers (rpm)

P:  power transmitted by agitator shaft (kg.m’/s’)

PAA: polyacrylamide

PBT: Pitched- blade turbine

pp.. instantaneous hydrodynamic pressure difference

across a floc (kg/m.s%)

RDT: Rushton disk turbine

T: turbidity, NTU

t: agitation time (s)

Greek symbols

e mean energy dissipation rate(m?/s’)

g local energy dissipation rate in the impeller region
(m’/s®)

floc porosity

maximum shear rate near the blade tip (s™)
Kolmogorov microscale (small eddy length) (m)
liquid viscosity (kg/m.s)

liquid kinematic viscosity (m?/s)

fluid density (kg/m’)

mean binding strength with respect to net sectional
area of flocs, kg/m.s’
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