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Abstract The aim of this work is to investigate the flow instabilities in a baffled, stirred tank generated by 
a single Rushton turbine by means of large eddy simulation (LES). The sliding mesh method was used for 
the coupling between the rotating and the stationary frame of references. The calculations were carried out 
on the “Shengcao-21C” supercomputer using a computational fluid dynamics (CFD) code CFX5. The flow 
fields predicted by the LES simulation and the simulation using standard k-ε model were compared to the 
results from particle image velocimetry (PIV) measurements. It is shown that the CFD simulations using 
the LES approach and the standard k-ε model agree well with the PIV measurements. Fluctuations of the 
radial and axial velocity are predicted at different frequencies by the LES simulation. Velocity fluctuations 
of high frequencies are seen in the impeller region, while low frequencies velocity fluctuations are 
observed in the bulk flow. A low frequency velocity fluctuation with a nondimensional frequency of 0.027 
Hz is predicted by the LES simulation, which agrees with experimental investigations in the literature. 
Flow circulation patterns predicted by the LES simulation are asymmetric, stochastic and complex, 
spanning a large portion of the tanks and varying with time, while circulation patterns calculated by the 
simulation using the standard k-ε model are symmetric. The results of the present work give better 
understanding to the flow instabilities in the mechanically agitated tank. However, further analysis of the 
LES calculated velocity series by means of fast Fourier transform (FFT) and/or spectra analysis are 
recommended in future work in order to gain more knowledge of the complicated flow phenomena. 
Keywords:  stirred tank, flow instabilities, computational fluid dynamics (CFD), large eddy simulation 

(LES), k-ε model, particle image velocimetry (PIV) 
 

1 INTRODUCTION 
Mechanically agitated tanks are widely used in chemical and allied industries. Fluid flow 

in such tanks is in many cases highly three dimensional, complex and stochastic with vortical 
structures at different scales. Therefore, knowledge of the flow structures are of great 
importance for the understanding of the mixing processes in stirred tanks.   

There have been numerous investigations of the fluid flow in stirred tanks since 1960’s. 
These studies can be divided into two categories: experimental investigations and numerical 
simulations. Experimentally, flow visualization techniques such as laser Doppler velocimetry 
(LDV), particle image velocimetry (PIV) were used to measure the velocity fields in stirred 
tanks. Most of the studies in the 1980’s were the flow field measurements obtained by 
averaging the instantaneous flow fields over 360 degree of the impeller revolution[1,2]. Later in 
the 1990’s, several attempts were made to measure angle-resolved flow characteristics in 
stirred tanks. By means of LDV, Schaefer et al.[3], Lee and Yianneskis[4] measured turbulence 
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properties of the impeller stream induced by a RT impeller. Comprehensive data of high 
spatial resolution were obtained through angle-resolved and time-resolved LDV 
measurement.  

LDV is essentially a single point velocity measurement technique. Instantaneous 
measurement of flow structure is therefore impossible. To capture the instantaneous flow 
structures in stirred tanks, PIV measurement is necessary. Ranade et al.[5] studied the trailing 
vortices behind the blades of a Rushton turbine by PIV measurement. Both angle-resolved 
and angle-averaged flow fields near the impeller blades were obtained. Using the same 
technique, Sharp and Adrian[6] studied the instantaneous flow structures in a region 
surrounding the blade tip of a Rushton turbine mixer. 

The investigations of flow structures are complicated by the presence of flow 
macro-instability (MI) in stirred tanks. Extensive investigations have clearly shown the 
existence of MI as large-scale, low-frequency flow pattern alterations. Myers et al.[7] used PIV 
technique to study instabilities in the flow fields produced by a pitch blade turbine (PBT) and 
by a high efficiency impeller. Transients among different flow patterns with time scales 
corresponding to 40-300 impeller revolutions were observed via power spectral density (PSD) 
analysis of time series of spatially averaged vorticity. Montes et al.[8] investigated flow 
macro-instabilities in a stirred reactor equipped with a six bladed 45º PBT, using a 
combination of LDV measurement, flow visualization, spectral analysis and wavelet 
transform. Hasal et al.[9] implemented the proper orthogonal decomposition (POD) technique 
to analyze MI. The proposed analysis method was successfully applied at both low and 
moderate Reynolds number. Roussinova et al.[10] studied MI in the impeller stream and in the 
upper corner of the stirred vessel with four commonly used impellers by means of a velocity 
decomposition technique. The intensity of the MI and its influence on root mean square (RMS) 
velocity measurements were quantified and the investigations covered a wide range of 
impellers and geometries. Recently there appear several attempts in the literature trying to 
explain the mechanism of MI[11-14]. 

