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Abstract. Lagrangian particle tracking and Direct Numeri&nulation of turbulence are used to

highlight an intermittent phenomenon which is relet for particle resuspension dynamics in an
unbaffled tank reactor stirred by an eight bladédba impeller. This phenomenon is associated with
the Ekman pumping effect and its frequency scaheseims of the impeller rotation speed. We
examine the dispersion of three swarms of heavyices of different diameter demonstrating

qualitative and quantitative features of the resasn phenomenon.
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1. INTRODUCTION

The dispersion process within a stirred vessel xemely complex since it involves
structures characterized by different length antetscales: (i) large scales, associated with
impeller rotation and non-periodic fluctuations hwépisodic, bursting events often identified
as macro-instabilities; (i) small scales assodateith turbulence. Flow motions
characterized by these different scales contrilbaitenergy transfer, dissipation and also to
mixing of species and to dispersion of suspendetcfes. Understanding the mixing process
inside a tank is of key importance for the optintizma of processes, vessel design and product
quality in a wide variety of industrial applicat®n

Specifically, unbaffled tanks are widely used indand powder industry processes, since
they provide higher mixing times necessary for plaeticles to be efficiently entrained and
dispersed in the liquid medium. The presence ofidsafvould suppress the development of
the vortex at the impeller shaft, thus preventigtiples from sinking and floating in the
liquid, as described in [1].

Many investigations based on both experiments amdenical simulations have been
performed to identify the mechanisms promoting geaeration of the large-scale structures
and to capture the particle interaction with laagel small scales in baffled vessels. Ducci and
Yianneskis, (2007) employed a vortex tracking mdtiogy to accurately investigate by
means of PIV and LDA techniques, the precessianaifro-instability (M) vortices in stirred
vessels. They demonstrated that the knowledge ef NH vortex path may reduce
considerably the mixing time. Galletti et al., (B)Gocused their analysis on the different
types of instabilities that are present in mostresdi tanks: precessional (MI) and impeller
stream flow instabilities. They calculated the @yeof such instabilities and showed that
understand their magnitude and frequency would igeowmethodologies for the design of
more efficient operations. Nikiforaki et al., (2QC8udied different vessel configurations by
means of LDA and found that Ml frequencies, reldtethe rotational speed velocity (N), are
in the range of 0.015-0.02N (Hz) for high Reynahdgnbers and in the range of 0.04-0.15 for
low Re. Comparisons between numerical simulatictesge Eddy Simulation - LES) and
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experiments have been performed by e.g. Hartmared.,e{2004) and Roussinova et al.,
(2003) who calculated frequency and nature of therptinstabilities.

In a previous work [7], we examined by means oebDilNumerical Simulation (DNS) the
turbulent flow field in a flat-bottom unbaffled std tank equipped with an eight blade
paddle impeller. Lagrangian tracking of differerstessolid particles was exploited to analyze
particle distribution in the vessel and identifglMlow dispersion regions.

Since in that work the simulation covered jtheee impeller revolutions, it was possible
to show only the potential of the simulation. Anvadtage of the simulation was that we
could examine the local particle distribution ane were able to show the scales of the local
segregation patterns for particles of differenesi@nfortunately, due to the brevity of the
simulations, we could not investigate the long t@menomena. This limit is overcome in the
present work by extending the simulation time uptwenty-oneimpeller revolutions to
establish some of the fundamental flow featuresnofinbaffled mixing tank.

During the entire simulation time, we tracked lasyearms of particles characterized by
different inertia. Inertial particles filter highdrequency turbulence motions, but respond
quickly to large scale motions. Thus, albeit lodedity for higher frequency, particles are
natural tracers and by examining their motion isvpassible to identify the presence of an
intermittent vortex which wraps around the shaftelical motion from the bottom of the
tank to the impeller blades. This large-scale vofteds its origin in the Ekman pumping
effect and can be considered the main responsibledrticle re-suspension in the vessel. Our
findings have shown that the Ekman pumping cansBe@ated to a precessional vortex type
of macro-instability, but due to the absence offleafa different effect on the flow is
expected.

