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The paper deals with the dependence of aggregate properties on the shear rate (G) in the aggregation process and at
steady state. Natural raw water and ferric sulphate were aggregated in a Taylor-Couette reactor. The methods of
image and fractal analysis were used to determine the aggregate size and structure. It was observed that at the
early phase of aggregation, the aggregate growth rate is higher for lower shear rates. At G<150 s~ ', the time aggre-

gation curve contains the local maximum before reaching the steady state. Moreover, the different extent of
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break-up and restructuring was proved for different values of shear rate. At G>200 s, the aggregation curve mis-
ses the local extreme completely. It was found that with increasing shear rate (G=21.2-347.9 s~ 1), the aggregates
are smaller (d =1504-56 um), more compact (D, = 1.54-1.91) and more regular (Dy=1.37-1.10). A relationship
for the description of dependence of fractal dimension on the shear rate was also suggested.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The processes of destabilization and aggregation are traditionally
used to remove colloidal particles in water treatment. The purpose is
to prepare aggregates of such properties (size, structure, shape, density,
etc.) that are suitable for reaching the maximum effectiveness of follow-
ing separation steps, such as sedimentation, filtration or flotation.

The formation of suspension includes the processes of aggregation,
break-up and in some cases restructuring [1-5]. These processes can (but
do not have to) proceed simultaneously and they depend on the balance
between the hydrodynamic force F and the cohesive force J. The hydrody-
namic force arises from a flow of fluid around a particle and is thus deter-
mined by the magnitude of the shear rate G, cross-sectional area of a
particle A and dynamic viscosity of fluid p. The cohesive force is given
by the sum of all attractive forces acting between interacting particles
(e.g. van der Waals, electrostatic or hydrophobic forces). It depends par-
ticularly on the particle (and/or reagent) composition and concentration
and determines the strength of formed aggregates [1,4,6-8]. If the cohe-
sive force prevails (J>F), aggregation occurs. If the hydrodynamic force
prevails (F>]), aggregates are not formed at all or a break-up of already
existing aggregates takes place. When these forces are approximately in
equilibrium, the restructuring occurs.

When chemical conditions (type and concentration of particles and
reagents, pH and overall water composition) are kept constant, the cohe-
sive force between two primary particles does not change during the
aggregation process. However, the hydrodynamics are influenced by
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the shear rate in the mixed volume which is not spatially (and temporal-
ly) constant at all and which depends on the geometry of the mixing tank
and stirrer shape and speed (and temperature as well). This fact allows
the already formed aggregates to be broken again when exposed to the
regions with higher shear rates [8-13]. Nevertheless, the global/mean/
average shear rate is still used for the characterization of hydrodynamics
for practical reasons.

There are different perspectives on studying aggregate properties.
First, it is the development of properties in time as the suspension is
being formed (aggregation kinetics) and another, it is the description of
aggregate properties at a steady state when they stabilize at some con-
stant values. Both can be studied theoretically and/or experimentally.

The aggregation kinetics is theoretically studied with the use of popu-
lation balance modelling based on the classical equation developed by
Smoluchowski [14] which expresses the change of the number concen-
tration of aggregates in time. This model assumes that only binary colli-
sions between particles occur, the collision efficiency is 100%, colliding
particles are spherical and of equal size, and neither aggregate break-up
nor restructuring is considered. This expression has been modified by
adding terms representing the aggregate break-up [15] and structure
changes [3]. Population balances were then used by many other authors
[3,5,13,16-19]. Experimental results that have been reported so far gener-
ally show two different trends of the development of aggregate size in
time. In the first case, the aggregate size increases with time quite rapidly
in the early stage of aggregation, and the growth slows down gradually
until the steady state is reached [2,5,20-24]. In the other case, the aggre-
gates grow to a maximum and then their size decreases again before a
steady state is reached [3,9,11,12,18,25,26]. The reason for the appear-
ance of such a peak in a size-time profile has not yet been satisfactorily
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explained, although there are some suggestions that it might be the result
of restructuring (break-up and re-aggregation) [11].

