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The follow up research into the IHDS process was carried out with a Couette device. The outcome of this 
study provides a comprehensive understanding of the effect that both the agitation intensity and the 
agitation time have on the kinetics and the mechanism of the aggregation process. The results obtained 
confirm the very favourable influence of high agitation intensity for the formation of more compact and 
dense aggregates than those formed by the accustomed flocculation conditions with low agitation intensity. 
This research also proved that the agitation intensity and time are the inherent means profoundly 
influencing the properties of the resultant aggregates such as their size, shape, density and homogeneity. 
Further, it was confirmed that the aggregation process passes through a minimum. Furthermore, it was 
verified that the aggregation process takes place in four consecutive phases, namely a) the phase of 
formation, b) the phase of compaction, c) the phase of a steady (equilibrium) state and d) most probably the 
phase of inner restructuring. The pattern of the aggregates development in these phases remains the same 
irrespective of the magnitude of the velocity gradient applied but the time at which these phases are 
completed is velocity gradient dependent. Last but not least this study proved that the dimensionless 
product Ca = G T = const. has no general validity.  
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Výzkum tvorby agregátů metodou IHDS pokračoval s Couettovým typem flokulačního zařízení. 

Výsledek této studie umožňuje porozumět vlivu intenzity a času míchání na kinetiku a mechanismus 
agregačního procesu. Získané výsledky potvrzují velmi příznivý vliv vysoké intenzity míchání na tvorbu 
kompaktnějších a hustších agregátů než jsou ty vytvořené běžnými flokulačními podmínkami s nízkou 
intenzitou míchaní. Tento výzkum také potvrdil, že intenzita míchání ve spojení s časem je přirozeným 
prostředkem výrazně ovlivňujícím vlastnosti výsledných agregátu jako je jejich rozměr, tvar, hustota a 
homogennost. Dále bylo potvrzeno, že agregační proces probíhá ve čtyřech následných fázích. Jedná se o: 
a) fázi tvorby, b) fázi zhutňování, c) fázi rovnovážného stavu a d) s největší pravděpodobností fázi vnitřní 
restrukturalizace. Struktura agregátů vytvořených v jednotlivých fázích je obdobná bez ohledu na velikost 
použitého rychlostního gradientu, ale čas potřebný k ukončení těchto fází je závislý na velikosti použitého 
rychlostního gradientu. V neposlední řadě tato studie potvrdila, že bezrozměrné kritérium Ca = G T =  
 = konst. nemá všeobecnou platnost. 
 
KLÍČOVÁ SLOVA: průtoková tvorba vysoko hustotní suspenze, IHDS metoda, fáze agregačního procesu, 
vlastnosti agregátů, kompaktnost, relativní hustota agregátů. 

 
1. Introduction 
 

The research into the quantification of the effect 
of agitation intensity and time on the morphological 

and physical properties of flocculent aggregates 
was carried out in a Couette type flocculation de-
vice (Fig. 9). The Couette device is characterised 
by a thin layer (annular space) of water, where the 
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formation of aggregates takes place. It produces a 
relatively uniform distribution of the velocity field 
throughout the volume of agitated water and there-
fore also a fairly uniform distribution of velocity 
gradient throughout the entire volume of agitated 
water. The thin annular space enables the recording 
of the development of aggregates by photography. 
The use of the Couette device permits to study the 
trend of changes in the development of aggregates 
as they take place and which are hidden when jar 
tests are carried out in beakers. 

 
 
Fig. 9. The arrangement of Couette device. 
 

There is a major difference between the character 
of flow in a Couette device and in beakers. In the 
Couette device a fairly uniform distribution of the 
velocity field exists even under modest turbulent 
conditions. In contrast, agitation in beakers creates 
a fully mixed system with a fluctuating agitation 
intensity having the highest intensity in the stirrer-
tip zone and the lowest in the most remote places of 
the stirrer-bulk zone. Therefore, the aggregates 
being formed in the beakers are subjected to con-
tinuously changing velocity gradients as well as 
orientation of aggregates in the flow of water, irre-
spective of the stirrer speed. As a result, the result-
ant aggregates are likely to be more spherical and 
have different propensity to breakage than the ag-
gregates formed under the flow conditions in the 
Couette device. It can be presupposed therefore, 
that the properties of the aggregates formed in the 
Couette device and in beakers differ in their abso-
lute values. Nevertheless, the results obtained from 
the Couette device are very interesting and im-
portant because they illustrate the trend in the de-
velopment of aggregates and the dependence of 
their properties on different intensities and times of 
agitation. 

