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Maximum effective hydrodynamic stress, smax, responsible for the breakup of aggregates with size comparable to Kolmo-
gorov eddies, was experimentally determined in an aerated stirred tank. The proposed method is based on the measure-
ment of the maximum stable aggregates size consisting of poly(methyl methacrylate) nanoparticles. The fractal
aggregates were broken under various operating conditions in an aerated stirred tank and calibrated with known flow
conditions using contracting nozzles to convert the measured aggregate sizes into hydrodynamic stress. It was found
that smax can vary substantially among studied conditions and its magnitude depends on the controlling mechanism
including gas jet during bubble formation, bubble rise, bubble burst at the gas–liquid interface or the turbulence gener-
ated by the impeller. The measured values are in good agreement with literature data which supports the applicability
of this method to characterize the maximum effective hydrodynamic stress in complicated multiphase flow. VC 2015
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Introduction

Both sparging and stirring are commonly applied in bio-
reactors during the cultivation of mammalian cells.1,2

Although stirring is used to provide homogenization and
mass transfer, sparging is crucial for oxygenation of the cul-
tivation broth. Despite a large effort of researchers to study
the effect of hydrodynamic stress on cell cultures,1,3,4 no
generally accepted method for hydrodynamic stress quantifi-
cation in complex turbulent multiphase flows occurring dur-
ing cell cultivation has been proposed.1,5 The reason for the
lack of an universal quantification method are multiple phe-
nomena acting simultaneously, that is, stress generated by
the gas jet occurring during bubble detachment from the
sparger,6 stress induced during bubble rise,7 and burst,8 or
stress generated by the turbulent flow due to impeller
motion.9

Although single-phase flow fields in stirred tanks equipped
with various impellers have been characterized using differ-
ent experimental techniques such as Laser-Doppler anemom-
etry (LDA),10,11 particle image velocimetry (PIV),12,13 or
constant temperature anemometry (CTA),14–16 these techni-
ques struggle with limitations regarding multiphase flow. In

particular, the presence of bubbles disturbs the optical signal

of LDA or changes the heat transfer of the fluid when CTA

is used. To overcome these limitations, PIV systems using

two cameras and fluorescent seeding particles have been

developed.17 While the first camera captures the scattered

signal from the fluorescent particles dispersed in the liquid

phase, the second camera monitors the scattered signal from

bubbles which allows to measure both velocity components

of the liquid and gas phase, respectively.18–20 Most of the

presented results are restricted for angle resolved and angle-

averaged flow fields in the liquid and bubble phase as well

as for the measurement of velocity fluctuations of both

phases. A large-eddy PIV method was applied to compensate

for low resolution of the PIV technique allowing an estima-

tion of the turbulent dissipation rate.21 Several other experi-

mental techniques such as Positron Emission Particle

Tracking (PEPT),22 computer-automated radioactive particle

tracking computer tomography (CARPT),23–25 and multiwave

ultrasound technique26 have been used to characterize the

local gas volume fraction in stirred tanks. However, due to

their low spatial and temporal resolution they are not suita-

ble to characterize the small scale turbulence structures

including highest local e values.
Alternative methods to determine maximum local energy

dissipation rate or hydrodynamic stress are applying indirect
characterization measurements using shear sensitive systems.
Values of emax have been estimated by measuring the maxi-
mum stable droplet size,27 the breakup kinetics of clay par-
ticles,28,29 or using processes affected by the level of shear
rate while measuring the mass transfer through the boundary
layer.30 These approaches do not provide any space
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information about the location or abundance of emax values.
Nevertheless, they can be applied to identify corresponding
maximum effective stresses at or close to real operating con-
ditions including multiphase flows.

The main goal of this work is to characterize the maxi-
mum effective hydrodynamic stress, smax , in an aerated
stirred tank from different sources including stress generated
by the gas jet occurring during bubble detachment from the
sparger, stress induced by rising and bursting bubbles, and
stress generated by the turbulent flow due to impeller
motion. The applied system uses shear sensitive aggregates
which break immediately when exposed to a hydrodynamic
stress exceeding their strength. After all aggregates have
experienced the highest stress causing aggregate breakup, the
steady-state aggregate size is measured and used to estimate
the maximum effective hydrodynamic stress present in the
system. As the size of steady-state aggregates is comparable
to the size of Kolmogorov eddies, the maximum effective
hydrodynamic stress refers to an average stress occurring on
the length scale of smallest eddies. The occurrence of such
stresses has to be frequent enough so that all aggregates
experience the highest stress value at least once. Therefore,
effects of rare events of very high stresses, caused by
intermittency of the turbulent flow, are not covered by the
presented method. In contrast to previous indirect methods,
the steady-state aggregate size rather than kinetics of size
reduction31,32 is used for the determination of smax. In addi-
tion, the system can be applied in pure water or using a sur-
factant containing solution.

