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Abstract. Different techniques, i.e. laser Doppler anemoméloy visualisation and decolourisation,
were applied in order to gain insight into the mairbulent flow features of an unbaffled vessel
stirred by an eccentrically positioned Rushton ingppaying attention to the effect of geometrical
configurations such as eccentricity and impelledbl thickness. Two main vortices, one above and
one below the impeller, were identified in all cgofations. The former vortex dominates all flow
motion, driving a strong circumferential flow aralit. The inclination of such vortex varies with
eccentricity. Importantly, the vortex is not stedmlit oscillates slowly and periodically inducirigv
instabilities, which may have a significant impact macro-mixing. The characteristic frequency of
flow instabilities was found to increase with rephgc eccentricity or impeller blade thickness.
Moreover vortex shedding phenomena from the floaftsinteraction were observed in different
configurations.
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1. INTRODUCTION

Most of the literature on mixing is focused on centric digitea whereas there is lack of data
on eccentric agitation for turbulent flows, even though this operatiode is suggested in the
industrial practice in alternative to baffles to break the @rymvortex (e.g. paint and food
processes, [1]). Eccentric agitation for turbulent flows piaseered many decades ago [2, 3,
4] and more recently investigated by Karcz et al. [1] a#i a& by Hall et al. [5] who
suggested such a configuration for small tanks. However, madkeaibove works regards
overall parameters such as mixing time and power number.

Montante et al. [6] used both particle image velocimetryRihd Computational Fluid
dynamics (CFD) to analyse the turbulent flow field in a veaggated with a Rushton turbine
placed eccentrically &/T = 0.25 andC/T = 0.5. The authors showed that the flow field was
characterised by two vortices, departing from the impé&derards the top and the bottom of
the vessel, and inclined with respect to the verticaigl

In a recent work Galletti and Brunazzi [7] confirmed with |aBeppler anemometry
(LDA) and flow visualisation, the presence of the two maimtives in a vessel agitated
eccentrically by & = T/3 Rushton turbine placed BIT = 0.21 andC/T = 0.33. Moreover,
they found that the interaction of the flow field with the shatids to vortex shedding
phenomena. The two main vortical structures were observedrot lsteady but to oscillate
slightly with timescales much larger than the impeller élpdssage timescale, inducing a



kind of macro-instabilities (MIs), which have been largely stigated for centric impeller
configurations, e.g. [8, 9, 10]. The authors evaluated the ditecgatent of flow instabilities

associated with the two main vortices from LDA data and shdhatdespecially the upper
vortex is rather strong with an energetic content up to 52% ofuthelént kinetic energy.
This means that such vortical structures may have considesfiblet on macro-mixing.

Moreover they should be taken into account when evaluating real turbulewels to

determine accurately micro-mixing information.

In the present paper an attempt is made to extend the analyssadbtementioned work
by investigating the effect of some geometrical paraméterseccentricity, impeller blade
thickness) on the features of the vortices which dominate the ifloeccentric agitated
vessels. To this purpose, different techniques are usethsex Doppler anemometry, flow
visualisation and decolourisation.

2. EXPERIMENTAL

Measurements were performed in a cylindrical vessel madResipex with inner diameter
T =290 mm. The vessel was filled with distilled water apatheight ofH = T and was
covered with a lid (equipped with plugs of different sizes) ohepito avoid air entrainment.
The agitation was provided by a standard Rushton turbineDvithl/3. The impeller could
be positioned in three off-axis locations, i.eEAE = 0.1, 0.21, and 0.32 from the vessel axis.
The impeller off-bottom clearance w@s= T/3. Impellers with two different blade thickness
to diameter ratios were used, D = 0.01 and 0.05. The stirred vessel is depicted Figure 1

The impeller was driven by a 0.3 kW power motor and the amitatpeed could be
varied by means of a speed controller. Measurements weare teith impeller rotational
speeds ranging froorN = 200 to 400 rpm, corresponding to impeller Reynolds number
betweerRe= 36,300 and 72,600.