It is well known that during aggregation, the de-
stabilised particles of impurities are combined into 
spatial structures forming the aggregates. In these 
structures there are large volumes of lattice spaces 
that are filled with trapped water. It stands to reason 
that volume of these lattice spaces is responsible for 
low density of aggregates (Tesarik, 1968; Hereit et 
al., 1980).  

The structural configuration (compactness), size 
and density of the formed aggregates are influenced 
by the magnitudes of adhesive forces and tangential 
forces.  

Whilst the adhesive forces are determined by the 
nature of impurities and the chemistry of the purifi-
cation process the tangential forces are determined 
by the magnitude of velocity gradient G .  

The ratio of these forces influences the arrange-
ment of the destabilised particles of impurities in an 
aggregate and hence its physical properties. The 
significance of the ratio of these forces on the struc-
ture of the formed aggregates can be described in 
agreement with Benze (1967a, 1967b, 1968) as 
follows: When the adhesive forces are incompara-
bly greater than the tangential forces (low G ), the 
combining particles/aggregates join each other at 
the point of contact. As a result, large and volumi-
nous aggregates of anisometric shape and geomet-
rically loose, widely branched, spatially extended 
net structure are formed. The ultimate aggregates 
are large, containing large volumes of voids (great 
porosity) that are filled with entrapped water. They 
are of low density and very fragile with a tendency 
to fragment.  

In contrast, when the ratio of adhesive and tan-
gential forces is low (high G ), the combining par-
ticles/aggregates slide along each other until they 
occupy geometrically the most favourable and en-
ergetically the most stable position with respect to 
the existing agitation intensity. Therefore, when 
aggregates are formed with high G  they are of a 
smaller size and of more compact and thoroughly 
aligned inner structure. They are also more resistant 
to fragmentation. Such aggregates would have a 
smaller volume of voids (small porosity) and hence 
contain a smaller quantity of entrapped water. 
Therefore, their density should be higher.  

When the tangential forces are considerably 
greater than the adhesive forces, the aggregation of 
particles does not occur. 

There is an analogy between the deposition of 
the destabilised particles in aggregates and the na-
ture of packing of sand grains in a filter bed. Both 
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are characterised by porosity, which varies with the 
nature of the packing in case of a sand bed, and the 
ratio between adhesive and tangential forces as well 
as the velocity gradient G  and its duration T in 
case of flocculent aggregates. Assuming the filter 
bed consists of spherical grains of the same diame-
ter, Deb (1965) described the dependence of porosi-
ty of filter bed on the nature of its packing as fol-
lows. The tangent planes of the spherical grains at 
the points of their contact form multi-hedrons. The 
most loose deposition of the spheres exists when 
the multi-hedron is a cube, where the number of 
contacts is 6 and the porosity of this packing is 
ωP = 0.476. At the tightest deposition of these 
spheres, the tangent planes form a dodecahedron, 
where the number of contacts is 12 and the porosity 
of this packing is ωP = 0.2599. 

Based on the mechanistic model of aggegation 
(Hereit et al., 1980) it is assumed that the destabi-
lised particles of impurities are spherical or almost 
spherical. Therefore, the above model can also be 
applied to the deposition of the destabilised parti-
cles in aggregates. The compactness of the ar-
rangement of the deposited particles in an aggre-
gate, i.e. its porosity, changes depending on how 
close the particles are to one another, and this is 
affected by G . The aggregate porosity gradually 
decreases with increasing G  and T, as it transpires 
from Fig. 2 – Part 1 of this paper. Therefore, it can 
be reasonably deduced that the attainable porosity 
can be within the range of ωMI = 0.48 – 0.26, as 
determined by Deb, when the most compact micro-
aggregates are formed by the IHDS process. Com-
parison of this micro-aggregate porosity with that 
attainable under the accustomed flocculation condi-
tions (low agitation intensity), ωMI = 0.80 – 0.93 
(Hereit et al., 1980), indicates the potential for den-
sification of aggregates by the IHDS process. (Mutl, 
Polasek, 2005; Polasek, Mutl, 2005b). 

