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ABSTRACT

Lagrangian particle tracking and Direct Numerical Simulation of turbulence are used to highlight an intermittent

phenomenon which is relevant for particle resuspension dynamics in an unbaffled tank reactor stirred by an eight

blade paddle impeller. This phenomenon is associated with the Ekman pumping effect and its frequency scales in

terms of the impeller rotation speed. We examine the dispersion of three swarms of heavy particles of different

diameter demonstrating qualitative and quantitative features of the resuspension phenomenon.
© 2009 Published by Elsevier B.V. on behalf of The Institution of Chemical Engineers.
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1. Introduction

The dispersion process within a stirred vessel is extremely
complex since it involves structures characterized by differ-
ent length and time scales: (i) large scales, associated with
impeller rotation and non-periodic fluctuations with episodic,
bursting events often identified as macro-instabilities; (ii)
small scales associated with turbulence. Flow motions charac-
terized by these different scales contribute to energy transfer,
dissipation and also to mixing of species and to dispersion of
suspended particles. Understanding the mixing process inside
a tank is of key importance for the optimization of processes,
vessel design and product quality in a wide variety of indus-
trial applications.

Specifically, unbaffled tanks are widely used in food and
powder industry processes, since they provide higher mixing
times necessary for the particles to be efficiently entrained
and dispersed in the liquid medium. The presence of baffles
would suppress the development of the vortex at the impeller
shaft, thus preventing particles from sinking and floating in
the liquid, as described in Glover and Fitzpatrick (2007).

Many investigations based on both experiments and
numerical simulations have been performed to identify the
mechanisms promoting the generation of the large-scale

structures and to capture the particle interaction with large
and small scales in baffled vessels. Ducci and Yianneskis (2007)
employed a vortex tracking methodology to accurately inves-
tigate by means of PIV and LDA techniques, the precession of
macro-instability (MI) vortices in stirred vessels. They demon-
strated that the knowledge of the MI vortex path may reduce
considerably the mixing time. Galletti et al. (2005) focused
their analysis on the different types of instabilities that are
present in most stirred tanks: precessional (MI) and impeller
stream flow instabilities. They calculated the energy of such
instabilities and showed that understanding their magnitude
and frequency would provide methodologies for the design of
more efficient operations. Nikiforaki et al. (2003) studied dif-
ferent vessel configurations by means of LDA and found that
MI frequencies, related to the rotational speed velocity (N),
are in the range of 0.015-0.02N (Hz) for high-Reynolds num-
bers and in the range of 0.04-0.15N for low Re. Comparisons
between numerical simulations (Large Eddy Simulation, LES)
and experiments have been performed by, e.g. Hartmann et al.
(2004) and Roussinova et al. (2003) who calculated frequency
and nature of the macro-instabilities.

In a previous work (Sbrizzai et al., 2006), we examined by
means of Direct Numerical Simulation (DNS) the turbulent
flow field in a flat-bottom unbaffled stirred tank equipped
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Fig. 1 - (Center) Vessel geometry, dimensions are made dimensionless using the impeller radius L, =1.25cm: L} = 1,

L; =0.8,L; =0.32, L} =4, L} =4 and L}; = 8; (left) computational grid used for flow field simulation (97 x 102 x 192 nodes in
the azimuthal, radial and axial direction, respectively); (right) computational grid obtained by doubling the number of nodes
in each direction (193 x 203 x 383 nodes in the azimuthal, radial and axial direction, respectively).

with an eight-blade paddle impeller. Lagrangian tracking of
different size solid particles was exploited to analyze parti-
cle distribution in the vessel and identify high/low-dispersion
regions.

Since in that work the simulation covered just three
impeller revolutions, it was possible to show only the potential
of the simulation. An advantage of the simulation was that we
could examine the local particle distribution and we were able
to show the scales of the local segregation patterns for parti-
cles of different size. Unfortunately, due to the brevity of the
simulations, we could not investigate the long-term phenom-
ena. This limit is overcome in the present work by extending
the simulation time up to 21 impeller revolutions to establish
some of the fundamental flow features of an unbaffled mixing
tank.