A single—component laser Doppler anemometer by Dantec operatingcknsbatter
mode was used to acquire velocity data in several locatmngss the vessel. The
experimental setup is described in details in [7]. The acmuisttime was 1000 s, with
average data rates of 60 Hz.

Frequency analysis based on fast Fourier transforms (FFTs),gkhreubroutines
available in the Matlab software package, was applied tovéhecity recordings. The
resampling of velocity-time data was performed using the astareighbour” technique with
a resampling frequency equal to the mean data rate.
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Fig. 1 — Scheme of: (a) agitation system; (b) refiee coordinate system (the impeller rotates clisskwhen
seen from above).




Flow visualisation experiments were carried out by allowing saime be entrained into
the flow field through plugs in the lid, in order to trace thewflwith bubbles. The
iodine/thiosulphate decolourisation technique [11] was used to ewahmtsystem mixing
performance. A commercial video camera capturing at 25 fgme second was used to
record both flow visualisation and decolourisation experiments.

3. RESULTS

The starting point was the vessel configuration analysed byd@/T = 0.33,E/T = 0.21
andty/D = 0.01. For such a configuration two vortices were observeddeparting from
above the impeller towards the top of the vessel (inclined ofvth°respect to the vertical
plane near the impeller and 8° far away) and one originatimy fhe impeller blades towards
the vessel bottom.

The former vortex dominates all vessel motion, leading tocagtcircumferential flow
around it. Moreover, as mentioned in the Introduction, such vortex nstigegly and in a
periodic manner (see Fig. 2a). Actually, the frequency aisalyf LDA data showed the
presence in many locations across the vessel of welledepeaks in the frequency spectra,
which could be attributed to the movement of such a vortex. The peaglehcyf was
scalable with the impeller rotational velocity as shown ig. RRb, indicating a non
dimensional frequenci/N = 0.155. The scalability witNl is commonly accepted for flow
instabilities in stirred vessels [12]. The visual obseovatf the vortex movements (Fig. 2a)
confirms the above frequency.

Similarly, Fig. 3a shows flow visualisation observations takeN & 400 rpm for the
thicker impeller {/D = 0.05). Just the upper vortex is visible in the figure, evémeifower
vortex was also observed by naked eye. Also in this caseottex was noticed to oscillate
slightly as illustrated in the 3 frames. LDA data showed amyriocations a main frequency
component off/N = 0.143 (see for instance the frequency spectrum of Fig. Sajch
frequency is in agreement with the vortex movements captutbdthved video camera. For
instance Fig. 3a shows a cyclic period to cover 1.04 s, corresigotalia frequency of =
0.96, thud/N = 0.144.
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Fig. 2 — (a) Frames taken from flow visualisatioqperiments with sketches at N = 400 rpm (from [V]iew
from A of Fig. 1b; (b) upper vortex frequency verdl C/T=0.33, E/T=0.21,/D =0.01.



Frame O/(t =.b. w10

m

Frame 13 (t = 0:525)

=

PDF [m2/s]

i L L I I A
1} 0o0s 01 015 02 025 03 035 04 045 045

(b} £ [-]

Frame 26 (t=1.04s)

(@)

Fig. 3 — (a) Frames taken from flow visualisatioqperiments with sketches at N = 400 rpm. View floof Fig.
1b; (b) frequency spectrum taken at z/T = 0.5,%£0.21, y/T = 0. C/T=0.33, E/T=0.21,/D =0.05.

The origin of such instabilities in not fully clarified. For Haff stirred vessels with
centric agitation two whirlpool-type vortices extending from theeller to the top/bottom of
the vessel, and moving precessionally about the shaft, wesrvelsto induce macro-
instabilities withf/N = 0.02 [10]. It can be supposed that in eccentric configuratioathkeof
axial symmetry leads to an inclination of the vortices whiehome also the two main axes
(one above and one below the impeller) of the circumferentiat thowever, the frequencies
determined in the present work are one order of magnitude highehthg@necessional Mls
frequencies.