Quantification of the effect of agitation intensity 
and time on the physical properties of aggregates 
formed is dealt with herein. 
 
2. Experimental plant and methods 
2.1 Arrangement of the Couette reactor 
 

The Couette device used consists of a static outer 
barrel, I.D. = 171 mm x 400 mm height and a rotat-
ing inner barrel, O.D. = 151 mm x 340 mm height, 
driven by a variable speed drive. The agitated vol-
ume of water was 1.7 litres. This Couette device is 
shown in Fig. 9.  

2.2 Velocity gradient 
 

The particle collisions are affected by their drag 
velocity. The drag velocity increases with the in-
creasing velocity differential between the neigh-
bouring layers of water. This velocity differential 
across the layer of water is the instantaneous ve-
locity gradient G in the flow. Since the velocity 
gradient changes across the profile of agitated water 
Camp and Stein (1943) substituted the instantane-
ous velocity gradient G by the root-mean-square 
velocity gradient  G . The root-mean-square velocity 
gradient G is one of the basic design parameters 
used for the design of flocculation systems. 

The instantaneous velocity gradient G was calcu-
lated according to Van Duuren (1968). The root-
mean-square velocity gradient  G    (G

*)  was calcu-

lated from the torque measured as follows: The 
inner barrel of the Couette device was rotated at 
different RPM displayed on the drive. The outer 
barrel was pivoting on jewel bearings along its axis 
at top and bottom. A bending beam strain gauge 
measured the effect of the reaction force on the 
outer barrel resulting from the rotation of the inner 
barrel and transmitted via the water in the annular 
space. The resulting torque M is the product of the 
circumferential force and the radius of the outer 
barrel. The power input shaft to water and the ve-
locity gradient G  were calculated according to the 
following equations 
 

  

PSW = RPM M

9550
[mW ]

G =
PSW
V μ

[s−1].

  

(1)

 

 

The conversion of RPM to both the instantane-
ous velocity gradient G and the root-mean-square 
velocity gradient G  is shown in Fig. 10. As is evi-
dent from this Fig. there is a considerable differ-
ence between the two. Therefore, the same value of 
G and G does not reflect the same agitation intensi-
ty, the same distribution of the velocity field and 
hence are not mutually interchangeable. 
 
2.3 Agitation time 
 

The development of aggregates was monitored 
and pictures taken in the following agitation times: 
T = 0.5, 1, 3, 5, 7, 9, 12, 15, 20, 30, 45, 60, 90 and 
120 minutes. 
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Fig. 10. Comparison of instantaneous velocity gradients G and 
root-mean-square velocity gradient G* for the Couette floccu-
lator. 
 
2.4 Raw water quality  
 

For the reasons stated in Part 1 of this paper the 
jar tests were carried out with natural surface water 
from the impounding reservoir Vrchlice (Czech 
Republic). The quality of raw water used during 
testing is in Tab. 3. 
 
T a b l e  3.  The quality of raw water used in the study. 
 

Determinant Units Vrchlice dam  
Temperature [OC] 9.0 – 15.0 
pH [ – ] 8.4 – 9.1 
Fe [mg l-1] 0.108 – 0.298 
Total alkalinity [mmol l-1] 1.85 – 2.10 
CODMn [mg O2 l

-1] 5.05 – 5.60 

 
2.5 Destabilisation reagent used 
 

Ferric sulphate was used as the destabilisation 
reagent. Its dosage was optimised by jar tests (Po-
lasek and Mutl, 2005a). It was dosed into the 
Couette device evenly along its height when it was 
running at a speed at which the tests were carried 
out, and the completion of dosing was considered to 
be the commencement of the aggregation process, 
i.e. T = 0.  
 
2.6 Digital pictures and their processing 
 

A photographic method developed by the UH-
AVCR (Pivokonsky et al., 2002) and based on 
computer processing of pictures taken by a digital 
camera was used to evaluate the influence of differ-
ent magnitudes of velocity gradients and different 
times of their action on the course of the formation 
of flocculent aggregates and their morphological 

and physical properties. The development of aggre-
gates was photographed with an Olympus Camedia 
4040 digital camera at the agitation times stated in 
the foregoing. All images were taken to illustrate 
the development of aggregates at the same place of 
the Couette device. Digital images were taken using 
the TIFF format from the same area (2272 x 1704 
pixels). Always only a narrow strip of a plane per-
pendicular to the camera lens where curvature of 
the Couette device is negligible was evaluated. 
Vertical dimension of the selected strip is the full 
dimension of the image and the horizontal dimen-
sion corresponds to 200 pixels. The size of the 
evaluated strip was always 200 x 1704 pixels and 
the resolution 0.04 mm.  