It has been reported up to now that the aggregate size at steady state
decreases with increasing shear rate and a power function is often used
for a description of this dependence [6,7,10,27-34]. The aggregate struc-
ture is described by means of different fractal dimensions which, in most
cases, are calculated from the image analysis data [25,32,34-36] or light
scattering data [2,5,8,11,23,24,37,38]. It follows from the published re-
sults that with increasing shear rate, aggregates become denser, more
compact and less porous.

The paper deals with the dependence of the aggregate properties on
the shear rate during the aggregation process and at a steady state. The
aim of the paper is 1) to supplement existing knowledge of time evolu-
tion of aggregation process, especially with respect to processes of
break-up and restructuring and 2) to suggest a new approach to the de-
pendence of aggregate properties on the shear rate at a steady state. The
relationship of aggregate properties and the shear rate was studied ex-
perimentally with the use of natural raw water and a hydrolyzing desta-
bilization reagent, assuming action of other cohesive forces than just
van der Waals and electrostatic. The aggregation was performed in a
Taylor-Couette reactor, the flow conditions of which are well explored
[5,24,35,39-45].

2. Materials and methods
2.1. Raw water and reaction conditions

The experiment used raw water from the Svihov reservoir (potable
water source), Czech Republic. The tests were carried out during the win-
ter period (January) when raw water quality was stable with the param-
eters given in Table 1. Ferric sulphate hydrate Fe,(SO4)3 -9H,0 (Analytika,
Ltd., Czech Republic) served as coagulant. Its dose (3.98 mg 1~ of Fe) was
optimized by standard jar tests. Thus, the formed aggregates consisted of
the particles of impurities present in raw water as well as the particles of
ferric hydroxide (coagulant). All laboratory tests were carried out at a
temperature of 20 °C.

2.2. Taylor-Couette reactor and mixing conditions

The Taylor-Couette reactor was used as a mixing device. It con-
sisted of a pair of concentric cylinders, with an inner rotating cylinder.
The inner cylinder had a radius of R, =76 mm and the outer had a radius
of R, =85.5 mm, which results in a gap width of d =R, —R;=9.5 mm
and radius ratio of =R;/R, =76/85.5 =0.889. The height of the cylin-
ders was H=350 mm resulting in the aspect ratio of I'=H/d =350/
9.5=36.8.

Both cylinders were made of plexiglass (Umaplex, Perspex); the
inner one was painted white, and served as a contrast background for
the aggregates having an orange-brownish color. The outer cylinder
was transparent and allowed the photographic imaging of the aggrega-
tion process. The inner cylinder was driven by a variable speed drive

Table 1

The quality of raw water.
Parameter Value
T[°C] 3.6
pH [-] 7.2
Alkalinity [mmol 17] 1.09
Turbidity [NTU] 2.9
DOC [mg 1] 3.8
Fe [mg 17 ] 0.05
TSS [mg 17'] 22.6

DOC — Dissolved Organic Carbon.
TSS — Total Suspended Solids.

with a torque-meter. The hydrodynamic conditions in the Taylor-
Couette reactor were characterised by the global shear rate G calculated
according to the relationship as follows:

— P, oM _ [2nfM
G—& Vi =\ v (1)

where P; represents the power dissipated in the aggregation space, V is
the volume of the aggregation space, pt is the dynamic viscosity of the
fluid, w is the angular velocity of inner cylinder rotation, M is the torque
and fis the rotation frequency.

The flow regime in the gap between two cylinders is characterized
by the Reynolds number

Re — “’fd, 2)

where  is the inner cylinder angular velocity, R; is the radius of the
inner cylinder, d =R, — R; is the annular gap width, and v is the kine-
matic viscosity.

For a fixed outer cylinder and Newtonian fluid, it is well known that as
the angular velocity of the inner cylinder increases from rest, the flow un-
dergoes a series of transitions: laminar Couette flow — laminar Taylor
vortex flow —wavy vortex flow — modulated wavy vortex flow
(— weakly turbulent vortex flow) — turbulent vortex flow — turbulent
flow [42]. These flow regimes can be characterised by the means of
Reynolds number ratio R=Re/Re., where Re. is the critical Reynolds
number depending upon the specific geometry (i.e., the radius and as-
pect ratio) of the Taylor-Couette reactor used [44,45].

Table 2 shows the values of the global (mean) shear rate used in the
experiment and corresponding angular velocities, Reynolds numbers and
Reynolds number ratios. The value of Re. for 1= 0.889, Re. = 130.65, was
determined according to DiPrima et al. [41].