During the entire simulation time, we tracked large swarms
of particles characterized by different inertia. Inertial parti-
cles filter higher frequency turbulence motions, but respond
quickly to large-scale motions. Thus, albeit low-fidelity for
higher frequency, particles are natural tracers and by exam-
ining their motion it was possible to identify the presence of
an intermittent vortex which wraps around the shaft in heli-
cal motion from the bottom of the tank to the impeller blades.
This large-scale vortex finds its origin in the Ekman pumping
effect and can be considered the main responsible for particle
re-suspension in the vessel. Our findings have shown that the
Ekman pumping can be associated to a precessional vortex
type of macro-instability, but due to the absence of baffles a
different effect on the flow is expected.

The objectives of this paper are (i) to characterize quali-
tatively the intermittent large-scale vortex and quantify its
contribution to the re-suspension/dispersion of inertial par-
ticles, (ii) compare our findings with the results obtained in
baffled tanks and (iii) to achieve a better insight on particle
behavior by extending the simulation up to 21 revolutions.

We use the finite-difference second-order accurate code
described in Verzicco et al. (2004) to solve the Navier-Stokes
equations and the immersed-boundary approach (Fadlun et
al., 2000) to model the impeller rotation. Dispersion of 30, 50
and 100 um particles is simulated by means of Lagrangian
tracking with a particle to fluid density ratio of 5.

2. Methodology
2.1. Fluid flow

The Navier-Stokes equations are solved in a cylindrical ref-
erence frame for the reactor geometry shown at the center
of Fig. 1. Dimensions of vessel/impeller are made dimension-
less using the impeller radius Ly=1.25cm: L} =1, L} =0.8,
Ly =032, Lf =4, L} =4 and Lj; =8. The impeller rotation
velocity N is equal to 100rpm or $2=10.47 rad/s. Reference
time-scale and velocity are the rotation time, 1/£2, and the
blade tip velocity, Ur = £2L;. The working fluid is water, with
density p=103kg/m3 and kinematic viscosity v=10"%m?/s.
The Reynolds number, based on the impeller blade and blade
tip velocity, Re = £2L2/v, is 1636. The imposed boundary con-
ditions are (i) no-slip at impeller blades and at external
walls (enforced using the immersed boundary method) and
(ii) free-slip at the top surface to mimic the presence of
a flat free surface between water and upper air. As esti-
mated in Serra et al. (2001) and Verzicco et al. (2004), the
free surface deformation is small and should not influence
the overall (and local) evolution of the flow field justifying
the assumption of a flat, stress-free upper boundary condi-
tion.

We started from the last flow field obtained in Sbrizzai
et al. (2006) and we advanced the simulation in time up to
21 impeller revolutions. This was done with a grid resolu-
tion of 97 x 102 x 192 grid points in the azimuthal, radial and
axial direction, respectively. A benchmark grid obtained by
doubling the number of grid nodes in each direction, total-
ing 193 x 203 x 383 points in the azimuthal, radial and axial
direction respectively has been used to assess the accuracy of
the method (not discussed here). The turbulent kinetic energy
and the energy dissipation rate have been used as param-
eters to compare the two grids. Since no evident difference
has been found either in the impeller region or at the bottom
of the tank between the two configurations, the coarse grid
has been chosen for the whole simulation without applying
further refinement, but in the regions where higher velocity
gradients are expected (see the left and right sides of Fig. 1).
Specifically, refinements are made in the blade region and
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close to the shaft (see Sbrizzai et al., 2006 for a more detailed
description).

