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This paper deals with optimisation and acceleration of the clarification process. It was established that 
both these objectives are closely inter-related and can be accomplished by the formation of aggregates with 
a high agitation intensity until the flocculation optimum is reached. This is a new method of formation of 
aggregates which is called the Inline High Density Suspension (IHDS) formation process. Further, under 
the IHDS process the aggregates are formed with a single root-mean-square velocity gradient G

 valu
e fl

>> 50 s-1. 
It was also established that the process of formation of aggregates (expressed by residual e of the 
observed determinant) passes through a minimum. This minimum is considered to be th occulation 
optimum. Furthermore, the agitation intensity (G ) was found to be the inherent means influencing 
compactness and thereby density of the aggregates formed. This proves the vital role of agitation intensity 
on the morphological and physical properties of aggregates formed. The resultant aggregates formed by the 
IHDS process are very compact, dense and homogeneous in their size, shape, volume and inner structure. 
Last but not least, the IHDS process applied to the HR-CSAV type sludge blanket clarifier facilitated its 
high attainable upflow velocity above of 25 m h-1. 
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Pavel Polášek: VLIV RYCHLOSTNÍHO GRADIENTU NA OPTIMALIZACI AGREGAČNÍHO 
PROCESU A VLASTNOSTI VYTVOŘENÝCH AGREGÁTŮ. Část 1. Průtoková tvorba vysoce hustotní 
suspenze. J. Hydrol. Hydromech., 59, 2011, 2; 36 lit., 8 obr., 2 tab.  

 
Článek se zabývá optimalizací a zrychlením čiřícího procesu. Bylo zjištěno, že oba tyto cíle spolu úzce 

souvisí a může jich být dosaženo tvorbou agregátů probíhající s vysokou intenzitou míchání pomocí 
procesu Inline High Density Suspension (IHDS). Za podmínek metody IHDS probíhá tvorba agregátů při 
vysokých rychlostních gradientech G

 proc
, že in

>> 50 s-1, a to až do ukončení jejich tvorby ve flokulačním optimu. 
Bylo prokázáno, že tvorba agregátů hází minimem, které je možné považovat za flokulační (agregační) 
optimum. Dále bylo zjištěno tenzita míchání ( G ) je přirozeným prostředkem ovlivňujícím 
kompaktnost a tím rovněž hustotu vytvořených agregátů. Výsledné agregáty vytvořené IHDS procesem jsou 
velmi kompaktní, husté s homogenní velikostní distribucí, mají pravidelný tvar a uspořádanou vnitřní 
strukturu. Aplikace IHDS procesu v HR-ČSAV čiřičích umožňuje jejich provoz při vzestupné rychlosti 
přesahující 25 m h-1 a celkové době zdržení necelých 12 minut. 

 
KLÍČOVÁ SLOVA: flokulační optimum, průtoková tvorba vysoce hustotní suspenze, vlastnosti agregátů, 
intenzita míchání, rychlostní gradient. 

 
1. Introduction 
 

The process of aggregate-destabilisation of the 
particles of impurities is affected by the chemical 
factors (reaction conditions) and the formation of 
aggregates from the destabilised particles is af-
fected by the physical factors (agitation conditions).  

Great attention was given to researching the 
mechanisms and the kinetics of formation of floc-
culent suspension (Smoluchovski, 1917; Camp and 
Stein, 1943; Camp, 1946, 1953, 1968; Hudson, 
1965, 1973; Harris et al., 1966; Swift and Friend-
lander, 1965; Soucek and Sindelar, 1967; Ives, 
1978; Ham and Christman, 1969; Parker et al., 
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1972; Tambo and Watanabe, 1979; Polasek and 
Van Duuren, 1979; Hereit et al., 1980, 1983; Spicer 
and Pratsinis, 1996; Van Duuren 1997; Ducoste 
and Clark, 1998). The attention of most researchers 
was primarily directed to study the process kinetics.  

The agitation conditions, i.e. agitation intensity, 
characterised by the root-mean-square velocity 
gradient G  (Camp and Stein, 1943), its duration 
and distribution of a velocity field in the total vol-
ume of agitated water facilitates the formation of 
readily separable aggregates.  

