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Aggregate size and structure were investigated under turbulent conditions in stirred
tank (ST) and Taylor–Couette-type (TC-type) devices. Root-mean-square radius of
gyration, hRgi, and zero-angle intensity of scattered light, I(0), were acquired as a
function of stirring intensity, characterized by an experimentally obtained average
hydrodynamic stress, hsiexp, determined by torque measurements. Evaluating aggregate
images revealed that aggregate structure and shape are independent of the device
type. However, in TC-type devices, the aggregates grow to three to four times larger
sizes than inside ST, although the same hsiexp was used in both coagulators. As con-
firmed by computational fluid dynamics, this can be attributed to the differences in the
maximum hydrodynamic stress in ST compared with those in TC-type devices. In con-
trast, the power-law scaling of hRgi and I(0) with hsiexp is preserved for all investi-
gated devices, with an exponent approximately equal to �0.5 and �0.7, respectively.
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Introduction

The separation of fine particles from dispersions is essen-
tial to many industrial processes, for example, water treat-
ment1 and postprocessing in emulsion polymerization.2 This
can be achieved by destabilizing the dispersions with coagu-
lant and subsequent stirring to aggregate the particles to
form larger clusters that can be separated more easily. Dur-
ing this procedure, usually two processes are present, that is,
aggregation and breakage, both dependent on applied shear
rate or stirring speed. In the literature, various studies exist
addressing the effect of the stirring intensity on the aggrega-
tion kinetics, the aggregate size and structure, however,
using single devices.3–15 In these studies, the resulting aggre-
gate populations are analyzed assuming homogeneous flow
conditions, where the volume average shear rate,

hGi ¼ ffiffiffiffiffiffiffiffiffiffiffihei=vp
, obtained from the power input usually serves

as the characteristic quantity of the flow field. However, in
reality for a given stirring device, the shear rate exhibits a
distinct distribution.16–25 As the rate constants of both aggre-
gation26–28 and breakage29 are not linearly dependent on
shear rate, its volume average value cannot be used to prop-
erly characterize these processes, but the heterogeneity of
the flow field needs to be considered.30,31 Therefore, reduc-
ing the considerations on hGi can lead to erroneous results
in the scale-up, and it complicates the comparison of differ-
ent stirring/mixing devices. We note that this picture26–31 is
in contrast to the classical view of aggregation being linearly
dependent on shear as introduced by von Smoluchowski.32

By combining population balance equations with computa-
tional fluid dynamics (CFD), Marchisio et al.30,31 showed
that the homogeneous approach is only valid for very low
solid volume fractions, apart from that the local quantities of
the shear rate need to be considered. Besides theoretical con-
siderations, by applying compartment models in combination
with population balance equations for stirred tank (ST)33–35

and Taylor–Couette (TC) geometries36 or quadrature method
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of moments in combination with CFD,13,15,30,31 to our
knowledge, there are rather few experimental works16,37–39

dedicated to the effect of the flow field heterogeneity on
aggregation and breakage processes moreover with contra-
dicting results. Ducoste et al.37 compared STs of various
sizes and equipped with different impellers. They found that
for constant hGi the aggregate size distribution shifts to
smaller sizes coming from an axial (A310 fluid foil) to a ra-
dial impeller (Rushton turbine). Similar results obtained by
the same authors were collected for increasing tank size
operated at constant hGi. This is explained by the fact that
to maintain a constant hGi when increasing the tank size, the
turbulent intensity in the discharge zone increases and also
aggregate breakup increases. In contrast, for a ST, Spicer
et al.38 investigated the effect of impeller type on the aggre-
gate size and structure and found no considerable influence
on both of these quantities. Coufort et al.16 studied the irre-
versible aggregation of bentonite in a TC reactor and in a
jar. For the same volume average energy dissipation rate,
hei, they observed larger aggregate sizes inside the TC reac-
tor compared with the jar, whereas the scaling of the aggre-
gate size with hei was the same for both devices with an
exponent equal to �0.25. They attributed the difference in
aggregate size to the difference in the distributions of the
energy dissipation rate, that is, they showed that the mode
(most probable value) of the aggregate size distribution cor-
relates with the mode of the energy dissipation rate distribu-
tion. In two separate works, without discussing the effect of
flow field heterogeneity, Selomulya et al. reported data
obtained within a ST11 and a TC reactor12 using polystyrene
particles with diameter of 380 nm at a solid volume fraction
of 3.8 � 10�5. Comparing the data for similar hGi, they
obtain aggregate sizes (twice the radius of gyration) inside
the ST three times larger than inside the TC, which is in
contrast to the results of Coufort et al.16 Even more striking
is the substantial variation of the scaling exponent, used as a
measure of the aggregate compactness, with values from 1.8
to 2.3 for ST and between 2.5 and 3.0 for TC, although both
devices were operated under turbulent conditions. Recently,
Serra et al.39 reported aggregation experiments for one col-
loidal system in various devices for low shear rates. Here, a
nonmonotonical dependency of the steady-state aggregate
size with hGi in the range from 4 to 102 s�1 with a maxi-
mum at 20 s�1 \ hGi \ 30 s�1 was observed. In their
work, the aggregates grew to larger sizes inside the TC de-
vice compared with a paddle mixer and an oscillating grid
reactor, with scaling proportionality between aggregate size
and shear rate, which is different for each device. Also, the
values of the aggregates fractal dimension obtained for each
device differ. For the behavior of all obtained quantities, the
maximum in aggregate size, the different size-shear rate pro-
portionalities, and the different fractal dimensions, no clear
explanation is given.

Besides studies on aggregation and breakage processes,
because of the growing field of bioengineering and its appli-
cations, interest is raised in the effect of shear on fermenta-
tion processes40–42 and the fluid dynamics in fermentation
equipment.43 As a result of these studies, devices different
from standard STs are considered.40,42,44,45

Therefore, the main objective of this work is to investigate
the effect of the flow field heterogeneity on the steady-state

size and structure of aggregates. To do so, mixing devices
with substantially different distributions of the shear rate (or
hydrodynamic stress) will be used, in particular, a ST
equipped with a Rushton turbine, and TC-type of devices. In
this way, the relative difference of the stresses affecting the
dynamic equilibrium between aggregation and breakage can
be determined experimentally.

