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Large eddy simulation (LES) of a stirred tank equipped with a Rushton impeller and four cylindrical baffles was used to
characterize the flow pattern and to assess the maximum turbulent kinetic energy dissipation rate emax. While the shorter
baffle-impeller distance significantly affects the radial velocity profile and the trailing vortices expansion, the flow field
in the impeller vicinity is comparable to that of a standard setup with rectangular baffles connected to the wall. The
phase-resolved profile of emax indicates its very strong variation from 10 � N3 D2 to 130 6 13 � N3 D2. When using
peak values of the corresponding hydrodynamic stress smax 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lqemax
p� �

, the maximum stable aggregate size measured
in the same stirred tank closely correlates with breakage data obtained under laminar conditions using the same initial
aggregates. This indicates that the same mechanism was involved in the aggregate breakup under both conditions,
allowing us to predict aggregates breakup under various conditions. VC 2013 American Institute of Chemical Engineers

AIChE J, 59: 3642–3658, 2013
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Introduction

Coagulation or flocculation is commonly used to enlarge
the characteristic size of dispersed colloidal particles which
facilitates their efficient separation.1 On addition of proper
amount of coagulant (e.g., a salt or an acid) particles start to
aggregate and form larger clusters. However, when they
grow large enough the hydrodynamic stress exerted by the
fluid flow increases and eventually overcomes the aggregate

strength which results in aggregate breakage. The breakage

rate of this process is given by the frequency of the local

hydrodynamic stress exceeding a critical value required to

break an aggregate.2,3 This critical stress is identified to be

the aggregate strength which is defined as the maximum

hydrodynamic stress an isolated aggregate can withstand.

Therefore, the quantification of the breakage behavior of

aggregates under various flow conditions is of fundamental

as well as practical importance when considering the design

and the optimization of coagulation processes.

Several studies are available in the literature dealing with

aggregate breakup using either laminar4–9 or turbulent condi-

tions.10–20 In parallel to the experimental activity, mathemat-

ical modeling or theoretical considerations have been used to

describe the breakup of aggregates.2,3,9,21–28 The result of

these studies is a scaling of the maximum stable size of

formed aggregates as a function of the applied stress, or cor-

responding shear rate or energy dissipation rate e. The criti-

cal stress can be precisely evaluated in uniform flow fields

under laminar conditions, e.g., couette flow or contracting
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nozzle. However, under turbulent conditions the flow field is

highly nonuniform resulting in unknown values of the

applied stress at the breakage point. Due to this complication

the breakage data are commonly plotted against the volume-

averaged values even though these could be substantially dif-

ferent compare to those causing aggregate breakup. This

clearly limits our capability to model the aggregate breakup

under industrially relevant conditions.
Several techniques, such as laser Doppler anemometry

(LDA),29–32 particle image velocimetry (PIV),31,33–35 and
laser-induced fluorescence (LIF)36 have been used to charac-
terize the flow field generated by various impellers mounted
in stirred tanks. Due to optical inaccessibility they have been
mostly applied to characterize the flow field in the impeller
discharge stream generated by various impellers resulting in
detailed maps of the energy dissipation rate in this region of
the stirred tank. In the case of Rushton impeller and stirred
tank of standard geometry equipped with rectangular baffles
attached to the wall, applying various spatial resolutions val-
ues of emax =hei cover a range from 10 to 5032,34,37–39 have
been reported. However, even higher values of e could be
present near the impeller blades and they could be underesti-
mated using the aforementioned techniques. In fact, as
shown by Wichterle et al.40 substantially higher values of
the ratio emax =hei in the range from 150 to 400, determined
on the surface of rotating impeller blades, were found when
using an indirect method based on the measurement of a dif-
fusion controlled current from an electrolyte solution toward
small electrodes located at the impeller surface.

In parallel to the experimental characterization computa-
tional modeling represents an alternative route to resolve in
great details the flow in stirred tanks. Due to the high Reyn-
olds numbers, commonly used in these devices, the two
approaches Reynolds-averaged Navier-Stokes equations
(RANS)41 or large eddy simulation (LES)31,41–56 were
employed. The first approach relies on certain turbulent mod-
els to describe the turbulence inside the vessel of interest.
LES is based on the idea that only the large-scale flow field
is geometry dependent, and therefore, it has to be modeled
directly. The small-scale turbulence, however, is assumed to
behave universal,57 and therefore, turbulence models are
applied to estimate the so-called subgrid stresses. Typically,
the Smagorinsky model and its further modification by
Lilly58,59 is commonly used in the LES simulations.
Recently, it was shown by several authors31,41,42,45,51,53,54

that application of LES can provide more detailed and more
accurate information about turbulent quantities inside stirred
tanks, e.g., kinetic energy, dissipation rate, position of trail-
ing vortices, information about turbulence anisotropy, as
compared to the RANS approach. When considering emax

values of emax =hei in the impeller proximity covering range
from about 100 up to 370 have been documented.31,42,51

To address the aforementioned uncertainty to determine
the hydrodynamic stress responsible for the breakup of
aggregates under turbulent conditions, LES combined with

Smagoringky subgrid scale turbulent model was used to

characterize the flow field in the stirred tank used previously

for breakup experiments.18 The obtained values of emax were

used to estimate the maximum hydrodynamic stresses

smax 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lqemax
p� �

, to which aggregates would be exposed

to. These values were subsequently used to scale maximum

stable aggregates sizes measured at the end of breakage

experiments using a stirred tank and compared with those

obtained from contracting nozzles using the same initial

aggregates.8 It was found that both laminar and turbulent

data become consistent when values of smax were used for

normalization. This supports the hypothesis that independent

on the device type or the flow complexity, the breakup of

aggregates is controlled by the same mechanism and the

maximum stable aggregate size follows the same scaling

independent whether the flow is laminar or turbulent.