The significance of agitation conditions charac-
terised by the root-mean-square velocity gradient 
G on the process of formation of aggregates and 
their properties is not yet fully understood. There-
fore, the engineer’s approach to the designing of 
flocculation plants is not unified. Based on Ameri-
can practice Camp (1953) states that the velocity 
gradient varies between G  = 20–74 s-1. Fair and 
Geyer (1958) suggest the optimum velocity gradi-
ent to be in the range between G  

h
 and reco

= 30–60 s-1. 
However, they accept that the initial velocity gradi-
ent, applied at the beginning of t e aggregation 
process, could be as high as 100 s-1 mmend 
that the final velocity gradient, at the end of the 
flocculation process, should not exceed G

n

 = 10 s-1 
(tapered flocculation). Similarly, Ritchie (1965) 
states that the optimum value of the velocity gradi-
ent for clay particles should be withi  the range 
between G  

a

= 7–11 s-1. In contrast, Walker (1968) 
is of the opinion that the flocculation of surface 
waters c n take place at a velocity gradient as high 
as G  = 175 s-1. Based on everyday practice, Hud-
son (1965) states that a velocity gradient G

in mechani-
= 10–   

–15 s-1 seems to be the most accepted 
cally agitated flocculation chambers, while 
G  > 40 s-1 tends to produce flocs of a relatively 
low settling velocity. Generally, this concept of 
agitation intensity prevails to-date (Schutte, 2006). 

Only recently, Lawler (2000) came to the con-
clusion that “ G  stands for gentle”. This opinion is 
in agreement with previous work of Han and 
Lawler (1991, 1992), who wonder if mixing has 
any significant role in particle aggregation at all. 
They came to the conclusion that the importance of 
the velocity gradient (shear) had been overempha-
sized in the traditional philosophy of flocculation 
and that the velocity gradient has far less signifi-
cance than previously thought. Furthermore, they 
suggest that the primary importance of agitation is 
to keep particles in suspension so that their colli-
sions can occur by differential sedimentation and 

that the secondary role of agitation is only to pro-
vide the velocity gradient for collisions between 
particles > 1 μm and of nearly the same size. They 
concluded that the velocity gradient although by no 
means irrelevant, is relatively unimportant in floc-
culation. Based on the above, Thomas et al. (1999) 
states that it is generally accepted that previous 
work of Camp and Stein has overestimated the im-
portance of root-mean-square velocity gradient G . 
From this statement it is evident that the signifi-
cance of the root-mean-square velocity gradient G  

not 
ey 

for the development of flocculent suspension is 
yet fully appreciated even though it remains a k
design parameter in flocculation modelling. 

The significance of the influence of a high veloc-
ity gradient G  > 50 s-1 and its duration on the 
course of the aggregation process, its kinetics and 
the physical and morphological properties of ag-
gregates formed such as their size, shape, volume, 
compactness, strength and density, which affect 
their settleability, is not yet adequately researched. 
Therefore, the aim of this study is to establish the 
influence of hydrodynamic conditions on:  
a) the optimisation and the acceleration of the ag-

gregation process with respect to sedimentation 
of the aggregates formed, 

b) the number and size of aggregates formed, and 
c) the physical properties of aggregates formed. 

In the initial phase of the study the effects of 
high velocity gradients G  > 50 s-1 on the course, 
optimisation and acceleration of the aggregation 
process were investigated, while the evaluation of 
objectives in (b) and (c) above were based on ob-
servation. The quantification of these two objec-
tives under the conditions of low intensity agitation 
was carried out in the second research phase and 
the findings thereof are described in Part 2 of this 
paper.  

Due to a variety of mechanisms that may be en-
countered in the transformation of impurities pre-
sent in water into separable suspension the term 
coagulation does not reflect the basis of all partial 
processes taking place during the transformation of 
all kinds of colloidal impurities into readily separa-
ble flocs. It is more accurate to call this process 
aggregation and the flocs formed aggregates and 
the reagent used destabilisation agent instead of 
coagulant. In this context the terms aggregation, 
aggregates and destabilisation agent are used in this 
paper. 
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Jar test studies 
 

The influence of the agitation intensity character-
ised by the root-mean-square velocity gradient G  

 jar 

and its duration T on the course of the aggregation 
process and the morphological and physical proper-
ties of the formed aggregates was studied by
tests. The effect of different G

y
direct measure

 applied over differ-
ent times T on the settleabilit  of aggregates formed 
was investigated by ment whilst the 
influence of different G  and T on the physical 
properties of the formed aggregates could only be 
evaluated indirectly based on the changes in their 
sedimentation kinetics. This was considered ade-
quate for meeting the initial objectives of the pro-
ject. 