Materials and Methods

Methyl methacrylate (MMA), sodium dodecylsulphate
(SDS), and potassium persulphate (KPS) used in poly(methyl
methacrylate) (PMMA) nanoparticle synthesis were obtained
from Acros Organics. Sodium chloride and Pluronic

VR

F-68
was purchased from Sigma-Aldrich.

Primary nanoparticle synthesis

PMMA primary particles were prepared by monomer-
starved semibatch emulsion polymerization.33 After dissolving
0.1 g of SDS in 89.9 g deionized water under nitrogen atmos-
phere, the solution was heated up to 80�C using an external oil
bath followed by an addition of 0.07 g of radical initiator
(KPS). A programmable syringe pump (VIT-FIT LAMBDA,
Switzerland) was used for the addition of 10 g methyl methac-
rylate (MMA) at a flow rate of 0.1 g/min. After MMA addi-
tion, the polymerization was continued for an additional 2 h to
ensure complete monomer conversion. Dynamic light scatter-
ing measurement using a Zetasizer Nano (Malvern Insruments,

UK) confirmed monodispersity of PMMA nanoparticles with a
mean diameter equal to 62 nm.

Stirred tank geometry

Stirred tank experiments were performed in a flat bottom
reactor with a tank diameter, T, equal to 160 mm. It was
equipped with a Rushton turbine with diameter D53T=8
located in T=3 from the vessel bottom and four rectangular
baffles connected to the wall with a width equal to T=10 and
a thickness of T=80. The liquid level was set equal to the
tank diameter resulting in a working volume of 3.2 L. Vari-
ous stirring speeds have been applied, ranging from 50 up to
700 rpm corresponding to impeller Reynolds numbers Reimp

5qLND2=lL from 33103 to 4:23104, combined with air
flow rates from 0 to 140 L/h. The gas inlet was placed in the
middle between the vessel bottom and the impeller pointing
toward the side wall of the vessel. The horizontal installation
of the gas inlet allowed to investigate a broad range of gas
flow rates including very high gas inlet velocities above
30 m/s which was documented to cause cell death.6 An
upward pointing gas inlet was inapplicable at that scale to
keep the gas jet completely within the liquid phase. Different
aeration nozzles having diameters of 0.4, 0.7, 1, 2, and
8 mm (wall thickness was always equal to 1 mm) in combi-
nation with various gas flow rates were used to generate gas
jet velocities ranging from 0.08 up to 155 m/s which corre-
spond to gas jet Reynolds numbers, Rejet5dnozzlevairqair=lair,
of 2:53103 up to 7:13104. A sinter sparger with an average
pore diameter of 50 lm was installed to generate small bub-
bles. Pictures of single rising bubbles were taken with a
Leica D-Lux 3 camera and analyzed using the MATLAB
Image Processing Toolbox to estimate the distribution of the
circle equivalent diameter and its mean Sauter diameter D32

(see Supporting Information Figure 1).

Aggregation and breakup experiments

In a typical breakage experiment, the initial suspension of
PMMA nanoparticles was aggregated in a 2-L beaker with a
latex mass fraction, /, of 131022. A 0.2 mol/L sodium
chloride solution, well above the critical coagulation concen-
tration (CCC), and a 40-mm pitch blade impeller operated at
50 rpm were used for the initial aggregation of primary
PMMA nanoparticles. At such high salt concentrations, no
electrostatic repulsion exists between primary particles so
that they hold together within an aggregate only by van der
Waals forces.34 After reaching a steady-state cluster size,
which is controlled by a dynamic equilibrium between
aggregation and breakage (see Figure 1),35 the initial aggre-
gates were gently withdrawn and diluted in the testing stirred
tank filled with deionized water. The high dilution factor of

Figure 1. Schematic representation of aggregation and breakage experiments.

Salt-induced aggregation of primary particles under shear form large clusters which undergo multiple aggregation and breakage

events until a steady-state cluster size is reached (round cluster). After dilution of the system, reaggregation is stopped and the

maximum effective hydrodynamic stress becomes the controlling mechanism for the final aggregate size.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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200 reduces the salt concentration to 1 mM and the final par-
ticle mass fraction to 531025, preventing any reaggregation
as the final salt concentration is well below the CCC of the
nanoparticles. The selected dilution was chosen not to
exceed the maximum obscuration of 30% defined as a
threshold value of the light scattering device.

