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Abstract. Different techniques, i.e. laser Doppler anemometry, flow visualisation and decolourisation, 
were applied in order to gain insight into the main turbulent flow features of an unbaffled vessel 
stirred by an eccentrically positioned Rushton turbine, paying attention to the effect of geometrical 
configurations such as eccentricity and impeller blade thickness.  Two main vortices, one above and 
one below the impeller, were identified in all configurations. The former vortex dominates all flow 
motion, driving a strong circumferential flow around it. The inclination of such vortex varies with 
eccentricity.  Importantly, the vortex is not steady but oscillates slowly and periodically inducing flow 
instabilities, which may have a significant impact on macro-mixing.  The characteristic frequency of 
flow instabilities was found to increase with reducing eccentricity or impeller blade thickness.   
Moreover vortex shedding phenomena from the flow-shaft interaction were observed in different 
configurations.  
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1. INTRODUCTION 

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

Montante et al. [6] used both particle image velocimetry (PIV) and Computational Fluid 
dynamics (CFD) to analyse the turbulent flow field in a vessel agitated with a Rushton turbine 
placed eccentrically at E/T = 0.25 and C/T = 0.5.  The authors showed that the flow field was 
characterised by two vortices, departing from the impeller towards the top and the bottom of 
the vessel, and inclined with respect to the vertical plane.  

In a recent work Galletti and Brunazzi [7] confirmed with laser Doppler anemometry 
(LDA) and flow visualisation, the presence of the two main vortices in a vessel agitated 
eccentrically by a D = T/3 Rushton turbine placed at E/T = 0.21 and C/T = 0.33.  Moreover, 
they found that the interaction of the flow field with the shaft leads to vortex shedding 
phenomena.  The two main vortical structures were observed to be not steady but to oscillate 
slightly with timescales much larger than the impeller blade passage timescale, inducing a 



  

  

kind of macro-instabilities (MIs), which have been largely investigated for centric impeller 
configurations, e.g. [8, 9, 10]. The authors evaluated the energetic content of flow instabilities 
associated with the two main vortices from LDA data and showed that especially the upper 
vortex is rather strong with an energetic content up to 52% of the turbulent kinetic energy.  
This means that such vortical structures may have considerable effect on macro-mixing.  
Moreover they should be taken into account when evaluating real turbulence levels to 
determine accurately micro-mixing information.     

In the present paper an attempt is made to extend the analysis of the aforementioned work 
by investigating the effect of some geometrical parameters (i.e. eccentricity, impeller blade 
thickness) on the features of the vortices which dominate the flow in eccentric agitated 
vessels.  To this purpose, different techniques are used, i.e. laser Doppler anemometry, flow 
visualisation and decolourisation. 

 
2. EXPERIMENTAL  

Measurements were performed in a cylindrical vessel made of Perspex with inner diameter    
T = 290 mm.  The vessel was filled with distilled water up to a height of H = T and was 
covered with a lid (equipped with plugs of different sizes) in order to avoid air entrainment.  
The agitation was provided by a standard Rushton turbine with D = T/3. The impeller could 
be positioned in three off-axis locations, i.e. at E/T = 0.1, 0.21, and 0.32 from the vessel axis.  
The impeller off-bottom clearance was C = T/3.  Impellers with two different blade thickness 
to diameter ratios were used, i.e. tb/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 agitation speed could be 
varied by means of a speed controller.  Measurements were taken with impeller rotational 
speeds ranging from N = 200 to 400 rpm, corresponding to impeller Reynolds number 
between Re = 36,300 and 72,600. 

A single–component laser Doppler anemometer by Dantec operating in back scatter 
mode was used to acquire velocity data in several locations across the vessel.  The 
experimental setup is described in details in [7]. The acquisition time was 1000 s, with 
average data rates of 60 Hz. 

Frequency analysis based on fast Fourier transforms (FFTs), through subroutines 
available in the Matlab software package, was applied to the velocity recordings.  The 
resampling of velocity-time data was performed using the “nearest neighbour” technique with 
a resampling frequency equal to the mean data rate.  

 

 (a)           (b)  
Fig. 1 – Scheme of: (a) agitation system; (b) reference coordinate system (the impeller rotates clockwise when 
seen from above). 



  

  

Flow visualisation experiments were carried out by allowing some air to be entrained into 
the flow field through plugs in the lid, in order to trace the flow with bubbles.   The 
iodine/thiosulphate decolourisation technique [11] was used to evaluate the system mixing 
performance.  A commercial video camera capturing at 25 frames per second was used to 
record both flow visualisation and decolourisation experiments. 
 
3. RESULTS 

The starting point was the vessel configuration analysed by [7], i.e C/T = 0.33, E/T = 0.21 
and tb/D = 0.01.  For such a configuration two vortices were observed, one departing from 
above the impeller towards the top of the vessel (inclined of 15° with respect to the vertical 
plane near the impeller and 8° far away) and one originating from the impeller blades towards 
the vessel bottom.   