Experimental Setup

Two sets of previously published maximum stable aggre-
gate sizes are used in this study. The first set was measured
at the end of breakage experiments using turbulent flow con-
ditions in a stirred tank equipped with a Rushton impeller
and four cylindrical baffles.18 The second set was obtained
under laminar conditions using a contracting nozzle flow.8

Briefly, in both these experiments aggregates composed of
polystyrene primary particles with diameter of 810 nm pur-
chased from Interfacial Dynamics Corp. (IDC), Portland, OR
(USA) (Product-No: 1–800, Cumulative variation 5 2%,
Batch No: 642,4, solid% 5 8.1) were used. Preparation of
the aggregates for breakage experiment was done in a 2.5 L
stirred tank (for details see Figure 1a, b) applying stirring
speed of 200 rpm and a solid volume fraction equal to
4.1025. To initiate the aggregation process Al(NO3)3 was
added to the dispersion of stable primary particles. Aggre-
gates sizes along the aggregation process were monitored
online by light scattering instrument Mastersizer 2000 device
(Malvern, U.K.). After reaching a steady-state size with an
average radius of gyration around 22 microns, two different
breakage experiments were performed. In the first experi-
ment samples of aggregates were gently withdrawn from the
stirred tank, diluted with a poly-vinyl alcohol solution to pre-
vent further aggregation and consequently broken in an
extensional flow generated in a contracting nozzle placed
between two syringes until maximum steady state aggregate
size was reached.8 In the second approach the breakage
experiment started from preformed aggregates, which were
diluted in a stirred tank with a particle free salt solution until
maximum stable aggregates size was reached.18,60,61 In both
these approaches the maximum stable aggregates size was
measured for different flow conditions.

Due to the large size of primary particles, which is well
outside the region of the validity of the Rayleigh-Debye-
Gans (RDG) theory,62,63 and due to the compact structure of
the initial aggregates,18 the variation of fragmented internal
structure was evaluated from the analysis of 2-D confocal
laser-scanning microscopy (CLSM) pictures. The projected
surface area A, of imaged aggregates is plotted against the
corresponding aggregate perimeter P. An example of such
scaling obtained for initial aggregates as well as for frag-
ments measured at the end of breakage experiments in
stirred tank and in contracting nozzle is presented in Figure
2. As it can be seen initial aggregates as well those obtained
after breakage experiments follow the same scaling. This is
indicating that no restructuring is present during the process
of aggregate breakup. In fact all aggregates can be character-
ized by the same perimeter fractal dimension dpf

18,64,65

which in this particular case was equal to 1:14 (see Figure
2). Having determined dpf the mass fractal dimension df was
subsequently estimated using a correlation developed by Ehrl
et al.,66 which for this particular case was equal to 2.7, indi-
cating very compact aggregates. Similarly to the df also the
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aspect ratio of formed aggregates did not change (see Figure
3), which is indicating that populations of formed fragments
are rather similar independent whether breakup occurs under
turbulent or laminar conditions. Based on the aforementioned
observations, we can conclude that this system is ideal to
determine the maximum hydrodynamic stresses that are
causing aggregate breakup. More information about the
breakup experiments can be found in original publications
by Soos et al.8,18

Large Eddy Simulation of the Stirred Tank

Since no experimental data are available for the used
stirred tank geometry LES was used in this study for turbu-
lence characterization. This method is compared to the
RANS approach more suitable to predict flow pattern includ-

ing trailing vortices as well as e distribution in stirred
tanks.41 Vertical and horizontal plane views of the used
stirred tank equipped with four cylindrical baffles and a
Rushton turbine is presented in Figure 1a, b. A six-blade
Rushton impeller was located at 1=3 of the vessel height
measured from the bottom. Unlike the commonly used baffle
geometry, with the baffles having rectangular shapes and
being attached to the vessel side wall, in this study baffles
with rodlike shapes that are not connected to the vessel wall
have been used. It is worth noting that such baffle system
can be particularly useful for processes when material depo-
sition on the walls is of main concern, e.g., polymer during
polymerization reaction. Other applications of such baffle
systems include small scale bioreactors applied for cell culti-
vations where several probes measuring temperature pH, or
dissolved oxygen have a similar cylindrical shape.

Figure 1. Vertical and horizontal plane view of the stirred tank equipped with four cylindrical baffles and a Rushton
turbine (a, b) together with the computational grid used for LES simulations (c, d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The tank was filled with a diluted solution of Al(NO3)3 at
room temperature matching density and viscosity of water,
i.e., 1000 kg.m23 and 1.1023 Pa.s, respectively. Simulations
were performed for the rotation speed of the impeller N
equal to 200 rpm resulting in an impeller Reynolds number
of 12,000. The LES simulations were performed using a
commercial CFD code FLUENT v6.3. To resolve large
velocity gradients near the impeller equal spaced grid with
the element size of 0.7 mm was used in the impeller dis-
charge zone while larger element size was used in the vessel
periphery (see Figure 1c, d). The computational grid con-
tained approximately 1.6 million elements. The pressure-

velocity coupling was solved using PISO scheme while
PRESTO! method and bounded central differencing were
used for the spatial discretization of pressure and momen-
tum, respectively. A second-order implicit formulation was
used to improve accuracy of the transient simulation. The
time step used for the simulations was equal to 5.1024 s cor-
responding to the angular displacement of the impeller zone
per time step equal to 0.6�. For convergence criterion a
value of 1026 was selected for both continuity and momen-
tum. At each time step the position of the rotating zone rela-
tive to the stationary one is recomputed and the grid
interface of the rotating zone slides along the interface of the
stationary zone. To obtain a statistically converged solution,
10 complete impeller rotations were performed. For each
time step eight cross sections (see Figure 1b) were exported
from FLUENT and use for later post processing. Taking into
account the vessel symmetry, at every time step the vessel
field could be split into four quarters, which then were added
up to increase the efficiency of the calculation.