The jar tests were carried out with hydrolysing 
destabilisation reagents (Fe3+ and Al3+ salts) under 
optimised reaction conditions as well as aggrega-
tion reagents (different cationic polyelectrolytes – 
CPE), namely Floccotan and Superfloc SF-577. 
Floccotan is a partially condensed product of the 
commercial wattle tannin extract treated to produce 
active amine groups along the polymerised mole-
cule. Superfloc 577 is a polyquarternary amine type 
cationic polymer.  

A standard Phipp & Bird 6-station flocculator 
was used. The jar tests were carried out in 2 litre 
standard Pyrex beakers containing 1.5 litres of wa-
ter. A dual, double vertical blade type stirrer was 
used in all jar tests. The velocity gradient G  gener-
ated by this stirrer was calculated from the torque 
measured as follows: A bending beam strain gauge 
was used to measure the effect of the reaction force 
resulting from the rotating stirrer and transmitted 
via the water on the wall of the beaker. The result-
ing torque M is the product of the circumferential 
force and the beaker radius. The stirrer RPM was 
displayed on the stirrer drive. The power input shaft 
to water was calculated as follows 
 

1

[mW]
9550

[s ].

S
SW

SW

RPM MP

PG
V μ

−

=

=

 

 (1) 

The conversion of the stirrer RPM to the velocity 
gradient G  (G*) is shown in Fig. 1. 

The following jar tests procedure was used. Re-
action beakers, each containing the optimised dos-
age of destabilisation (aggregation) reagent, were 
placed in the flocculator. Another set of beakers 

filled with 1.5 litres of raw water were placed next 
to the reaction beakers. Water from the set of raw 
water beakers was then quickly poured into all 
beakers containing destabilisation agent in order to 
produce its dispersion and homogenisation of the 
destabilisation agent with the raw water. The floc-
culator was then switched-on, all stirrers brought up 
to the maximum speed and the position of individ-
ual beakers readjusted to produce the smallest vor-
tex and smooth water surface in each beaker. This 
operation was completed within a few seconds. 
Then the stirrer speed was reduced to the RPM 
generating the required G . At the end of the ag-
gregation process the stirrer was pulled out from 
the particular beaker. The aggregation time was the 
running time of the stirrer. The sedimentation time 
was measured from the moment the stirrer was 
switched-off and pulled out from the beaker. 
 

 
 
Fig. 1. Conversion of stirrer speed to root-mean-squate velocity 
gradient G*. 
 
2. Methods 
 

A great number of studies by various researchers 
were carried out with synthetic suspensions in the 
past. The use of synthetic suspension is considered 
problematic from the point of view of the validity 
of conclusions in every day engineering practice 
with respect to the designing and operation of wa-
terworks. The surface waters contain natural min-
eral and organic pollutants of different types and 
concentrations and their resultant synergy effect 
cannot be simulated by simple synthetic suspen-
sions. Therefore, this research was carried out with 
raw waters from different surface sources (Tab. 1). 
The results presented herein were obtained with the 
Saulspoort Dam water only as similar results were 
also obtained on the other localities.  

The quality of the purified water was evaluated 
by the  residual turbidity. In  certain cases when fer- 
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T a b l e  1.  The average quality of different raw waters used in the study. 
 

Determinant Units Vaal dam Loch Athlone dam Saulspoort dam 
Temperature [OC] 18 12 – 25 12 – 25 
pH [–] 8.2 7.7 7.4 – 8.2 
Turbidity [NTU] 160 50 – 690 30 – 250 
Colour [mg Pt l-1] 17.5 5 – 15 10 – 40 
Total hardness [mg CaCO3 l-1] 71 108 90 – 160 
Total alkalinity [mg CaCO3 l-1] 65 75 75 – 140 
THM – potential value [µg CHCl3 l-1]  –   –  878 
CODMn [mg O2 l-1] 4.2 3.4 6.5 

 
ric chloride or aluminium sulphate was used, the 
residual Fe or Al was also measured. The jar tests 
were carried out with different, but constant stirrer 
speeds employed over the entire aggregation time T 
required. The samples of purified water were pipet-
ted out from the centre of the beakers, approxi-
mately 30 mm below the water surface. The sam-
ples were usually taken either after 1, 3, 5, 10 and 
30 minutes or after 2, 5, 10 and 30 minutes of 
sedimentation. 