This article is organized as follows. The applied experi-
mental materials and methodology as well as the measure-
ment methods used to characterize the size and structure of
the formed aggregates, the flow field visualization, and the
torque measurement are presented in Section ‘‘Materials,
Methodology, and Measurement Methods’’. Further, this sec-
tion also includes a discussion on the CFD methods used to
simulate the flow field and to calculate the hydrodynamic
stresses inside the studied coagulators. In Section ‘‘Results
and Discussion’’. first, the effect of the inner cylinder defor-
mation on the instability of the flow field in TC devices is
discussed. Second, the data obtained from aggregation and
breakage experiments are introduced and discussed with
respect to the reversibility of steady-state aggregate proper-
ties (e.g., aggregate size and structure). Third, the scaling of
the steady-state aggregate properties obtained in various stir-
ring devices with respect to hydrodynamic stress is com-
pared. In Conclusion, the work and main findings are sum-
marized.

Materials, Methodology, and Measurement
Methods

Stirring devices and fluid flow characterization

The experiments were performed with three TC-type devi-
ces and with a ST. The three TC-type devices varied in
cross-section geometry of their inner rotating cylinders,
where one was circular, resulting in a classical TC with a
gap width of 8 mm, and the other two were triangular
shaped with increasing maximum gap of 12 and 20 mm,
from hereon called lobed Taylor–Couette (LTC) devices.
The cross sections of the fluid volume enclosed by the inner
and outer cylinder for the three TC-type devices are shown
in Figure 1, and hence the devices will be named TC 8,
LTC 8–12, and LTC 8–20. For the TC 8 and the LTC 8–12,
the inner cylinder is made from polished stainless steel and
for the LTC 8–20 from polyvinyl chloride. Two types of
outer cylinder were used in the experiments, one made from
stainless steel with several sampling ports, and the other
from precision glass Duran from Schott (Mainz, Germany)
used for flow field visualization with rheoscopic fluid. More
details about the geometry of the coagulation units as well
as on the characterization of the flow field through CFD can
be found in Soos et al.17 for the TC-type devices, and Wald-
ner et al.14 and Soos et al.46 for the ST, respectively.

Characterization of Flow Conditions and Flow Field Visu-
alization. For the aggregation experiments, the TC-type
devices were operated with stirring speeds in the range from
200 to 1200 rpm, and the ST was operated in the range from
200 to 1000 rpm. To characterize the flow inside the TC-
type devices, the following definition for the inner cylinder
Reynolds number,47,48 Recyl, relating inertial forces relative
to viscous forces, and the inner cylinder Taylor number,48
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Tacyl, relating centrifugal forces relative to viscous forces,
are used:

Recyl ¼ rixidgap
v

(1)

Tacyl ¼
rix2

i d
3
gap

v2
¼ Recyl

xid
2
gap

v
(2)

Here dgap is the difference between the outer and the inner
radii, ro and ri, enclosing the fluid volume, xi ¼ 2pN/60 is
the angular velocity of the inner cylinder with N being the
number of rotations per minute, and v is the kinematic vis-
cosity (for water at 25�C approximately equal to 10�6 m2

s�1). The flow pattern inside a TC can be related to the ratio
between Recyl and a critical Reynolds number,48 Recri (or
equivalently Tacyl and Tacri), which characterizes conditions
when the flow in the annular gap changes from purely lami-
nar circular Couette flow to the Taylor vortex flow character-
ized by the presence of axisymmetric toroidal vortices. This
transition is also dependent on the ratio of the inner and
outer cylinder radii. Therefore, Recri (or Tacri) has to be
measured experimentally, or it can be determined from cor-
relations presented in the literature. For example, by using
the following correlation provided by Taylor49:

Tacri

¼ p4ð1þ dgap=2riÞ
0:0571ð1�0:652dgap=riÞ þ 0:00056ð1�0:652dgap=riÞ�1

ð3Þ

and the geometry of the TC 8 device Tacri and corresponding
Recri ¼ (Tacriv)/(xid

2
gap) are equal to 1953 and 123,

respectively, which is in agreement with Andereck et al.47

and Lueptov et al.50 In the case of LTC 8–12 and LTC 8–20,
because of the nonconstant gap width the transition from
Couette to Taylor vortex flow in the annular gap can be
characterized by two critical Taylor numbers Tacri,min and
Tacri,max (from Tacyl,min and Tacyl,max) or consequently two
critical Reynolds numbers Recri,min and Recri,max (from
Recyl,min and Recyl,max). In this work it was found that the
transition from the circular Couette flow to the Taylor vortex
flow is controlled by the larger gap, with Tacri,max equal to
2134 and 2682 (and Recri,max equal to 102 and 82) for LTC 8–
12 and LTC 8–20, respectively. For the visualization of the
flow structure, the TC-type devices mounted with the glass
outer cylinder were filled with a ready-to-use rheoscopic fluid
AQ-RF from Kalliroscope Corporation (Groton, MA). As it
was shown that the flow pattern in TC-type devices for various
ratios of ri/ro can be characterized by Recyl,max/Recri,max,

48,50

same method will be applied also in this work.
In a similar manner as in TC-type devices, the flow inside

the ST is characterized by an impeller Reynolds number,
Reimp, according to51:

Reimp ¼
ðN=60Þd2imp

v
: (4)

Here, dimp is the impeller diameter. The Reynolds num-
bers resulting from Eqs. 1 and 4 applied during the aggrega-
tion experiments for the various devices are listed in Table 1.

Torque Measurement, Hydrodynamic Stresses, and
Computational Fluid Dynamics. For TC-type devices, the
flow was further characterized through torque measure-
ments52–54 in the following way. The net torque, T, was
determined from the difference in the torques on the inner

Table 1. Dimensions and Operation Conditions of the Coagulation Units

Device Type dmin/mm dmax/mm V/L N/(1/min) Recyl,min/(�) Recyl,max/(�)

TC 8 8 1.35 [200;1200] [1.0;62] � 104

LTC 8–12 8 12 1.50 [200;1200] [1.0;62] �104 [1.5;87] �104

LTC 8–20 8 20 1.99 [200;1200] [1.0;62] �104 [2.1;126] �104

Device Type dtank/mm dimp/mm V/L N/(1/min) Reimp/(�)

ST 140 60 2.57 [200;1000] [1.2;60] � 104

dmin and dmax are the minimum and maximum gap width, respectively, dtank is the inner diameter of the ST, dimp is the impeller diameter, V is the total fluid
volume, N are the rotations per minute applied in the aggregation experiments, and the corresponding Reynolds numbers are calculated according to Eqs. 1
(Recyl,min and Recyl,max) and 4 (Reimp).

Figure 1. Cross section of fluid volume (hatched areas) enclosed by the inner and outer cylinder for the classical
TC (TC 8) and the two lobed TC devices (LTC 8–12 and LTC 8–20).