Correspondingly, CFD simulation of fluid flow in stirred tanks, from Reynolds-averaged 
Navier-Stokes (RANS) approach, large eddy simulation (LES) to direct numerical simulation 
(DNS), experienced a similar development process: from simplicity to complexity. Since 
1980’s, reports on CFD investigations of fluid flow in stirred tanks have been flourishing. 
Most of the investigations solve the Reynolds-averaged Navier-Stokes (RANS) equations in 
combination with a closure model for the Reynolds stresses[15-26]. In many of these 
simulations, the coupling between the rotating impeller and the stationary tank was solved by 
the sliding mesh method, in which the geometry of the individual blades was modeled using a 
grid rotating with the impeller, while the bulk flow was calculated in a stationary frame. Sun 
et al.[25] and Fan et al.[26] addressed the coupling problem with an inner-outer iterative 
procedure in their simulations of turbulent and laminar flow in a stirred tank with a Rushton 
turbine. As an alternative way to model the relative motion between the tank and the impeller, 
Min et al.[27] used the multi-reference frame (MRF) method to calculate the fluid flow in a 
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stirred tank with multiple hydrofoil impellers. In these simulations, part of the unsteadiness 
and flow periodicity due to impeller revolution were considered. The presence and the 
substantial mean velocity and RMS fluctuations associated with MI in stirred tanks were, 
however, not taken into account. Therefore, RANS methods offer only an approximation to 
the mixing processes involved. Consequently, LES or DNS are necessary to capture such 
instabilities.   

DNS provides the most exact approach in which the mechanism involved in turbulent 
mixing can be accurately presented. DNS resolves all turbulent lengths and time scales by 
directly integrating the Navier-Stokes equations using a very fine grid, which makes the 
approach prohibitively expensive even with the most powerful computers of the present day. 
Bartels et al.[28] have attempted a DNS simulation of a stirred tank operating at Re= 7300 
using a sliding mesh technique. To reduce the computational cost, twofold periodicity of the 
solution domain was assumed and the finite thickness of the blades and disk was not taken 
into account. However, as the resolution of all length and time scales in the flow would 
require enormous amount of cells and time steps, DNS is not practical for research and 
engineering purpose at present. 