The effect of conditions of agitation on the prop-
erties of aggregates formed and their settleability 
was evaluated by changes in the content of cation 
of added coagulant (Me) and turbidity (Tu) – affix 
F means that all separable particles were removed 
by centrifugation and only the non-separable parti-
cles remained in the analysed sample. The residual 
content of non-separable particles was measured 
because it determines the attainable efficiency of 
the purification process. The residual content of 
organic matter is not stated because its influence on 
the process of formation of aggregates and their 
settleability is incorporated in the residual Tu and 
Me values. Turbidity was measured by photometers 
and Me photocolorimetrically. The aggregate-size 
distribution of the formed aggregates was measured 
by the test of aggregation and the removal of impu-
rities by the attained and attainable separation effi-
ciency (Hereit et al., 1977). The pattern of Tu and 
Me results is very similar and therefore only the 
results of turbidity measurements are included in 
this paper. 
 
3. Result and discussion 
 

The jar test study was carried out based on the 
presumption that the strength of the bond between 
particles is determined by the ratio between the 
adhesion and tangential forces acting upon the par-
ticles during their collisions and such bond is hold-
ing the particles together in the aggregates being 
formed. Using natural raw water the magnitude of 

the adhesion forces is governed by the attained 
degree of destabilisation of the particles of impuri-
ties which is determined by the dosage of the desta-
bilisation agent. All jar tests were carried out with 
the optimised dosage of destabilisation (aggrega-
tion) agent. Therefore, it is assumed that the degree 
of destabilisation achieved was the same and hence 
the magnitude of the binding forces by which the 
particles mutually act on one another can also be 
considered to be the same. Thus, the only opera-
tional variables are the magnitude of tangential 
(shear) forces (characterised by G ) and the time of 
their action T. 

It should be pointed out that at the commence-
ment of sedimentation settling of the aggregates 
was impeded owing to the run-out rotation of the 
water. Naturally, the effect of this impediment in-
creased with higher stirrer RPM but was the same 
in all beakers agitated with the same RPM. The run-
out rotation of water created a short time side effect 
of gradually diminishing agitation intensity (tapered 
flocculation) acting on the formed aggregates thus 
allowing them to grow into larger and hence more 
rapidly settleable aggregates. The purpose of taking 
the first samples of purified water after 1 or 2 min-
utes of sedimentation was to establish the effect of 
different G  and T on the development of the ag-
gregates and the trend in their settleability which 
would otherwise remain unnoticed as it diminishes 
with sedimentation time. 
 
3.1 Flocculation optimum and character  
of formed aggregates 
 

The influence of various G  applied over differ-
ent time T on the course of the development of 
flocculent aggregates formed with ferric chloride 
and their sedimentation kinetics is shown in Figs. 2 
to 6.  

Fig. 2 shows the effect of the dynamics of the 
aggregation process on the aggregates formed with 
various single G  applied over different times T. 
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Similar results were obtained with aluminium sul-
phate, Floccotan and SF-577 formed aggregates but 
their optimum agitation time T were different how-
ever.  
 

 
 
Fig. 2. FeCl3: Flocculation optimum for different G* (after 1 
minutes sedimentation). 
 

Since all the individual aggregation curves 
shown in Fig. 2 are laden with the same side effect 
of the run-out rotation of the water, it can be as-
sumed that these curves illustrate a true representa-
tion of the influence of various G  applied over 
different T on the kinetics of the aggregation pro-
cess and the character of formed aggregates. 

The path of the aggregation curves in Fig. 2 is il-
lustrated by residual turbidity measured after 1 
minute sedimentation. As it is evident from this 
Figure, the aggregation process is characterised by 
a change in the number (concentration) of aggre-
gates in the system which is influenced by the dy-
namics of aggregates development. The develop-
ment of aggregates can be described as follows. At 
the beginning of aggregation, when there are still 
relatively a few aggregates formed and the number 
of particle collisions is high, the intensive combin-
ing of the particles into aggregates takes place at 
the expense of the total number of particles. There-
fore, the total number of both particles and aggre-
gates formed decreases rapidly irrespective of G  
employed. This is evident by a steep drop in the 
residual turbidity at short agitation time T. As ag-
gregation progresses with increasing agitation time 
the aggregates being formed enlarge in size and 
their total number decreases. As a result, the rate of 
aggregation gradually slows down to a range of T at 
which the lowest residual turbidity is achieved. 
This is evident by a gradual flattening of the aggre-
gation curves. When the formation of aggregates is 
completed, the residual turbidity reaches its mini-
mum. This minimum is considered to be the opti-
mum of the aggregation process, hereinafter re-

ferred to as the flocculation optimum (Soucek and 
Sindelar, 1967), expressed by optimum T for the 
G

optim

 employed.  
Furthermore, Fig. 2 also shows the flocculation 

um is not obtained at the same T for different 
G  but it is G  dependent. The shortest optimum T 
is always obtained with the highest G employed 

T is not inversely proportional to and G , i.e. opti-
mum G T ≠ const. – this topic will be addressed in 
a separate paper. 