After processing the digital images the number 
of formed aggregates was counted and the longitu-
dinal dimensions in the direction of rotation and 
that perpendicular to it as well as the area of indi-
vidual aggregates were measured and size-
distribution of aggregates formed evaluated using 
SigmaScan software (Pivokonsky, 2002; Pivokon-
sky et al., 2004). In order to facilitate the processing 
of images a ruler in a millimetre scale was placed 
on the wall of the reactor and photographed with 
every image taken.  
 
3. Result and discussion 
 

The individual tests were carried out with the fol-
lowing velocity gradients G  = 1.3, 2.3, 3.8, 7.2, 
15.6, 23.5, 31.9, 42.8, 52.0 and 62.7 s-1.The identi-
fication of aggregates formed with a G  ≥ 23.5 s-1 
was difficult because the velocity of water was 
already high and the aggregates formed too small. 
Therefore, the margin of possible inaccuracy of the 
results obtained with a G  ≥ 23.5 s-1 increases with 
G . Hence, the Couette device does not make it 
possible to test the effect of high G  that is used in 
the IHDS aggregation process and to investigate the 
impact of such high G on the physical and rheolog-
ical properties of aggregates formed. 
 
3.1 Influence of agitation intensity and its  
time on number of aggregates formed 
 

Since aggregation is a time dependent process, 
the kinetics of this process is best described by 
changes in the number of aggregates in time. The 
development of aggregates characterised by the 
dependence of changes in the number of aggregates 
on different velocity gradients is illustrated in 
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Fig. 11. This Fig. shows that irrespective of G  
applied the number of aggregates being formed 
drops to a minimum at the beginning of the aggre-
gation process and then their number gradually 
increases until it evens out and a steady state of the 
aggregation process is reached. The period Tmin 
required to reach the minimum number of aggre-
gates being formed decreases with increasing agita-
tion intensity (G ). Furthermore, it is evident from 
this Fig. that the time of agitation required to reach 
a steady state is also G  dependent and the number 

of aggregates formed in the steady state remains 
almost unchanged even over a prolonged agitation 
time. 

The initial drop in the number of aggregates be-
ing formed at the very beginning of aggregation 
proves the extraordinary adhesive properties of the 
destabilised particles immediately after destabilisa-
tion. Most probably this is due to great adsorption 
capability produced by the hydroxocomplexes ad-
hering to their surface.  

 
agitation time T [min] 

 
Fig. 11. Influence of intensity and duration of agitation on number of formed aggregates. 

 
3.2 Dependence of size and shape  
of aggregates on agitation intensity and time 
 

The conditions of agitation also affect the size 
and shape of the aggregates. The influence of agita-
tion intensity and time on both of these parameters 
was evaluated from the measurements of longitudi-
nal dimension l1 and l2 which is perpendicular to l1, 
and the cross sectional area of aggregates F.  

It follows from the dimensions measured that the 
aggregates formed in the Couette device are of a 
non-spherical shape. The shape circumscribed to an 
aggregate can be described as ellipsoid of rotation 
with the longer dimension being oriented in the 
direction of flow. With increasing agitation intensi-
ty the ratio of the ellipsoid longitudinal dimension 
l1 to l2 decreases as flow streamlining decreases and 
hence their ratio gradually balances.  