Dimensions are in mm.
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cylinder for the coagulation unit with and without water at
various stirring speeds. For this, a torque meter
MCRT28001T-25-0-NA from Himmelstein & Company
(Hoffman Estates, IL) was used. From T, the volume average
rate of dissipated energy, hei, can be calculated according to

hei ¼ xiT

V
; (5)

where V is the reactor volume. Consequently, these values
were used to evaluate an experimentally obtained average
hydrodynamic stress hsiexp ¼ l

ffiffiffiffiffiffiffiffiffiffiffihei=vp
.

Aggregate breakup occurs when the hydrodynamic stress
exceeds the aggregate strength. Depending on the type of
flow (laminar or turbulent) and relative size of the aggre-
gates with respect to the characteristic size of the flow, there
are various types of the hydrodynamic stress that have to be
evaluated. The first contribution to the aggregate breakup
could be due to the gradient of the mean flow for which the
corresponding hydrodynamic stress can be evaluated as
follows:55

sL ¼ 5

2
laL; (6)

where l is the dynamic viscosity and aL is the maximum
positive eigenvalue of the rate of strain tensor. As the flow in
all investigated devices is three-dimensional, the maximum
positive eigenvalues of the rate of strain tensor, aL, were
evaluated numerically by applying the Householder reduction
and the QL method56 evaluated from CFD results using a user-
defined function.57

As the flow in the annular gap becomes weakly or even
fully turbulent, the energy dissipation rate, e, becomes the
quantity that determines the hydrodynamic stress caused by
turbulence. For aggregates within the viscous subrange of
turbulence, that is, aggregates smaller than the Kolmogorov
microscale, defined as follows:

gK ¼ v3

e

� �1=4

; (7)

the corresponding hydrodynamic stress can be calculated as:58

sVS ¼ 5

2
l

ffiffiffiffiffi
e
6v

r
� l

ffiffiffi
e
v

r
: (8)

When the aggregate size is larger than gK, that is, when
the aggregates are in the inertial subrange of turbulence, the
hydrodynamic stress to which the aggregate is exposed
results from the difference in the pressure acting on opposite
sides of the aggregate,59 that is, the dynamic pressure. Under
these conditions, the corresponding hydrodynamic stress can
be approximated as follows:58

sIS ¼ qðedaggÞ2=3; (9)

where q is the fluid density and dagg is the aggregate diameter.
To evaluate the local hydrodynamic properties, the flow fields

of all devices were characterized with CFD using the software
package Fluent version 6.2 from Ansys (Canonsburg, PA).

The torque measurements described earlier can only be
used to quantify the volume average energy dissipation rate.
Therefore, CFD simulations of all studied devices were used
to characterize the local values of the hydrodynamic stresses.
Because of the vessel symmetry, all simulations for the TC-
type devices were carried out using only one-half of the unit
height. The computational grid contained 20 nodes in radial
direction, 170 nodes in axial direction, and 420 nodes in the
circumferential direction. Across the gap width, the nodes
were distributed asymmetrically to properly resolve the local
large gradients near the inner and outer walls. For each
investigated rotation speed, the grid size was refined until a
grid size–independent solution was obtained. To take into
account turbulent flow in the TC-type devices, a Reynolds
stress model60 combined with a standard wall function was
used. The rotation of the inner cylinder was considered by a
rotating reference frame, by rotating the liquid adjacent to
the inner cylinder wall at the same velocity as the latter,
whereas the outer cylinder is treated as static.61 As it was
shown by several authors,17,45,62 the Reynolds stress model
combined with a standard wall function provides the best
agreement of local mean velocity components obtained from
CFD simulations with experimental data. Therefore, in this
work, we confine to a macroscopic comparison of the meas-
ured and calculated net torque for TC-type devices.

The conditions in the ST for the whole range of studied
rotation speeds were turbulent, with an impeller Reynolds
number varying from 12,000 to 60,000, calculated according
to Eq. 4. The mean flow field in the ST was calculated
through the standard k–e model60 combined with a standard
wall function. By comparison with experimental data, vari-
ous authors58,63,64 showed that the k–e model is a reasonable
choice for the characterization of the mean flow field under
given conditions in ST. At this it is mentioned that with
respect to other aspects, for example, position of the trailing
vortices, the k–e model is inappropriate. Here, it is noted
that e is a key parameter to characterize flow heterogeneity,
as it is strongly varying in the flow field. For more details,
especially on the distribution of e inside STs, we refer to a
few works out of the vast literature on this topic.18–25 To
simulate the rotation of the impeller, a sliding mesh
approach was adopted. The grid size was refined until a grid
size–independent solution was achieved, resulting in the
number of elements being approximately equal to 4 � 105

for 200 rpm increasing up to � 1 � 106 for 1000 rpm.
Although the adopted CFD method properly predicts the

mean flow field quantities, the hydrodynamic stresses evaluated
through Eqs. 6–9 should be perceived as order of magnitude
estimates rather than absolute values. For a deeper analysis of
the turbulent flow, it is advised to use more space-resolved
and, therefore, computational intensive large eddy simula-
tions.23–25,65 Alternatively, for rather simple geometries such as
TC units, numerical methods based on the solution of equations
of motion of interaction particles, for example, vortex methods
or smooth particle hydrodynamics, can be used.66,67

Colloidal system and aggregation experiments

In all experiments, a white sulfate polystyrene latexes sup-
plied by Interfacial Dynamics Corporation (Portland, OR)
(product 1-600, coefficient of variation ¼ 5.2%, batch no:
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2042,1, solid % ¼ 8.0%, and surface charge density ¼
3.9 lC/cm2) were used. The mean diameter of the latex par-
ticles was equal to 600 nm, as measured by small-angle
static light scattering, in agreement with the particle size
declared by the producer. The measured particle size distri-
butions are very narrow, and the latexes can be considered
as monodisperse.

The initial suspension of primary particles with a solid
volume fraction equal to 2 � 10�5 for all primary particle
sizes was prepared by diluting the original latex with an
appropriate amount of deionized water and subsequently
pumped from a storage tank into the coagulation unit. A
schema of the experimental setup of the TC-type devices is
shown in Figure 2. An overflow tube was used as a small
reservoir of about 100 mL to allow replenishing of the coag-
ulation unit with liquid during sampling and to prevent air
from entering the coagulator (see Figure 2). Then, the aggre-
gation process was started by adding a coagulant solution
(30 mL of 20% (w/w) Al(NO3)3 in water) using a syringe
(see Figure 2, port a) and monitored until the system reached
steady state with respect to the measured light scattering
quantities. The resulting salt concentration was well above
the critical coagulation concentration for the given system,
that is, the electrostatic repulsive forces between the particles
were fully screened, and the particles were completely desta-
bilized. To achieve a good reproducibility for the salt injec-
tion and the off-line sampling, a programmable syringe
pump, Vit-Fit (Lambda, Czechia), was used. For more
details about the experimental procedure, we refer to our
previous work for ST.46,68–70

Small-angle static light scattering and image analysis

A small-angle static light scattering instrument, Master-
sizer 2000 (Malvern, UK), was used in all experiments for
on-line characterization of the cluster mass distributions
(CMDs) in the ST in terms of angle-dependent intensity of
scattered light. This can be expressed as follows71:

IðqÞ ¼ Ið0ÞPðqÞSðqÞ; (10)

where I(0) is the zero-angle intensity of scattered light, P(q) is
the form factor (due to primary particles), and S(q) is the

structure factor (due to the arrangement of primary particles
within the aggregates). The scattering vector amplitude, q, is
defined as follows:

q ¼ 4p
n

k
sin h=2ð Þ; (11)

where h is the scattering angle, n is the refractive index of the
dispersing fluid, and k is the laser wavelength in vacuum.