It follows from Table 2 and the literature that the flow regime in the
Taylor-Couette reactor during the experiments varied from wavy vor-
tex flow to turbulent vortex flow, transition at R~35, and further, to
fully developed turbulence, R>100 [24,40,43-45].

2.3. Image analysis

The size of aggregates formed during the aggregation process in the
Taylor-Couette reactor was determined by two-dimensional image
analysis. This image processing technique has been developed to mea-
sure the aggregate size distribution in an aggregating suspension at
any moment [32,34,46]. It is based on three steps:

1) Iluminating a slice of flow in the aggregation reactor with a laser
light sheet (width=1.24+0.1 mm) generated by a laser diode
(A=675 nm, power capacity 20 mW).

2) Recording images of the aggregate using a digital camera Pentax
K20D (Asahi Co., Japan) with a Sigma AF 105/2.8 EX MACRO lens
magnification 1:1 (Sigma Co., Japan).

Table 2
The values of global shear rate used in the experiment and corresponding angular
velocities, Reynolds numbers and Reynolds number ratios.

Gls™'] o[rads™!] Re [—] R[-]
21.2 2.50 1779 13.6
38.7 457 3247 249
58.9 6.95 4941 37.8
79.8 9.42 6695 51.2
102.3 12.08 8582 65.7
149.1 17.60 12509 95.7
202.2 23.87 16963 129.8
252.8 29.84 21208 162.3
300.5 35.48 25210 193.0
347.9 41.07 29187 2234
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Fig. 1. (a) The bitmap image of aggregates at G=38.7 s~ and t=15 min (steady state), (b) The corresponding binary image after thresholding.

3) Processing the images using image analysis software (Sigma Scan 5).

The digital images (22 x 14.6 mm) were taken after 1, 2, 3, 5,7, 9,
12, 15, 20, 30, 45, and 60 minutes of aggregation in RAW format
(4672x3104 pixels), which resulted in the pixel size of about
4.7x4.7 um. In order to eliminate the digital background noise, only
aggregates larger than 4 pixels (9.4x9.4 um) were retained in the
image analysis process. The images were converted from RAW format
to BMP grey-scale format (the example is shown in Fig. 1a) and the
thresholding was performed (Fig. 1b). Then, the Sigma Scan 5 soft-
ware was used to calculate the projected area A and perimeter P of
all imaged aggregates. The equivalent aggregate diameter d of each
aggregate was calculated using the following equation:

d=+/4A/m

The number of aggregates N in every single image was determined,
and thus the average aggregate diameter d,,, could be calculated.

The main advantage of this size distribution measurement technique
is that it is non-intrusive and therefore non-destructive. A detailed de-
scription of this technique was published in the previous paper [46].

&)

2.4. Fractal analysis

A two-dimensional cluster fractal dimension was used to character-
ise the aggregate structure. It was calculated by the following equation
from the slope of the log-log plot of the equivalent aggregate diameter d
vs. the projected area of the aggregate A [36,47,48]
Accd”? (4)

For the calculation of the average value of fractal dimension, this
study uses all aggregates in a given image, meeting the requirements
from the previous section (aggregates larger than 4 pixels with well de-
fined contour). The number of aggregates in each image differed
depending on the shear rate used. The standard error was applied in de-
termining the slopes from the regression lines. Densely packed (i.e. less
porous) aggregates have a high fractal dimension, while a lower fractal
dimension results from large, highly branched and loosely bound
structures [36,37,49].

The geometry (or shape, regularity, surface morphology) of aggre-
gates was evaluated with the use of the perimeter-based fractal

dimension Dy defined by the relationship between the measured pe-
rimeter P and the projected area A of the aggregate [5,38,49-52]

AccP?/Drr (5)

The values of Dy were obtained (similarly as in the case of D,) from
the log-log plot of aggregate perimeter vs. projected area where they
represented the slopes of fitted lines. The procedure of fractal dimen-
sion determination is illustrated in Fig. 2.

The value of Dy varies between 1 (regular, spherical shape) and 2
(irregular, jagged surface, non-spherical shape). The interpretation of
increasing Dy is as follows: as the projected area A of the fractal ag-
gregate increases, the aggregate perimeter P increases more rapidly
than for Euclidean objects, so that the boundary becomes more con-
voluted [38,51].