As the aggregates being formed enlarge in size 
the number of primary aggregates and smallest 
micro-aggregates gradually decreases. Since the 
system aggregating in beaker is a fully mixed sys-
tem the aggregates being formed are randomly 
transferred throughout the beaker, where G

e form

 varies 
from its highest magnitude at tip zone of the stirrer 
to its lowest value at the part of the bulk zone that 
is most remote from the stirrer. As soon as an ag-
gregate formed in the zone of lowest intensity of 
agitation moves into the zone of higher intensity of 
agitation such aggregate is too large to withstand 
the greater shear in this zone and fragments. From 
the fragmented parts new aggregates ar ed. It 
was observed that the aggregates formed with a 
higher G
size than those for

 were smaller, but more uniform in their 
med with a lower G . 

It is assumed that when the flocculation optimum 
is reached all destabilised particles are aggregated. 
Aggregation prolonged considerably beyond the 
flocculation optimum resulted in a gradual and very 
slow rise in residual turbidity. This could result 
from surface erosion/fragmentation of the aggre-
gates caused by an extended influence of the tan-
gential forces, which may cause gradual fatigue of 
the bonds holding together the destabilised particles 
in aggregates. Alternatively, this could also result 
from inner restructuring of the particles of impuri-
ties in the primary aggregates which are formed 
during the perikinetic phase of aggregation and of 
which the resultant aggregates are formed. As a 
result, a considerably over-aggregated system starts 
to contain aggregates of a poorer settleability than 
the system with the aggregates formed at the floc-
culation optimum. The actual reason for this in-
crease in residual turbidity necessitates a further 
investigation.  

The optimum agitation time T for the aggregates 
formed with G  = 153 s-1 when purifying Saul-
spoort Dam water was determined with sufficient 
accuracy for the purpose of practical engineering as 
follows: T = 340 s for aluminium sulphate, 
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T = 620 s for ferric chloride, T = 750 s for Flocco-
tan and T = 1000 s for Superfloc SF-577. 

Typical path of aggregation curves of the Fe- ag-
gregates formed with G

en

m
me

 = 100 s-1 over different T 
is dependent on sedim tation time as shown in 
Fig. 3. The same pattern was established also for 
the Al- and the CPE-for ed aggregates as well as 
for the aggregates for d with various G

reducing the
 between the

 taken after 
 all remain-

m

. The 
residual turbidity dropped to lower values with 
sedimentation time, thus considerably  
great differences in residual turbidity  
under- and over-aggregated regions measured at the 
beginning of sedimentation. The differences in 
residual turbidity measured in samples
30 minutes of sedimentation from which
ing separable particles were removed by centrifuga-
tion (Hereit et al., 1977) and which are evident 
from the centrate curve indicate the true i pact of 
the G and T on attainable clarity of the purified 
water. The differences in residual turbidity between 
low and high T are minimal which proves the raw 
water was purified with high aggregate-
destabilisation efficiency.  

The importance for the aggregation process to be 
carried out to within its flocculation optimum is 
also evident from Fig. 3. The residual turbidity 
produced by the non-separable particles only, as 
illustrated by the “centrate“ curve, reflects the qual-
ity to which the water is purifiable with the same 
G  over different agitation times. It is evident from 
this Figure that the kinetics of sedimentation im-
proves and destabilisation of the particles of impu-
rities enhances with increasing T up to the floccula-
tion optimum. The aggregation process extending 
beyond the optimum agitation time does not im-
prove either the kinetics of sedimentation of the 
formed aggregates or the purified water clarity. It 
results mainly in a waste of energy. 
 

 
 
Fig. 3. Flocculation optimum – influence of sedimentation time 
(Loch Athlone Dam, FeCl3, G = 100 s-1). 

Comparison of the kinetics of sedimentation of 
the aggregates formed with the same G

o
T

r

mp
nutes of sedi

m

 over dif-
ferent agitation time corresponding t  approxi-
mately 0.5 to 1.5 times the optimum  is shown in 
Fig. 4. The most rapidly settling aggregates were 
formed when the aggregation process ended at the 
flocculation optimum. Slightly poore  settleable 
aggregates were formed beyond the flocculation 
optimum at 1.5 times optimum T. The residual tur-
bidity of these two tests equalled after approxi-
mately 10 minutes of sedimentation. As expected, 
the aggregation process that ended only at 0.5 times 
optimum T produced aggregates of poorer settle-
ability. The clarity of the purified water was also 
slightly poorer as is evident from the co arison of 
the residual turbidity after 30 mi menta-
tion. Since the aggregates were for ed with the 
same G , differences in the residual turbidity mea-
sured at the beginning of sedimentation for differ-
ent T reflects differences in the sedimentation ve-
locities of the aggregates formed over such differ-
ent agitation times.  
 