As in Sbrizzai et al. (2006) we estimated the Kolmogorov
length and time scales assuming that the relevant scales at
which energy is introduced in the flow are the blade radius,
Ly and the blade tip velocity, 2L, (Derksen, 2003) obtaining
n=Re 3%L,=485um and r=1/2Re %°>=2.35x10"3s. These
values have been used to assess the choice of space and time
resolution by comparison with the minimum values of grid
spacing: La A9=259 pm, Ar=144pm and Az=169 pm which
correspond to 5, 3 and 3.5 times the estimated Kolmogorov
spatial scale, respectively. The time step used to advance the
flow field calculation is At=1.25 x 10~*s, i.e. about 1/18 of the
Kolmogorov time scale. This time constraint was imposed by

particle simulation. We started our calculation from a devel-
oped turbulent flow in correspondence to the third impeller
revolution, i.e. the last flow field obtained in our previous work.
Lagrangian tracking was performed for a time window cor-
responding to 18 impeller revolutions, starting from particle
position and velocity reached at the end of the 3rd impeller
revolution in our previous work, thus having a full investiga-
tion on particle behavior on 21 revolutions.
2.2. Lagrangian tracking
The methodology used for particle tracking is based on the
same modeling and interpolation procedures used in a num-
ber of our previous works (Sbrizzai et al., 2006; Marchioli et
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Fig. 2 - Instantaneous flow field of radial and axial velocity components on a vertical plane taken mid-way between two
impeller blades after 3 (a), 9 (b), 15 (c) and 21 (d) impeller revolutions (one grid point every four is considered for
visualization); (e) isocontours of turbulent energy dissipation on a meridional plane between two impeller blades.
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al., 2007 among others). We report here the details and the
assumptions for particle modeling, useful for the discussion
on the results.

We simulate the dispersion of three swarms comprising
0(10%) solid particles of different diameter 30, 50 and 100 pm,
with a density ratio with the fluid of pp/p=5. Particle density
has been chosen quite high to stress the effect of inertia on
particle behavior rather then to match a particular industrial
application. According to many previous works (Biferale et al.,
2005), since particles are small we chose the relevant flow time
scale equal to the Kolmogorov time scale 7. The Stokes num-
ber, Sty = p/7, defined as the ratio between particle response
time and a relevant flow time scale is in the range of [10~! to
100].

The assumptions for particle modeling are: (i) all parti-
cles are point-wise, non-interacting, non-deformable solid
spheres; (ii) particle density is large compared to fluid den-
sity; (iii) the effect of the particles on the flow is neglected; (iv)
the particles do not collide with the impeller blades. Including
other forces (lift, added mass, Basset force, etc.) and further
complicative effects as collisions or two-way coupling might
influence only the quantitative figures of particle dynamics
and can be estimated of scarce importance for the objectives
of this work (Picciotto et al., 2004). In accordance with these
assumptions we calculate the trajectory of each particle by
integrating explicitly over time the equation of motion which
reduces to a balance of Stokes drag, gravity forces and par-
ticle inertia. The time resolution of the flow field was chosen
equal to one half of the characteristic time scale of the smallest
particle.

3. Results and discussion

The objectives of this section are: (i) to outline the main
flow characteristics (ii) to comment on particle resuspension
dynamics.

InFig. 2 from (a) to (d), the instantaneous flow fields in a ver-
tical section of the reactor taken midway between two impeller
blades are shown. Vectors represent radial and axial velocity
components in the plane. The flow fields shown in Fig. 2 are
taken after 3, 9, 15 and 21 impeller revolutions, respectively.
A characteristic flow pattern is clearly visible with a discharge
jet issued radially from the impeller blade tip that splits in
correspondence to the external wall, into two axial streams,
upward and downward, respectively. These streams give rise
to two main circulations having the shape of an upper and a
lower toroidal vortex, respectively. Comparing Fig. 2 from (a)
to (d) we may notice that the length of the discharge jet is
oscillating in the radial direction during our simulation. After
three impeller revolutions it is confined within 2L, and low
both radial and axial velocity components are observed at the
wall. Atintermediate times (Fig. 2(b) and (c)) high velocities are
found in correspondence to the jet impingement at the wall.
After 21 impeller revolutions, i.e. at the end of the simulation,
the jet returns to be confined within 2L, thus, closing a cycle.
This behaviour is consistent with the results of Roussinova
et al. (2004) who observed a low frequency, high-amplitude
variation of the axial velocity in correspondence to both the
impeller stream and the wall due to the presence of what
they call a “circulation pattern” macro-instability. The radial
jet extension is associated with a shift of the core of the two
toroidal vortices toward the jet. The resultant position is in
good agreement with that obtained in Dong et al. (1994) in
their experiments with the circulation centers that lie at r/Lr

equal to 0.75 and half way between the impeller and the lig-
uid surface for the upper loop and about one quarter from the
impeller for the lower loop. This confirms that a time longer
than three impeller revolutions is required to visualize long-
term phenomena, such as the discharge jet velocity variations,
thus supporting our choice to extend the simulation and to
produce this study.