3. Results and discussion
3.1. Time evolution of aggregate size and structure
The process of aggregation includes three sub-processes: aggregate

growth, break-up and restructuring. Nevertheless, each of them can
be involved in a different moment, or at a different shear rate, or does

G=102.3s"
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Fig. 2. Determination of perimeter-based fractal dimension (D) of aggregates from
image analysis measurements of aggregate projected area and perimeter — representative
example for G=102.3 s~ ! and t= 15 min (steady state).
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Fig. 3. a). Time evolution of the average aggregate size. b). Time evolution of the aggregate number. c). Time evolution of the fractal dimension D,. d). Time evolution of the fractal

dimension Dyy.

not have to be involved at all. Fig. 3a-d) show the time evolution of ag-
gregate properties, namely, size (expressed by the average equivalent
diameter d,,,), number (N), structure (expressed by the fractal dimen-
sion D,) and shape (expressed by the fractal dimension Dyy), during the
aggregation for a range of shear rates G =20-350 s~ . For a better un-
derstanding, the time evolution can be divided into three phases, PI, PII
and PIII (approximately illustrated in Fig. 3a): PI) aggregate growth, PII)
aggregate break-up and/or restructuring, and PIII) steady state. What is
happening in each from the mentioned phases at different shear rates is
explained in the following text.

3.1.1. Phase I — aggregate growth

During this phase, the aggregate size and irregularity/jaggedness
(Dpr) increases (Fig. 3a and d) and, simultaneously, the number and com-
pactness (D,) decreases (Fig. 3b and c). The decrease of D, is given by the
connection of almost spherical primary particles with very high D, into an
aggregate, necessarily containing spaces (or pores) and thus having lower
D, (Fig. 3c). On the other hand, the Dy increase is related to the increase
of the aggregate perimeter (surface) due to the connection of primary
particles (Fig. 3d).

For all shear rates used, there is a similar trend — an almost linear
growth (in the case of size and Dy) or decrease (number and D).

aggregate
rupture

D, increase
D, decrease

aggregate O

surface O

erosion

— >

D, no change
D, decrease O

OO

Fig. 4. Mechanisms of break-up and change in fractal dimensions. In the case of aggregate
rupture, both size (parameter appearing in D, definition) and perimeter (parameter
appearing in D¢ definition) changes significantly. In the case of aggregate surface erosion,
only perimeter changes, and size remains almost constant.
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Table 3

Summary of factors influencing the course of aggregation presented in selected literature.
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Author Type of Primary Solid volume Destabilization Average (mean) Presence of
particles particle size fraction reagent shear rate G maximum in the
do ¢ + particle type +dose D aggregation curve
number
concentration n

De Boer et al. polystyrene dp=0.88 um $1=24x10"° Nacl G=40,95,180 5" no
(1989) b, =48x107° 467 mol/m3

3=72x10"°
ba=12x10"*

Williams silica slurry do=40 pm 1% v/v a) Zetag 92 (0.05 wt.%) G=27-190s"! yes — at all shear rates
etal. (4-125 pm) 2% v/v + Magnafloc 1967 rpm = 150-300
(1992) 3% v/v (0.5 wt.%) - effect of suspension

5% v/v (1:1) b) Zetag 92 viscosity !!!
Oles (1992) polystyrene latex dp=2.17 um $1=10"° Nacl G=25, 50, 75, 100, 125, no (possibly at
b =5x10"6 116 M 150 5! G=255")

Spicer et al. polystyrene dp=0.87 um $¢=14x10""° Al5(S04)3.16H,0 G=15,2550s"" yes — at G=25 and

(1996) n=4x10" cm3 D=10 mg/l 505!
rather not — at
G=15s""
(disputable)

Spicer and polystyrene do=0.87 um $1=83x10""° Al;(S04)5.16H,0 G=63,95,129 s~ ! not clearly
Pratsinis (1996) ¢ =2.1x10"° D;=4.3 mg/l distinguishable —

D,=10.7 mg/I more likely no
D3=32 mg/l

Flesch et al. polystyrene dy=0.87 um $¢=14x10""° Al;(S04)3.16H,0 G=50, 100, 150 s~ no
(1999) n=4x10" cm3 D=10 mg/l

Selomulya latex do=380 nm $=3.8x10"" KNO3 G=16, 32, 40, 64, 80, no — at G=16, 32,
et al. n=125x10° cm~> D=N/A 100 5! 405!