Turbulence Modeling

The governing equations employed for LES are obtained
by filtering the time-dependent Navier-Stokes equations in
either Fourier (wave-number) space or configuration (physi-
cal) space. The filtering process effectively filters out eddies
whose scales are smaller than the filter width or grid spacing
used in the computation. The resulting equations thus govern
the dynamics of large eddies and they read as follows
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where rij is the stress tensor due to molecular viscosity
defined by
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and sij is the subgrid-scale stress defined by

sij � quiuj

� �
2 quiuj

� �
(4)

The subgrid-scale stress (Eq. 4) cannot be solved directly
and requires modeling.

Subgrid-scale model

The filtering operation in FLUENT is based on the grid
spacing. Scales larger than grid spacing are resolved and
only the contribution of smaller scales is modeled. The
unsolved term in the filtered Navier Stokes equations, i.e.,
the subgrid-scale stress term (Eq. 4) is modeled following
Smagorinsky-Lilly43,44

sij2
1

3
skkdij 5 22ltSij (5)

where lt is the subgrid-scale turbulent viscosity. The iso-
tropic part of the subgrid-scale stresses skk is added to the
filtered static pressure term. Sij is the rate-of-strain tensor for
the resolved scale defined by

Figure 2. Scaling of area vs. perimeter evaluated from
image analysis of formed fragments meas-
ured before breakage experiment prepared in
stirred tank18 using stirring speed of 200 rpm
and solid volume fraction of 4.1025 (w), at the
end of the breakage experiment in stirred
tank obtained at stirring speed of 200 rpm
and solid volume fraction of 2.1026 (•), and at
the end of the breakage experiment in con-
tracting nozzle8 applying Renozzle 5 1167 and
solid-volume fraction of 2.1026 (~).

Extracted data were used to evaluate perimeter fractal

dimension of the formed clusters which is equal to

dpf 5 2/slope 5 1.14. Consequently the mass fractal

dimension was calculated using correlation proposed by

Ehrl et al.66 resulting in df equal to 2.7.

Figure 3. Comparison of the aspect ratio of formed
clusters produced during breakage experi-
ment performed in the contracting nozzle
(column without pattern), and in the stirred
tank (sparse pattern columns).
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In this study, the turbulent viscosity lt is modeled as

lt 5 qL2
s jSj5 qL2

s

ffiffiffiffiffiffiffiffi
2Sij

q
Sij (7)

with Ls being the mixing length for subgrid scales, and Sij

representing the rate-of-strain tensor for the resolved scale
(Eq. 6). FLUENT uses Eq. 8 to determine the mixing length

Ls 5 min jd;CsV
1=3
i

	 

(8)

where j is the von Karman constant, d the distance to the
closest wall, Cs the Smagorinsky constant, and Vi the volume
of the computed cell.

The original value of the Smagorinsky constant valid for
isotropic turbulence is equal to 0.17.59 In the case of model-
ing of turbulent flow in the stirred tank values covering
range from 0.1 to 0.2 have been applied.31,42,51,54 Due to the
lack of experimental data for studied vessel, the value of the
Smagorinsky constant Cs was set to be equal to 0.2 as used
previously by Delafosse et al.54,67 applying the same numeri-
cal approach. As it was shown by these authors this value
was providing better agreement between their LES simula-
tions and experimental data collected by the same group
using stirred tank equipped with Rushton impeller and rec-
tangular baffles connected to the wall.

Data Processing

Postprocessing of the computed velocity fields was per-
formed in MATLAB. The variable computational mesh was
mapped onto a regular spaced mesh, dh equal to 0.7 mm, to
facilitate postprocessing. This resulted in 210 3

210 5 44,100 grid points per plane. It is worth noting that
this mesh size has been chosen according to the smallest
size of the FLUENT grid cells which can be found in the
impeller discharge zone. All values were interpolated to the
new grid with the cubic interpolation method.

Two kinds of fluctuations occur in the impeller region:
periodic (or organized) fluctuations, related to the trailing
vortices, and random fluctuations corresponding to the
resolved part of the turbulent motion. The local instantane-
ous velocity ui is, thus, decomposed into its mean, periodic
and resolved part of fluctuating terms as follows

ui 5 Ui1~ui1u0i (9)

LES solves for an instantaneous velocity field. In the post-
processing for a given position p of the blades with respect
to the baffles, the instantaneous velocity is decomposed into
mean, periodic and random part as

ulp
i 5 Ui1~up

i 1u0
lp
i 5 hup

i i1u0
lp
i (10)

Phase-averaging calculated over number of events was
used to calculate at each blade position p the phase-averaged
velocity, the turbulent fluctuation and the turbulent velocity
correlation. A second statistical treatment over number of
blade positions (100 blade positions corresponds to 60�)
between the crossing of two blades behind the measurement
plane was applied to calculate the mean velocity, the peri-
odic fluctuation for each blade position p and the periodic
and turbulent stress tensor.