The objectives of this paper are (i) to characeeqgmalitatively the intermittent large-scale
vortex and quantify its contribution to the re-seisgion/dispersion of inertial particles, (ii)
compare our findings with the results obtained afflbd tanks and (iii) to achieve a better
insight on particle behavior by extending the s@atioh up to twenty-one revolutions.

We use the finite-difference second-order accucatde described in [8] to solve the
Navier-Stokes equations and the immersed-boundppyoach [9] to model the impeller
rotation. Dispersion of 30, 50 and 1@th particles is simulated by means of Lagrangian
tracking with a particle to fluid density ratio Bf

2. METHODOLOGY

2.1 Fluid Flow

The Navier-Stokes equations are solved in a cytatrreference frame for the reactor
geometry shown at the center of Figure 1. Dimerssiof vessel/impeller are made
dimensionless using the impeller radiussL1.25 cm: |k =1, Ls' = 0.8, La° = 0.32, I = 4,
L, =4 and I’ = 8. The impeller rotation velocityis equal to 100 rpm. Reference time-
scale and velocity are the rotation timeWland the blade tip velocity, {U= WL,. The
working fluid is water, with density = 10° kg/m® and kinematic viscositg = 10° m?/s. The
Reynolds number, based on the impeller blade aadehiip velocity, Re 3V L,%/n, is 1636.
The imposed boundary conditions are (i) no-slipnapeller blades and at external walls
(enforced using the immersed boundary method) @nfilele-slip at the top surface to mimic
the presence of a flat free surface between waigugper air. As estimated in [10] and [8],
the free surface deformation is small and shoultl inbuence the overall (and local)
evolution of the flow field justifying the assumgti of a flat, stress-free upper boundary
condition.

We started from the last flow field obtained in f#jd we advanced the simulation in time
up to fifteen impeller revolutions. This was donigéwa grid resolution of 97 x 102 x 192 grid



points in the azimuthal, radial and axial directrespectively. A benchmark grid obtained by
doubling the number of grid nodes in each directtotaling 193 x 203 x 383 points in the
azimuthal, radial and axial direction respectiviefs been used to assess the accuracy of the
method (not discussed here). The turbulent kirestergy and the energy dissipation rate have
been used as parameters to compare the two gmi® 8o evident difference has been found
either in the impeller region or at the bottom o tank between the two configurations, the
coarse grid has been chosen for the whole simulatithout applying further refinement, but

in the regions where higher velocity gradients expected (see the left and right sides of
Figure 1). Specifically, refinements are made mlkade region and close to the shaft (see [7]
for a more detailed description).

Figure I - Center - Vessel geometry, dimensions are made diordass using the impeller radius £ 1.25
cm:L =1, =08, L =032, I =4,L, =4 and L = 8; - Left - Computational grid used for flow Ifie
simulation (97 x 102 x 192 nodes in the azimuthmaflial and axial direction respectively); - Right -
Computational grid obtained by doubling the numbgnodes in each direction (193 x 203 x 383 nodehé
azimuthal, radial and axial direction respectively)

As in [7] we calculated the Kolmogorov length airde scales as = Re®* L, = 48.5nm
andt = IW Re®®=2.35 10°s. These values have been used to assess the clisigace
and time resolution by comparison with the minimuatues of grid spacing: L. Dq = 259
mm, Dr = 144mm andDz = 169nmm which correspond to 5, 3 and 3.5 times the esticha
Kolmogorov spatial scale, respectively. The timepsused to advance the flow field
calculation isDt =1.2510", i.e. about 1/18 of the Kolmogorov time scaleisTtime
constraint was imposed by particle simulation. \ieted our calculation from a developed
turbulent flow in correspondence to the third intgelrevolution, i.e. the last flow field
obtained in our previous work.

Lagrangian tracking was performed for a time windoarresponding to 18 impeller
revolutions, starting from particle position andoaity reached at the end of the 3rd impeller
revolution in our previous work, thus having a fullestigation on particle behavior on 21
revolutions.

2.2 Lagrangian tracking

The methodology used for particle tracking is bagedhe same modeling and interpolation
procedures used in a number of our previous w@ik$Z] among others). We report here the
details and the assumptions for particle modeliusgful for the discussion on the results.