(2001) yes — at G=64,
80, 100 s~

Selomulya polystyrene latex doy =60 nm ¢$1=3.83x10"C MgCl, G=32, 64, 100, 330 yes — at dg=60
et al. do> =380 nm $2=3.74x107> 0.05 M (246) s ! and 380 nm
(2002) do3 =810 nm 3 =3.76x10"% and G=32, 64,

n;=34x10""cm—3 100 s~ ! and at
n=13%x10°cm—3 do=2810 nm and
n=14x10% cm 3 G=32s""

Rahmani et al. asphaltene N/A $=3.38-1081x10° - G=1.2,25,3.8, 84, yes —at G=25s""
(2003) 127571 and $=8.6x10°

no—atG=25s""
and ¢ =4.43 and
3.38x10°

yes —at ¢ =10.81x
10 and
G=1.2,25,38,
8451

no — at $=10.81x10°
and G=127s""!

Hopkins and kaolin do<1 pm 50 mg/l Al;(S04)5.16H,0 G=40, 50, 70,90 s~ ! no — at G<70 s~!
Ducoste 100 mg/I D=cca 10 mg/l yes —at G>70s"!
(2003)

Prat and clay do=1um 100 mg/I N/A G=40, 70,90, 150 s~ ! no —at G<70s™!
Ducoste yes —atG>70s"!
(2006)

Mutl et al. natural water N/A N/A FeCl5.6H,0 G =40, 60, 80, 100, 150, no—atG>100s""!
(2006) with NOM D=30 mg/l 200, 250, 300, 350 s~ yes —at G100 s~ !

Heath et al. calcite dp1 =2.36 um 1.23 % v/v 30% anionic acrylate- G=9-944.1s"" yes — under all
(2006) dor=3.47 pm 246 % v/v acrylamide copolymer conditions

do3=6.59 um 3.69 % v/v Dy=5g/t (although some
dos=15.08 um 492 % v/v D,=10 g/t disputable
dos=24.26 pm 6.15% v/v D3=20 g/t exceptions can exist)
D,=40 g/t
Ds=80 g/t

Soos et al. latex N/A $1=3.754x10"* NacCl G=34.96,71.69 s ! no
(2007) $>,=3.937x10"* 145 M

b3 =7.877x107%

Ehrl et al. sulfate do; =120 nm $=2x10"" AI(NO3); G=106,287,517,1097 s~  no
(2008) polystyrene dop =420 nm 30 ml (20% w/w)

latex in251

Ehrl et al. sulfate do; =120 nm $1=1x10"5 AI(NO3)5 G=108-1353 57! no
(2009) polystyrene do, =420 nm $y=2x10"° 30 ml (20% w/w)

latex do3 =810 nm in251

Ehrl et al. sulfate do=600 nm $¢=2x10""> Al(NO3)3 N/A no
(2010) polystyrene 30 ml (20% w/w) in rpm =250, 362, 544,

latex a) 1.351,b) 1.50 1, 718, 988, 1260

©)1.991,d) 2571

N/A=not available.
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These observations are in agreement with other authors’ research
[3,9,13,17,51], although some others have reported that the growth
of aggregate size is exponential [2,3,20,24,53]. The difference in the
course of floc growth in the early phase of aggregation (linear vs. ex-
ponential trend) is caused by the different primary particle size due
to the variation of the relative importance of Brownian aggregation
with respect to shear aggregation [23].

Fig. 3a) also shows that the lower the shear rate is, the faster the ag-
gregate size increases. This is caused by the fact that despite the lower
collision rate, the collision efficiency increases with decreasing shear
rate [2,7,11].

3.1.2. Phase Il — break-up and/or restructuring

At low shear rates (G=20and 40 s~ '), there is a significant change in
the aggregate size, but relatively low change in the number of aggregates.
At the same time, the fractal dimensions D, and Dy, change as well. This
implies that there is very little aggregate break-up and the restructuring
predominates considerably.