Similar as in the case of the velocity components dis-
cussed earlier, the total kinetic energy was decomposed into
two components, i.e., the periodic and the turbulent kinetic
energy. Consequently, the total kinetic energy of the flow
was calculated as a sum of these two terms as

ktot 5 kP1kT (11)

where the periodic kinetic energy kP, and the turbulent
kinetic energy kT are calculated as follows

kP 5
1

2

X3

i 5 1

h~ui ~uii (12)

kT 5
1

2

X3

i 5 1

hu0iu0ii (13)

The discharge flow of the impeller is characterized by the
formation of coherent vortex structures induced by the blade
motion. In the case of a Rushton impeller presence of disk
results in the formation of two vortices, one above and one
below the impeller disk. These vortices have significant impact
on mixing because they affect the impeller efficiency. Several
methods have been proposed in the literature to identify the
center of a trailing vortex. This includes an identification of
the point where phase-averaged axial velocity component is
equal to zero,68–72 method based on the vorticity magni-
tude,33,42,73 and the method based on the eigenvalues of the
tensor S21X2, where S and X are the symmetric and antisym-
metric part of the velocity gradient tensor.74 While the last one
is the most precise as it was shown by Escudie et al.73 method
based on the vorticity magnitude enables to determine the tra-
jectory of the trailing vortices with a good accuracy when
compared to the method of Jeong and Hussain.74 In contrast
the method based on phase-averaged axial velocity does not
enable to draw correctly the trajectory of the trailing vortex
axis. Therefore, the method based on the vorticity magnitude
has been used in this study. Briefly, the vorticity, which repre-
sents a measure of the rotation of a fluid element, is defined as
the curl of the velocity vector

n 5r3~u (14)

Since FLUENT outputs only the modulus of the vorticity
vector, it does not allow to discriminate between the typical
two vortices generated above and below the impeller disk,
each with opposite sign. Due to this fact the vorticity was
evaluated in the postprocessing from the phase-averaged
velocity field on the regular spaced grid. Following the pro-
cedure presented by Derkse and van den Akker,42 Sharp and
Adrian33 and Escudie et al.73, the vorticity normal to the
acquisition plane was obtained as follows

x 5
@hup

r i
@z

2
@hup

z i
@r

(15)

where ur and uz represent the radial and axial velocity com-
ponent, respectively. The vorticity is normalized with the
velocity at the blade tip Utip through

n 5
xT

Utip
� xT

pND
(16)

where N the impeller rotation speed, T the tank diameter,
and D the impeller diameter. As mentioned previously and
as shown previously33,42,67,73 this definition enables to dis-
criminate the two vortices generated above and below the
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disk. Since the values of the vorticity of the upper and lower
vortex are positive and negative, respectively, the center of
the upper vortex corresponds to the maximum value while
center of the lower vortex to the minimum value of the
vorticity.

The turbulent energy dissipation rate e, was the last turbu-
lent quantity evaluated from the LES data. A direct estima-
tion of e could be performed from measurements of
turbulent velocity gradients in the three directions according
to

e 5 mSijSij 5
m
2

@ui

@xj
1
@uj

@xi

� �2

(17)

However, as LES is not resolving the smallest scales of
the velocity field the direct determination of the dissipation
rate via LES is not possible. Therefore, assuming a local
equilibrium between production and dissipation of turbulent
kinetic energy at the cut-off scale, the subgrid dissipation
rate was computed according to

eSGS 5 sijSij 5 2ltSijSij 5
lt

2
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and the total dissipation rate (of the solved and the subgrid
scale) was evaluated as follows

eSGS 5 2 lt1lð ÞSijSij 5
lt1l

2
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@uj
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In similar way as for the velocity and the kinetic energy,
phase-averaging and ensemble-averaging was performed also
for turbulent energy dissipation rate.

The tank energy dissipated in the whole system was calcu-
lated from the ratio of the power input Pimpeller, calculated as
the torque on the impeller and shaft multiplied by the angu-
lar velocity,75 and mass of the liquid m, according to

hei5 Pimpeller

m
5

X
Ð

A
r3 s � dAð Þ

m
(20)

Here A stands for the surface of impeller and shaft, X is
the angular velocity vector (in rps), r is the position vector,
s is the stress tensor, and dA is the differential surface vec-
tor. In parallel, hei was evaluated also from the local values
calculated for individual planes A-D by weighting the indi-
vidual contribution of each plane.

Results and Discussion

As an example of the flow a snapshot in the horizontal
plane slicing through the impeller position is presented in
Figure 4a. It can be seen that close to the impeller the flow
is highly correlated to the impeller blade positions. There is
a clear formation of trailing vortices behind the blades.
When evaluating the velocity magnitudes inside the trailing
vortices it was found that these are substantially higher than
the impeller tip speed reaching maximum values around
1:93Utip. Due to the presence of baffles the movement of
the fluid in radial direction generated by the impeller is
much stronger for blade positions in-between baffles as com-
pared to the situation where the blades are in-plane with the
baffles. This effect can be also seen in the vertical planes
located midway between two baffles Figure 4b1–b3 and
passing through baffles Figure 4c1–c3. In the first case the
turbulent vortex structure extend almost to the vessel wall.

When baffles are present however, the vortices strongly
interact with them leading to substantial reduction of the
radial flow (also seen in Figure 4a). Behind the baffles the
flow is mostly tangential, however, small eddies resulting
from the breakup of large vortices on the baffles are still
present.

Mean velocity

The local velocity profiles were used in the next step to
calculate the phase-averaged quantities. In Figure 5 a com-
parison of mean radial, tangential and axial velocity compo-
nents are presented evaluated for planes A, B, C, and D (see
Figure 1). Since there are no available experimental data
which could be used to validate our LES results and to dis-
cuss the effect of cylindrical baffles on the phase-averaged
velocity components, we include here experimental data of
Wu and Patterson29 measured in the stirred-tank equipped
with rectangular baffles connected to the vessel wall using
the laser-Doppler anemometry (see Figure 5a1–a3). As can
be seen from Figure 5a1 the highest values of the radial
velocity can be found close to the impeller tip with decreas-
ing values for increasing the radial distance from the impel-
ler. However, the magnitude of the radial velocity
component is at all radial positions lower than that measured
by Wu and Patterson.29 Furthermore, when comparing the
radial velocity magnitude for radial positions ahead of the
baffles, e.g., r=R 5 1:0821:5 the difference is approximately
25% while it increases up to approximately 50% at
r=R 5 2:26, corresponding to the region behind the baffle.
Even though a certain reduction of the maxima of could be
related to the increase of the impeller blade thickness76 we
believe that the observed reduction of Ur=Utip maxima is in
our case caused by the shorter distance between impeller and
baffles compared to the setup investigated by Wu and Patter-
son.29 When considering the radial outflow stream generated
by the impeller it was found that this is moving slightly
upward, which is a well-known observation for impellers
with low clearance from the vessel bottom.29,77 While the
spreading rate in close vicinity of the impeller is comparable
to that measured by Wu and Patterson,29 it increases substan-
tially at larger radial distance. Presumably this is an effect of
the baffles which are located closer to the impeller so they
affect the flow earlier compared to standard setup.