As soon as the hydrodynamic stress exceeds the strength
of the aggregates, they will break until a new steady-state
size is reached.36–38 Since the source of the maximum effec-
tive hydrodynamic stress can originate from rising bubbles
which can also burst at the air–liquid interface,8,39–41 surfac-
tant (Pluronic

VR

F-68) was optionally added to prevent the
attachment of aggregates to rising bubbles.42,43 Preliminary
experiments using various surfactant concentrations con-
firmed that aggregates break easily at low surfactant concen-
tration even in mild gassing conditions. Therefore, all
experiments were either performed without surfactant or
with a surfactant concentration equal to 0.5 g/L. The selected
surfactant Pluronic

VR

F-68 is commonly used as a protecting
agent in cell cultures with comparable concentration to avoid
cell attachment to the rising bubble and, therefore, minimize
their presence during bubble burst.40,44

Once the steady-state cluster size was reached, an offline
sample of 25 mL was gently withdrawn and measured by
small angle light scattering (SALS), Mastersizer 2000 (Mal-
vern Instruments, UK). Data analysis was performed follow-
ing our previous works.36,37,45–48 The mean radius of
gyration, hRgi, was used to characterize the size of the
aggregate clusters while the fractal dimension, df , was
extracted from the power law region of the structure factor
to depict their internal structure.

A short summary about the application of this technique is
provided in Supporting Information. Once the steady state
was characterized, the stirring speed or gas flow rate was
increased and the procedure was repeated after reaching a
new steady state. By starting from low and moving toward
higher stress conditions, by either increasing stirring speed
or gas flow rate, the entire range of both investigated param-
eters can be investigated using the same initial aggregates.
To verify that the reduction of aggregate size was solely
controlled by their breakup and not by any internal restruc-
turing, the fractal dimension, df , was determined for all oper-
ating conditions. The uncertainty of determining hRgi using
SALS is in the order of 10% of its value.35,46 The actual
measured standard deviation of approximately 5% from
experimental repetitions correspond to the size of the data
points and are exemplary shown in Supporting Information
Figure 2.

Relation between aggregate size and maximum effective
stress

In isotropic turbulence, several flow types including exten-
sional flow, rotation in eddies, shear flow, and streams coex-
ist which transport the fluid from one point to another.49

Although eddies and streams occupy most of the volume,
they exert only small stress on particles or aggregates. In
contrast, zones with extensional or simple shear flows
occupy a rather small fraction of the volume with zones
where highest stresses will be exerted on dispersed particles
or aggregates.38,50–52 As pointed out by several
authors,38,50,51 extensional flow is more efficient for aggre-
gate breakup compared to simple shear. This is due to a per-
manent deformation which aggregate experience in

extensional flow in contrast to an oscillatory deformation
occurring in simple shear evolving from a rotation of the
principle axis of the rate of strain with respect to the liquid
flow direction.37,53,54

In the presence of bubbles in the liquid phase, several
phenomena which could cause high stress values subsist and
hence lead to aggregate breakup. Detailed numerical simula-
tions of bursting bubbles8 have shown that zones exposed to
the highest stress are associated with an extensional flow
located beneath the bursting bubble. A similar observation
was found by Gordillo et al.55 who investigated bubble for-
mation and detachment from aeration nozzles. As a result of
mass conservation within the fluid, a liquid jet with very
high velocity impinging the bottom side of the bubble is
formed. Due to the axial symmetry of the bubble, this local
jet can be approximated by an extensional flow.55

The flow field around rising bubbles is more complex and
strongly depends on the shape and size of the rising bubbles,
as reported by several authors.7,56,57 Although the flow around
small spherical bubbles is laminar with the highest values of
the stress located in the boundary layer on its surface, the
increase of rising velocity measured for larger bubble size
results in the formation of a pair of vortexes within the bubble
wake.56,57 By further increasing the bubble size, the wake
becomes instable forming a von Karman vortex street56 which
together with a nonspherical shape of the bubbles leads to an
unstable flow pattern behind the bubbles. The investigated
bubble sizes in this work range from 1.5 to 10 mm which cor-
responds to bubble Reynolds numbers from 200 to 2000.
Under these conditions, the flow in the von Karman vortex
street behind a single rising bubble covers transient as well as
turbulent conditions.58 However, as shown by Koynov et al.7

the presence of multiple bubbles with a Reynolds number of
75 result in an additional disturbance of the flow in the wakes.
Therefore, assuming turbulent flow in the bubbles wakes
under all conditions, the most probable mechanism for cluster
breakup is caused again by extensional flow. It is worth noting
that a steady simple shear flow in the bubble wakes would
decrease the values of the hydrodynamic stress approximately
by a factor of 2.36,52,53