Analysis of the measured scattered intensity, I(q), in the
Guinier region (for qRg up to about unity) allows one to
extract two characteristic quantities of the CMD, namely the

root-mean-square (rms) radius of gyration, hRgi ¼
ffiffiffiffiffiffiffiffiffi
hR2

gi
q

,
and the absolute zero-angle intensity, I(0). In the case of I(0)
by dividing with the value for the primary particles, one
obtains a normalized zero-angle intensity, I(0)n ¼ I(0)/I(0)t ¼
0. Within the limits of the Rayleigh–Debye–Gans (RDG)
theory (rigorously valid within the following constraints |m
� 1| � 1 and (4pRp/k)|m � 1| � 1, where Rp is the radius of
the primary particle and m is the relative refractive index),
I(0) scales with the second power of the scatterer mass and
constitutes a second-order moment of the CMD.71–74 Outside
of these limits, that is, for primary particles of a size compa-
rable to or larger than the laser wavelength,75–78 or in the
case of very dense aggregates, where multiple light scatter-
ing within the aggregate is present,75,77,79 the intensity of the
forward scattered light will scale with the mass of the scat-
terer to a power smaller than two. Accordingly, I(0) will not
anymore correspond to the second-order moment of the
CMD. To account for these deviations, the following gener-
alized relation is used to relate I(0) to the CMD69,78

Ið0Þ /
X
i

Nii
2�c; (12)

where Ni is the concentration of aggregates with dimensionless
mass i. The correction factor c ¼ f(Rp,df)�0 is a complicated
function of the primary particle size and the aggregate
structure77 that will be determined experimentally through a
scaling approach, where by plotting I(0) vs. hRgi, one should
obtain a power-law scaling with a slope equal to df(1�c).69

If the primary particle diameter is within the limits of the
RDG theory, and the obtained aggregates are large enough
to exhibit a well-developed fractal scaling, the mass fractal
dimension of the aggregates, df, is an additional quantity,
which can be obtained from the slope of the power-law
region of the log–log plot of S(q) vs. q. However, outside of
these limits, that is, for systems such as those studied in this
work, with primary particle diameters comparable to or
larger than the laser wavelength,75,76 with dense aggregates,
where multiple light scattering within the aggregates
occurs,75,78,79 with small relative aggregate sizes,80 or with a
certain polydispersity of the CMD,81 the slope of the power-
law region of the log–log plot of S(q) vs. q cannot be
directly interpreted as df. Therefore, we will denote this
slope as the scaling exponent, SE, which is not necessarily
equal to df. Because of these reasons, the aggregate structure
was independently characterized by using image analysis of
two-dimensional images of aggregates, taken from samples
withdrawn for off-line measurements at various operating
conditions. In this way, the structure of aggregates can be

Figure 2. Schematic drawing of the experimental setup.
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characterized by the perimeter fractal dimension, dpf,
obtained from the scaling of the projected surface area, A,
vs. the perimeter, P, of the binary images of aggre-
gates,5,38,46,82

A / P2=dpf : (13)

Subsequently, the perimeter fractal dimension can be used
to evaluate the mass fractal dimension using correlations as
presented by Lee and Kramer83 or by Ehrl et al.84 As it was
shown by Ehrl et al.,84 this is a very robust method to evalu-
ate the structure of compact aggregates. Detailed description
of the experimental methodology, the used measurement

techniques, and measurement data analysis can be found in
our previous work.46,68,69

Results and Discussion

Flow field characterization

Pictures that were obtained from TC-type devices at vari-
ous stirring speeds using the rheoscopic fluid are shown in
Figure 3. It can be clearly seen that for the lowest rpm, for
which Recyl,max/Recri,max ¼ 23, the ordered wavy vortex
structure is observed for the TC 8, which is in agreement
with literature.50 When the stirring speed is increased to 74
rpm (corresponding Recyl,max/Recri,max ¼ 31), turbulent

Figure 3. Flow field visualization for the TC-type devices obtained with rheoscopic fluid.
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Taylor vortices are observed in the annular gap of the TC.
These stay clearly distinguishable up to a stirring speed of
308 rpm (Recyl,max/Recri,max ¼ 130). For a further increase
above 308 rpm, only slight traces of tangential structure due
to vortices are visible, indicating that at these conditions tur-
bulence is well developed. Further, it can be seen that by
increasing the maximum gap width at fixed rpm, the ordered
structures disappear in favor of more disordered turbulent
structures. Namely, for both LTC-type devices, even for the
lowest rpm no wavy vortex structure is observable (Recyl,max/
Recri,max equals 37 and 67 for LTC 8–12 and LTC 8–20,
respectively), which is in agreement with the smaller values
of Recri,max as determined earlier. In addition, for increasing
stirring speed inside the LTC 8–12, the traces of the second-
ary flow structure disappear at a smaller stirring speed than in
the TC 8, already above 156 rpm (Recyl,max/Recri,max ¼ 112)
the tangential structure due to turbulent Taylor vortices van-
ishes. For the LTC 8–20, even at the lowest stirring speed no
clear tangential structure due to turbulent Taylor vortices is
visible. Already at 52 rpm (Recyl,max/Recri,max ¼ 189), the
flow exhibits an irregular structure with increasing disorder
for increasing stirring speed. It is noted that because of the
shutter speed automatics of the used digital camera the pic-
tures for 1000 rpm are slightly smeared out. In conclusion,

the flow field visualization shows that in the case of a chang-
ing gap width, the flow pattern is determined by the maxi-
mum gap width, and for the conditions applied in the aggre-
gation experiments inside the TC-type devices, the flow
passed already the transition region and turbulence is already
well developed. Therefore, no reduction of intra- and inter-
vortex mixing due to Taylor vortices is present as reported
by Desmet et al.85 and Snyder.86 This leads to the conclusion
that a nonconstant gap width in azimuthal direction results in
destabilizing of the Taylor vortices typical of TC devices.