The changes in aggregate sizes affect the chang-
es in aggregate volume. For the UH-AVCR photo-
graphic method Pivokonsky (2002) proposed to 
calculate volume of the pictured aggregates as fol-
lows. From the measured dimensions l1 and l2, it is 
possible to calculate the volume of an aggregate as 
the volume of a rotational body. This assumes that 

the aggregates have the third dimension (depth) 
identical to the dimension l2. The volume of a rota-
tional ellipsoid is calculated according to the fol-
lowing formula: 
 

  
VA =VRE = 1

6
π l1 l2

2 .        (2) 

 

Comparison of the dimensions of the horizontal 
and vertical axes enables the objective determina-
tion of the shape of formed aggregates. The closer 
their magnitudes are to one another the closer is 
their shape to a sphere. When all dimensions are the 
same the aggregates become spherical and their 
volume is calculated as follows:  
 

  
VA =VS = 1

6
π dA

3 .         (3) 

 

From the area of the pictured aggregate the di-
ameter of a circle having the same area as that of 
the pictured aggregate is calculated as follows:  
 

  
dA = 4 F

π
.        (4) 
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This diameter can be used to calculate volume of 
the pictured aggregate VA according to Eq. (3).  

The effect of G and T on the volume of formed 
aggregates is shown in Fig. 12. This Fig. shows that 
irrespective of G  applied the volume of aggregate 
VA initially increases and after reaching a maximum 
it gradually decreases until a balanced volume is 
reached. The time required to attain the balanced 
volume is agitation intensity dependent – it de- 
 

creases with increasing G  and corresponds to the 
time required to attain the steady state in terms of 
the number of aggregates formed. In the region of 
the steady state, the aggregate volume remains al-
most constant. 

Furthermore, it follows from Fig. 12 that the 
maximum attainable aggregate size decreases with 
increasing G  and the homogeneity in size of the 
formed aggregates improves with aggregation time. 
 

 
 
Fig. 12. Influence of intensity and time of agitation on volume of formed aggregates. 
 
3.3 Model of development of aggregates 
 

It follows from Figs. 11 and 12 that at the aggre-
gation process passes through three consecutive 
phases. At the beginning of the aggregation process 
the combining of the destabilized particles into 
primary aggregates is facilitated by the extraordi-
nary adhesive forces of the destabilised particles 
immediately after destabilisation. During this first 
phase, the phase of formation, the number of prima-
ry aggregates being formed decreases and their size 
(volume) increases. As soon as this extraordinary 
capacity of adhesive forces is exhausted the second 
phase, the phase of aggregate compaction, com-
mences. During this second phase the number of 
aggregates being formed gradually increases and 
their size gradually decreases. As it is evident from 
Fig. 13, the compaction of aggregates takes place at 
the expense of the volume of voids aggregates. 
Consequently, compaction of aggregates increases 
concentration  of  the  particles  of  impurities per 
unit volume of aggregates. The time required for 
the completion of the compactness of aggregates 
corresponds to the time needed to attain the steady 
state with respect to the number of formed aggre-
gates. 

When both the number and the size balance, the 
third phase, the phase of a steady state, is reached. 
During the phase of steady state both number and 
size of aggregates formed remains unchanged. 
Therefore, this third phase is considered to be the 
flocculation optimum.  

A fourth phase of the aggregation process, the 
phase of inner restructuring/surface erosion, which 
follows from the results in Figs. 2 and 3 in Part 1 of 
this paper should also be included among the phas-
es of aggregate development. This is because the 
reasons for reduced settleability of the aggregates 
formed under prolonged aggregation time could not 
be conclusively investigated as the results in 
Figs. 11 and 12 were obtained only with low ve-
locity gradients. 

The extent of changes between the individual 
phases corresponds to the velocity gradients ap-
plied. The minimum number of formed aggregates 
(Fig. 11) was found considerably lower than that 
formed at the steady state. Furthermore, a differ-
ence between the balanced number of aggregates 
formed at the steady state and the minimum number 
of formed aggregates increases with increasing . 
Similarly, the maximum volume of an aggregate  
 

 
 
 
 

G



P. Polášek 

202 

 

 
Fig. 13. Relative density of aggregates formed with different G* at the flocculation optimum. 
 
(Fig. 12) was found substantially greater than that 
of its balanced volume VA reached at the steady 
state and a difference between maximum volume of 
an aggregate and its volume at the steady state de-
creases with increasing . 