At medium shear rates (G=60 and 80 s~ '), the size, number and
both fractal dimensions change, which leads to a conclusion that both
restructuring and break-up take place. The break-up mechanism is
probably the rupture of existing aggregates into smaller compact pieces
rather than the primary particle erosion from the aggregate surface
(schematically illustrated in Fig. 4), because both D, and Dy fractal di-
mensions change significantly.

At higher shear rates (G=100 and 150 s~ '), there is a big change in
size and number. Therefore, it is assumed that the break-up is employed
to the largest extent in these cases. Contrary to the previous shear rates,
the erosion from the aggregate surface (Fig. 4) is the likely break-up
mechanism, because although the D fractal dimension changes, the
change in D, is almost imperceptible.

At very high shear rates (G>200 s~ '), phase Il is completely absent
and the aggregation curve misses the local extreme. There is no change
of any property and the system reaches phase III (steady state) right
after phase I. Thus, at such high shear rates, small and compact aggre-
gates are formed directly and their break-up or restructuring does not
occur at all. The possible explanation is that at very high shear rates,
the distribution of flow rate is more uniform (there are smaller differ-
ences in shear rates at different parts of the mixed volume) than at
low shear rates, and aggregates are not allowed to grow large enough
to be subject to break-up.

Some authors [8-13] have suggested that the reduction in the ag-
gregate size following a maximum value (in the case of low shear
rates) was the consequence of break-up mechanisms (primary parti-
cle erosion from the aggregate surface or rupture of existing aggre-
gates) due to the spatial differences in the shear rate in the mixing
tank. Selomulya et al. [3] showed that this maximum value with the
subsequent size reduction is accompanied by the changes in a struc-
ture (described by the means of fractal dimension), which supports
the idea of aggregate restructuring —more compact arrangement of
primary particles in aggregate results in the smaller aggregate size.
The results presented in this paper confirm both ideas. Moreover,
they suggest under what conditions each phenomenon (break-up
and/or restructuring) occurs.

It is necessary to state that the course of aggregation, namely the
presence of the local extreme in the aggregation curve, does not depend
solely on the magnitude of the shear rate. According to population bal-
ance theory based on Smoluchowski [14], extended and modified by
the others [3,5,16,19,21,54-58], the course of aggregation depends on
the primary particle number N (particle concentration, solid volume
fraction) and orthokinetic collision rate coefficient k;; which depends
on shear rate G and size of primary particles do. Table 3 shows the sum-
mary of these factors used in the literature and gives information about
the shape of the aggregation curve, i.e. occurrence of the local maximum
(peak). It is evident that some of these results are contrary to each other
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Fig. 5. Aggregate size distribution at different shear rates.

and it is almost impossible to draw any conclusion from such various
results.

The variety of results can be given by the fact that some researchers
might finish the measurement before the steady state was reached and
as such, they could not observe the peak (maximum) (as suggested by
Prat and Ducoste [13]).

3.1.3. Phase Il — steady state

The phase of steady state, when the properties of aggregates change
no more, is reached at all shear rates; nevertheless, it is reached earlier
at higher G. The reason is that the collision rate coefficient (k;;) for
orthokinetic aggregation is directly proportional to the shear rate as
stated before in the discussion of phase I. With increasing shear rate,
the collision frequency increases together with break-up, which leads
to the acceleration of aggregation and fragmentation [2,8,59]. The ag-
gregate properties at steady state are discussed in the next Section
(3.2).

It is needed to note that the time position of individual phases is dif-
ferent for different shear rates. For G=20-100 s~ ', the turn from one
phase to another takes place later (PI-PIl — 5 min; PII-PIII — circa
10 min) than for G=150 s~ ! (PI-PIl — 4 min; PII-PIl — 7 min) and
for G=200-350 s~ ! (PI-PIll — 3 min; PII is completely missing). In
the ranges of G=20-100 s~ ! and G=200-350 s !, there can be also
differences in times of phase turns which cannot be unfortunately ob-
served because of not enough detailed (or too long) time interval of
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Fig. 6. Average and maximum aggregate sizes for different values of shear rate.
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taking images. The explanation of this phenomenon was already given
several lines above: the collision rate coefficient for orthokinetic aggrega-
tion is directly proportional to the shear rate, thus the processes of aggre-
gation, break-up and restructuring can proceed faster at higher shear
rates and time shift of individual phases occurs.

