
 
 
 
 
 

1. INTRODUCTION 
 
During the last ten years, computational fluid dynamics 

has become a very powerful tool in the process industry not 
only for the research and development of a new process but 
also for the understanding and optimization of exciting 
ones. In the chemical, mineral industries, mechanically 
stirred tanks are widely used for complex liquid mixing 
processes. In order to understand the complex phenomena 
that occur in such tanks, it is necessary to investigate flow 
field in the vessel, as well as turbulence characteristics. 
Advanced experimental method, such as Particle image 
velocimetry (PIV) and laser doppler velocimetry (LDV), 
have been shown to give detailed information on the 
turbulence flow field in agitated tank for single and two 
phase applications. 

These experimental methods require that the vessel and 
the operating liquid are translucent in order for laser light 
transmission, that a transparent rectangular vessel is 
placed around cylindrical vessels to minimize light 
refraction. Most often in industrial situations, however, 
vessels are made of nontransparent materials, the 
operating liquids are opaque, all of which suggest 
difficulties for experimental measurement of turbulent 
flow fields in such vessel types. For these reasons, 
computational fluid dynamics (CFD) has become an 
important tool for prediction of flow fields in industrial 
vessels to better understand flow phenomena and to 
optimize the processes. The growing importance of the 
application of CFD to industrial problems raises a major 

question. That is the numerical solutions physical, and 
correctly predicted. More and more published works on 
CFD in stirred vessels consist of combined experimental 
and numerical studies, using LDV or PIV results to 
validate the numerical solutions. Most other CFD studies 
use previously reported experimental results in order to 
compare their predictions. As a general conclusion, the 
authors claim that CFD satisfactorily predicts, 
qualitatively and quantitatively, the axial and radial mean 
flow patterns but under or over predicts the tangential 
velocity component and turbulent quantities, such as the 
turbulent kinetic energy, and the turbulent energy 
dissipation rate. As CFD is based on the Navier-Stokes 
equations and mathematical methods with simplifying 
assumptions, there are many sources for such 
discrepancies. Amongst these are the type of modeling 
approach employed, such as many type of boundary 
conditions, steady state or transient models, turbulent 
models and discretization schemes. A few reported works 
compare the effect of different modeling approaches. 
Brucato et al. [3] compare simulation results for Rushton 
turbines and down pumping axial impeller that use 
multiple reference frame and sliding mesh with the k-e 
turbulence model and either the hybrid upwind 
differencing or the QUICK discretization scheme. They 
showed that the results of the method are very sensitive to 
the imposed boundary conditions themselves and 
satisfactory predictions reply completely on the 
availability and accuracy of these for a specific stirred 
vessel geometry. The authors found that the method 
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yielded the vest agreement with experimental data for the 
mean flow field, although it tended to under predict k 
values. The same group authors carried out a similar study 
on dual Rushton turbines and came to the same 
conclusions. The effect of discretization schemes on the 
simulation of flow stirred vessels has been dealt with in 
very few works. Sahu and Joshi [4] used the impeller 
boundary conditions technique to simulate the flow. 
Several studies have focused on the effect of various 
turbulence models on the final numerical solution. Most 
commonly, a comparison between the standard k-e and 
RNG k-e models has been made. Jaworski et al. [5] studied 
the flow produced by a Rushton turbine using a sliding 
mesh and reported that the type of turbulence model did 
not have much effect on the mean velocities. These results 
showed good agreement with experimental results except 
for in the trailing vortex region. The turbulence quantities 
were found to be largely under predicted, although better 
agreement with experimental data was found for the 
standard k-e model than the RNG k-e model. The k-e 
models, which make the isotropic eddy viscosity 
assumption, are known to be insensitive to streamline 
curvature and system rotation. These limitations have led 
some researchers to investigate the use of anisotropic 
Reynolds stress models on the calculated turbulent flow 
field. Amenante and chou [6] studied the turbulent flow 
produced by down pumping single and dual six blade 
pitched blade turbines using the impeller boundary 
condition method with LDV data. They compared results 
employing the Algebraic stress model and the standard k-e 
model and reported that the results of the Algebraic stress 
model were marginally but consistently in better 
agreement with the experimental data than the standard 
k-e model. Although these preceding studies are extensive 
in themselves, they appear to have some weakness with 
respect to the capabilities of CFD today.  