We simulate the dispersion of three swarms commgi€}(1d) solid particles of different
diameter 30vm, 50mm and 100vm, with a density ratio with the fluid ofy/r = 5. Particle
density has been chosen quite high to stress thet eff inertia on particle behavior rather
then to match a particular industrial applicatidwwcording to many previous works [13],
since particles are small we chose the relevamt flme scale equal to the Kolmogorov time
scalet, . The Stokes number, St t/ty, defined as the ratio between particle response time
and a relevant flow time scale is in the rangel6f10).

The assumptions for particle modeling are: (i)paliticles are point-wise, non-interacting,
non-deformable solid spheres; (ii) particle dengtlarge compared to fluid density; (iii) the
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effect of the particles on the flow is neglectettluiding other forces (lift, added mass, Basset
force etc.) and further complicative effects adisioins or two-way coupling might influence
only the quantitative figures of particle dynamas can be estimated of scarce importance
for the objects of this work [14]. In accordancethwthese assumptions we calculate the
trajectory of each particle by integrating explicibver time the equation of motion which
reduces to a balance of Stokes drag, gravity foaoesparticle inertia. The time resolution of
the flow field was chosen equal to one half of tharacteristic time scale of the smallest
particle.

3. RESULTS AND DISCUSSION

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

In Figure 2, the instantaneous flow fields in atieat section of the reactor taken midway
between two impeller blades are shown. Vectors essprt radial and axial velocity
components in the plane. The flow fields shown iguFes 2 are taken after 3, 9, 15 and 21
impeller revolutions respectively. A characteristiow pattern is clearly visible with a
discharge jet issued radially from the impellerdeldip that splits in correspondence to the
external wall, into two axial streams, upward amavdward respectively, which form two
main circulations having the shape of an upper ardwer toroidal vortex, respectively.
Although integral parameters i.e. power consumpttbscharge flow, azimuthal momentum,
etc., already computed in the previous simulatmonfirmed the achievement of a pseudo-
steady state, comparing Figures 2 (a) and (c) wemotce that the discharge jet, which was
confined within 2L after 3 impeller revolutions, reaches the waltlef tank at the end of the
current simulation. The radial jet extension isoagged with a shift of the core of the two
toroidal vortices toward the jet. The resultantip@s is in good agreement with that obtained
in [15] in their experiments with the circulatioerters that lie at rid.equal to 0.75 and half
way between the impeller and the liquid surfacetlierupper loop and about one quarter from
the impeller for the lower loop. This confirms thattime longer than three impeller
revolutions is required to obtain full convergerice local instantaneous parameters such as
the velocity field, thus supporting our choice tdemd the simulation and to produce this
study.

@) (b) (©) (d)
Figure2: Instantaneous flow field of radial and akivelocity components on a vertical plane taked-may
between two impeller blades after 3 (a), 9 (b) a%l (c) impeller revolutions (one grid point everyist
considered for visualization );(d) Isocontours ofitulent energy dissipation on a meridional plarsvieen two
impeller blades.

3.1. Ekman pumping

After examining pictures and rendering of partidgnamics to explore their segregation
patterns, we observed the presence of an intemhipieecessional vortex that wraps around
the shaft in rotating motion, from the bottom oé tfank to the impeller blades. This is visible
in Figure 3 (a). Instantaneous vorticity isocontoare used to identify the helical structure.
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Only a small cylinder below the impeller blades@sidered for visualization. This large-
scale structure finds its origin in the effect kmoas “Ekman pumping” which is caused by a
convergence of fluid in the Ekman layer, i.e. trmuddary layer in correspondence to the
interface between a rotating flow and a solid baugdat which no-slip condition is applied
and where viscous forces are of significant imparéa This type of layer corresponds, in the
present study, to the region at the bottom of #nk tin the vicinity of the shaft. Here high
values of energy dissipation rateare found, as visible in Figure 2 (d) where isdoars of

e for a meridional plane taken 22.5 degrees behirdmpeller blade i.e. mid-way between
two blades are shown (Values are made dimensionissgy e = e/(WPL,%). The fluid,
brought in a counter clock-wise circulation by thgeller rotating motion, is brought to a
stop against the flat no-slip bottom of the vessel.

a b c
Figure 3(a) Ins(ta)ntaneous vorticity isocontour$afabou(t ;ix impeller revolutions. A cyl(in)der oflras 2 L,
taken below the impeller blades is considered fawalization and Reynolds stresses calculateda027L,
and R = 0.4k in the rgdirection (b) and (c) the r-z direction.