Taking all aforementioned arguments into consideration,
the relation between the steady-state aggregate size and the
applied maximum hydrodynamic stress was constructed by
breaking the initial aggregates in axisymmetric extensional
flow generated at the entrance of contracting nozzles of vari-
ous diameters and flow rates (see Table 1). Following an
experimental procedure developed earlier,36,37 the aggregate
suspension was pumped several hundred times through the
nozzle to guarantee complete breakage of all aggregates. The
evolution of the clusters hRgi was monitored by small-angle
light scattering and summarized in Supporting Information.
The steady-state aggregate size was correlated to the maxi-
mum hydrodynamic stress present in the contracting nozzle
calculated from full three-dimensional time-dependent simu-
lation of the Navier–Stokes equation.36 As it was shown in
our previous work,9 using peak values of the corresponding
hydrodynamic stress calculated in a contracting nozzle with
those calculated in a stirred tank, the stable aggregate size
measured in the both devices closely correlate independent
whether the flow is laminar or turbulent.

The maximum effective hydrodynamic stress reported in
this work is based on the following assumptions: as indicated
by Soos et al.9 the steady-state size of aggregates is compa-
rable to the size of the smallest Kolmogorov eddies present
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in the impeller vicinity. Under such conditions, the rate of
single breakage event is proportional to the applied shear
rate, which is inversely proportional to the Kolmogorov
timescale.59 The latter is under all investigated conditions in
the range of milliseconds to microseconds. Conversely, the
measurement of aggregates sizes by light scattering is real-
ized on the assembly of many aggregates. Hence, the major-
ity of the population, which consists in our case of
approximately 10721011 aggregates, has to go through many
breakage events. Thus, the determined value of smax repre-
sents an ensemble as well as time averaged value over many
breakup events on the level of Kolmogorov eddies rather
than a single-local value.

Results and Discussion

Steady-state cluster size and cluster morphology

PMMA nanoparticles are stabilized by electrostatic repul-
sive forces preventing their aggregation. The addition of salt
above the CCC results in a complete screening of these
repulsive forces, and therefore, inducing polymer nanopar-
ticles aggregation (see Figure 2). The clusters grow until the
point where hydrodynamic stress exceeds the strength of the
aggregates leading to aggregate breakage. Aggregate frag-
ments can undergo reaggregation and subsequent breakup
resulting in a dynamic equilibrium between aggregation and
breakup characterized by a steady-state aggregate size.35

This equilibrium can be disturbed by increasing stirring
speed or changing the salt concentration which resulting in a
new steady state. This is illustrated in Figure 3 where aggre-
gates reduce their size after a change in salt concentration
until a new steady state is reached (after 40–50 min). When
approximating the time scale of a single breakage event by
the Kolmogorov timescale, which was for this particular con-
dition in the order of 1024 s, few million breakage events
per second are required to reach a steady state within 40
min. This is in agreement with previous discussions indicat-
ing that all aggregate have to experience highest stress val-
ues at least once to reach a steady-state aggregate
size.36,37,59 As the breakup of aggregates under turbulent
conditions could be affected by the presence of intermit-
tency,27,60 special attention was dedicated to ensure that the
steady state was reached under all conditions. No significant
impact on the aggregate size or the aggregate structure was
observed by increasing the time interval from 2 to 12 h. This
indicates that the effect of intermittency on the studied pro-
cess is negligible, at least within the timescale applied in
this work, and the selected time period of 2 h is sufficient to
ensure steady-state condition. Such a small effect of intermit-
tency is in agreement with the theoretical work of B€abler61

which investigated the breakup of aggregates under turbulent
conditions generated in a stirred tank with comparable power

input. Based on these results, the steady-state aggregate size
was measured 2 h after every change of operating condition.

Aggregates are fractal like objects and they could possibly
undergo restructuring which would increase their compact-
ness without any breakup events. Hence, it is important to
ensure that there is no variation of the internal structure dur-
ing breakup events. When evaluating df from the slope of
the power law region of S qð Þ, it was found that all data fol-
low the same scaling with df equal to 2.7 independent
whether the aggregates were measured before or after dilu-
tion and consequent breakup (see Supporting Information
Figure 3). Such a high value of df is in close agreement with
our previous studies36,38 confirming that shear-induced
aggregation forms very compact clusters.