Most difficulty on the numerical analysis of stirred tank 
flow field focused particularly on free surface analysis. In 
order to decrease the dead zone and improve the flow 
efficiency of a system with free surface, this paper presents 
a new method that overcomes free surface effects by using 
experiment and 3-D CFD. The method is applied to study 
the mixing flow in agitated tank. From the experimental 
studies using the particle image velocimetry (PIV) system, 
the distribution of mixing flow including free surface are 
obtained. And these values are used as patch condition of 
3-D CFD modeling. The results of velocity distribution 
obtained by 3-D CFD are compared with those of 
experimental results. The experimental data and the 
simulation results are in good agreement. And, From the 
results of this three dimensional turbulence flow field 
analysis for an agitated tank, it was verified that the flow 
dead zone is decreased and volume flow rate is raised by 
using a baffle, streamline shape guide and radial fan 

 

2. FLOW ANALYSIS 

2.1. Geometric shape 

 
Fig. 1 Agitated tank configurations 

 
TABLE 1. AGITATED TANK SPECIFICATIONS 

 
The agitated cylindrical tank geometry used in this work is 
shown in figure 1 and table 1. It employs an axial fan, three 
supports and straight guide. 
 

2.2. Experimental analysis 
Although many flow visualization techniques have been 

employed to study the dynamics and topology of coherent 
structures in turbulent flow, none of the currently available 
techniques can provide instantaneous vorticity fields. 
Vorticity is one of the fundamental characteristics that is 
important for the understanding of the physics of 
turbulence phenomena. While numerical simulation 
allows us to explore sophisticated aspects of vortex 
dynamics, it is generally limited to simple geometries and 
low Reynolds numbers. The new approach with particle 
image velocimetry system (PIV)(Figure 2) has shown 
promise in the measurement of vorticity fields. In recent 
years, PIV has been used very extensively in fluid flow 
research. The most salient characteristic of the technique 
is its ability to measure flow in a two dimensional plane, 
providing the two components of velocity vectors. The 
technique also makes it possible to capture instantaneous 
turbulent flow fields for the purpose of identifying 
fundamental mechanisms of turbulence and extracting 
their spatial structure. Due to its capability of getting on  
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Fig. 2 PIV system 
 

 
Fig. 3 Measurement position for Agitated tank 
 
instantaneous measurement of velocity field accurately, 
PIV can also provide the vorticity and rate of strain fields. 
The fundamental principle of PIV is simple. It measures 
the displacements of the particle images. The 
displacements must be small enough so that the data is a 
good approximation of velocity. The PIV system is 
comprised of two systems. Image capturing and image 
analysis. In an image capturing system, a pulsed laser is 
generally used for illumination due to the high energy in 
each laser pulse. Either a photographic camera or a CCD 
video camera can be used as recording medium. 

From the experimental studies using PIV system for the 
visualization of the mixing flow in an agitated tank, the 
shape of free surface was investigated. These values which 
are expressed as a velocity vector field has been patched for 
simulating the free surface. Also the experimental data for 
full flow fields were compared with the 3-D CFD results. 
The measurement position and velocity vectors are shown 
in figure 3-6. Figure 4 shows the velocity vectors near the 
wall of a vessel. In this area, the rising of free surface by 
means of the centrifugal force shapes the vortex near the 
corner of vessel. Figure 5 shows the velocity vectors at the 
entrance of a basket. The main flow turns toward the entry. 
The velocity vectors in Figure 6 are formed at the side of a 
basket. Some of the flow that goes inside of a basket comes 

out, and the upstream flow exists near the wall of a vessel. 
 

2.3. Numerical analysis 
The governing equations of three dimensional 

incompressible steady flow are as follows. 
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Fig. 4 Velocity vectors at the section 1 

 

    
Fig. 5 Velocity vectors at the section 2 
 

       
Fig. 6 Velocity vectors at the section 3 

 
0=×Ñ V                     (1) 

       )()( VPVV ×Ñ×Ñ+Ñ=×Ñ m          (2) 
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Fig. 7 Computational mesh 

 

Fig. 8 Velocity vectors at the full domain by 3-D CFD  
 
A multi-block approach was applied to the computational 
mesh for flow analyze because of the complicated shape. 
The flow field was divided into 4 regions, and a 2,000,000 
unstructured grid was generated for each case, as shown in 
Figure 7. The governing equations were solved by the 
finite volume method with the SIMPLE algorithm. The 
second-order upwind scheme was applied to the 
convection term, the first-order upwind scheme was 
applied to the turbulence equation, and standard k-e model 
was applied to the turbulence model. 
 