 
 
Fig. 4. Significance of agitation time on kinetics of sedimenta-
tion of aggregates formed with the same G* (Loch Athlone 
Dam, FeCl3, G* = 100 s-1). 
 

The significance of low intensity agitation on the 
settleability of aggregates is evident from the com-
parison of results shown in Figs. 5 and 6. Fig. 5 
shows the sedimentation kinetics of the micro-
aggregates formed with various single G  and Fig. 
6 of the macro-aggregates developed from these 
micro-aggregates during the subsequent low inten-
sity agitation with G

pariso
 = 10 s-1 for a period of 3 

minutes. The com n of the sedimentation 
curves in Fig. 5 shows that the settleability of the 
aggregates formed with a higher G  is lower in the 
initial phase of sedimentation than that of the ag-
gregates formed with a lower G

m
n irrespectiv

 while no differ-
ence in the residual turbidity was easured after 30 
minutes of sedimentatio e of G . It 
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should be pointed out that sedimentation of aggre-
gates in its initial phase is impeded, to large extent, 
by run-out rotation of the water which is more in-
tensive and longer lasting in the case of a higher 
G

higher 

. Therefore, the actual difference in settleability 
of the aggregates formed is considerably smaller 
than that shown in Fig. 5. As the side effect of the 
run-out rotation of the water the tapering intensity 
agitation assisted the micro-aggregates to aggregate 
into macro-aggregates of approximately the same 
size. As it is evident from Fig. 6 the aggregates 
produced from the micro-aggregates formed with a 

G  settled more rapidly than those formed 
with a lower G . 
 

 
 
Fig. 5. Influence of G* on kinetics of sedimentation of IHDS 
formed micro-aggregates (Loch Athlone Dam, FeCl3, opti-
mum T). 
 

 
 
Fig. 6. Influence of G* on kinetics of sedimentation of IHDS 
formed aggregates after low intensity agitation (Loch Athlone 
Dam, FeCl3, optimum T). 
 

The rate at which aggregates settle at the begin-
ning of sedimentation is decisive for the accelera-
tion of the sedimentation process. Fig. 7 compares 
the settleability of aggregates formed with high 
agitation intensity HG  with and without being fur-
ther aggregated by low agitation intensity with LG  

with the settleability of aggregates formed by the 
accustomed flocculation conditions ( G  < 50 s-1). 
The formation of micro-aggregates took place with 

HG  = 100 s-1 up to the optimum T. This was fol-
lowed by low agitation intensity with LG

nutes, allowing the

occulation un

 = 10 s-1 
for an additional period of 3 mi  
micro-aggregates to develop into macro-aggregates. 
The formation of aggregates by fl der 
the accustomed conditions of agitation was carried 
out with G  = 19 s-1 for a period of 15 minutes fol-
lowed by agitation with G  

ates were formed under th

= 10 s-1 for an addi-
tional period of 3 minutes. Since the resultant 
macro-aggreg e same LG  

 
 at the 

-

med 
 

it is assumed they are of the same size. Therefore,
the differences between the residual turbidity
beginning of sedimentation are proportional to the 
differences in the density of the micro-aggregates 
formed under different agitation intensity. Com
parison of residual turbidity shows that the sedi-
mentation velocity of the macro-aggregates for
from the micro-aggregates developed with a high
G  is considerably higher than that of the aggre-
gates formed under the accustomed agitation condi-
tions with a lowG . 
 

 
 
Fig. 7. Comparison of kinetics of sedimentation of aggregates 
formed by IHDS and accustomed flocculation conditions (Loch 
Athlone Dam, FeCl3, optimum T). 
 
3.2 The inline high density suspension (IHDS)  
aggregation process 
 

The method of formation of flocculent suspen-
sion taking place with a high agitation intensity 

HG  > 50 s-1, but preferably between HG
aggregation process up to 

DS) 
k and 

 = 100 –
 400 s-1 through the entire 
the flocculation optimum is reached is known as the 
Inline High Density Suspension (IH method 
(Polasek 1970, 1972, 2007; Polase Mutl 
1995b, 2005a, 2005b). The G  > 400 s-1, even 
though applicable, was found to have no practical 
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or economical benefit. The resultant aggregates 
formed by the IHDS method are compact and dense 
aggregates well homogenised in their size, volume 
and density. The IHDS method is illustrated in    
Fig. 8.  
 