Aggregate size calibration

To characterize the maximum hydrodynamic stress in the
studied stirred tank, the initial aggregates were first broken
by well-defined extensional flows generated in contracting
nozzles.36,37 Hereafter, the dependency of the maximum

Table 1. Hydrodynamic Properties Calculated by CFD for

Different Contracting Nozzles and Volumetric Flow Rates

dnozzle (mm) Q (mL/min) Renozzle hsi (Pa) smax (Pa)

3.0 80 566 0.6 1.7
2.0 55 584 1.4 4.2
1.5 40 566 2.5 7.6
1.5 80 1132 5.4 16.2
1.0 55 1167 13.6 40.7
0.75 40 1132 24.7 74.0
0.75 80 2264 52.8 158.3

Figure 2. Initial PMMA nanoparticle aggregation rate at
various salt concentrations.

(A) Average hydrodynamic diameter of aggregate clusters

as a function of time measured under stagnant conditions:

cNaCl 5 25 mM (open squares), cNaCl 5 62.5 mM (close

circles), cNaCl 5 80 mM (open up triangles), cNaCl 5 250

mM (closed down triangles), cNaCl 5 375 mM (open dia-

monds), cNaCl 5 800 mM (closed left triangles). Lines show

the initial aggregation rate. (B) Initial aggregation rates

plotted as a function of salt concentration together with the

definition of the critical coagulation concentration (CCC).
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stable aggregate size as a function of known stress can be
determined. Because the maximum stable aggregate size is
independent whether the flow is laminar or turbulent with
respect to the peak stress values,9 the size of aggregates
measured in a complex flow field can be used to estimate
the corresponding maximum effective hydrodynamic stress.

An example of a breakage experiment using a contracting
nozzle is presented in Figure 4A. The measured hRgi is
monotonically decreasing with the number of passes and sev-
eral hundred passes are required until a steady-state size is
reached. This slow decay is caused by a broad distribution
of the hydrodynamic stress at the nozzle entrance where
only a small fraction of aggregates is broken in the zone of
highest stress during a single pass.36,37 Therefore, the disper-
sion of aggregates was passed through the contracting nozzle
300 times before a steady-state aggregates size was charac-
terized by light scattering. The decrease of hRgi is solely
controlled by the aggregate breakup as no change of df was
observed in this case (see Supporting Information Figure 3).
The scaling of hRgi as a function of maximum hydrody-
namic stress (see Table 1) is presented in Figure 4B, visual-
izing a decrease in cluster size with increasing
hydrodynamic stress. The power law scaling with a slope
equal to 20.74 is indicated by a solid line in Figure 4B.
This is in good agreement with the theoretical scaling of
20.66 according to Zaccone et al.,62 using df equal to 2.7,
being equivalent to the experimentally measured value (see
Supporting Information Figure 3). The power law scaling of
hRgi versus smax shown in Figure 4B was used to convert
steady-state cluster sizes measured under various conditions
in the stirred tank to the corresponding maximum effective
hydrodynamic stress.

As it was shown in our previous study of aggregate
breakup in a turbulent stirred tank,9 the maximum stable size
of aggregate fragments is comparable to the size of the Kol-
mogorov eddies. Under this condition, the aggregate breakup
is controlled by the value of the hydrodynamic stress which
is proportional to the properties of the fluid and the

local value of the turbulent energy dissipation rate emax

according to

smax 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lLqLemax
p

(1)

where the dynamic viscosity, lL, and the density, qL, of
water at 25�C was used to relate the maximum effective
hydrodynamic stress to emax present in the system. As men-
tioned above, the calculated emax represents an effective
value required for the breakup of the studied aggregate
clusters.

Higher gassing flow rates have been reported to form gas
cavities and thus decrease the power number of Rushton
impellers. However, the used sparger configuration pointing
toward the side wall of the vessel generate a gas jet which
circumvented the impeller at high gas flow rates. In this
way, gas cavities behind the impeller blades were avoided63

and no significant drop of the power number of the studied
Rushton impeller could be observed (see Supporting Infor-
mation Figure 4).

Effect of process conditions on aggregates size

Several phenomena occurring in gas–liquid systems such
as gas jets,6 bubble rise,7 or bubble burst,8,64 can be a source
of high hydrodynamic stress. They are acting simultaneously
under common cultivation conditions and even though one

Figure 3. Illustration of a typical aggregation experi-
ment to prepare initial aggregates and the
effect of dilution on their size.

The system was diluted with a factor of 1:200 after

reaching a dynamic equilibrium between aggregation

and breakup. The salt concentration well below CCC

prevents any reaggregation leading to a new steady

state with smaller hRgi.