In the case of tangential velocity (see Figure 5a2) one can
see that the maxima of Ut=Utip are comparable to those
measured by Wu and Patterson29 while substantial differen-
ces can be observed for values at the discharge stream
periphery. While in the case of Wu and Patterson29 they
reached values around zero in our case values of Ut=Utip

between 0.1 to 0.2 can be found. This indicates that cylindri-
cal baffles, even though located closer to the impeller, are
not as efficient as baffles connected to the vessel wall in pre-
venting the flow from picking up tangential movement.

A comparison of axial velocity profiles evaluated at vari-
ous radial positions with data measured by Wu and Patter-
son29 is presented in Figure 5a3. It can be seen that in the
region ahead of baffles the obtained values of Uax=Utip fol-
lowing trend similar to that measured by Wu and Patterson29

with fluid flowing from top downward in the zone above the
impeller and flowing from bottom upward in the zone below
the impeller. Due to the location of the baffles closer to the
impeller as compared to the setup used by Wu and Patter-
son29 the point where is close to zero is reached much earlier

AIChE Journal October 2013 Vol. 59, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3647



(see Figure S1 online in additional Supplementary Material).
At radial position r=R 5 2:26, which is the region located
behind the cylindrical baffles, the discharge stream is split
into two parts one flowing upward while the other is flowing
downward with respect to the impeller disk plane. Even

though this pattern with two circulation loops one above and
one below the vertical impeller plane is comparable to that
generated by the radial impeller we found that absolute val-
ues of Uax=Utip are substantially higher compared to those
measured by Wu and Patterson.29 When comparing the

Figure 4. Example of an instantaneous velocity vector plots (a) top view, (b and c) side view corresponding to rela-
tive angle 215�, 0� and 115�, respectively.

Left column corresponds to the view plane located midway between two baffles while right column corresponds to the view plane

passing through baffles.
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velocity components for plane C (Figure 5b1–b3) with those
measured for plane A (Figure 5a1–a3) it can be seen that at
r=R 5 1:08 and 1:29 they are comparable to those calculated
for plane A while larger differences can be observed for
larger distances from the impeller tip for r=R 5 1:50 and
2.26. It is noteworthy that velocity profiles for the two
planes B and D are quite similar to those measured for plane
A (data not shown).

All these results indicate that cylindrical baffles located
closer to the Rushton impeller affects substantially the flow

pattern generated in the stirred tank. Due to the shorter dis-
tance between the impeller blades and the baffles the radial
velocity component is reduced while the broadness of the
discharge stream is increased. Since there is free space
behind the baffles where fluid can pass the tangential veloc-
ity components are systematically higher compared to the
system where tangential fluid motion is stopped by baffles
connected to the vessel wall. Furthermore, substantially dif-
ferent axial velocity profile was observed below the impeller
and behind the baffles.

Figure 5. Comparison of mean radial (top row), tangential (middle row), and axial (bottom row) velocity compo-
nents evaluated from LES (closed symbols) at radial position of r=R51:08 (•�), r=R51:29 (�,w), r=R51:50
(~,~), r=R52:26 (�,�) for plane A (left column) and plane C (right column).

All velocity components were normalized by Utip. For comparison experimental data of Wu and Patterson29 (open symbols) are

presented as well. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Kinetic energy

Velocity fluctuations in a turbulent flow generated by the
impeller are composed of a periodic part and a random part,
also called the turbulent part. It must be kept in mind that
LES only partially resolves the random part. Consequently,
the kinetic energy contained in the velocity fluctuations can

be also divided into a random and periodic part. Phase-

resolved contour plots of total kinetic energy, obtained by

summation of periodic and resolved turbulent kinetic energy,

evaluated at planes A and C are presented in Figure 6. It can

be seen that in the case of plane A, located midway between

two baffles, the region of elevated kh
tot extends over a longer

Figure 6. Comparison of normalized average total kinetic energy hkh
toti=U2

tip for plane A (left column) and plane C
(right column).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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distance from the impeller as compared to plane C where

this zone is shortened due to presence of the baffle. This

effect is similar to that observed from velocity snapshots

(see Figure 4). A summary of phase-averaged profiles of

kinetic energy evaluated at radial distance r=R 5 1:08 from

the impeller for all planes A-D is presented in Figure 7. For

comparison, data measured by Escudi�e and Lin�e34 and Wu

and Patterson29 are included as well. It can be seen that sim-

ilarly to the velocity profile there is difference in kh
p between

the experimental and our LES data, while very good agree-

ment was found for the random part of the kinetic energy kh
t .

Since kh
tot is obtained as summation of kh

p and kh
t , there is

also a difference between the LES data and the experimental

data. According to the results of Rutherford et al.,76 the dif-

ferences in kh
p can be related to the larger blade thickness, tb

of the used tb 5 0:025Dð Þ impeller which is two times larger

than that used by Escudi�e and Lin�e.34 On the other hand, no

effect of the increased impeller thickness on the turbulence

was observed, resulting in comparable values of kh
t to those

measured for the Rushton impeller with thinner impeller

blades mounted in fully baffled vessels.