 
 
Fig. 8. Illustration of the inline high density suspension (IHDS) 
formation process. 
 

When the formation of macro-aggregates that are 
readily separable by sedimentation is required, then 
the micro-aggregates formed are subsequently ag-
gregated during low intensity agitation phase with 

LG  for a short time in order to enable the micro-
aggregates to grow into macro-aggregates. The 
formation of macro-aggregates takes place with a 

LG L < 50 s-1, preferably LG  < 10 s-1 over a short 
time.  

It follows from the foregoing that the IHDS 
process affects very favourably those properties of 
aggregates that influence their settleability, such as 
shape, inner structure and density. It does not 
change the principles of aggregate formation, i.e. 
the need for aggregate-destabilisation of the parti-
cles of impurities and the mechanisms of formation 
of flocculent  aggregates. High intensity agitation is 

the inherent means increasing the compactness and 
hence density of aggregates formed without need of 
applying any floc weighting substance.  
 
3.3 Acceleration of the water purification process 
 
The results obtained from jar tests and conclusions 
based thereon were verified in a full size plant (Po-
lasek 1980; Polasek and Van Duuren 1981; Polasek 
and Mutl, 2005a).  

The important contribution of IHDS process for 
the acceleration of the water purification process as 
well as the quality of purified water is evident from 
comparison of operating conditions and perform-
ance results (Tab. 2) of different clarifier types 
installed at the Old Waterworks of the Bethlehem 
Municipality, namely Clariflocculator, Pretreator 
and HR-CSAV Clarifier. The Clariflocculator is a 
radial flow type sedimentation tank. The Pretreator 
is a type of clarifier combining radial and vertical 
flow in the sludge blanket. The HR-CSAV clarifier 
a vertical flow type with a fully fluidised sludge 
blanket incorporating the High Rate Clarification 
(HRC) technology which includes IHDS and POA 
processes (Polasek, 1980b; Polasek and Mutl, 
2005a). The POA stands for post-orthokinetic ag-
glomeration process by which the aggregates de-
veloped during flocculation process are subse-
quently agglomerated into very large agglomerates 
by means of organic flocculant aid (OFA) (Mutl, 
Polasek 2002; Polasek, 2005, 2009; Polasek and 
Mutl 2005b). 

The results in Tab. 2 show that while the clarifi-
ers were purifying the same raw water to approxi-
mately the same quality the conditions under which 
they operate are very different. The Clariflocculator 
was operated at an upflow velocity of 1.2 m h-1 and 
total retention time of about 4 hrs. The Pretreator 
was operated at an upflow velocity of about 
1.5 m h-1 and  total  retention  time of about 3.5 hrs.  
 
 

Table 2. Comparison of operating conditions of different type clarifiers. 
 

  Hydraulic     
Type of Retention loading at Dosing rate Turbidity 
clarifier time in the separation Al2(SO4)3 SF-A110 C CF 
 clarifier Level     
 [min] [m3 m-2 h-1] [mg l-1] [mg l-1] [NTU] [NTU] 
Raw water     102 54 
Pretreator 210 1.5 60 0 7.1 1.5 
Clariflocculator 240 1.2 60 0 7.2 2.9 
HR-CSAV Clarifier 20 15.5 52 0.172 7.0 1.4 
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The HR clarifier was operated at an upflow velocity 
15.5 m h-1 and total retention time of about 20 min-
utes (the highest upflow velocity was 25.5 m h-1 at 
retention time of less than 12 minutes). While the 
residual turbidity at the outlet from all these clarifi-
ers were very similar (around 7 NTU), the opti-
mised aluminium sulphate dosage applied to the 
HR clarifier was about 15 % lower due to effective 
agitation than that required by the Clariflocculator 
and Pretreator to produce same clarity purified wa-
ter. In addition, the residual turbidity produced by 
non-separable particles only CCF = 1.2 NTU was 
measured at the outlet from the HR-CSAV clarifier 
and CCF = 1.4 NTU from the Pretreator. The Clari-
flocculator performance was considerably poorer at 
CCF = 2.7 NTU. Whilst the attained separation 
efficiency φ for all three clarifiers was very similar 
around φ = 93 % the attainable separation effi-
ciency ϕ
filtration) dif

 (benefit of which will be realised during 
fered considerably, i.e. Clarifloccula-

tor ϕ  = 96.12 %, Pretreator ϕ  = 97.16 % and HR 
Clarifier ϕ  = 98.63 % (Hereit et al., 1980; Polasek, 
1980; Mutl, Polasek, 2002; Polasek, Mutl, 2005).  
 