Recently, the large eddy simulation (LES) approach has been used as a compromise 
between the extremes of DNS and RANS. Eggels[29] and Derksen and van den Akker[30, 31] 
carried out LES simulations of fluid flow in a baffled stirred tank reactor using the 
lattice–Boltzmann scheme. To solve the problem of relative motion between the rotating 
impeller and the stationary baffles, adaptive force-field procedure was used to describe the 
action of impeller on the flow. The lattice-Boltzmann method solves a simplified kinetic 
model that is only an approximation of the complete Navier-Stokes equation. The advantage 
is that the computations to be performed are significantly reduced compared with that for the 
full equations, thus allowing for very fine grids and long simulation and averaging times. 
However, this approach may have disadvantages for some tanks if the smallest scale of the 
system is smaller than the diameter of the impeller, and the later, in turn, is smaller than the 
overall size of the tank. Revstedt et al.[32] presented results of LES simulation of a baffled tank 
stirred by a Ruston turbine. The filtered Navier-Stokes equations were discretized on a system 
of locally refined Cartesian grids and were solved using finite difference method. The 
subgrid-scale stresses, not explicitly modeled in their investigations, were thought to be 
included in the calculation by the numerical dissipation association with the truncation errors 
of finite difference schemes. Using CFD code FLUENT 5, Bakker et al.[33] examined a tank 
with 45° PBT (D/T=0.35, C/T=0.46, T=0.292 m) by means of LES simulation. The simulation 
was verified with PIV snapshots reported by Myers et al.[8]. A similar PBT tank with the 
diameter of 0.24 m was investigated by Roussinova et al.[12]. LES simulation was claimed to 
be able to successfully predict the frequency of the flow macro-instabilities in the stirred tank. 
Alcamo et al.[34] investigated the turbulent flow generated in an unbaffled stirred tank by 
means of LES simulation. The numerical predictions were compared to the literature results 
with comparable configurations and to PIV measurements. A very good agreement was 
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shown for both time-averaged resolved fields and turbulence quantities. The credibility of 
LES and RANS approaches for the prediction of fluid flow in stirred tanks was evaluated by 
Hartmann et al.[35] by means of LDA measurement. The advantage of LES approach over 
RANS was shown by the comparison between the numerical prediction and the LDA 
measurement. Min and Gao[36] investigated the mixing process in a stirred tank with a 
3-narrow blade hydrofoil CBY impeller by means of LES and RANS approaches. The LES 
approach was found to achieve better accuracy than RANS for the calculation of power 
demand and mixing time. 

The present study investigates the fluid flow instabilities in a baffled, stirred tank 
generated by a single Rushton turbine by means of LES. The sliding mesh method was used 
for the coupling between the rotating and the stationary frame of reference. The results from 
the LES simulations were investigated with a focus on velocity fluctuations and instantaneous 
circulation patterns of the fluid flow in the stirred tank. The fluctuations of radial and axial 
velocity were investigated for the monitoring points distributed over the vertical cross section 
of the tank. Flow circulation patterns in the three vertical sections of the tank were examined 
for different time instants. Vortices and their developments were also investigated based on 
the LES predicted instantaneous velocity fields. Simulations using the k-ε turbulent model 
were carried out on the same tank as a comparison. The flow fields predicted by the LES 
simulation and the simulation using standard the k-ε model were compared to the results from 
PIV measurement. All the simulations were conducted using CFD code CFX 5.  

 
2 STIRRED TANK CONFIGURATION AND PIV MEASUREMENT 

The stirred tank used in this research is a cylindrical Plexiglas tank. The tank, with a 
diameter (T) of 0.28 m, is equipped with four baffles (width W=T/10, 90° apart) and is filled 
with water up to H=T. A four-blade Rushton turbine impeller (diameter D=T/2, blade height 
b=D/5, blade width a=D/4) was used to generate liquid flow. The impeller clearance, C, is 
fixed at T/2. The configuration of the tank and the impeller is shown in Fig. 1. 

Liquid flow in the stirred tank was investigated by means of PIV measurement and 
FlowMap 1500 system from Dantec Dynamics was used. The tank was seeded with 
polyamide seeding particles from Dantec. The diameter of the polyamide particles is 
approximately 20 µm diameter and the density of the particles is 1030 kg⋅m-3. An up to 20 Hz 
pulsed Nd:Yag laser with a beam expanding lens was used to illuminate the measurement area. 
A light sheet of 10 mm thickness was created at a vertical plane in the tank. A Nikon Hisence 
CCD camera was placed at the right angle to the light sheet to record images with a resolution 
of 1280×640 pixels. The recorded images were divided into an interrogation area of 64×64 
pixels with 50% overlap, resulting in approximately 660 velocity vectors for the plane.  
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Figure 1 Stirred tank configuration, impeller geometry and location of the experimental points 

with a mesh size of 4.7 mm×4.7 mm in the PIV measurement 
 

Based on the nearly instantaneous velocity field obtained from the PIV measurement, the 
time averaged velocity field was calculated as         
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where u, v denote radial and axial velocity components respectively, i and j denote 
position in radial and axial direction; n denotes the nth flow field in the time series and N is 
the total number of flow field obtained. The time-averaged velocity field was compared to the 
result from the LES simulation and the simulation using k-ε turbulent model.  