As already mentioned in the foregoing, the initial 
growth of aggregates to their maximum volume is 
the result of the greater initial adhesive force bind-
ing together the destabilised particles of impurities 
in the primary aggregates. The initial adhesive 
force is considerably greater than that of shear act-
ing on the aggregates as result of the applied inten-
sity of agitation (G ). As the initial magnitude of 
the adhesive force gradually diminishes the aggre-
gates being formed are unable to withstand the con-
tinuing influence of the agitation intensity (G ) 
applied. This results in gradual breakage of these 
aggregates and their subsequent re-aggregation to 
the aggregates capable of withstanding the impact 
of shear produced by G  applied. The process of 
aggregate breakage is accompanied by the gradual 
increase in the number of aggregates being formed 
as is evident from Fig. 11. This restructuring pro-
cess results in compaction of the aggregates. The 
compaction of aggregates takes place predominant-
ly at the expense of the voids in aggregates which 
are filled with water. Consequently, compaction of 
aggregates increases concentration of the particles 
of impurities in the aggregates. The time required 
for the completion of the restructuring of aggre-
gates corresponds to the time needed to attain the 
steady state with respect to the number of formed 
aggregates. 

The pattern of the development of aggregates in 
these phases remains the same irrespective of the 
velocity gradient but the time at which the individ-

ual phases are completed is velocity gradient de-
pendent. 

The results in Figs 2 and 3 in Part 1 show de-
creasing settleability of aggregates formed with 
root-mean-square velocity gradient G  >> 50 s-1 
when their formation is completed well beyond the 
flocculation optimum. Although this aspect re-
ceived considerable attention it could not be inves-
tigated indepth for the following reason. When 
aggregates were formed with a G  ≤ 23.5 s-1 both 
number and dimensions of formed aggregates re-
mained the same over prolonged aggregation time. 
When the photo-images were taken of the aggre-
gates formed with G  ≥ 31.9 s-1 they showed rather 
chaotically changing number of the aggregates be-
ing formed which results from the inaccuracy in 
identification and sizing of the aggregates being 
formed.  

When agitation continues beyond the floccula-
tion optimum, the tangential forces continue to 
affect the aggregates being formed by a few possi-
ble ways. The prolonged action of the tangential 
forces well beyond flocculation optimum may 
cause either bond fatigue resulting in fragmentation 
of aggregates or surface erosion of the formed ag-
gregates. Should this be the case, the number of 
resultant aggregates will be increasing. The exis-
tence of either of the above could not be confirmed 
during these tests however as no increase in the 
number of primary and micro-aggregates was 
measured with the low G  applied during these 
tests. Another possibility is inner restructuring of 
the particles of impurities in aggregates. The pro-
longed action of the same tangential forces cannot 
affect the deposition of primary aggregates in the 
resultant aggregates. It can only do so through an 

G



Influence of velocity gradient on optimisation of the aggregation process and properties of formed aggregates. Part 2 

203 

impact on the deposition of the particles of impuri-
ties in the primary aggregates which were formed 
during the perikinetic aggregation. This could pro-
duce a very gradual reduction in the size of the 
resultant aggregates. Such changes will manifest 
themselves only after a considerably prolonged 
agitation time, which is inversely proportional to 
G . When aggregates were formed with a low G ≤ 
≤ 31.9 s-1 such changes were not noted within the 
longest agitation time applied. 

Hence, the reason for decreasing the sedimenta-
tion velocity of aggregates formed with high G  
during the agitation that prolonged well beyond the 
flocculation optimum remains inconclusive and 
further investigation into this aspect of aggregation 
is needed. 
 
3.4 The effect of G  and T on density  
of formed aggregates 
 

The aggregation process results in the formation 
of aggregates which are less dense than particles of 
impurities from which they are formed. Whilst the 
density of aggregates is low and approaches that of 
water, the aggregats formed are many times larger 
than the particles of impurities. Therefore, the sed-
imentation velocity of aggregates is higher than that 
of the particles of impurities. Obviously, the density 
of aggregates is dependent on the relative solids-
water content in their structure. 

The explanation regarding the significance of the 
agitation conditions on the inner aggregate struc-
ture, and thereby its density, can be found in the 
mechanism of aggregate formation. With high G  
and low ratio of the adhesion and tangential forces 
the destabilised particles in the aggregates are shift-
ing closer together until they occupy the closest 
position to one another at which thay withstands the 
effect of tangential forces produced by the agitation 
intensity applied. Extension of the agitation time T 
beyond that of the flocculation optimum will not 
improve the resultant compactness of aggregates 
simply because the primary aggregates are already 
so close to one another that any prolonged agitation 
cannot bring them any closer to each other. 