3.2. Aggregate size and structure at steady state

The aggregate properties at steady state were evaluated after 15 mi-
nutes of aggregation in the Taylor-Couette reactor.

From the image analysis, the aggregate size distribution recognized as
log-normal was determined (Fig. 5). Generally, it can be concluded that
the aggregate size distribution is narrower with increasing G value. The
suspension with heterogeneous aggregate size distribution homogenizes
itself due to increasing hydrodynamic force. At low G values, considerably
large aggregates form; but smaller aggregates occur simultaneously in the
system. For example, at shear rate G=21.2 s~ !, there is the greatest var-
iability in formed aggregates — from circa 400 up to 5000 microns. On the
contrary, at the highest shear rates (about 300 s~ ') aggregates only from
circa 10 to 200 microns are present. Furthermore, the aggregate size dis-
tribution is practically identical at shear rates G>200 s~ .

From the aggregate size distribution, characteristic aggregate length
scales can be defined: the average aggregate diameter d,,;, maximum
aggregate diameter dpmax and most probable aggregate diameter dpp
(corresponding to the top of the peak of the size distribution curve)
[10]. Fig. 6 shows the average and maximum aggregate sizes for differ-
ent values of shear rate. In the first part of the curve (small shear rates,
up to circa 80 s™!), small increase of the shear rate produces big
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decrease of aggregate size. On the other hand, when the shear rate is in-
creased above G>200 s~ !, the aggregate size changes only slightly. The
trend of the average and maximum aggregate size is very similar. How-
ever, at shear rates in the interval 60-200 s~ !, a deviation is observed.

The properties of aggregates at steady state depend on the mixing
intensity expressed by the shear rate (i.e. the hydrodynamic force)
and the aggregate strength (i.e. the cohesive force). The aggregate
strength is given by the character of interactions between the primary
particles; the solid volume fraction or number concentration and size
of primary particles; and the arrangement of primary particles in an ag-
gregate [24,60]. The aggregate strength determines the extent of aggre-
gate break-up. On the basis of these statements, a relationship between
the maximumy/average stable aggregate size and the average shear rate
was derived [6,7,10,27-34]

d =CeT=CC?, (6)

avr/ max

where C and vy are aggregate strength constants for given system and
conditions comprising all parameters mentioned above, i.e. type and
magnitude of interactions, size and number of primary particles, etc.,
and possibly the density and viscosity of water or suspension. The men-
tioned expression is a decreasing power function which is displayed as a
linear one when plotted in a logarithmic scale (log-log plot) [7,30-34].

Nevertheless, the measured data showed that when plotted in a
log-log plot, there are two regions where Eq. (6) can be applied, how-
ever with the different numerical values of the parameters C and v,
and an intermediate region between them (Fig. 7a). Such an apparent
division of the whole range of shear rates into these three regions
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may lead to a consideration that they correspond to the following
characterization:

1) First region, where G values are low and cohesion forces dominate
the hydrodynamic ones (J> F);

2) Second (intermediate) region, where both forces are balanced (J~F);

3) Third region, where G values are high and hydrodynamic forces
dominate the cohesion ones (J<F).

This implies an introduction of two pairs of adjustable parameters C
and y (Cy, y1; Ca, ¥2) corresponding to the regions where one of the two
forces dominates (Fig. 7a). The result when an application of Eq. (6) is
carried out separately is depicted also for the data of some other authors
(Fig. 7b-d).

As the data measured and published in the literature do not cover all
three regions sufficiently what concerns their density, it is not possible
to determine (or propose) the smooth passage in the intermediate
region connecting two linear segments (in a logarithmic scale) corre-
sponding to first and third regions. Nevertheless, the indices of determi-
nation indicate a suitability of modelling in separate regions because in
this case the correlation between the experimental data in the individ-
ual segments (in a logarithmic scale) is much better than that if the only
curve is used throughout the whole region measured.