 
3 LARGE EDDY SIMULATION 

In the LES approach, the governing equations are obtained by spatially filtering the 
Navier-Stokes equations. The large turbulent scales are computed explicitly, while the small 
scales are modeled using one available subgrid-scale (SGS) models, which describe 
interactions between the resolved and unresolved scales.  

Filtering eliminates eddies whose scales are smaller than the filter width. In the current 
study, a top-hat filter with the filter width to grid size ratio being two is used. Applying the 
filtering operation to the momentum equation leads to 
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where τij is the filtered stress tensor, σij is SGS stresses, which has the following definition: 

( )jijiij uuuu ~~ρρσ −−=        (3) 

These SGS stresses are unknown, and need to be modeled. Smagorinsky[37] developed the 
most basic subgrid scale model, in which the turbulent viscosity is modeled by 
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SLst
2ρµ =            (4) 
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where Ls is the mixing length of subgrid scales, defined as 
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where k is the von Kármán constant, d is the distance to the closest wall, and V is the volume 
of the computational cell, and Cs has a constant value of 0.1.  

The computational model of the tank contains a full three dimensional (360°) grid with a 
total of 477,160 unstructured, non-uniformly distributed, hexahedral cells. The grid statistics 
is presented in Table 1. A finer grid with 183,560 cells was created in the impeller region, 
while a coarser grid with 293,600 cells was used in the bulk region of the tank. In the impeller 
region, the maximum cell volume is 21.9 mm3 and the minimum cell volume is 1.32 mm3, 
while in the bulk region, the maximum cell volume and the minimum cell volume are 83.9 
mm3 and 4.78 mm3 respectively. If the grid cells were cubes, this would represent a maximum 
resolved grid length of 2.8 mm and a minimum of 1.1 mm for the impeller region and a 
maximum of 4.38 mm and a minimum of 1.68 mm for the bulk region. The resolved scale is 
much larger than the Kolmogorov scale (0.1 mm) but much smaller that the large scale flow 
motions of interest (0.1 m), therefore fulfills the grid density requirement of LES approach.  

The discretized equations were solved using an algebraic multigrid procedure. A central 
differencing scheme was used for spatial discretization of the momentum equations and a 
second-order implicit scheme was used for time advancement in the simulation. Implicit time 
steps in the range of 0.0167-0.0667 s were used. The transient impeller motion was modeled 
using the sliding mesh method for unstructured grids. The simulations were conducted by 
means of the parallel version of CFX on a supercomputer “ShenCao 21C”, which has 128 
dual processors and a maximum frequency of 1500 Gflops.  

 
Table 1 The statistics of grid cells in the impeller and the bulk region 

cell number (-) 183560 
maximum cell volume, mm3 21.9 
minimum cell volume, mm3 1.32 
maximum grid length, mm 2.8 

Impeller region 

minimum grid length, mm 1.1 

cell number (-) 293600 

maximum cell volume, mm3 83.9 

minimum cell volume, mm3 4.78 

maximum grid length, mm 4.38 

Bulk region 

minimum grid length, mm 1.68 
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4 RESULT AND DISCUSSION 
4.1 Velocity fluctuations 

The LES simulation was carried out with quiescent liquid as a start and for approx. 3900 
time steps with 0.0667 s per time step. The simulation using the standard k-ε model started 
from the beginning with a time step of 2 s. After 20 time steps, the simulation was continued 
with the time step of 0.0667 s. From this instant on, the axial and radial velocities at points on 
the vertical cut plane in the tank were monitored. The simulation was completed after approx. 
3300 time steps, i.e. 260 s. The location of the monitor points is illustrated in Fig. 2. Figure 3 
presents the axial and radial velocities versus time steps in the simulation using the k-ε model 
and Fig. 4 presents velocity fluctuations in the LES simulation.  