Energy dissipation rate

As it was discussed in the introduction the energy dissipa-
tion rate is quantity controlling many processes including
mixing, chemical reactions, aggregation, breakup, etc. Even
though the volume-averaged value of hei is a very useful
quantity, commonly applied for scaling of stirred vessels, as
discussed in the introduction, the distribution of the local is
very heterogeneous within stirred tanks. This is clearly dem-
onstrated in Figure 8 where the phase-averaged e normalized
by N3D2 is plotted for plane A and C. It can be seen that the
highest values of e are typically located in the vicinity of
impeller while substantially lower values can be found at the
reactor periphery covering a range of more than four-orders
of magnitude. It is worth noting that e distribution in planes
B and D are comparable to that obtained for plane A.

To support validity of the presented results obtained val-
ues of e together with ktot described previously were used to
evaluate Taylor microscale k, in the studied stirred tank (see
Figure S2 online). Since this length-scale is commonly used
as a boundary below which the flow is strongly affected by
the viscosity, to adequately resolve turbulence in the simula-
tions it is important to keep the mesh size comparable to k.
It was found that in the stream generated by the impeller
values of k are in the range of 0.55–1.5 mm, while outside
of the jet values as large as 5 mm have been observed.
These values are comparable with the size of the computa-
tional grid equal to 0.7 mm used in this work which supports
the validity of the presented results.

To quantify the overall amount of the energy introduced
in the system the vessel-averaged energy dissipation rate can
be estimated from the information obtained for individual
planes A-D. It was found that surface averaged values of e
from planes A, B, and D are very comparable while for
plane C higher values of approximately by 50% were
obtained. Taking this variation into account, the vessel-
averaged e was calculated as a volume contribution of the
region around the baffles, assuming circular sector being tan-
gential to the baffles and characterized by e values as eval-
uated for plane C. For the rest of the vessel e values
calculated for plane A, has been used. In this way hei was
equal to 0:034 m2=s3. This value is very close to that deter-
mined from the torque acting on the impeller and shaft sur-
face (Eq. 20) resulting in hei equal to 0:037m2=s3 further
indicating that used mesh size was adequate. To compare the
power consumption in the studied geometry with literature
data obtained for baffles connected to the vessel wall, the
corresponding Power number Po was evaluated. It was found
to be equal to 3.34 which are substantially lower than those
reported for fully baffled system with Po ranging from 4.6 to
5.9.78,79 This can be explained by the weaker overall effect
of the used cylindrical baffles. They do not stop the tangen-
tial fluid motion completely leading to lower energy

Figure 7. Comparison of periodic (top row), turbulent
(middle row), and total (bottom row) kinetic
energy normalized by U2

tip evaluated at radial
position of r=R51:08.

Lines represent data calculated with LES while points

corresponds to the experimental data of Escudi�e and

Lin�e34 (�) and Wu and Patterson29 (!). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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dissipation. In addition, further reason for lower Po could be
application of thicker impeller blades with respect to the
impeller diameter.76

To access the variation of local e as a function of impeller
blade position, contour plots of the phase-resolved energy
dissipation rate eh, normalized by N3D2 evaluated at various
relative positions of the impeller to the acquisition plane is
presented in Figure 9 for plane A, and in Figure 10 for plane
C, respectively. It can be seen that highest values of eh

exceeding 100�N3D2 can be found around the impeller blade
edge and in the wake behind the impeller blade followed by
a decrease of the eh magnitude for larger angles. Moreover,
when the impeller blades are close to the baffles, additional
hot spots with very high eh can be found at the point where
the discharge zone impacts the baffle, with magnitudes com-
parable to those found near the impeller (see Figure 10). The
variation of the normalized maxima of eh as a function of
the angular position is summarized in Figure 11 for all four
acquisition planes A, B, C, and D. The profiles have approx-
imately the same average values of eh

max =N3D2 close to 35,
however, with substantial variation with angular position.
The maximum of eh approximately equal to 130613 � N3D2

was found for angles between 2 to 6� behind the impeller
blade while minima with values ranging from 10 � N3D2 (for
planes A, B and D) to 25 � N3D2 (for plane C) were observed
in the region approximately 50� behind the impeller blades
(see Figure 11). It is worth noting that this difference is due
to presence of baffle in the plane C located closer to the
impeller with a hot spot of higher eh at point of fluid impact.
To further indicate the variation of the eh in Figure S3 are
presented radial profiles of the normalized energy dissipation
rate at the impeller midsection passing through the impeller
disc evaluated for plane A and C. It was found that for
angles when impeller blade is passing the investigated plane
highest values of the normalized energy dissipation rate are
located at the impeller blade edge. With the moving of the
impeller blade in angular direction the investigated plane
maximum values ranging from 4 to 15 have been observed
in the impeller discharge zone (see online for Figure S3).
While the magnitude of these values is in agreement with
those reported by other authors obtained either from experi-

ments or numerical simulations,31,32,34,54,80 due to the
smaller impeller diameter with respect to the tank diameter
the radial positions of maximum values are shifted toward
higher radial r/T compared to those reported by other
authors.

When comparing the absolute values of emax =N3D2 pre-
sented in Figures 9 and 10 with other data in the literature it
was found that calculated values from this study are very
close to those published by Yianneskis group31,51 as well as
measurement of the maximum shear rate cmax , of Wichterle
et al.40 resulting in emax =N3D2 equal to 80 and 100, respec-
tively. On the other hand, lower values of emax =N3D2 about
30 were reported by Derksen and van den Akker.42 This dif-
ference can be attributed to the coarser grid used by Derksen
and van den Akker42 whose mesh spacing at the impeller
blade was about 75 wall units compare to about 15 wall
units applied in this study. When comparing size of the com-
putational grid used in this work with that applied by Yeoh
et al.51 and Micheletti et al.31 we found that our spatial reso-
lution in the impeller discharge zone was about 15 times the
mean Kolmogorov scale while slightly large mesh size in the
order of 30 times the mean Kolmogorov scale was applied
by Yeoh et al.51 and Micheletti et al.31 This also justifies
slightly higher values calculated from our LES.