For the relationship between aggregate size, strength and applied
shear rate, Eq. (6) has been widely used for a long time. However, with
a development of using fractal analysis for characterizing the aggregate
structure, it suggests itself to relate the aggregate strength and shear
rate to the aggregate structure, i.e. density (or compactness) and porosity,
often expressed by the means of the fractal dimension. Fig. 8a) and
b) show the D, and Dy fractal dimensions of aggregates formed at differ-
ent shear rates, respectively.

For applied shear rates, the D, fractal dimension was found to range
from 1.54 to 1.91 (Fig. 8a). It became higher with increasing shear rate, in-
dicating that the aggregates became less porous and more compact
[36,48,49]. If compared with Fig. 6, it can be seen that the fractal dimen-
sion increases (approaches Euclidean dimension) for smaller aggregates,
which is in agreement with the work of Maggi et al. [61].

The Dy fractal dimension generally represents the shape (or
regularity) of an aggregate. The more it approaches the value of 1,
the more regular the aggregates are. Our measurements showed that
Dy decreased from 1.37 to 1.10 with increasing G value (Fig. 8b). At
higher shear rates, the D¢ values are lower, which indicates more regu-
lar aggregates. In contrast, at the low shear rates, the Dy values are
higher, which means the aggregates are more jagged on the surface
with irregular shape.

As it was mentioned, an effort to find a relationship between frac-
tal dimensions and shear rate was made. Fractal dimensions D, and
Dy attain the values between 1 and 2 (classical Euclidean dimen-
sions) as follows from their definitions. As these fractal dimensions
are 'symmetrical’, i.e. an increment added to one (one-dimensional
Euclidean dimension) in the case of Dy,r should be equal to an incre-
ment subtracted from two (two-dimensional Euclidean dimension)
in the case of D,, the following expressions for evaluating the fractal
dimensions Dyr and D, are proposed

Dys = 1.5—(c; + kq tanh(k,G + ¢3)), @
Dy = 1.5+ (¢; + ky tanh(ky G + cy)), ®)

where the individual parameters attain (for both curves) the com-
mon values: ¢c; = —0.14, k; =0.53, k; =0.015 and c; =0.1.

A comparison between proposed and experimental values of frac-
tal dimensions is illustrated in Fig. 8a) and b). The presented fits give
a good result with R*=0.960 for D, and R*>=0.984 for Dyy. It can be
seen that the fitted curves describe the measured data quite
accurately, mean deviation of the data from the proposed curves at-
tain 1.7 % and 1.4 % for D, and Dy, respectively. It is possible that

the method of measurement and calculation of fractal dimension
can influence the dependence found.

4. Conclusions

In this paper, the effect of shear rate on the aggregate size and struc-
ture was studied from two points of view; firstly, it was the course of the
aggregation process in time and secondly, there were aggregate proper-
ties at a steady state. The presented results lead to the following
conclusions:

* At the early phase of aggregation, the aggregate growth rate is higher
for lower shear rates.

+ At G<150 s~ !, the time aggregation curve contains the local extreme
before reaching the steady state.

- At G=20 and 40 s~ ', there is very little aggregate break-up and
the restructuring predominates considerably.

- At G=60 and 80 s~ !, both restructuring and break-up take
place; in case of break-up, the mechanism of rupture of existing
aggregates into smaller compact pieces happens.

- At G=100 and 150 s~ ", the break-up is employed to the largest
extent. Contrary to the previous shear rates, the erosion from the
aggregate surface would be the likely break-up mechanism.

« At G>200s"", the aggregation curve misses the local extreme.
There is no change of any property, and the system reaches steady
state right after the growth phase. Break-up or restructuring does
not occur at all from the global point of view.

» Two regions in a log-log plot of size vs. shear rate dependence,
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where the Equation d,y/max = CG % can be applied with different C
and 7y values, were observed. They can represent the areas of pre-
vailing adhesion or hydrodynamic forces, respectively. However,
the intermediate region between them still needs to be explored
in a greater detail.

A relationship for the description of dependence of fractal dimen-
sion on the shear rate was suggested.

It was observed that with increasing shear rate, the aggregates are
smaller, more compact and more regular. For G=21.2-347.9 s~ !,
the average aggregate size ranged from 1504 to 56 pm, the D, frac-
tal dimension was found to range from 1.54 to 1.91 and the Dy frac-
tal dimension decreased from 1.37 to 1.10.
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