4. Conclusions 
 
1. The research into optimisation and acceleration 

of the water purification process showed the 
process of formation of aggregates passes 
through a minimum, which is considered to be 
the flocculation optimum. This flocculation op-
timum can be expressed by optimum agitation 
time T which is G

nsity 

found to pro

, raw water quality and desta-
bilisation agent dependent. Further, this research 
also showed both the above objectives are inter-
related and both can be accomplished by the for-
mation of aggregates with high agitation inten-
sity until flocculation optimum is reached. Fur-
thermore, this research proved the conditions of 
agitation inte under which the aggregation 
of destabilised particles takes place have a deci-
sive effect on the structure and physical proper-
ties of the formed aggregates. Too low intensity 
agitation (the accustomed flocculation condi-
tions) was duce aggregates of poorer 
physical properties and lower settleability. The 
high intensity agitation (high G ) was found to 
improve settleability of formed aggregates 
through improving their compactness and 
thereby density.  

2. The high agitation intensity ( G ) together with 
agitation time (T) were found to be the inherent 
means profoundly influencing the course of the 
aggregation process and the morphological and 
physical properties of aggregates formed. Their 
effect can be summarised as follows:  
- G determines the maximum size to which ag-

gregate can develop – the maximum attainable 
aggregate-size decreases with increasing G , 

- G and T determine: 
- the compactness of the inner structure and 

thereby the density of aggregates, 
- the homogeneity in size and density of the 

aggregates. 
These findings prove the opinion expressed by 
Han and Lawler (1992), Thomas et al. (1999) 
and Lawler (2000) in that the importance of ve-
locity gradient has been overestimated in the 
past, is in conflict with reality. 

3. An Inline High Density Suspension (IHDS) ag-
gregation method for the formation of compact 
and dense aggregates was developed. Under the 
IHDS process aggregates are formed with a high 
G  >> 50 s-1 preferably with G

. The 
 = 100 to 400 s-1 

at the flocculation optimum G  > 400 s-1, 
even though applicable, was found to have no 
practical or economical benefit.  

4. The IHDS method does not change the principles 
of aggregate formation, i.e. the need for aggre-
gate-destabilisation of the particles of impurities 
and the mechanisms of formation of flocculent 
aggregates. It only utilizes, to the utmost benefit, 
the influence of high intensity movement of ag-
gregates in water for producing the most com-
pact inner structure of the formed aggregates and 
thereby aggregates of the highest density without 
the need of applying any floc weighting sub-
stance. The resultant micro-aggregates are very 
dense and homogeneous in size, shape, volume 
and inner structure. These micro-aggregates are 
building blocks for the subsequently formed 
macro-aggregates. Settling velocity of such 
macro-aggregates is much higher than that of the 
aggregates formed with low agitation intensity 
under the accustomed flocculation conditions 
without the need of applying any floc weighting 
substance. 

5. The velocity gradient G  and agitation time T 
influence the morphological and physical proper-
ties of aggregates that affect their settleability, 
whilst the reaction conditions under which the 
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aggregation process takes place affect the quality 
to which the water is treatable. 

6. The IHDS process contributes significantly to the 
acceleration of the clarification process as com-
parison of performance results obtained from op-
eration of various type clarifiers have proved. 
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List of symbols 
 
C – total turbidity [NTU], 
C0 – total turbidity of raw water, 
CF – turbidity produced by non-separable particles of 

impurities only [NTU], 
C0F – turbidity of raw water produced by non-separable 

particles only [NTU], 
CCF – turbidity of water at the outlet from clarifier produced 

by non-separable particles only [NTU], 
G  – mean-root-square velocity gradient [s-1], 

HG  – high agitation intensity mean-root-square velocity 
gradient [s-1], 

LG  – low agitation intensity mean-root-square velocity 
gradient [s-1], 

G T – Camp’s number [–], 
M – moment of force (torque) [mW], 
RPMS – the stirrer revolutions per minute [1/min], 
T – time [s], 
V – volume of water in beaker [m3], 
µ  – water viscosity [kg.m-1.s-1], 
ϕ  – attained separation efficiency [–], 

ϕ  – attainable separation efficiency [–]. 
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