Trailing vortices

Trailing vortices represent a flow structure which is devel-
oped in the wake of a Rushton impeller blade, and is then
advected by the impeller stream into the bulk of the tank. As
it was shown by several authors33,42,67,71,73 the core of a
trailing vortex is characterized by the high level of turbulent
kinetic energy. This is due to the transfer of the energy
between periodic motion and turbulence which occurs in the
trailing vortex core. To identify whether same can be con-
cluded also for the nonstandard tank geometry used in this
work, position of the center of the trailing vortices was
determined using vorticity magnitude approach described
previously.

Phase-resolved contour plots of the vorticity magnitude
evaluated for four different angles at two planes A and C are
presented in Figure 12. A pair of counter rotating vortices is

Figure 8. Angle-averaged normalized energy dissipation rate e=N3D2 plotted for plane A (left) and C (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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clearly visible where the upper vortex rotates counterclock-
wise while the lower vortex rotates in a clockwise direction.
For plane A, which is located between two baffles, they
move radially without visible deformation. In plane C, when
vortices reach the baffle surface their radial movement is
stopped leading to their rapid elongation and increase of
their respective center separation (see Figure 12). It is inter-
esting to point out that despite their large deformation they
are persistent over a rather large angular distance. Further-
more, when comparing the position of the trailing vortices in
the impeller discharge zone from Figure 12 with e contour
plots presented in Figure 9 and 10 it was found that position
of the maxima of eh closely correlates with the position of
trailing vortices. It is worth noting that the same results were
observed also by other authors when analyzing the flow gen-
erated by the Rushton impeller.

To compare the action of baffles studied in this work to
the baffles connected to the vessel wall in Figure 13 a com-
parison of the location of the trailing vortex axis evaluated
from our LES together with experimental data of Derksen
and van den Akker42 and Escudi�e and Lin�e73 is presented. It
can be seen that in our case the radial expansion of vortices

is suppressed as compared to the experimental data with baf-
fles connected to the wall. The phenomenon observed previ-
ously, when high-vorticity magnitude was found at the baffle
wall is reflected also in the projection of the core of trailing
vortices. For plane C, i.e., passing through the baffles, there
is sudden jump in the location of the vortex center located
on the baffle surface (see also Figure 12).

Scaling of maximum stable aggregate size with emax

According to a fracture-mechanics model developed by
Zaccone et al.26 breakup of fractal aggregates occurs when
energy supplied through the hydrodynamic stress exceeds the
energy required to extend the surface energy of an initial
crack into an aggregate resulting in its breakup. Even though
such a model is capable to predict scaling of aggregate size
as a function of the applied stress, it is not capable to pro-
vide information about the absolute value of the stress
responsible for aggregate breakup. It is, therefore, the goal
of this work to complete this picture and combine the found-
ing of Zaccone et al.26 with maximum stress analysis present
in a stirred tank.

Figure 9. Angle-resolved, event-averaged normalized energy dissipation rate hehi=N3D2 plotted at various angles
with respect to impeller blade.

Presented results correspond to plane A. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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To relate the observed values of emax to our previous
breakage data measured in a stirred tank by Soos et al.18 in
Figure 14 we present the scaling of the maximum stable
mean radius of gyration of formed fragments plotted as a
function of the maximum hydrodynamic stress
smax 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lqemax
p� �

evaluated from emax, which is shown in
Figure 11. In the same figure the maximum stable aggregate
sizes measured after breakage experiments in a contracting
nozzle are also presented.8 They are plotted as a function of
the maximum hydrodynamic stress that occurs in the nozzle8

(see Figure 14). It is worth noting that since the same initial
aggregates were used in both breakage experiment and no
restructuring was present resulting in the same df equal to
2.7 according to the fracture model of Zaccone et al.26 both
data sets should follow the same scaling. As can be seen
both data sets do not follow only the same scaling but also
fall on top of each other indicating that the maximum hydro-
dynamic stress responsible for the breakup is independent
whether the flow was laminar or turbulent. Furthermore, the
size of Kolmogorov microscale evaluated using emax from

Figure 10. Angle-resolved, event-averaged normalized energy dissipation rate hehi=N3D2 plotted at various angles
with respect to impeller blade.

Presented results correspond to plane C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Comparison of the angular variation of the
normalized maximal dissipation rate
hehimax=N

3D2 evaluated for four different
planes: plane A (short-dash line), plane B
(dash line), plane C (solid line), plane D
(dash-dot line).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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our LES data, and the size of formed fragments are very
comparable indicating that breakup of aggregates even under
such high values of emax occurs within Kolmogorov eddies.

The used aggregates are very fragile and break instantane-
ously, i.e., on the shortest time scale of the flow, when they
are exposed to the high values of the hydrodynamic stress. A
simple test to probe for the aforementioned high values of e
could be to measure the time needed for the system to reach
maximum steady state size during a breakage experiment.
To estimate this time from our LES data we evaluate the
flow rate of the liquid passing through the area with emax,
corresponding to 130 � N3D2. Since the axial components of
the velocity are substantially smaller compared to the radial
and tangential parts, they were omitted from the calculation.
Furthermore, only fluctuating part of the local velocity, cal-

culated by subtracting mean velocity from the instantaneous
one at every time point, was considered in the calculation. In
this case statistical averaging over a number of realizations
was performed. Such velocity component, i.e., radial or tan-
gential, was multiplied by a projected area of emax in radial
and tangential direction resulting in a flow rate of the fluid
passing through the zone of emax. Since it is assumed that
aggregates break instantaneously when exposed to high val-
ues of the hydrodynamic stress, the corresponding time
needed to reduce the size of all aggregates present in the
stirred tank would be equal to the time needed to pump the
whole vessel content through the zones with emax. It was
found that this time is equal to approximately 60 min for
conditions used in this study, i.e., stirring speed of 200 rpm.
This time is in good agreement with time measured by

Figure 12. Comparison of phase-averaged vorticity magnitude hnhi for plane A and C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Kusters et al.,81,82 who report approximately 40 min required
to break all aggregates in a stirred tank. This is a further
confirmation that the extreme and not the average values of
e are relevant when considering processing suspension of
containing dispersed particles. Similar conclusions were
reported by other authors83,84 when studying droplet breakup
and found that the maximum stable droplet size scales with
the maximum energy dissipation rate present in the system.