The former vortex dominates all vessel motion, leading to a strong circumferential flow 
around it. Moreover, as mentioned in the Introduction, such vortex moves slightly and in a 
periodic manner (see Fig. 2a).  Actually, the frequency analysis of LDA data showed the 
presence in many locations across the vessel of well defined peaks in the frequency spectra, 
which could be attributed to the movement of such a vortex.  The peak frequency f was 
scalable with the impeller rotational velocity as shown in Fig. 2b, indicating a non 
dimensional frequency f/N = 0.155.   The scalability with N is commonly accepted for flow 
instabilities in stirred vessels [12].  The visual observation of the vortex movements (Fig. 2a) 
confirms the above frequency.   

Similarly, Fig. 3a shows flow visualisation observations taken at N = 400 rpm for the 
thicker impeller (tb/D = 0.05).  Just the upper vortex is visible in the figure, even if the lower 
vortex was also observed by naked eye.  Also in this case, the vortex was noticed to oscillate 
slightly as illustrated in the 3 frames.  LDA data showed in many locations a main frequency 
component of f/N = 0.143 (see for instance the frequency spectrum of Fig. 3b).  Such 
frequency is in agreement with the vortex movements captured with the video camera.  For 
instance Fig. 3a shows a cyclic period to cover 1.04 s, corresponding to a frequency of f = 
0.96, thus f/N = 0.144.   
 

(a) (b)   
Fig. 2 – (a) Frames taken from flow visualisation experiments with sketches at N = 400 rpm (from [7]). View 
from A of Fig. 1b; (b) upper vortex frequency versus N. C/T=0.33, E/T=0.21, tb/D =0.01. 



  

  

 

(a) 

Frame 0 (t = 0 s)

Frame 13 (t = 0.52 s)

Frame 26 (t = 1.04 s)

   (b)  
 
Fig. 3 – (a) Frames taken from flow visualisation experiments with sketches at N = 400 rpm. View from A of Fig. 
1b; (b) frequency spectrum taken at z/T = 0.5, x/T = -0.21, y/T = 0. C/T=0.33, E/T=0.21, tb/D =0.05. 
 
 

The origin of such instabilities in not fully clarified. For baffled stirred vessels with 
centric agitation two whirlpool-type vortices extending from the impeller to the top/bottom of 
the vessel, and moving precessionally about the shaft, were observed to induce macro-
instabilities with f/N = 0.02 [10].  It can be supposed that in eccentric configuration the lack of 
axial symmetry leads to an inclination of the vortices which become also the two main axes 
(one above and one below the impeller) of the circumferential flow; however, the frequencies 
determined in the present work are one order of magnitude higher than the precessional MIs 
frequencies.  

The values of f/N found are more similar to frequencies typical of impeller stream MIs 
(e.g. see f/N = 0.186 by [8] or relationship for MIJ by [9]).  Indeed the eccentric position of the 
shaft and the reduced distance between the impeller blade tip and the vessel boundaries, is 
likely to enhance the strength of the impeller discharged stream – wall interaction.  In such a 
case, the non-dimensional frequency is expected to increase with increasing the velocity of 
the impeller discharged stream (see the flow-instability analysis in terms of pumping number 
[8] and/or peak velocity [9]), thus with decreasing the blade thickness [13], as observed in the 
present work  Moreover, LDA data showed also the presence of frequency peaks at f/N = 0.83 
in a few locations.  Such a frequency could be attributed to vortex shedding phenomena which 
arise in eccentric agitation [7].   

The value f/N = 0.83 is lower than that observed for a thinner impeller (f/N = 0.94 [7]).  
This again may be explained by the smaller pumping capacity [13] of thick impellers.  LDA 
data on the flow field indicated that the circumferential motion with the thicker impeller is 
characterised by a velocity of about 0.26-0.28 Vtip, thus lower than the value of 0.32-0.35 Vtip 
measured with the tb/D = 0.01 impeller.  

The frequency of a shedding vortex can be expressed with the Strohual number as: 
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where Dshaft is the diameter of the shaft behind which the shedding vortex is originated, 
whereas VSV is the velocity of the flow impacting the object.  If this velocity is taken to be 
approximately 0.27 Vtip, a characteristic frequency f/N = 0.82 is obtained, which is in good 
agreement with the present observation. A Strohual number St = 0.2 has been used as reported 
in literature [14] for the flow past a circular cylinder. 

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

Fig. 4 is related to E/T = 0.32: also in this case two vortices were observed, the upper 
being the dominant one.   The movement of the upper vortex is visible from different views, 
A (Fig. 4a) and B (Fig. 4b), highlighting its 3-dimensionality.  It should be clarified that the 
frames of Fig. 4a and Fig. 4b have been taken separately, so that there is not correspondence 
between the time values reported in the frames of Fig. 4a and Fig. 4b. 

The characteristic frequency associated to the period of 1.72 s from the visual observation 
at N = 300 rpm is f/N = 0.116. 