3.1. Ekman pumping

After examining pictures and rendering of particle dynamics
to explore their segregation patterns, we observed the pres-
ence of an intermittent precessional vortex that wraps around
the shaft in rotating motion, from the bottom of the tank to
the impeller blades. This is visible in Fig. 3(a). Instantaneous
vorticity isocontours are used to identify the helical structure.
Only a small cylinder below the impeller blades is considered
for visualization. This large-scale structure finds its origin in
the effect known as “Ekman pumping” which is caused by
a convergence of fluid in the Ekman layer, i.e. the boundary
layer in correspondence to the interface between a rotating
flow and a solid boundary at which no-slip condition is applied
and where viscous forces are of significant importance. This
type of layer corresponds, in the present study, to the region
at the bottom of the tank in the vicinity of the shaft. Here
high values of energy dissipation rate ¢ are found, as visi-
ble in Fig. 2(e) where isocontours of ¢ for a meridional plane
taken 22.5° behind the impeller blade, i.e. mid-way between
two blades are shown (values are made dimensionless using
&* = ¢/23L2)). The fluid, brought in a counter clock-wise cir-
culation by the impeller rotating motion, is brought to a stop
against the flat no-slip bottom of the vessel.

The thickness of the Ekman layer can be expressed as:
8=(v/£2)Y2 =309 um, and it is characterized by the dimension-
less parameter known as Ekman number Ey. This is similar to
the inverse of the Reynolds number and represents essentially
the ratio of viscous to Coriolis forces, defined as Ey = v/2L2,
where v is fluid kinematic viscosity, 2 the impeller rotation
velocity and L; the blade length taken as dimensional refer-
ence. If we consider the outer region, i.e. if we neglect the
Ekman boundary layer, the Ekman number is smaller than
unity (6.11 x 10~4) indicating that the Coriolis forces dominate
the fluid motion by balancing the radial pressure gradient cre-
ated by the impeller jet and viscous forces are of negligible
importance. In other words, the main motion is dominated by
rotational rather than by frictional processes.

To get further insight into the role of these forces in the
spin-up motion, we evaluated the time-scales involved in the
process. A spin-up dominated by viscous forces will occur over
a viscous time scale which is approximately: t, = L2 /v where
Ly is the tank height and v the kinematic viscosity of the fluid.
A spin-up dominated by rotational forces will be similarly
characterized by the Ekman time tg, , defined as tg, = 1/(E}/>52))
(Lim et al., 1993) where Ey is the Ekman number previously
calculated. The value of the Ekman time is tg, = 3.86, whereas
the viscous time ty is 10%. In this case, the fluid will take a
time O(10°) larger to spin-up if there were only viscous forces
acting on it. It is straightforward to notice that Ekman mech-
anism dominates the spin-up of the fluid and enhances mass
transport.

If we consider the Ekman vortex as a precessional vortex
type of MJ, itis well known from the literature (Nikiforaki et al.,
2003; Galletti et al., 2005 among others) that one of the main
effects of the macro-instabilities arisingin a tank is to broaden
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Upper Edge of the
Spiralling Ekman Vortex
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Fig. 3 - (a) Instantaneous vorticity isocontours after about
six impeller revolutions. A cylinder of radius 2 .L, taken
below the impeller blades is considered for visualization
and Reynolds stresses calculated at Z=0.07L; and R=0.4L,
in the r-6 direction (b) and (c) the r-z direction.

the turbulence level and enhance the level of mixing between
the different species. In a turbulent flow field, as in the present
case, the Reynolds stresses take place of the viscous stresses in
the Ekman boundary layer, so that a change in the parameters
and an effect on the flow is expected.