From Fig. 3, it can be seen that the axial and radial velocities are varying with time and 
that the velocities in the bulk region reach stabilized state faster than those in the impeller 
region. In the bulk region, the axial and radial velocities become stabilized when the 
simulation time is greater than 50 s while in the impeller region, the velocities do not reach a 
stabilized state until the simulation time is greater than 60 s. Periodical fluctuations of the 
radial and axial velocities are observed in the impeller region and in the jet flow coming off 
the impeller blades, which is due to the effect of the blade passages. It should be noted that for 
clarity of the figure the axial and radial velocity were sampled at a constant interval so only 
values of a part of the time steps were shown. It is not shown in the figure that the frequency 
of the velocity fluctuations is 2 Hz, corresponding to the frequency of the blade passages. 
Weaker periodical velocity fluctuations were observed in the bulk region of the tank. 

C

W
T

H

P  50

P  51

P  52

P  53

P  54

P  55

P  56

P  49

P  48

P  46

P  44

P  43

P  42

P  45

P  47

P  10

P  33

P  35

P  38

P  40

P  41

P  36

P  37

P  34

P  39

 
Figure 2 Location of the monitor points in CFD simulation 
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(a) Axial velocity in the impeller region (b) Radial velocity in the impeller region 

  
(c) Axial velocity in the bulk region (d) Radial velocity in the bulk region 

Figure 3 Velocity versus time steps in the simulation using standard k-ε model (NI＝30 rpm, 
water, Re＝9720, k-ε model, tank diameter 282 mm) 

 
As shown in Fig. 4, the fluctuations of axial and radial velocities (black line) predicted by 

the LES simulation are quite stochastic and complex, with high and low frequencies 
fluctuations. In the impeller region (point 45), velocity fluctuations of high frequencies are 
observed, while velocity fluctuations of low frequencies are observed in the bulk flow. The 
grey line shows the smoothed axial and radial velocities with high frequencies fluctuations 
filtered out by FFT. A periodical velocity fluctuation with approximately the period of 75 s 
can be seen in the time series of the smoothed velocities at both points 45 and 55. The 
periodical fluctuation corresponds to a nondimensional MI frequency of 0.027. The 
nondimensional MI frequency is defined as the ratio of MI frequency (0.013 Hz) to impeller 
rotational speed (0.5 Hz). This result agrees with the findings of Galletti et al.[14] and 
Nikiforaki et al.[11], who investigated MI frequencies by means of LDA measurements. 
According to their findings, at a Re number of 9720, there are MIs with 2 frequency bands 
present. For the lower frequency band MI, they found that the dependence of the MI 
frequency on the impeller rotational speed is linear with a proportional constant of 
approximately 0.02. The MI found in this study belongs to the lower frequency band MI. 
However, FFT and spectra analysis of the LES predicted velocity series are necessary in 
future work to gain more understandings to the complicated flow instabilities.  
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(c) Axial velocity in the bulk region (d) Radial velocity in the bulk region 

Figure 4 Velocity fluctuations with time in the simulation using LES approach (NI＝30 rpm, 
water, Re＝9720, LES model, tank diameter 282 mm) 

 
4.2 Flow circulation patterns 

Historically, the flow circulation pattern in a Ruston turbine agitated tank was thought to 
be symmetric. The jet flow coming off the impeller blades streams towards the wall and 
divides into two flows under the influence of the vessel wall: one downward along the wall, to 
the bottom of the vessel, then back to the impeller region; the other rise along the wall, to the 
top of the vessel and back to the impeller region, forming an symmetric double loop. In 
contrast to this simple picture, flow fields in the tank are rather complex and unstable. These 
unstable flow phenomena in the vessel were identified as macro-instabilities (MI)[7,8,11-14].  