An example of the relations between T, hsi, and N that
were obtained by torque measurement for the various stirring
devices is shown in Figure 4 (LTC 8–20). In both cases, a
power-law relation has been observed for larger N values.
Moreover, good agreement between calculated and experi-
mental values for the net torque was obtained. Similar rela-
tions for TC 8 and LTC 8–12 are shown in Supporting Infor-
mation Figures SM 1 and SM 2, respectively.

To characterize the flow field heterogeneity in all units
used in this work, values of the hydrodynamic stresses origi-
nating from the mean flow, sL, from pressure differences,
sIS, and from velocity fluctuation, sVS, were evaluated using
CFD. It was found that sVS is dominant in all devices used
in this study. This is shown in a contour plot of sL, sIS, and
sVS for ST in Supporting Information Figure SM 7 and for
normalized distributions of the three stresses for all devices
in Supporting Information Figure SM 8. A comparison of
the distribution of the local hydrodynamic stress due to ve-
locity fluctuation evaluated from CFD simulations normal-
ized by the experimentally obtained average stress, sn ¼
sVS/hsiexp, for all tested stirring devices is presented in
Figure 5. It can be seen that the ST exhibits the broadest
sVS-distribution among the compared devices, covering three
orders of magnitude. This is due to the presence of two dis-
tinct flow field regions, one close to the impeller exhibiting
very large sVS-values, and the other at the top of the vessel
far from the impeller with very low sVS-values. For the TC
8, the sVS-distribution is narrower compared with the ST,
covering two orders of magnitude. By further deformation of
the inner cylinder as shown in Figure 1 for LTC 8–12 and
LTC 8–20, the sVS-distribution narrows even more, covering

Figure 4. Dependence of (a) torque, T, and (b) volume
average energy dissipation rate, hei, on the
rotation speed, N, for the LTC 8–20.

(*) measured T and ^ hei calculated with Eq. 5 using the
dimensions of the LTC 8–20 device specified in Table 1;
(þ)T and hei obtained from CFD; the solid line represents a
power-law fit of the measured values. For the torque mea-
surement, the experimental variations are indicated by error
bars.

Figure 5. Distributions of the normalized stress, sn 5
sVS/hsiexp, for the four different devices used.

The ratio of the maximum normalized stresses for the ST
and the TC-type devices takes a value of �5.
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1.8 and 1.4 orders of magnitude, respectively. This differ-
ence between ST- and TC-type devices is a result of the dis-
tinct mechanisms of the fluid motion induced by the impel-
ler. Whereas in the ST fluid motion (momentum) is gener-
ated by the impeller blades pushing (pumping) the liquid, in
the TC-type devices the momentum is transferred from the
rotating inner cylinder to the liquid purely via viscous inter-
actions.

According to the results obtained from CFD analysis of
the flow field in ST- and TC-type devices, when discussing
the effect of the hydrodynamic stress on the process of
aggregation and breakage, the values of the hydrodynamic
stress originating from the velocity fluctuation, sVS, or its
volume average values measured experimentally,
hsVSiexp ¼ l

ffiffiffiffiffiffiffiffiffiffiffihei=vp
, will be used. For simplicity for the lat-

ter one, the symbol hsiexp will be used.

Example of an aggregation experiment

Before discussing the individual observations and phenom-
ena related to the effect of the flow field heterogeneity on
aggregation in the various devices used in this work, let us
start with a typical aggregation experiment. Under steady
stirring, after destabilization, the particles in the dispersion
start to aggregate and form large clusters. In the initial
phase, this process is self-accelerating, and the kinetics is ex-
ponential. After reaching a certain size, aggregate breakup
sets in and the growth rate decays until a steady-state aggre-
gate size is reached. The steady state depends on the stirring
intensity, the solid volume fraction of the system, and the
aggregates strength, which is determined by the interactions
between the primary particles and the aggregate structure.
An example of the measured structure factors obtained by
on-line small-angle static light scattering at various process
times using the TC 8 device is presented in Figure 6. As can
be seen, with time increasing the position where S(q) starts
to bend (Guinier region) down from its plateau value toward
the power-law region shifts to lower q-values, which is

equivalent to an increase in aggregate size. These data (sym-
bols) are obtained using the on-line loop technique as
described earlier. Additionally, to verify that the flow rate in
the measurement loop is selected properly and, therefore,
does not affect the aggregate size, the steady-state structure
factors obtained at t ¼ 30.5 min both by on-line measure-
ment (open squares) and off-line sampling (dashed line) are
compared in Figure 6. As can be seen, the corresponding
S(q) shows good agreement. The time evolution of two inte-
gral quantities of the CMD, hRgi and I(0), for the TC 8 de-
vice, obtained from the analysis of structure factors as pre-
sented in Figure 6, is plotted in Figure 7. For comparison to
the on-line results, also the steady-state values of hRgi and
I(0) obtained from off-line samples withdrawn with syringes
at various heights of the device are presented in Figure 7. It
can be seen that both techniques (off-line and on-line) agree
well, and no difference exists between the different sampling
ports along the cylinder. This proves that for the applied pro-
cess conditions (pump speed and low solid volume fraction),
the on-line measurement technique is applicable, and that
the sampling location has no influence on the measurement
results at steady state. Such a validation of the measurement
procedure is essential, as in processes involving aggregation

Figure 6. Structure factors measured at various times
for a solid volume fraction equal to 2 3 1025

and a stirring speed of 250 rpm in the TC 8
device.

The symbols correspond to the structure factors measured at
various times using on-line loop measurement, and the
dashed line represents an example of the structure factor
from an off-line sample obtained at t ¼ 30.5 min.

Figure 7. Typical example of the time evolution of (a)
the rms radius of gyration, hRgi, and (b) the
absolute zero-angle intensity, I(0) (in arbitrary
units, au), measured for a solid volume frac-
tion equal to 2 3 1025 and a stirring speed of
250 rpm in the TC 8 device.