To this aim we calculated the time-record of the Reynolds
stresses components in the r-9 and r-z directions. As shown
in Fig. 3(b), a peak is reached in the r-¢ direction every 5.8
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Fig. 4 - (a) Time-record of discharge angle of the impeller
stream calculated as the ratio of the mean axial velocity
component to the mean radial velocity component. Only
five impeller revolutions are considered for visualization.
(b) Power spectral density of the time record of the impeller
jet discharge angle.

impeller revolutions. The peaks are slightly shifted in time in
the r-z direction, as visible in Fig. 3(c), since the vortex move-
ment is mainly tangential at a first stage and acquires an axial
component, due to convection, as time proceeds giving rise to
the slight lag. The increase in the Reynolds stresses is respon-
sible for an apparent increase in the effective viscosity of the
fundamental flow. This produces an increase in the Ekman
number, and consequently a reduction in the Ekman time.
In light of this, when the Ekman pumping becomes effective
the transport of mass to the impeller blades becomes faster
and the spin-up of the fluid is enhanced, giving rise to the
helical motion previously described. From the results of our
numerical simulation, we observed that the Ekman pump-
ing is characterized by a specific dimensionless frequency
(f' = 60f/N = 0.162, where N is the impeller speed expressed
in rpm).

When the circulation flow in the lower part of the vessel
becomes more energetic a change in the discharge angle of
the impeller stream is observed. The angle has been evalu-
ated as the ratio of the spatially averaged axial velocity to the
spatially averaged radial velocity calculated over an area in
correspondence to one of the blade tip (Fan et al., 2004). The
time record is shown in Fig. 4(a). To further investigate the
records of the discharge angle, the power spectral density has
been calculated considering the entire simulation time-span,
as visible in Fig. 4(b). We can notice the presence of two high
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(b)

(d

Fig. 5 - Snapshots of instantaneous particle position considering the entire vessel and a horizontal thin slice taken in
correspondence to the mid-plane of the tank, for 100 um particles. The instants at 3 (a and d), 6.5 (b and e) and 7.3 (c and f)

impeller revolutions are considered for visualization.

peaks, one in correspondence to the blade passage (~1.66 Hz)
and one in correspondence to 0.27 Hz. This latter corresponds
to a low-frequency fluctuation of the signal referred to as the
macro-instability frequency. This frequency can be associated,
in the present study, to the Ekman pumping effect, giving the
aforementioned dimensionless value of f’ = 0.162. This value
differs slightly from the results obtained by Nikiforaki et al.
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(2003) who found a frequency range of 0.04 < f’ < 0.15. The
reasons for this discrepancy may be: (i) the different geom-
etry employed in that study, a baffled tank, with respect to
the unbaffled tank of the present work and (ii) the differ-
ent Reynolds number which is lower in our case. This results
might be a confirmation on the similarities between the MI
and the Ekman pumping effect and might be useful for a better
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Fig. 6 - Number of suspended particles in the vessel varying with time for 100 pm (a), 50 pm (b) and 30 pm (c) particles.
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understanding on the physics underlying the two configura-
tions, but further investigations are still necessary.