The flow pattern predicted by the simulation using the k-ε model is shown in Fig. 5. From 
the velocity field (in the view plane 0-180°), the symmetry of liquid flow can be apparently 
seen between the right and the left part of tank, and between the upper and the lower part of 
the tank. In reality, this is not the case. Liquid flows in stirred tanks are transient, rather 
complex and asymmetric.  
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Figure 5 Velocity field obtained using the standard k-ε model (NI＝30 rpm, water, 

tank diameter 282 mm) 
 
The advantage of LES approach over the k-ε model is its capability to fully resolve the 

large turbulent scales, which makes LES approach a computationally feasible means to 
investigate the time-varying characteristics of the flow in stirred tank. Figure 6 shows the 
instantaneous circulation patterns produced by the Ruston turbine. Figures 6(a), 6(d), 6(g), 
Figs. 6(b), 6(e), 6(h) and Figs. 6(c), 6(f), 6(i) are the results for the plane 0-180°, 45-225° and 
90-270° respectively. The position of those view planes seen from the top is schematically 
shown in Fig. 7.  
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Figure 6 Instantaneous flow circulation patterns predicted by the LES simulation (NI＝30 rpm, 
water, Re＝9720, LES model, tank diameter 282 mm) 

 
From the instantaneous flow fields provided by the LES simulation, large-scale 

asymmetric liquid flow is found to span a large portion of the tank. From Fig. 6(a), one stream 
transverses axis from the right to the left at the top of the tank while at the bottom of the tank 
another stream passes the axis from the left to the right forming an overall counter-clockwise 
flow circulation in the vertical plane. For different view planes (45-225°, 90-270°) the 
circulation patterns are different. 

 
Figure 7 Schematic illustration of the view planes 

 
From Figs. 6(b), 6(e), 6(h), and Figs. 6(c),6 (f), 6(i), it can be seen that these asymmetric 

flow patterns change from one plane to another and from time to time. The overall flow 
pattern at the view plane 0-180° becomes clockwise at t=256.68 s. Similar unstable and 
asymmetric flow circulation patterns dominating the entire tank are observed by Roussinova 
et al.[12] in the instantaneous velocity field produced by a 45° PBT. From these instantaneous 
flow fields provided by the LES simulation, it is indicated that fluid flow in the stirred tank is 
asymmetric, stochastic and complex with large-scale vortices. These time-varying large-scale 
vortices dominate the entire tank and have great influence on the mixing process in the tank. 
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4.3 Instantaneous velocity fields 
The vortices and their development in the stirred tank were investigated using a short 

time step of 0.0167 s. The calculation was carried out based on the result flow field at 
t=401.58 s (after 6020 iterations). Figure 8 shows the instantaneous velocity fields in the view 
plane 0-180° at two time instants separated by 1.58 s, which corresponds to approximately 
three times a blade passage period.  

In Fig. 8(a) there are many vortices at different scales, of which three vortices (A, B, C) 
can be clearly observed. Vortices A and B develop near the tip of the impeller blade in the left 
and the right part of the tank respectively. Vortex C forms in the corner where the vessel wall 
meets the liquid surface. After 95 time steps (with a time step of about 0.0167s), Fig. 8(b) is 
obtained. It can be seen that vortex A coming from the blade has moved radially outwards and 
then downwards along the wall, while vortex B has moved upwards along the wall with a 
relatively lower moving speed. At the left top corner of the tank, vortex C has disappeared, 
while vortex D appears. At the right part of the tank near the tank corner, vortex E and vortex 
F appear. Fluid flow in a stirred tank is asymmetric and fluctuating, with vortices of different 
scales stochastically appearing, developing and disappearing in the entire tank for all 
time.  
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X

YZ

BD
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F
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(a) t=401.58 s (b) t=403.16 s 
Figure 8 Development of vortices shown by the LES simulation (NI＝30rpm, water, LES 

model, tank diameter 282 mm) 
 
4.4 Comparison with PIV measurement 

The flow fields predicted by LES and the standard k-ε model were compared to the PIV 
measurement. Figure 9 presents the comparison of velocity fields obtained by the PIV 
measurement and by the LES simulation. Figure 9(a) shows the velocity fields from the PIV 
measurement, which is obtained by averaging 1024 semi-instantaneous velocity fields. 
Detailed information on the PIV measurement can be found in the previous work[13]. The 
whole velocity field is constructed by means of mirror since only velocity for the right part of 
the tank is available from the measurement.  



 13

0.1 m/s

X

YZ 0.