Tambo (1990) determined experimentally that 
the aggregate density is a function of the aggregate 
size. Even though this finding is valid in a broader 
sense, the foregoing shows that the aggregate densi-
ty is primarily a function of hydrodynamic condi-
tions under which aggregates are formed. This is 
because the hydrodynamic conditions determine the 

ratio of adhesive and tangential forces, size of ag-
gregates formed and also influences the total vol-
ume of voids in an aggregate as well as the number 
of the particles contained in an aggregate.  
 
3.5 Relative density of aggregates 
 

From the results in Figs. 3 and 4 it is possible to 
conceptualise the influence of G  and T on the den-
sity of formed aggregates. Since these tests were 
carried out with the same raw water, the same de-
stabilisation reagent and its dosage, it may be as-
sumed that the number of the destabilised particles 
of impurities and their mass were also the same for 
all the tests. What was changing with the changing 
G  and T is the number of aggregates formed in the 
phase of steady state of aggregation (Fig. 11), their 
size and total volume (Fig. 12). Furthermore, it is 
evident from Fig. 12 that the aggregates formed 
with the same G  at the phase of steady state are 
homogeneous in size. If the total mass of all parti-
cles of impurities in the system is the same and the 
total volume of all formed aggregates changes with 
different G , then it stands to reason that with a 
smaller total volume of all aggregates their density 
has to be greater and vice versa.  

Since the absolute value of the particle (aggre-
gate) mass in the system is unknown it is not possi-
ble to determine the density of aggregates formed 
with different G . However, it is possible to deter-
mine the relative density of formed aggregates in 
comparison to a reference system the aggregate 
density of which is considered to be unit 
(ρAR = 1.0). In other words, it is possible to deter-
mine by how much the density of aggregates has 
changed by means of different G  in relation to the 
unit system. 

When NA is total number of aggregates formed 
and VA is the volume of an aggregate then total 
volume of all aggregates becomes 
 

 ΣVA = N A VA . (5) 
 

The total mass of all aggregates formed in the 
system of the same water under the optimised reac-
tion conditions is the same irrespective of the ve-
locity gradient G  
 

  MG = MGn = const.  (6) 
 

MG is a mass of aggregates formed at the floccu-
lation optimum of the system and it is calculated 
according to the equation  
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 MG = ∑VA ρA . (7) 
 

When the reference total volume of aggregates 
formed ΣVR = ΣVA to which comparison is made 
then its aggregate density ρG is also the reference 
density and ρR = ρA = 1 and Eq. (6) can be modified 
as follows  
 

  

ΣVA ρA
ΣVR ρR

=
MG
MR

= 1 . (8) 

 

When aggregates are formed with a different ve-
locity gradient 

 Gn  their total volume ΣVGn and den-

sity ρGn changes. Ratio of the total volume of all 
aggregates ΣVGn formed with a different velocity 
gradient 

 Gn  to the reference total volume of aggre-

gates ΣVR determines the reference value RGn of the 
system for a particular velocity gradient 

 Gn  applied 
 

 

ΣVGn
ΣVR

= RGn . (9) 

 

The relative density ρRGn of aggregates formed 

with a different velocity gradient  Gn  then becomes 
 

  
ρRGn =

ρR
RGn

= 1

RGn
. (10) 

 

The relatively density ρRGn of aggregates formed 
under the conditions of Fig. 3 and 4, reviewed in 
Tab. 4 and linked to the reference aggregates 
formed with  G  = 3.8 s-1, is illustrated in Fig. 13.  

As it is evident from Fig. 13 the total volume of 
all aggregates ΣVG formed at the flocculation opti-
mum  decreases  with  increasing  velocity gradient 
and the rate of such decrease gradually decrease-

with increasing velocity gradient. Furthermore, the 
relative density ρRGn of the aggregates formed at 
the flocculation optimum is increasing with increas-
ing velocity gradient and that the rate of this in-
crease gradually decreases with increasing velocity 
gradients as more compact aggregates are formed.  

It can be deduced from Fig. 13 that from a cer-
tain velocity gradient both the total volume of all 
aggregates ΣVG as well as their relative density 
ρRGn will remain constant because the particles in 
the aggregates will already be most tightly deposit-
ed so that they would not be able to change their 
position with any further increase in velocity gradi-
ent and time of its application. 