Figure 4. Aggregate breakup in contracting nozzles.

(A) Aggregate breakup as a function of passes through a

contraction nozzle. (B) Steady-state hRgi measured after

300 passes through the nozzle plotted as a function of

the maximum effective hydrodynamic stress (see

Table 1).
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particular mechanism might be dominant, other operating
parameters might influence the peak stress value. There-
fore, operating parameters such as stirring speed, gas flow
rate, bubble size, and the velocity of the gas jet formed at
the gas inlet were increased until a particular mechanism
was prevailing and thus different regimes could be identi-
fied. A summary of the applied conditions is presented in
Table 2.

The measured cluster size decrease as a function Reimp

measured for single-phase conditions is presented in Figure
5A. This effect is independent whether surfactant was pres-
ent in the system or not, clearly indicating that the dilution
alone is sufficient to stop any further reaggregation of clus-
ters with breakup being the only mechanism controlling
their size. However, the presence of bubbles significantly
affects the measured cluster size even at mild gassing con-
ditions. In particular, the steady-state cluster size at low R
eimp is controlled by the size of the generated bubbles
where smaller clusters hRgi were measured for 1.6-mm bub-
bles compared to 5.9-mm bubbles (see Figure 5B). On
increasing Reimp, the cluster size becomes progressively
more dependent on Reimp until a critical point where the
turbulence generated by the impeller takes over and the
measured cluster size hRgi is similar to that measured for
single phase. The cluster breakup, and thus, also the steady-
state cluster size, is controlled by the highest stress present
in the system which is dominated by the interplay between
turbulence generated by the impeller and the stress resulting
from the presence of bubbles in the stirred tank. The
observed sudden reduction of the hRgi measured for 5.9-
mm bubbles is related to their breakup occurring at Reimp

> 104 which generated small bubbles with comparable
diameter to those introduced into the system by a 50-lm
sinter sparger. Due to the hydrophobic nature of the PMMA
particles, they will attach to gas bubbles in surfactant free
conditions. The small size of cluster measured for surfactant
free conditions indicate that the cluster attach to bubbles
and are therefore exposed to high stress events at the gas–
liquid interface such as bubble burst1,8 even at mild gassing
conditions. In fact, the measured aggregate concentration in
the foam was comparable to the concentration in the liquid
in surfactant free condition.

In contrast, the addition of surfactant prevents the attach-
ment of aggregates to bubbles and consequently they will be
not exposed to high stress values present during bubble
burst.1,8 The steady-state aggregate sizes, hRgi plotted as a
function of Reimp measured for single- and two-phase condi-
tions in the presence of surfactant are depicted in Figure 6.
The cluster size measured at low Reimp decreases with
increasing bubble sizes from 1.3 to 10.1 mm. Interestingly,
small bubbles generated by a 50-lm sinter sparger showed

no significant impact on the measured cluster sizes when sur-
factant was present (gray circles in Figure 6A, which is a
completely opposite trend compared to the small clusters
measured in surfactant free conditions shown in Figure 5B).
This indicates that two different mechanisms are responsible
for aggregate breakup in surfactant free and surfactant con-
taining conditions. The negligible amount of aggregates
(below the detection limit of the light scattering device)

Table 2. Applied Operating Conditions for Figures 5, 6, and 8

Sparger Outlet (mm) Gas Flow Rate (L/h) D32 (mm) Rejet Surfactant (g/L) Symbol

– – – – 0.5 Closed squares
– – – – 0 Open squares
0.05 3 1.6 – 0 Closed up triangles
0.7 7 3.9 101 0 Open up triangles
0.05 3 1.3 – 0.5 Closed gray circles
0.7 7 4.0 101 0.5 Open circles
8 14 10.1 41 0.5 Closed circles
0.4 14 – 825 0.5 Open down triangles
1 140 – 3300 0.5 Closed down triangles

Figure 5. Radius of gyration as a function of impeller
Reynolds number measured with and without
surfactant.

(A) hRgi as a function of Reimp measured with 0.5 g/L

surfactant (closed squares) and in surfactant free solu-

tion (open squares). (B) hRgi as a function of Reimp in

surfactant free solution without sparging (closed

squares), with aeration using a nozzle (open up trian-

gles) and a sinter sparger (closed up triangles). The

applied conditions are summarized in Table 2.
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measured in the foam when surfactant was present further
supports the assumption of nonattaching aggregates in sur-
factant containing conditions.