(a) PIV measurement (b) LES simulation 
Figure 9 Comparison between time-averaged velocity fields obtained from PIV measurement 

and from the LES simulation (NI＝30 rpm, water, tank diameter 282 mm) 
 

Figure 9(b) presents the averaged velocity field from LES simulation, which is an 
average of 3000 instantaneous velocity fields. Results show that the time averaged velocity 
field cannot be accurately obtained if the overall number of the instantaneous velocity fields is 
less than 500. When the number of the overall velocity fields is greater than 2000, the time 
averaged values tend to be stable.  

When we compare Figs. 5 and 9, good agreement can be seen between the simulation 
using the standard k-ε model, the LES simulation and the PIV measurement. Figure 10 
gives quantitative comparison between the simulations and the measurement. For 
both the LES approach and the simulation using the k-ε model, the accuracy of 
prediction of radial velocities is better than that of the axial velocities. The simulation 
using the k-ε model is almost as accurate as the LES approach for the prediction of 
radial velocity, however worse than the LES simulation for the prediction of axial 
velocities. 
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Figure 10 Comparison of velocities at radial distance of 0.1 m at the plane of baffle (NI＝30 

rpm, water, Re＝9720, tank diameter 282 mm) 
 

5 CONCLUSION 
The flow instabilities in a baffled, stirred tank generated by a single Rushton turbine is 

investigated by means of large eddy simulation (LES). The sliding mesh method is used for 
the coupling between the rotating and the stationary frame of references. The flow fields 
predicted by the LES and the standard k-ε model are compared to results from the PIV 
measurement. 

Results show that there is good agreement between the simulations using the k-ε 
model, the LES simulations and the PIV measurements. The accuracy of prediction of 
radial velocities is better than that of the axial velocities for both the LES simulations 
and the simulations using the k-ε model. For the prediction of axial velocity, the LES 
approach is better than the standard k-ε model. The LES simulation predicts fluctuations 
of the radial and axial velocity at different frequencies.  

Velocity fluctuations of high frequencies are observed in the impeller region, while 
velocity fluctuations of low frequencies are observed in the bulk flow. A periodical 
fluctuation with a nondimensional frequency of 0.027 can be seen in the axial and radial 
velocity series, which agrees with experimental investigations in the literature. However, FFT 
and spectra analysis of the LES calculated velocity series are necessary in future work to gain 
deep understandings of the complicated flow instabilities. Circulation patterns predicted by 
LES are asymmetric, stochastic and complex, spanning a large portion of the tanks and 
varying with time, while circulation patterns obtained by the k-ε simulations are symmetric.  
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NOMENCLATURE  
a blade width, m  ρ fluid density, kg·m-3 
b blade height, m  p  filtered pressure field, 

kg·m-1·s-2 
C clearance, m  τij filtered turbulent stress tensor, 

kg·m-1·s-2 
D impeller diameter, m  σij SGS stress tensor, kg·m-1·s-2 
H liquid height in reactor, m  µt turbulent viscosity, m2·s-1 
i, j index, dimensionless  Abbreviation 

Ls subgrid scale mixing length, m  CCD charge couple device 
n flow field number in the time 

series, dimensionless 
 CFD computational fluid 

dynamics 
N total number of flow fields, 

dimensionless 
 DNS direct numerical simulation 

NI impeller Rotational speed, s-1  LDV/L
DA 

laser Doppler velocimetry/ 
laser Doppler anemometry 

Re impeller Reynolds number, 
dimensionless, NID2/v 

 LES large eddy simulation 

S  characteristic filtered rate of 
strain ( ijij SSS 2=  ) 

 MI macro-instability 

ijS  filtered rate of strain 
( ( )jiijij uuS ∂+∂=

2
1 ) 

 PBT pitched blade turbine 

T reactor diameter, m  PIV particle image velocimetry 
t time step, s  POD proper orthogonal 

decomposition 
u~  filtered velocity component, 

m·s-1 

 PSD power spectral density 

njiu ,,

njiv ,,
 

nth instantaneous velocity in 
the radial and axial direction 
respectively, m·s-1 

 RANS Reynolds averaged 
Navier-Stokes 

W baffle width, m  RT Rushton turbine 
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