The relative density ρRGn of an aggregate formed 
with  G  = 31.9 s-1 was found to be about 3 times 
higher than that of an aggregate formed with 
 G  = 3.8 s-1. This confirms agitation intensity is the 
inherent means influencing compactness of the 
inner structure and thereby the density of formed 
aggregates. 

Furthermore, it is also evident from Fig. 13 that 
the relative density of the aggregates formed at the 
flocculation optimum is increasing with increasing 
velocity gradient. The rate of this increase gradual-
ly decreases with increasing velocity gradients as 
more compact aggregates are formed.  

It can also be deduced from Fig. 13 that from a 
certain velocity gradient the density of the aggre-
gates formed will remain constant because the par-
ticles in the micro-aggregates will already be de-
posited most tightly and the compactness of the 
aggregates formed cannot be improved with any 
further increase in velocity gradient and time of its 
application. 

 
T a b l e  4.  The density of aggregates formed at the flocculation optimum with different 

 
GHI

 and compared to that of aggregates 

formed with reference  = 3.8 s-1 (based on data in Figs. 11 and 12). 
 

Measured values Calculated values 
 NA VA ∑VGn RGn ρRGn 

[s-1] [–] [mm3] [mm3] [–] [–] 
3.8 770 0.00473436 3.645459 1.0 1.0 
7.2 868 0.00222949 1.935196 0.530851 1.883767 

15.6 964 0.00179420 1.727488 0.473874 2.110266 
23.5 1063 0.00123991 1.318023 0.361552 2.765800 
31.9 1103 0.00106828 1.178321 0.323230 3.093774 

 
4. Conclusions 
 
1. The outcome of this study is understanding of the 

effect of velocity gradient and its duration on the 

kinetics and the mechanisms of the aggregation 
process and the morphological and the physical 
properties of the resultant aggregates.  

G

G
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2. It was established that the process of formation 
of aggregates takes place in four consecutive 
phases following one another: 
(a) the phase of formation, 
(b) the phase of compaction, 
(c) the phase of a steady (equilibrium) state, 
(d) the phase of inner restructuring – well be-
yond the flocculation optimum and applicable to 
agitation intensity characterised by  G  >> 50 s-1. 
The pattern of development of aggregates in the-

se phases remains the same irrespective of the ve-
locity gradient but the time at which the individual 
phases are completed is velocity gradient depen-
dent. 
3. The condition of agitation under which aggrega-

tion takes place has a decisive effect on the struc-
ture and the physical properties of the resultant 
aggregates. 

4. The high intensity agitation is the inherent means 
favourably affecting density of aggregates. The 
relative density of aggregates formed with         
 G = 31.9 s-1 was found to be about 3 times higher 
than that of aggregates formed with  G  = 3.8 s-1.  
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List of symbols 
 
dA – diameter of spherical aggregate [m], 
Ca – Camp number [–], 
F – area of the pictured aggregate [m2], 
G – instantaneous velocity gradient [s-1], 

 G , G* – mean-root-square velocity gradient [s-1], 
I.D. – inside diameter [m], 
l1 – longitudinal dimension of aggregate [m], 
l2 – dimension of aggregate perpendicular to l1 [m], 
M – moment of force (torque) measured [mW], 
MGn – mass of aggregates formed with 

 
Gn

, 

MR – mass of reference aggregates, 
MG – mass of aggregates formed with a  G  [kg m3], 
NA – number of aggregates [–], 
O.D. – outside diameter [m], 
PSW – power input shaft to water [kg m2 s-3], 
RPM – the inner barrel revolutions per minute [min-1], 
T – time [s], 
V – volume of water [m3], 
VA – volume of aggregate [m3], 
VRE – volume of ellipsoid of rotation [m3], 
VS – volume of sphere [m3], 
ΣVR – total rference volume of aggregate, 
ΣVA – total volume of all aggregates formed [m3], 

ΣVG – total volume of all aggregates formed with a   G,  

[m3], 
R – relative density of aggregate [–], 
RGN – reference value for 

  
Gn ,  

ρRGN – relative density of aggregates formed with 
 
Gn

, 

ωMI – porosity of micro-aggregates [–], 
ρA – density of aggregates, 
ωP – porosity of filter media packing [–], 
μ – viscosity of water [kg m-1 s-1]. 
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