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ABSTRACT.    The hydrodynamic and turbulence model have been simulated by our computational 
fluid dynamics (CFD) code in a mechanically stirred tank equipped by axial turbine. The effect of the 
modified attack angle of the blade on the flow prediction is studied. The Reynolds-averaged continuity 
and Navier-Stokes equations were solved. For the closure of the above equations, a turbulence model 
k-ε has been employed. The numerical solution of these equations was achieved by a finite-volume 
method. The CFD predicted flow fields at different locations in the tank as well as the power number 
show reasonably good agreement with the measured data and with those calculated from published 
experimental correlations. 
 
 
 

NOMENCLATURE 
 

1εC  constant in the standard k-ε model 
2εC  constant in the standard k-ε model 
µC  constant in the standard k-ε model 

G turbulent kinetic energy production, dimensionless 
N        speed of rotation, rev.s-1 
k turbulent kinetic energy, dimensionless 

Np power number, dimensionless, 
3 5p

P
N

ρN d
=  

P power, W  
p pressure, dimensionless 

Re Reynolds number, dimensionless, Re
2

e

N d
R =

ρ

µ
      

ΦS  sink term, dimensionless 

ΦJ
��

 
flux term vector 

I 
identity tensor 

Greek letters 
β 
α 

inclined angle, degrees  
angle of modification along the blade, degrees 

φ angle of modification at the end of the blade, degrees 
ε dissipation rate of the turbulent kinetic energy, dimensionless 
υe effective viscosity, dimensionless, 1e tυ υ= +  

υt turbulent viscosity, dimensionless 
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kσ  constant in the standard k-ε model 

εσ  constant in the standard k-ε model 

Φ
Γ  diffusion coefficient, dimensionless 

Φ  general transport parameter, dimensionless 

τ  stress tensor 

Rτ  Reynolds tensor 

 
 

INTRODUCTION 
 
Stirred tanks are frequently employed in the process industry to carry out a variety of operations which 
include, for example blending of liquids, gas-liquid or liquid-liquid mass transfer and crystallization. 
Such processes are strongly influenced by the hydrodynamic, turbulent flow conditions and mixing 
characteristics. Many experimental investigations on hydrodynamics and mixing in vessels of different 
geometrical configurations agitated by various types of impeller were carried out. For example, 
Kilander and Rasmuson [2005] studied the hydrodynamics and turbulence in a square tank stirred with 
a hydrofoil impeller and a Lightnin A310 via particle image velocimetry (PIV). Escudié and Liné 
[2003] used a PIV technique to analyze the local hydrodynamics generated by a Rushton turbine. 
However, Javed et al. [2005] simulated using computational fluid dynamics a baffled vessel agitated 
by a six-bladed Rushton turbine. Montante et al. [2001] investigated the effect of the impeller clearance 
on the flow and turbulence fields in a fully baffled vessel stirred by a Rushton turbine. Various 
configurations were simulated in order to test the capability of the CFD code to correctly predict the 
transition from the double to single loop flow pattern, when the stirrer clearance from the tank bottom 
is decreased. Chapple et al. [2002] examined the sensitivity of the power number to changes in blade 
thickness and impeller diameter. The measurements were carried out for the down-pumping 45° 
pitched blade impeller. Kevin et al. [2000] compared the power numbers, circulation, flow and 
turbulence characteristics for a 45° PBT, a Chemineer HE3 and a Lightnin A310. Karcz and Major 
[1998] investigated the effect of the baffle length on power consumption in agitated vessel equipped 
with short baffles. The measurements were carried out for the Rushton turbines, Smith turbines, three 
45° pitched blade turbine and propeller. Power characteristics for different geometrical parameter of 
the baffles were obtained within the turbulent regime of the fluid flow in the agitated vessel. 
Bouzgarrou et al. [2008] simulated using computational fluid dynamics a single phase turbulent flow in 
a tank stirred by a down and an up-pumping PBT. Sheng et al. [2000] used a PIV technique to study a 
baffled cylindrical stirred vessel with a 45° pitched blade turbine operating in the turbulent regime. The 
main aims of the present study are to characterize the effect of the blade modified attack angle on the 
characteristic flow patterns in a stirred vessel. In this investigation, three different designs of axial flow 
impellers were considered. 
 