The values of/N found are more similar to frequencies typical of impellegastr MiIs
(e.g. sed/N = 0.186 by [8] or relationship for Mby [9]). Indeed the eccentric position of the
shaft and the reduced distance between the impeller bladaditha vessel boundaries, is
likely to enhance the strength of the impeller discharged strewaal interaction. In such a
case, the non-dimensional frequency is expected to incredsenaieasing the velocity of
the impeller discharged stream (see the flow-instabilityyarsain terms of pumping number
[8] and/or peak velocity [9]), thus with decreasing the bltadkness [13], as observed in the
present work Moreover, LDA data showed also the presenceqokfiey peaks dtN = 0.83
in a few locations. Such a frequency could be attributed to vdremddsng phenomena which
arise in eccentric agitation [7].

The valuef/N = 0.83 is lower than that observed for a thinner impelldr £ 0.94 [7]).
This again may be explained by the smaller pumping capacity [1Bjosf impellers. LDA
data on the flow field indicated that the circumferential orotivith the thicker impeller is
characterised by a velocity of about 0.26-0v4§ thus lower than the value of 0.32-0\3%
measured with thg/D = 0.01 impeller.

The frequency of a shedding vortex can be expressed wiBtrisieual number as:
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where Dghatt IS the diameter of the shaft behind which the shedding vortex isategi,
whereasVsy is the velocity of the flow impacting the object. If thislacity is taken to be
approximately 0.2¥yp, a characteristic frequendN = 0.82 is obtained, which is in good
agreement with the present observation. A Strohual nuBtize0.2 has been used as reported
in literature [14] for the flow past a circular cylinder.

The effect of the shaft eccentricity was investigatedHet,/D = 0.01 impeller and it is
illustrated in the following text.

Fig. 4 is related t&/T = 0.32: also in this case two vortices were observed, the upper
being the dominant one. The movement of the upper vortex is Viohtedifferent views,

A (Fig. 4a) and B (Fig. 4b), highlighting its 3-dimensionality.should be clarified that the
frames of Fig. 4a and Fig. 4b have been taken separately,tgbdteis not correspondence
between the time values reported in the frames of Figndaig. 4b.

The characteristic frequency associated to the period of fr@&hghe visual observation
atN =300 rpm if/N = 0.116.

Fig. 5 shows the effect of eccentricity on the shape of theruppeex, higher
eccentricity corresponding to a higher inclination with respedhé vertical plane. In all
cases the vortex moves periodically. The presence afwes bortex is also discernable.

As mentioned above, characteristic frequencie§/Nf= 0.116 and 0.155 were evaluated
for E/T = 0.32 andE/T = 0.21, respectively. The smaller eccentricifT(= 0.1) showed very
guick movements: a rough analysis made from flow visualisatiparaments indicated/N =
0.27. If the origin of such flow instabilities is consideredbt related to the impeller
discharged stream - wall interaction, the above trendtli®raurprising as one may expect
the non-dimensional frequency to increase with decreasing stende between the impeller
and the vessel boundaries, thus with increasing eccentfitiity.is in contrast with present
findings. However, the strong modification of the impellecckiggsged stream in eccentric
configuration due to the presence of the walls has to be corsiggree come to a correct
conclusion.

Finally, mixing performances of the unbaffled vessel agitatitd eccentrically located
impeller was investigated by using the iodine/thiosulphate dedsdmion technique [11].

This was performed with different feed locations, impelletational speeds and
eccentricities.

Fig. 4 — Frames taken from flow visualisation expemts with sketches at N = 300 rpm and from (eywirom
A (see Fig.1b); (b) view from B (see Fig.1b). QBI33, E/T=0.32,4D =0.01.



Fig. 5 — Frames taken from flow visualisation exments with different eccentricity.View from A of.FLb.
C/T=0.33, t/D =0.01.