The thickness of the Ekman layer can be expressed = (n/WJj?= 309 nm, and it is
characterized by the dimensionless parameter kresnBkman numberEThis is similar to
the inverse of the Reynolds number and represasengally the ratio of viscous to Coriolis
forces, defined as & n/W L% wheren is fluid kinematic viscosityW/ the impeller rotation
velocity and L the blade length taken as dimensional refererfceiel consider the outer
region, i.e. if we neglect the Ekman boundary laylee Ekman number is smaller than unity
(6.1110% indicating that the Coriolis forces dominate fh&d motion by balancing the
radial pressure gradient created by the impellerajed viscous forces are of negligible
importance. In other words, the main motion is duated by rotational rather than by
frictional processes.

To get further insight into the role of these fa&r@e the spin-up motion, we evaluated the
time-scales involved in the process. A spin-up d@tad by viscous forces will occur over a
viscous time scale which is approximately=tLy?/n where L. is the tank height and the
kinematic viscosity of the fluid. A spin-up domiedt by rotational forces will be similarly
characterized by the Ekman timg, tdefined asg = 1/(E*? W) [17] where F is the Ekman
number previously calculated. The value of the Bkinae is g« = 3.86, whereas the viscous
time t,is 1¢f. In this case, the fluid will take a time Of1arger to spin-up if there were only
viscous forces acting on it. It is straightforwdadnotice that Ekman mechanism dominates
the spin-up of the fluid and enhances mass tratspor

If we consider the Ekman vortex as a precessioagkx type of M, it is well known
from the literature ([4, 3] among others) that ofi¢he main effects of the macro-instabilities
arising in a tank is to broaden the turbulencellenel enhance the level of mixing between
the different species. In a turbulent flow field ia the present case, the Reynolds stresses
take place of the viscous stresses in the Ekmamdaoy 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 theriddds stresses components in theg r-
and r-z directions. As shown in Figure 3 (b), akosareached in the i direction every 5.8
impeller revolutions. The peaks are slightly shifta time in the r-z direction, as visible in
Figure 3 (c), since the vortex movement is maialygential at a first stage and acquires an
axial component, due to convection, as time progegiding rise to the slight lag. The
increase in the Reynolds stresses is responsibl@arfoapparent increase in the effective
viscosity of the fundamental flow. This produces inorease in the Ekman number, and
consequently a reduction in the Ekman time. Intligh this, when the Ekman pumping
becomes effective the transport of mass to the liempalades becomes faster and the spin-up
of the fluid is enhanced, giving rise to the hdlin@tion previously described. From the
results of our numerical simulation, we observeat the Ekman pumping is characterized by
a specific dimensionless frequency (f' ¥k 0.162, wher&Vis the impeller speed).

Ekman pumpin (~0.27Hz)

Blade passage (~1.66t

Figure 4 Left-Time-record of discharge angle of the impeller @trecalculated as the ratio of the mean axial
velocity component to the mean radial velocity congmt. Only nine impeller revolutions are considkfer
visualization.Right -Power Spectral Density of the time recorthefimpeller jet discharge angle.

When the circulation flow in the lower part of thessel becomes more energetic a change
in the discharge angle of the impeller stream seobed. The angle has been evaluated as the
ratio of the spatially averaged axial velocity toetspatially averaged radial velocity
calculated over an area in correspondence to orteeoblade tip [17]. The time record is
shown in Figure 4. To further investigate the rdsoof the discharge angle, the power
spectral density has been calculated as visiblegare 4. We can notice the presence of two
high peaks, one in correspondence to the bladeagas¢~ 1.66 Hz) and one in
correspondence to 0.27 Hz. This latter correspdnda low-frequency fluctuation of the
signal referred to as the macro-instability frequyenhis frequency can be associated, in the
present study, to the Ekman pumping effect, givimg aforementioned dimensionless value
of f = 0.162. This value differs slightly from theesults obtained by [4] who found a
frequency range of 0.04 < f < 0.15. The reasomdHis discrepancy may be: (i) the different
geometry employed in that study, a baffled tankhwespect to the unbaffled tank of the
present work and (ii) the different Reynolds numbich is lower in our case. This results
might be a confirmation on the similarities betwdba MI and the Ekman pumping effect
and might be useful for a deep understanding on ghgsics underlying the two
configurations, but further investigations arel stdcessary.