(n*) loop measurement, and validation measurements (sy-
ringe) for the sampling ports (h) c, (l) d, (^) e, and (!)
b (see Figure 2).
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and breakage mechanisms, depending on the applied process
conditions and measurement technique, one or both of the
two mechanisms can easily falsify the measurement results.
A validation of the on-line loop measurement technique for
the ST coagulator that is used in this work was presented by
Moussa et al.68

Reversibility of steady-state cluster mass distributions

As in our previous work,46,68–70 where we observed re-
versibility of the steady-state values for both integral quanti-
ties of the CMD, hRgi and I(0), using polystyrene latexes

with various primary particle sizes, we investigated the
steady-state reversibility also for the latex system used in
this work. To do so, aggregation experiments are run at a
certain stirring speed until steady state is reached, then the
stirring speed is changed stepwise, each time awaiting new
steady state. Finally, the stirring speed is selected such to be
again equal to that used at the beginning of the experiment.
In this way, during one experiment, several steady-state val-
ues are collected, and the reversibility of the process is
tested. An example of the resulting structure factors, S(q), at
the various stirring speeds measured in ST, TC 8, and LTC
8–20 is shown in Figure 8. The corresponding graph for
LTC 8–12 is shown in Supporting Information Figure SM 3.
It can be seen that for higher rpm the bending part (Guinier
region) moves to higher q-values, indicating smaller aggre-
gates, whereas the slope of the power-law scaling stays con-
stant with a slope equal to �2.3. The structure factors are
history independent and depend only on the current process
conditions proving full steady-state reversibility of the inves-
tigated latex system for all studied devices. Corresponding
time evolution of hRgi and I(0) for the TC 8 device obtained
from the analysis of the structure factors measured on-line

Figure 8. Comparison of steady-state S(q) measured
for various rotation speeds using (a) ST, (b)
TC 8, and (c) LTC 8–20.

All curves presented here were obtained in single experi-
ments with (a) ST N ¼ 198-384-567-934-198rpm, (b) TC 8
N ¼ 250-586-1216-586-250 rpm, and (c) LTC 8–20 N ¼
312-632-1018-312 rpm, respectively, measured for a solid
volume fraction equal to 2 � 10�5. The lines correspond to
steady-state S(q) measured after readjusting the stirring
speed the value used at the beginning of the experiment.

Figure 9. Examples of the time evolution of (a) the rms
radius of gyration, hRgi, and (b) the absolute
zero-angle intensity, I(0) (in arbitrary units,
au), during step changes in stirring speed, for
the TC 8 device, measured for a solid volume
fraction equal to 2 3 1025.

The stirring speed was changed in the following manner:
(n) N ¼ 250-362-544-718-988-1216-546-362rpm; (*) N ¼
250-362-586-754-1012-1202-586-250rpm; (n*) loop mea-
surement, (3) validation measurements (syringe).
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by light scattering is presented in Figure 9. As already seen
from S(q), full steady-state reversibility of the system is also
observed for both integral quantities of the CMD. This indi-
cates that the structure of the aggregates obtained at steady
state should also be independent of the shear rate history.
Corresponding graphs for the LTC 8–12, LTC 8–20, and ST
are shown in Supporting Information Figures SM 4–6,
respectively.

Aggregate structure and shape obtained from image
analysis

Because of the large size of primary particles with respect
to the laser wavelength75–77 and the expected compactness
of aggregates produced under turbulent conditions,75,77,79 the
mass fractal dimension cannot be deduced directly from the
power-law scaling of S(q). Hence, the aggregate structure
was determined by analyzing images of aggregates obtained
via off-line sampling.84 Examples of confocal laser scanning
microscopy images of aggregates are presented in Figure 10.
Note that similar structure factors obtained by on-line and
off-line scattering measurements (see Figures 6,7, and 9)
demonstrate that the sampling procedure affects neither the
size nor the structure of the aggregates. The resulting rela-
tion between the area and perimeter of the two-dimensional
projections of aggregates produced in the TC 8 at three dif-
ferent stirring speeds is shown in Figure 11. It is worth not-
ing that to obtain statistically relevant data for each operat-

ing condition, at least 70 aggregate images were evaluated
with respect to 2D properties, that is, perimeter, area, and as-
pect ratio. The slope of the obtained power-law scaling is
equal to 2/dpf ¼ 1.7, which applying the relation between dpf
and df developed by Lee and Kramer83 and by Ehrl et al.84

results in df ¼ 2.65 � 0.2. This serves as further support
that the reversibility of the steady state as discussed earlier
is connected with the aggregate structure being independent
of the operating conditions. Moreover, comparing this value
of df with those obtained in ST using various primary parti-
cle sizes (df ¼ 2.62 � 0.18 as reported by Soos et al.46 and
df ¼ 2.62 � 0.18 as reported by Ehrl et al.69) evidences that
under turbulent conditions, the aggregate structure for the
investigated latex systems (surfactant-free polystyrene
latexes with relatively large surface charge density) is com-
pact and independent of the flow field heterogeneity.

Another information that one can obtain from the image
analysis is the aggregates shape, characterized here by their
aspect ratio, that is, the ratio of the major and minor axes of
the best fitted ellipse. In Figure 12 are plotted the distribu-
tions of the aggregates aspect ratio obtained at various stir-
ring speeds in the case of the TC 8 device. It can be seen
that the shape of the distribution does not change signifi-
cantly with values ranging from 1 to 3 and a peak value
around 1.3. These results are similar to the findings in ST
device,46,69 supporting a general shape of the aggregates pro-
duced under turbulent conditions independent of the flow
field heterogeneity.

Scaling of steady-state hRgi and I(0) with experimental
average stress and aggregate strength

The steady-state aggregate size is a result of a dynamic
equilibrium between aggregation and breakage. As the rate
constants of both aggregation26–28 and breakage29 are not
linearly dependent on shear rate, for devices exhibiting sig-
nificantly different distributions of the shear rate and, there-
fore, different sVS-distributions, one should expect a

Figure 10. (a–c) Images of aggregates obtained by con-
focal laser scanning microscopy from sam-
ples taken at steady state for various values
of the stirring speed, (a) 250, (b) 506, and (c)
1018 rpm, and a solid volume fraction equal
to 2 3 1025 produced in the TC 8 device.

Figure 11. Relationship between area and perimeter
obtained by image analysis for a solid vol-
ume fraction equal to 2 3 1025 and various
values of the stirring speed produced in the
TC 8 device.

To obtain statistically reliable data, at least 70 aggregates
were analyzed for each stirring speed.
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difference in the obtained steady-state values of hRgi and
I(0) (or I(0)n). This effect of the flow field heterogeneity
becomes apparent in Figure 13, where steady-state values of
hRgi and I(0)n are plotted as functions of experimentally
measured average hydrodynamic stress originating from ve-
locity fluctuation, hsiexp ¼ l

ffiffiffiffiffiffiffiffiffiffiffihei=vp
, both for the TC-type

devices and the ST. It can be seen that the absolute values
of hRgi and I(0)n obtained in ST are shifted down dramati-
cally compared with TC-type devices, while the slope of the
scaling for both quantities is preserved, with values equal to
�0.5 for hRgi and �0.7 for I(0). It is worth mentioning that
for the observed df the value of �0.5 in the case of hRgi is
in agreement with theoretical consideration of Zaccone
et al.87 on the breakup of dense colloidal aggregates caused
by hydrodynamic stresses.