 

STIRRED VESSEL CONFIGURATION 
 

The agitated vessel with axial turbine used in the present study is shown schematically in figure 1. It 
is a cylindrical vessel of diameter D, liquid height equal to the tank diameter H=D. Three axial 
impellers were used: a three-blade 45° pitched blade turbine PBT, a modified pitched blade turbine 
along the blade MAPBT (α=150°) and a modified pitched blade turbine at the end of the blade 
MEPBT (φ=150°). The impeller diameter is d=0.33 D. The clearance between the bottom of the 
mixing vessel and the middle of the impeller blades was z=0.33 H. The attack angle β=45° was 
maintained constant for all the configurations studied. The simulations performed concerned the PBT 
previously employed by Karcz and Major [1998] in their experimental work. 
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a. Configuration of the stirred tank b. Turbines geometry 
 

Figure 1. Geometrical parameters of the agitated vessel 
 
 

MODELLING PROCEDURE 
 

In this paper, the equations to be solved are the Reynolds-averaged continuity and momentum 
equations in turbulent motion and in a rotating frame reference: 
 

 0divV=
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For the closure of the above equations, a turbulence model k-ε [Launder et al., 1972] has been 
employed. 
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G is the turbulent kinetic energy production. In the k-ε model, the turbulent viscosity is given by: 
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The standard values of the model constants used were Cµ=0.09, C1ε=1.44, C2ε=1.92, σk=1 and σε=1.3. 
These values have been obtained by carrying out experiments in relatively simple geometries. In order 
to take into account the presence of the turbine, all velocity components mesh nodes, which intersected 
with turbine, were taken equal to zero. The appropriate equations in the range of turbulent flow for an 
incompressible Newtonian fluid are expressed in the general conservation form which can be written 
as follows:  
 

ΦΦD D DΦ dv div J dv S dv
t

∂
= − +∫∫∫ ∫∫∫ ∫∫∫

∂

��

                                (6) 

 
With:  
 

Φ ΦJ ΦV Γ gradΦ= −
�� �� �����

                                                        (7) 

 
The governing equations for the mean radial U, tangential V and axial W velocities, the transport 
equations for the turbulence kinetic energy k and its dissipation rate ε are solved using the finite-
volume method (table1).  

 
 

Table 1 
Dimensionless form of flux and sink terms 
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In this study, all of the terms in each equation are discretized using the hybrid scheme. The calculation 
was performed using a mesh consisting of 30x30x60 grid lines in the radial, tangential and axial directions, 
respectively, with a total of 54000 cells. The discretized equations were solved iteratively using the 
SIMPLE algorithm for pressure-velocity coupling [Patankar, 1980] and the solution was considered 
converged when the total residuals for the continuity equation dropped to below 10-6. The details of the 
model formulation and solution procedure have been given in detail by Driss et al. [2005] and Kchaou 
et al. [2008]. 
 
 

NUMERICAL RESULTS 
 

In this study, the numerical simulations were carried out with our specific computational fluid 
dynamics (CFD) code to predict the hydrodynamic flow in the stirred tank. The flow patterns and the 
characteristics of turbulence were presented at a single value of impeller rotational speed N=625 rpm. 
The Reynolds number Re is equal to 105. 
 
Flow Patterns    Simulated velocity fields produced by the modified pitched blade turbines are 
presented in figures 2 and 3. Figure 2 show the velocity vector plot (U,V) in r-θ plane situated at the 
axial coordinate equal to z=0.5. Due to symmetry, flow simulations were carried out only for 1/3 of the 
vessel. It appears that the flow is dominated by the tangential component. While comparing the three 
geometric configurations, it has been noted that the radial component of the velocity vector is more 
important in the case of a PBT. Figure 3 shows the flow (U,W) in r-z plane defined by the angular 
coordinate equal to θ=70°. This plane corresponds to a plane just downstream of the blade. Generally, 
this figures show the similar flow patterns with a radial jet on the level of the turbine which changes 
against the walls of the tank with two axial flows thus forming two zones of recirculation on the two 
sides of the turbine. However, some differences can be noticed. In fact, within a MAPBT, the radial 
and axial flow is very important. In addition, the position of the center of recirculation was directly 
affected by the blade type. Indeed, we observed that this center approaches the wall of the tank in the 
case of a MAPBT. For this same configuration, it has been noticed the apparition of a zone localized in 
the stirred tank bottom defined by a very weak field. 
 

   
a. PBT b. MAPBT c. MEPBT 

. 
Figure 2. Velocity fields induced in r-θ plane define by the axial coordinate z=0.3 

 

0.4 0.4 0.4 
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a. PBT b. MAPBT c. MEPBT 
 

  

   
Figure 3. Velocity fields induced in r-z plane define by the angular coordinate θ=70° 

 
Distribution of Turbulent Kinetic Energy    Figure 4, 5, 6 and 7 show the distribution of the 
turbulent kinetic energy k in the case of different modified inclined angles of blade defined by β=45°, 
α=150° and φ=150°. The horizontal presentation planes were situated at the axial coordinates equal to 
z=0.66 and z=0.8. However, the vertical presentation planes were situated in the middle and 
downstream of the blade plane. They were defined by the angular coordinate equal to θ=60° and θ=70° 
respectively. Globally, it has been noted that the maximal value is in the region localized in the blades 
tip. In the domain swept by the turbine blades, the turbulent kinetic energy remains enough elevated. 
Out of this domain, k became quickly very weak. While modifying the blade modified attack angle, it 
has been noted that the biggest turbulent kinetic energy is reached within a MEPBT (figure 4.c). The 
vertical presentation planes show a wake localized in the domain swept by the turbine. This wake is 
characterized by the elevated values of the turbulent kinetic energy. While moving away of this 
domain, these values decreased quickly. The modified attack angle intervenes in the characterization of 
the wake shape. Indeed, it has been remarqued that the wake has been developed more in the case of 
MEPBT (figure 7.c). 
 