It is worth noting that all aforementioned experiments
were performed with jet Reynolds number, Rejet, below
200 corresponding to gas inlet velocities below 1.2 m/s.
As it was reported that high gas jet velocity could be det-
rimental for cell cultures,6 the stress generated by differ-
ent gas jet velocities was further studied by varying the
gas flow rate and aeration nozzle diameter. To eliminate
possible effects of bubble burst, all experiments with high
Rejet were collected in the presence of 0.5 g/L surfactant.
Figure 6B shows the aggregate size at two different Rejet

of 165 and 3300 corresponding to the gas inlet velocities
of 1.2 and 150 m/s, respectively. It can be seen that the
aggregate size decreases substantially as Rejet increases at
low Reimp. Similar to previous experiments, stirring
becomes dominant after reaching a critical Reimp, and the
measured aggregate size is comparable to single phase
conditions.

The consistency of the aggregates’ internal structure for
all conditions was verified by evaluating the fractal dimen-
sion, df , by plotting S qð Þ as a function of qhRgi. As can be

seen from Figure 7, df remains unchanged and equal to 2.7,
independent whether the aggregates were broken in single-
or two-phase flow, with or without surfactant. The change of
aggregate sizes is, therefore, exclusively controlled by the
aggregate breakup and not by any restructuring.

Maximum effective hydrodynamic stress

The relation between the maximum stable aggregate size
and the applied maximum effective hydrodynamic stress
measured in the nozzle (Figure 4B) was used to recalculate
the measured aggregates sizes in the stirred tank reported in
Figures 5 and 6. The corresponding maximum hydrodynamic
stress values are plotted in Figure 8. When reaching a
threshold value, the corresponding stress was under all inves-
tigated conditions only a function of Reimp. As the values of
hydrodynamic stress are not commonly reported in the mix-
ing community they were recalculated to the corresponding
emax using Eq. 1. The normalized values of emax =N3D2 for
nonsparged conditions of up to 150 are in agreement with
recent evaluations of the highest values calculated from LES

Figure 6. Radius of gyration as a function of impeller
Reynolds number measured for single-phase
and two-phase condition using 0.5 g/L sur-
factant.

(A) Effect of bubble size on the steady-state cluster size.

(B) Effect of different Rejet on steady-state cluster size.

The applied conditions are summarized in Table 2.

Figure 7. Structure factor, S(q), and fractional dimen-
sion, df after various breakage conditions.

(A) Steady-state structure factor, S(q), as a function of

the scattering amplitude, q. Initial aggregates before

dilution (closed squares), after dilution (open circles),

broken by rising bubbles in the presence (closed up tri-

angles) and absence of surfactant (open down triangles).

(B) Evaluation of df from the power law of S(q) plotted

as a function of qhRgi. The solid line represents a power

law scaling with a slope equal to -2.7.
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by Sungkorn et al.,65 Micheletti et al.,66 Soos et al.,9 and
with experimentally determined values of Wichterle et al.30

using an electrochemical method. Therefore, the maximum
effective hydrodynamic stress and also the maximum energy
dissipation rate might have been frequently underestimated,
in particular regarding laser-based techniques.

In gas–liquid systems, the strongest effect of the gas phase
was present at low stirring speeds enabling the identification
of different mechanism as a source of the maximum effec-
tive hydrodynamic stress. The highest stress values were
found when no surfactant was used. Small bubbles of
approximately 1.3 mm in diameter broke down the aggre-
gates to submicron sizes even at low gas flow rates (closed
up triangles in Figure 8). Conversely, only small maximum
stress values were measured for single rising bubbles in sur-
factant containing solutions, even at high gas flow rates pro-
ducing large bubbles (closed circles in Figure 8).
Furthermore, stress arising from the gas inlet jet varies sub-
stantially covering a range from 1 up to 80 Pa (down trian-
gles) as shown in Figure 8.

Figure 9A illustrates the effect of the gas inlet jet on the
maximum effective hydrodynamic stress where the stress
increases with Rejet above a critical value of 600 according
to a power law scaling independent of the applied nozzle
size and gas flow rate. Below this critical value, the maxi-
mum stress is controlled by bubble rise and, therefore,
becomes independent of Rejet. The measured effective
stress levels of rising bubbles were found to be dependent
on their bubble size. Large bubbles of around 10 mm
showed stress values of up to 5 Pa, whereas small bubbles
(1.3 mm) formed by the sinter sparger showed only stress
values of 0.7 Pa in surfactant containing conditions. This
small value coincides well with stress values of 0.3 Pa
reported by Koynov et al.7 calculated for rising bubbles
with a diameter of 0.8 mm. In addition, the observed
increase of the hydrodynamic stress with bubble diameter
is also in agreement with the trend reported by Koynov
et al.7