Now, we want to recall the experimental observations of
significantly smaller absolute values of hRgi and I(0)n
obtained in ST compared with the TC-type devices. In par-
ticular, for the same aggregates size (Figure 13a), the value
of the experimental average hydrodynamic stress is approxi-
mately five times larger inside TC-type devices than inside
ST. Comparing the distribution of normalized sVS in all
devices from Figure 5, this can be attributed to the fact that
also the maximum hydrodynamic stress inside ST is approxi-
mately five times larger than that inside the TC-type devices.
This trend is in agreement with the findings of Coufort
et al.16 obtained for bentonite in a jar and a TC-reactor,
where for the same hei aggregates of smaller sizes were
obtained inside a ST compared with a TC device. The meas-
ured trend is further supported by the work of Ducoste
et al.37 who found that if one keeps a constant hGi for dif-
ferent tank sizes the turbulent intensity in the discharge zone
increases as the tank size increases, and it follows that ag-
gregate breakup increases, leading to smaller sizes of aggre-
gates.

Figure 12. Comparison of the distributions of aggre-
gates aspect ratio at steady state obtained
from confocal laser scanning microscopy
images, various values of the stirring speed
and a solid volume fraction equal to 2 3
1025 produced in the TC 8 device.

Figure 13. Scaling of the steady-state (a) rms radius of
gyration, hRgi, and (b) normalized zero-angle
intensity, I(0)n 5 I(0)/I(0)t 5 0, as a function of
the experimentally obtained average hydro-
dynamic stress, hsiexp ¼ l

ffiffiffiffiffiffiffiffiffiffiffihei=vp
;, measured

in (") TC 8, (*) LTC 8–12, (h) LTC 8–20, and
(~) ST, for a solid volume fraction equal to 2
3 1025.

The solid line in inlet (a) corresponds to the minimum
Kolmogorov microscale within ST.
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On the other hand, the fact that similar steady-state values
of hRgi and I(0)n are observed for the three different TC-
type devices indicates that the maximum hydrodynamic
stresses of those devices take similar values, which is in
agreement with the sVS-distributions presented in Figure 5.
This can be attributed to the fact that their impeller geome-
try is quite similar, cylindrical or lobed cross section with
smooth surfaces and the same minimum gap width, leading
to similar maximum hydrodynamic stresses inside these
devices. These observations are supported by the findings of
Spicer et al.38 and Simmons et al.43 In the work of Spicer
et al.,38 the effect of impeller type (at constant hGi) on the
steady-state aggregate size was studied. As the impellers
conformed in the general features, that is, the impellers were
all bladed with equal diameters, no significant differences in
the aggregation behavior with respect to the used impeller
were observed. Accordingly, by measuring the local rate of
energy dissipation within ST devices for bladed impellers of
various shapes using particle image velocimetry, Simmons
et al.43 found comparable maximum values of the energy
dissipation rate for impellers of the same diameter.

In conclusion, for the system under investigation (surfac-
tant-free polystyrene latex with relatively large surface
charge density), a comparison of the relevant hydrodynamic
stresses showed that for the observed aggregate sizes, aggre-
gate breakup is determined by viscous stresses. It is observed
that the CMD is affected by the heterogeneity of the flow
field. However, identical scaling behavior of hRgi and I(0)n
with the hydrodynamic stress for all devices has been
obtained, which likewise is in agreement with a conception
of aggregate breakup occurring in the viscous subrange,
whose characteristic length scale gK, according to the
Richardson88 and Kolmogorov89,90 energy cascade, scales in-
dependently from device geometry with

ffiffiffiffiffiffiffiffiffi
v3=e4

p
. Further-

more, when the maximum value of the hydrodynamic stress
or the broadness of its distribution determines system per-
formance, for example, fermentation of mammalian cells,
presented results can be used to optimize operating condi-

tions of existing bioreactors or they can be used during
design of novel fermentation systems.42

Light scattering properties of formed clusters

It is known that for systems such as that investigated in
this work, multiple scattering within the aggregates is pres-
ent,69,77,78 leading to a scaling of I(0) (or I (0)n) with hRgi
not following the fractal scaling law, I(0) ! hRgidf. How-
ever, as it was shown by Ehrl et al.,69 plotting I(0) vs. hRgi
provides a way to experimentally determine the correction
factor, c, to the RDG theory due to multiple light scattering
within the aggregates once the fractal dimension is known
(I(0) ! hRgidf(1�c)). Such a plot of I(0)n vs. hRgi is shown in
Figure 14, where the slope of the power-law fit equals 1.33,
which is in the range of values reported by Ehrl et al.69

(1.50 and 1.24 for dense clusters made of 420 and 810 nm
sized primary particles, respectively), as well as in agree-
ment with the theoretical prediction of light scattering
behavior of dense clusters of colloidal nanoparticles by Lat-
tuada and Ehrl.77

As I(0)n and hRgi represent two distinct moment ratios of
the CMD, their ratio provides a measure of the polydisper-
sity of the aggregate populations. This entails that for distri-
butions of significant different polydispersity, the curves of
I(0) vs. hRgi should not collapse onto a unique curve. How-
ever, in Figure 14, it can be seen that not only the scaling of
I(0)n vs. hRgi for all devices follows the same power-law but
also they have the same intercept as the measurement points
scatter all around the same line. This is an indication that
the polydispersity of the aggregate mass distributions is simi-
lar for the four devices investigated.

Conclusions

In this work, the effect of the flow field heterogeneity on
steady-state aggregate size and structure was studied in a
systematic manner to clarify the contradictory results pre-
sented in the literature.11,12,16,37,39 For this purpose, aggrega-
tion experiments with fully destabilized polystyrene particles,
600 nm in diameter, were performed inside various stirring
devices whose flow field, in terms of the distribution of the
local hydrodynamic stress, differs significantly. One classical
TC device (TC 8), two TC-type devices with lobed inner
cylinders (LTC 8–12 and LTC 8–20), and a ST, equipped
with Rushton impeller, were compared. The aggregate size,
in terms of root-mean-square radius of gyration, hRgi, and
(normalized) zero-angle intensity of scattered light, I(0)
(I(0)n), were determined from structure factors obtained from
on-line small-angle static light scattering measurements.
Because of the uncertainties in the evaluation of the aggre-
gate structure from light scattering data, the aggregate struc-
ture was determined by image analysis of two-dimensional
projections of aggregates sampled off-line. Experiments
applying stepwise changes of the stirring speed showed full
reversibility of both the steady-state structure factors, and
therefore hRgi and I(0) (I(0)n), as well as the aggregate struc-
ture obtained from image analysis. It was found that for the
same experimental average hydrodynamic stress obtained
from torque measurements, hsiexp ¼ l