This pumping effect is more evident if we observe the
behavior of particles dispersed in the fluid. We started our cal-
culation from the particle position and velocity obtained at the
end of the third impeller revolution considering two swarms
of 2 x 10* particles for each diameter (30, 50 and 100 um),
distributed at random in the vessel. To get insights on the
influence of the injection point on the dispersion and set-
tling process, half of the particles have been released above
the impeller plane (z=Ly/2) and half in the lower part of the
tank. Red particles are those released in the upper half of the
vessel, blue particles those released in the lower half. Observ-
ing a full time-dependent animation of the motion of particle
swarms is very instructive on the physics of the phenom-
ena. In Fig. 5, we show some motion-capture snapshots of
the dynamics of particles for the 100 pm swarm. Due to their
stronger gravitational settling, larger particles collect faster at
the bottom of the tank, where, due to the concentric sweeping
effect of the Ekman layer, particles are accumulated around
the shaft. When the spiralling vortex bursts out of the Ekman
layer, many particles are swept upwards. This phenomenon
occurs for all particles, but is more evident in our simulation
relative to 100 pm particles. We choose three instants of the
simulation which can tell the story of particle re-suspension.
A perspective view of the whole tank and a top-view consider-
ing a thin slice in correspondence to the impeller blades after
3 (aand d), 6.5 (b and e) and 7.3 (c and f) impeller revolutions
are shown in Fig. 5. At the beginning particles show no prefer-
ential distribution. Perhaps, a slightly visible spiralling pattern
is observable at the bottom of the tank (Fig. 5(a)). The action
of the spiralling vortex is clearly visible after 6.5 revolutions.
Particles have been entrained and clearly mark the upper edge
of the vortex. The upper tip of the vortex has approached the
blade height and is about to intersect with the radial jet (see
also Fig. 2). After almost seven revolutions, all the particles
entrained by the vortex have been dispersed by the action of
the impeller blades. A rather, macroscopically homogeneous
particle distribution is obtained. Locally, preferential parti-
cle patterns are visible: these are still under the influence of
some coherent portions of the vortex which was destroyed by
the blades radial jet. During the course of our simulation the
spiralling vortex occurred trice together with intense particle
re-suspension.

In Fig. 6, we show the evolution of the number of sus-
pended particles over time (measured in impeller revolutions).
A particle is considered suspended when its distance from the
bottom wall is greater than twice the particle diameter. Larger
100 wm particles (Fig. 6(a)) show a sharp gradient in correspon-
dence to second half of the fifth revolution and a minor one
in correspondence to almost half of the 11th. It is possible
to observe that after the 12th revolution the number of sus-
pended particles is continuously decreasing. This is due to the
fact that all the particles are collecting in the viscous layer at
the bottom of the tank due to both gravity and their inertia
and therefore the fluid is not longer able to suspend them into
the fluid. The effect of the spiralling vortex is more moder-
ate for the medium size, 50 pm particles (Fig. 6(b)) at an initial
stage, but it becomes more effective as time proceeds and a
larger number of particles enters the Ekman layer due to grav-
itational effects. A peak in correspondence to half of the 17th
revolution is, indeed, visible, thus confirming the frequency of
the vortex previously found. Re-suspension mechanisms due
to Ekman pumping spiralling vortex are slightly noticeable for

the smaller 30 pm particles (Fig. 6(c)) which exhibit only a wavy
behaviour throughout the simulation. This result confirms the
importance the Ekman vortex has, in particle to fluid mixing
and particle re-suspension in the tank expecially for particles
entrained in the Ekman layer.

4, Conclusions

In this work we investigated the dispersion of small solid parti-
clesin a stirred tank using a DNS code to solve the flow balance
equations down to the smallest scales (i.e. the Kolmogorov
scales) and a Lagrangian approach to simulate the behavior of
three swarms of 30, 50 and 100 pm particles dispersed in the
vessel. We started our calculation from the developed turbu-
lent flow field and particle position and velocity obtained at
the end of the previous work (Sbrizzai et al., 2006) extending
the simulation up to 21 impeller revolutions.

The velocity field shows a characteristic flow pattern
with the presence of an intermittent Ekman pumping which
appears twice during the simulation. The impeller discharge
angle and the Reynolds stress components have been used
to calculate the frequency of the spiralling vortex obtaining a
value of f' = 0.162.

A time-dependent animation of the motion of the particles
dispersed in the vessel has put into evidence that parti-
cles tend to accumulate at the bottom of the tank due to
gravitational effects, depending on their inertia, and to be
driven close to the shaft by a concentric sweeping flow. This
phenomenon continues until the Ekman pumping becomes
effective and a large spiralling vortex entrains and drives par-
ticles into a long filament to the impeller blades. Here, the
radial jet issued from the impeller is responsible for particle
re-dispersion in the vessel. The spiralling vortex is associated
with a strong particle re-suspension. This phenomenon, more
evident for larger 100 wm particles, occurs for all swarms after
about 6, 11 and 17 impeller revolutions.
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