The maximum effective stress as a function of bubble
diameter in surfactant free solution is presented in Figure
9B. As the stress arising from stirring and the gassing jet

could mask the differences of other mechanisms such as
bubble burst and bubble rise, the Rejet was set well below
600 and the Reimp was set to 3000. The highest effective
stress was caused by small bubbles and its value decreases
with increasing bubble size, finally reaching a plateau value
of around 10 Pa (Figure 9B). The high smax values of up to
100 Pa for small bubbles are in good agreement with the cal-
culated values of Boulton-Stone and Blake.8 In contrast,
stresses measured for larger bubbles of several millimeters
are one to two orders of magnitude larger compared to those
calculated by Boulton-Stone and Blake8 indicating another
source of highest stress. Boulton-Stone and Blake8 excluded
the effect of rising bubbles which could explain the discrep-
ancy for larger bubbles. Given the fact that large rising bub-
bles resulted in very similar aggregate cluster breakup in
surfactant containing and surfactant free conditions, bubble
rising becomes the dominant mechanism with increasing
bubble diameter.

Figure 8. Maximum effective hydrodynamic stress as a
function of impeller Reynolds number at vari-
ous combinations of gas flow rate and nozzle
diameter (see Table 2).

Figure 9. Maximum effective hydrodynamic stress as a
function of Rejet and as a function of bubble
size.

(A) Maximum effective hydrodynamic stress as a func-

tion of Rejet with nozzle diameters of 0.4 mm (closed

squares), 0.7 mm (open circles), 1 mm (closed up trian-

gles), and 2 mm (open down triangles) using 0.5 g/L sur-

factant. (B) Maximum effective hydrodynamic stress as

a function of bubble size without surfactant (closed

squares). The results of Boulton-Stone and Blake8 con-

sidering bubble burst (open squares) are plotted for

comparison.
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Conclusions

In this work, an aggregate breakup system was applied to
experimentally quantify the maximum effective hydrody-
namic stress in single and multiphase flow. Knowing the cor-
relation between aggregate size and maximum hydrodynamic
stress from well-defined contracting nozzle experiments, the
determination of the highest stress values in various systems
can be carried out in a time and cost effective way.
Although single rising bubbles caused only minor stress val-
ues, bubble burst at the gas–liquid interface and the gas inlet
jet are possible sources of highest hydrodynamic stress
which is in agreement with available data in literature. The
employed breakup system overcomes the limitations of pre-
vious indirect measurement methods such as resolution, size
of the probing particles, single phase restriction, limited
operating ranges, and scale-up. Thus, the proposed method is
suitable to quantify highest stress values for the development
of shear sensitive processes carried out in multiphase flow.
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Notation

C = clearance distance, mm
D = impeller diameter, mm

D32 = mean Sauter diameter, mm
df = fractal dimension

dnozzle = calibration nozzle diameter, mm
djet = aeration nozzle diameter, mm

H = tank height, mm
Ið0Þ = zero angle intensity
IðqÞ = angle-dependent intensity

M = torque, Nm
N = rotation speed, s21

P = power input, m2/s3

Po = power number
Q = flow rate, ml/min
q = magnitude of the scattering wave vector, nm

Reimp = impeller Reynolds number
Rejet = aeration jet Reynolds number

Renozzle = nozzle Reynolds number
hRgi = radius of gyration, lm
S qð Þ = structure factor

T = tank diameter, mm
VL = liquid volume, L
VS = superficial gas velocity, ms21

Greek letters

e = energy dissipation rate, m2/s3

hei = average energy dissipation rate, m2/s3

emax = maximum energy dissipation rate, m2/s3

heistirring = energy dissipation rate from stirring, m2/s3

/ = void fraction
qL = liquid density, kg/m3

lL = dynamic viscosity of the liquid, Pa s
s = hydrodynamic stress, Pa
hsi = average hydrodynamic stress, Pa

smax = maximum effective hydrodynamic stress, Pa

Abbreviations

CARPT = computer-automated radioactive particle tracking computer
tomography

CCC = critical coagulation concentration
CFD = computational fluid dynamics

CMD = cluster mass distribution
LDA = laser-doppler anemometry
PIV = particle image velocimetry

PLIF = planar laser induced fluoresence
PEPT = positron emission particle tracking

PMMA = poly(methyl methacrylate)
KPS = potassium persulfate

MMA = methyl methacrylate
RDG = Rayleigh-Debye-Gans

SALS = small angle light scattering
SDS = sodium dodecyl sulphate
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