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

As mentioned above, characteristic frequencies of  f/N = 0.116 and 0.155 were evaluated 
for E/T = 0.32 and E/T = 0.21, respectively.  The smaller eccentricity (E/T = 0.1) showed very 
quick movements: a rough analysis made from flow visualisation experiments indicated  f/N = 
0.27.    If the origin of such flow instabilities is considered to be related to the impeller 
discharged stream - wall interaction, the above trend is rather surprising as one may expect 
the non-dimensional frequency to increase with decreasing the distance between the impeller 
and the vessel boundaries, thus with increasing eccentricity. This is in contrast with present 
findings.  However, the strong modification of the impeller discharged stream in eccentric 
configuration due to the presence of the walls has to be considered [7] to come to a correct 
conclusion. 

Finally, mixing performances of the unbaffled vessel agitated with eccentrically located 
impeller was investigated by using the iodine/thiosulphate decolourisation technique [11]. 
This was performed with different feed locations, impeller rotational speeds and 
eccentricities.  

 

 
Fig. 4 – Frames taken from flow visualisation experiments with sketches at N = 300 rpm and from (a) view from 
A (see Fig.1b); (b) view from  B (see Fig.1b). C/T=0.33, E/T=0.32, tb/D =0.01. 

 
 



  

  

 
Fig. 5 – Frames taken from flow visualisation experiments with different eccentricity.View from A of Fig. 1b. 
C/T=0.33, tb/D =0.01. 
 

Fig. 6a shows four frames captured when the thiosulphate is added from below the 
impeller plane.  For clarity of representation the image colours have been inverted.  It can be 
observed that the upper and the lower vortices behave as segregated regions which follow also 
the vortices oscillations, the decolourisation starting outside the vortical structures (from the 
impeller towards the walls and the centre of the vessel bottom, see first frame of Fig. 6a).  The 
segregated region associated with the lower vortex is visible for some seconds, whereas the 
segregated region associated with the upper vortex persists for longer time.     

In Fig. 6b the reactant was fed from the top of the vessel, near the upper vortex. It takes 
longer time for the reactant to spread over the vessel, but when it reaches the impeller region 
it is rapidly transported across the whole vessel.  In this case the segregated region 
corresponding to the lower vortex persists for the longer time.  

 

 
Fig. 6 – Frames taken during a decolourisation run. Thiosulphate was added (a) below the impeller; (b) near the 
top of the vessel. N=200 rpm. C/T=0.33, E/T=0.32, tb/D =0.01. 
 



  

  

 
4. CONCLUSIONS 

Different techniques, i.e. laser Doppler anemometry, flow visualisation and decolourisation, 
were used to study the effect of some geometrical characteristics (i.e. eccentricity and 
impeller blade thickness) on the flow features of an unbaffled agitated vessel. 

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

The upper vortex oscillates generating flow instabilities which are important for macro-
mixing as well as for the determination of accurate micro-mixing information. The 
characteristic frequency of such flow instabilities was found to decrease with increasing 
eccentricity or with increasing impeller blade thickness.  

The origin of such flow instabilities is not fully clarified.  They exhibit non-dimensional 
frequencies much larger than that of precessional macro-instabilities observed in baffled 
stirred vessel with centric agitation (f/N = 0.02 [10]) even though the oscillations of the 
vortices resembles the whirlpool movements of precessional macro-instabilities. 

 In an eccentric vessel the reduced distance of the impeller from the vessel boundaries 
may enhance the importance of the impinging jet instabilities.  Indeed frequency values are 
similar to impeller stream instabilities (e.g. f/N = 0.186 by [8] or MIJ by [9]).  In such a case 
the variation of f/N with impeller blade thickness may be easily explained by the variation of 
the impeller pumping capacity with blade thickness [10]. 

Moreover, shedding phenomena from flow - shaft interaction were observed.   
The practical outcome of the present work needs further efforts.  For instance Ducci and 

Yianneskis [10] found considerable mixing time reduction when inserting the reactants in 
correspondence of the precessional MI vortex for a baffled vessel with centric agitation.  
Preliminary observations for the present eccentric agitated vessel have indicated that the 
vortical structures behave as segregated regions.  However, the oscillations which characterise 
the two vortices may help the transport of reactants far away if these are fed in 
correspondence of the vortices. Actually the energetic content of the related flow instabilities 
is rather high, up to 52% of the turbulent kinetic energy [7].  For this reason future work will 
be devoted to assess such hypothesis, in order to exploit flow instabilities for mixing time 
reduction by an appropriate selection of the reactants insertion point.  
 
  
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 vessel axis, m 
f frequency, Hz 
fSV shedding vortex frequency, Hz 
H liquid level, m 
N impeller rotational speed, s-1 
Re impeller Reynolds number, Re = � ·N·D2·� -1 
St Strohual number, St = fSV·Dshaft·VSV

-1 
T tank inner diameter, m 
t time, s 
tb impeller blade thickness, m 



  

  

VSV mean velocity impacting onto the shaft, m·s-1 
Vtip impeller blade tip velocity Vtip = � ND, m·s-1 
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, kg×m-1 ×s-1 
r  density, kg×m-3 
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