Fig. 6a shows four frames captured when the thiosulphate is admedbklow the
impeller plane. For clarity of representation the imagewsl have been inverted. It can be
observed that the upper and the lower vortices behave as segmeggdas which follow also
the vortices oscillations, the decolourisation starting outsidedheal structures (from the
impeller towards the walls and the centre of the vessel bosenijrst frame of Fig. 6a). The
segregated region associated with the lower vortex is vifdblsome seconds, whereas the
segregated region associated with the upper vortex pdmsistager time.

In Fig. 6b the reactant was fed from the top of the Vemear the upper vortex. It takes
longer time for the reactant to spread over the vessel, lrrt Wwineaches the impeller region
it is rapidly transported across the whole vessel. In thie ¢ths segregated region
corresponding to the lower vortex persists for the longer time.
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Fig. 6 — Frames taken during a decolourisation rlihiosulphate was added (a) below the impeller;n@ar the
top of the vessel. N=200 rpm. C/T=0.33, E/T=0.3D £0.01.




4. CONCLUSIONS

Different techniques, i.e. laser Doppler anemometry, flowalisation and decolourisation,
were used to study the effect of some geometrical charac®ri{ge. eccentricity and
impeller blade thickness) on the flow features of an unishftgtated vessel.

It was shown than for all investigated cases two main vbdtoactures are present, one
above and one below the impeller. The upper vortex is very strong arndatesithe whole
vessel motion. It is inclined with respect to the velgtane, and such inclination was found
to increase with increasing eccentricity.

The upper vortex oscillates generating flow instabilities wiaichimportant for macro-
mixing as well as for the determination of accurate micmingi information. The
characteristic frequency of such flow instabilities was fotmdlecrease with increasing
eccentricity or with increasing impeller blade thickness.

The origin of such flow instabilities is not fully clarifiedlhey exhibit non-dimensional
frequencies much larger than that of precessional macro-iitstabobserved in baffled
stirred vessel with centric agitatiofN = 0.02 [10]) even though the oscillations of the
vortices resembles the whirlpool movements of precessionabrrestabilities.

In an eccentric vessel the reduced distance of the impedi@r the vessel boundaries
may enhance the importance of the impinging jet instabilitiesleed frequency values are
similar to impeller stream instabilities (ef¢N = 0.186 by [8] or MJ by [9]). In such a case
the variation off/N with impeller blade thickness may be easily explained by thatiwmn of
the impeller pumping capacity with blade thickness [10].

Moreover, shedding phenomena from flow - shaft interaction weenazs

The practical outcome of the present work needs further effodisingtance Ducci and
Yianneskis [10] found considerable mixing time reduction when insettiagreactants in
correspondence of the precessional Ml vortex for a baffled lvese centric agitation.
Preliminary observations for the present eccentric agitaésdel have indicated that the
vortical structures behave as segregated regions. Howeeearscillations which characterise
the two vortices may help the transport of reactants faryaivathese are fed in
correspondence of the vortices. Actually the energetic nbofehe related flow instabilities
is rather high, up to 52% of the turbulent kinetic energy [7]. Rerreason future work will
be devoted to assess such hypothesis, in order to exploit flow in&alitir mixing time
reduction by an appropriate selection of the reactants ins@diah

5. NOMENCLATURE

C impeller off-bottom clearance, m

D impeller diameter, m

Dshaft shaft diameter, m

E eccentricity, i.e. distance of the shaft from the viessis, m
f frequency, Hz

fsv shedding vortex frequency, Hz

H liquid level, m

N impeller rotational speed;'s

Re impeller Reynolds numbeRe= -N.D* *
St Strohual numbeiSt = fsyDenatt Vv

T tank inner diameter, m

t time, s

tp impeller blade thickness, m



Vsv mean velocity impacting onto the shaft, h-s

Viip impeller blade tip velocityy, = ND, m-s'

X spatial coordinate, m

y spatial coordinate, m

Z axial coordinate measured from the vessel bottom, m

Greek Symbols

p 3.1415...

m dynamic viscosity, kgn™*ss*

r density, kem™
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