2.4. Boundary conditions 
From the results of experimental studies using the PIV 

system, the distribution of mixing flow including free 
surface are obtained. These value which are expressed as a 
velocity vector fields have been patched for simulating the  

  

 
 

 
Fig. 9 Velocity vectors comparison at the section 1 
 

    
 

    
Fig. 10 Velocity vectors comparison at the section 2 
 
free surface. The Boundary conditions at the rotating axis 
were given the rotating wall condition, and the moving 
r eference frame(MRF) conditions were endowed 
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Fig. 11 Velocity vectors comparison at the section 3 
 
at the circumference area. At the free surface, the slip wall 
condition was given. 

2.5. Result of numerical analysis 
In order to examine whether the results of the 
three-dimensional CFD analysis patched with free 
surfacecan be applied to a agitated tank, the velocity 
vectors were compared for each sections. Figure 8 is the 
velocity vectors at the full domain. As the axis rotates, 
fluid enters into the axial direction of a rotating axis and 
goes out to the axial direction of a fan. In this process, 
some of flow rate goes out the side of basket. Figure 9-11 
shows the comparison of velocity vectors between the 
original model and the free surface model. At the section 1, 
the rising of free surface by means of the centrifugal force 
shapes the vortex near the corner of vessel. The free 
surface model predicts this physical phenomenon very 
well. At the section 2, the angle of velocity vectors near the 
entrance of basket is different from each other. The free 
surface model resembles the experimental data. This result 
is due to the shape of free surface that is a steep grade. At 
the section 3, some of the flow that goes inside of a basket 
comes out, and the upstream flow exists near the wall of a 
vessel. 
 

3. SHAPE IMPROVEMENT 
A rotating axis and basket are the core part of an 

agitated tank. The flow field of the inside of basket 
becomes very complicated because of the characteristic  

Baffle

Streamline shape Guide

Baffle

Streamline shape Guide

 
Fig. 12 Agitated tank with baffle and streamline shape guide 
 

    
Fig. 13 Axial and radial fan 

 

 
Fig. 14 Velocity vectors at free surface of the original model 

 

 
Fig. 15 Velocity vectors at free surface of the improvement model 
 
geometry shape. As the axis rotates, fluid enters into the 
axial direction of a rotating axis. But the flow near the wall 
of vessel rotates continuously. Therefore the flow dead 
zone is generated and its size is not uniform in both the  
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Fig. 16 Velocity vectors at a basket inlet 
 

 
Fig. 17 Streamline distribution for original model 
 

 
Fig. 18 Streamline distribution for improved model 
 
axial and circumferential directions. In order to minimize 
the flow dead zone occurring at the wall of a vessel, the 
baffles are affixed, and the straight guide are exchanged 
with the streamline shaped guide(Fig. 12). Also, to 
transform the whole flow fields that have rotating main 
streams into the flow fields of the up-down pattern, the 
axial fan was replaced with the radial fan(Fig. 13). The 
numbers of baffle was accorded with that of guide.  Figure 
14 is the velocity vectors at free surface of the original 
model, and figure 15-16 show the velocity vectors when 
the baffle and the streamline shaped guide are used. 
Compared with Figure 14, it is verified that the flow dead 

zone of free surface is completely diminished and the flow 
into a basket inlet became efficient by the baffle and the 
streamline shaped guide.  
  Figure 17 shows the streamline of a system with an axial 
fan. The direction of main flow is the tangential direction 
of a rotating axis, and this flow pattern caused a flow dead 
zone. The flow field with a radial fan is showed in figure 
18. A baffle and streamline shape guide are added in this 
system. Considerable flow patterns are exchanged into the 
flow fields of the up and down. Actually, the volume flow 
rate of this system increased about 10% of its original 
value. 
 

4. CONCLUSIONS 
In order to decrease the dead zone and improve the flow 

efficiency of a system with free surface, this paper presents 
a new method that overcomes free surface effects by 
properly combining the benefits of using experiment and 
3-D CFD. From the results of the computational fluid 
analysis, the following conclusions were obtained. 

 
1. The experimental data using the PIV have been 

patched for simulating the free surface. The results of this 
simulation method are in good agreement with the 
experimental results. 

2. From the results of three dimensional turbulence flow 
field analysis for an agitated tank, it was verified that the 
flow dead zone is decreased and volume flow rate is raised 
by using a baffle, streamline shape guide and radial fan. 

3. By combing the benefits of using the three 
dimensional CFD and experiment for a complicated 
turbulent flow field with free surface as an agitated tank, it 
is shown that the accurate flow analysis is possible. 
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