ffiffiffiffiffiffiffiffiffiffiffihei=vp
, the aggregates

grow up to sizes, which are approximately three to four

Figure 14. Scaling of the steady-state values of the
normalized zero-angle intensity, I(0)n 5 I(0)/
I(0)t 5 0, as a function of the rms radius of
gyration, I(0), for different coagulations units
and a solid volume fraction equal to 2 3
1025.
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times larger inside the TC-type devices compared with the
ST, whereas no significant difference for the three studied
TC-type devices was observed. This observation is explained
by a larger value of the maximum hydrodynamic stress
inside ST, evaluated by CFD, which is approximately five
times larger compared with that obtained for TC-type devi-
ces. In contrast to this difference, the slopes of the power-
law scaling of both hRgi and I(0)n plotted as a function of
hsiexp for both types of devices are preserved with values
equal to �0.5 in the case of hRgi and �0.7 for I(0). In addi-
tion, the aggregate structure with df ¼ 2.65 � 0.2 and the
aggregate shape, characterized by their aspect ratios with
values ranging from 1 to 3 with a maximum around 1.3, are
very similar to those measured in our previous work for ST.

Moreover, a plot of I(0)n vs. hRgi provided two more con-
clusions. First, it was found that also the polydispersity of
the aggregate populations is independent of the applied de-
vice. Second, this plot allows for the experimental estimation
of the effect of multiple light scattering within the aggre-
gates, because of large primary particle size and dense struc-
ture. A correction factor, c, for a modified fractal scaling
approach, I(0)n ! hRgidf(1�c), with a value equal to 1.33 was
obtained, which is in good agreement with the literature
data.77,84 By combining all this information, we can con-
clude that for the investigated colloidal system (surfactant-
free polystyrene latex with relatively large surface charge
density) aggregated under turbulent conditions, the structure
and shape of aggregates are independent of the type of de-
vice, and further the CMD is indeed affected by the hetero-
geneity of the flow field, but identical scaling behavior of
hRgi and I(0)n with the hydrodynamic stress for all devices
has been obtained. This is in agreement with the conception
of aggregate breakup occurring in the viscous subrange,
where the characteristic length scale, gK, scales independ-
ently from device geometry with

ffiffiffiffiffiffiffiffiffi
v3=e4

p
.

The following practical conclusions can be drawn for re-
versible systems under dilute and turbulent conditions: (1)
the maximum aggregate size is determined by the maximum
hydrodynamic stress present in the system, that is, to obtain
aggregates of same size and structure, TC-type devices can
be operated at much higher energy input compared with ST;
(2) the scaling of aggregate size with power input is inde-
pendent of the stirring device, that is, if the ratio of power
input necessary to obtain a certain size ratio is known for
one device it can be directly transformed to another; and (3)
the aggregate structure is independent of the stirring device
and intensity.
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Notation

Roman letters

A ¼ area of aggregates from microscopy images, pixel2

c ¼ correction factor for scaling of I(0) with i, which is a
function of dp and df

dagg ¼ aggregate diameter, m

df ¼ mass fractal dimension
dgap ¼ gap width, distance between inner and outer cylinder, m
dimp ¼ impeller diameter, m
dpf ¼ perimeter fractal dimension, A ! P2/dpf

dtank ¼ tank diameter, m
hGi ¼ volume average shear rate, hGi ¼ ffiffiffiffiffiffiffiffiffiffiffihei=vp

, s�1

i ¼ dimensionless aggregate mass
I(0) ¼ zero-angle intensity of scattered light, au
I(q) ¼ intensity of scattered light at q, au
I(0)n ¼ normalized zero-angle intensity of scattered light, I(0)n ¼

I(0)/I(0)t ¼ 0

m ¼ relative refractive index
n ¼ refractive index
N ¼ rotations of inner cylinder per minute, min�1

Ni ¼ absolute number of aggregates with normalized mass i
P ¼ perimeter of aggregates from microscopy images, pixel

P(q) ¼ form factor of primary particles
q ¼ scattering wave vector amplitude, as defined in Eq. 11,

nm�1

ri, ro ¼ radius of inner and outer cylinder, m
Recri ¼ critical Reynolds number, Recri ¼ (Tacriv/(xid

2
gap))

Recyl ¼ inner cylinder Reynolds number, as defined in Eq. 1
Reimp ¼ impeller Reynolds number, as defined in Eq. 4

Rg ¼ radius of gyration, lm
hRgi ¼ root-mean-square radius of gyration, hRgi ¼

ffiffiffiffiffiffiffiffiffi
hR2

gi
q

, lm
Rp ¼ primary particle radius, nm
SE ¼ scaling exponent of the power-law region of the intensity

curve
S(q) ¼ structure factor as a result of primary particle

arrangement
t ¼ time, s
T ¼ torque, Nm

Tacri ¼ critical Taylor number, as defined in Eq. 3
Tacyl ¼ inner cylinder Taylor number, as defined in Eq. 2

V ¼ reactor volume, m3

Greek letters

aL ¼ maximum positive eigenvalue of the rate of strain tensor
under laminar conditions, s�1

e, hei’ ¼ local and volume average energy dissipation rate, m2 s�3

gK ¼ Kolmogorov length scale, as defined in Eq. 7, m
h ¼ scattering angle, rad
k ¼ laser wave length, m
l ¼ dynamic viscosity, in this work a value of 10�3 Pa s

(water at 25�C) was used, Pa s
v ¼ kinematic viscosity, in this work a value of 10�6 m2 s�1

(water at 25�C) was used, m2 s�1

q ¼ density of water, in this work a value of 103 kg m�3

(water at 25�C) was used, kg m�3

hsiexp ¼ experimental average hydrodynamic stress, hsiexp ¼ l
ffiffiffiffiffiffiffiffiffiffiffihei=vp

,
Pa

sL, sIS, sVS ¼ local hydrodynamic stress due to mean flow, pressure
fluctuations, and viscous forces, Pa

sn ¼ normalized local hydrodynamic stress under turbulent
conditions, sn ¼ sVS/hsiexp, Pa

xi ¼ angular velocity of inner cylinder, rad

Abbreviations

CMD ¼ cluster mass distribution
LTC ¼ lobed Taylor–Couette
ST ¼ stirred tank
TC ¼ Taylor–Couette

RDG ¼ Rayleigh–Debye–Gans
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