This pumping effect is more evident if we observe behavior of particles dispersed in
the fluid. We started our calculation from the detposition and velocity obtained at the end
of the third impeller revolution considering twoamms of 2 10" particles for each diameter
(30, 50 and 106m), distributed at random in the vessel. To geighits on the influence of
the injection point on the dispersion and settlprgcess, half of the particles have been
released above the impeller plane (z #2) and half in the lower part of the tank. Red
particles are those released in the upper hali@fvessel, blue particles those released in the
lower half. Observing a full time-dependent animatof the motion of particle swarms is
very instructive on the physics of the phenomend&igure 5, we show some motion-capture
snapshots of the dynamics of particles for the b@® swarm. Due to their stronger
gravitational settling, larger particles collecstexr at the bottom of the tank, where, due to the



concentric sweeping effect of the Ekman layer, ipag are accumulated around the shatft.
When the spiralling vortex bursts out of the Eknteayer, many particles are swept upwards.
This phenomenon occurs for all particles, but iser&vident in our simulation relative to 100
nmm particles. We choose three instants of the simoumlavhich can tell the story of particle re-
suspension. A perspective view of the whole tandk arnop-view considering a thin slice in
correspondence to the impeller blades after 3 Ja,6b (b, €) and 7.3 (c, f) impeller
revolutions are shown in Figure 5. At the beginnipgrticles show no preferential
distribution. Perhaps, a slightly visible spirafjipattern is observable at the bottom of the
tank (Figure 5-a). The action of the spiralling tearis clearly visible after 6.5 revolutions.
Particles have been entrained and clearly markipiper edge of the vortex. The upper tip of
the vortex has approached the blade height anbadstdo intersect with the radial jet (see
also Figure 2). After almost seven revolutions,tial particles entrained by the vortex have
been dispersed by the action of the impeller bladesther, macroscopically homogeneous
particle distribution is obtained. Locally, prefetial particle patterns are visible: these are
still under the influence of some coherent portiohshe vortex which was destroyed by the
blades radial jet. During the course of our simatatthe spiralling vortex occurred trice
together with intense particle re-suspension, tw#irming the importance of the Ekman
vortex in particle to fluid mixing in the tank.

Figure 5 Snapshots of instantaneous particle position carsid the entire vessel and a horizontal thin slice
taken in correspondence to the mid-plane of th&,tber 100/7m particles. The instants at three (a, d), 6.5¢(b,
and 7.3 (c, f) impeller revolutions are considefedvisualization.

4. CONCLUSIONS

In this work we investigated the dispersion of draealid particles in a stirred tank using a
DNS code to solve the flow balance equations downthe smallest scales (i.e. the
Kolmogorov scales) and a Lagrangian approach talsi@ the behavior of three swarms of
30, 50 and 100w particles dispersed in the vessel. We startedcalgulation from the
developed turbulent flow field and particle positiand velocity obtained at the end of the
previous work [7] extending the simulation up tety-one impeller revolutions.

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

A time-dependent animation of the motion of thetipkes dispersed in the vessel has put
into evidence that particles tend to accumulatihatbottom of the tank due to gravitational
effects, depending on their inertia, and to be airiclose to the shaft by a concentric
sweeping flow. This phenomenon continues untilEkenan pumping becomes effective and
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a large spiralling vortex entrains and drives péet into a long filament to the impeller
blades. Here, the radial jet issued from the ingped responsible for particle re-dispersion in
the vessel. The spiralling vortex is associatech vét strong particle re-suspension. This
phenomenon, more evident for larger 190 particles, occurs for all swarms after about six
and eleven impeller revolutions.
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