Conclusions

In this study large eddy simulations (LES) were used to
model the flow field in a stirred tank equipped with the Rus-
ton turbine (RT) and four cylindrical baffles not connected

to the wall. It was found that the used baffles have a signifi-
cant effect on the radial velocity profile and on the expan-
sion of the trailing vortex structure, while the flow field in
the impeller vicinity is very comparable to that of standard
setups with RT and rectangular baffles connected to the
wall. Due to the larger blade thickness combined with the
more central location of the baffles, the periodic part of the
kinetic energy was found to be substantially lower than that
measured in stirred tanks equipped with a standard RT
impeller. On the contrary, no significant effect on the turbu-
lent kinetic energy was found. Phase-resolved energy dissi-
pation rates e indicate its large variation with highest values
located at the impeller blade edges and in the wake behind
the impeller, with maximum values reaching magnitudes of
130613 � N3D2. When aggregate size is plotted against peak
values of the corresponding maximum hydrodynamic stress
smax 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lqemax
p� �

, located approximately 2 to 6� behind the
impeller blades, the maximum stable aggregate sizes meas-
ured in the stirred tank closely correlate with comparable
breakage data obtained under laminar conditions. This indi-
cates that the same mechanism was involved in the aggre-
gate breakup independent whether the flow was laminar or
turbulent. Furthermore, obtained results indicate that once
the proper scaling of the maximum stable aggregate sizes
versus the maximum hydrodynamic stress is known this
allows us to predict the breakup behavior of the same aggre-
gates in the other vessel geometries— independent whether
it is operating under laminar or turbulent conditions.
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Notation

A = surface of impeller and shaft, m2

A = projected surface area, pixel2

Cs = Smagorinsky constant

Figure 14. Scaling of the maximum stable aggregate
size measured at the end of breakage
experiment using contracting nozzle and
stirred tank plotted as a function of the
maximum hydrodynamic stress present in
the system.

Values of smax for contracting nozzle were taken from

Soos et al.8 while those used to plot stirred-tank data

were evaluated from LES presented in this work. Line

represents the theoretical scaling calculated from a

fracture-mechanics model developed by Zaccone et

al.26 using a fractal dimension df equal to 2.7 extracted

from image analysis of formed clusters (see Figure 2).

Figure 13. Comparison of the location of axis of the upper (left) and the lower (right) trailing vortex.

Plane A (w), plane B (�), plane C (1), plane D (3). Experimental data of Escudi�e and Lin�e73 (—) and Derksen and Van den

Akker42 (2 2) measured for rectangular baffles attached to the vessel wall are plotted for comparison. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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d = distance to the closest wall, m
df = mass fractal dimension

dpf = perimeter fractal dimension
dh = interpolation mesh size, m
D = impeller diameter, m
kp = periodic kinetic energy, m2/s2

kT = turbulent kinetic energy, m2/s2

ktot = total kinetic energy, m2/s2

hkp
i i = phase-average kinetic energy for any blade position, m2/s2

kh
i = phase-resolved kinetic energy

Ls = mixing length for subgrid scales, m
N = impeller rotation speed, s21

P = aggregate perimeter, pixel
p = blade position

Po = impeller power number 5 heiV=N3D5
� �

, (-)
r = radial position, m
r = position vector, m
R = impeller radius, m

Sij = rate-of-strain tensor, s21

Sij = rate-of-strain tensor for the resolved scale, s21

T = tank diameter, m
Tij = compressible subgrid stress tensor, Pa
tb = impeller blade thickness, m
ui = filtered or solved instantaneous velocity (LES), m/s
ui = instantaneous velocity, m/s
~ui = periodic velocity, m/s

u0i = fluctuating velocity, m/s
hup

i i = phase-averaged velocity for any blade position, m/s
Ui = i-th component of mean velocity, m/s

Utip = tip velocity, m/s
Vi = volume of a computational cell, m3

(r,t,ax) = radial, tangential and axial
(x,y,z) = Cartesian coordinate system

Greek Letters
c = shear rate, s21

e = dissipation rate of turbulent kinetic energy, m2/s3

hei = vessel-averaged energy dissipation rate, m2/s3

hepi = phase-average dissipation rate for any blade position, m2/s3

eh = phase-resolved energy dissipation rate, m2/s3

eSGS = subgrid-scale dissipation rate (LES), m2/s3

h = phase angle from any impeller blade, degree
j = von Karman constant
k = Taylor microscale, m
l = dynamic viscosity, Pa.s
lt = turbulent viscosity, Pa.s
n = dimensionless vorticity magnitude

hnpi = phase-average vorticity magnitude for any blade position
q = liquid density, kg/m3

rij = molecular viscosity stress tensor (LES), Pa
s = stress tensor, Pa

smax = maximum hydrodynamic stress, Pa
sij = subgrid turbulent stress tensor (LES), Pa
skk = isotropic subgrid-scale stress tensor, Pa
/ = density-weighted (or Favre) filtering operator
x = vorticity magnitude normal to plane, s21

X = angular velocity vector, rps
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