   
a. PBT b. MAPBT  c. MEPBT 

Figure 4. Turbulent kinetic energy in r-θ plane define by the axial coordinate z=0.66 

0.3 
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a. PBT b. MAPBT  c. MEPBT 

Figure 5. Turbulent kinetic energy in r-θ plane define by the axial coordinate z=0.8 

   
a. PBT b. MAPBT c. MEPBT 

Figure 6. Turbulent kinetic energy in r-z plane define by the angular coordinate θ=60° 

   
a. PBT b. MAPBT c. MEPBT 

Figure 7. Turbulent kinetic energy in r-z plane define by the angular coordinate θ=70° 
 
 

Distribution of Dissipation Rate of the Turbulent Kinetic Energy    Figure 8, 9, 10 and 11 show the 
distribution of dissipation rate of the turbulent kinetic energy ε in the same planes adopted in the 
previous paragraphs. Globally, it has been observed that the distribution is similar to that already 
obtained with the turbulent kinetic energy. Indeed, it is noted that the area sits of the maximum values 
are located in the wake which develops nearly to the blades end. However, the dissipation rate becomes 
very weak outside the field swept by the blades. The greatest rate was reached within MEPBT.  
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a. PBT b. MAPBT c. MEPBT 

Figure 8. Dissipation rate of the turbulent kinetic energy in r-θ plane define by z=0.66 

   
a. PBT b. MAPBT c. MEPBT 

Figure 9. Dissipation rate of the turbulent kinetic energy in r-θ plane define by z=0.8 

   
a. PBT b. MAPBT c. MEPBT 

Figure 10. Dissipation rate of the turbulent kinetic energy in r-z plane define by θ=60° 

      
a. PBT b. MAPBT c. MEPBT 

Figure 11. Dissipation rate of the turbulent kinetic energy in r-z plane define by θ=70° 
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The integration of the field of the dissipation rate of the turbulent kinetic energy on the entire volume 
leads to the value of the total power consumption in the vessel. 
 
P = ρ D∫∫∫ ε dv                                                                                                                                      (8) 

 
The dimensional analysis enables us to characterize power consumption in a stirred vessel through the 
power number Np defined as follows [Nagata, 1975]: 
 

3 5p

P
N

ρN d
=                                                                                                                                       (9) 

 
In table 2, the power number in the case of different modified pitched blade turbines PBT, MAPBT 
and MEPBT for a Reynolds number Re=105 are reported. While modifying the blade attack angle, it’s 
noted that the power number Np increase. The numerical results obtained from our CFD code are 
compared with the experimental results. For a PBT, the power number determined from our CFD code 
was equal to Np=0.50. This value is close to that obtained by Karcz and Major [1998] and reached 
Np=0.57. The good agreement confirmed the validity of the computer method. 

 
 

Table 2 
Effect of blade modified attack angle on the power number 

 
 Turbines geometry Np 
 

Numerical model 
 

PBT 
MAPBT  
MEPBT 

PBT 

0.50 
0.56 
0.65 
0.57 Karcz and Major [1998] 

 
 
Distribution of Turbulent Viscosity    Figure 12, 13, 14 and 15 show the evolution of the turbulent 
viscosity distribution υt. For the presentation of these features, we chose the same planes adopted in the 
previous paragraph to study the turbulent kinetic energy. In the field swept by blades of the turbine, the 
turbulent viscosity remained rather high. Very near to the walls and around the axis of the turbine, the 
turbulent viscosity undergoes a very fast fall. This is due to the deceleration of the flow. By comparing 
the three configurations between them, the maximal values of the turbulent viscosity increased with the 
modified inclined angle of blade. Indeed, within MEPBT, the turbulent viscosity is equal to υt=2500 
(figure 14.c and 15.c). In the two other cases corresponding to MAPBT and PBT the turbulent 
viscosity worth υt=1800 and υt=1200 respectively (figure 14.b and 14.a). 
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a. PBT b. MAPBT c. MEPBT 

Figure 12. Turbulent viscosity in r-θ plane define by the axial coordinate z=0.66 

   
a. PBT b. MAPBT c. MEPBT 

Figure 13. Turbulent viscosity in r-θ plane define by the axial coordinate z=0.8 

   
a. PBT b. MAPBT c. MEPBT 

Figure 14. Turbulent viscosity in r-z plane define by the angular coordinate θ=60° 

   
a. PBT b. MAPBT c. MEPBT 

Figure 15. Turbulent viscosity in r-z plane define by the angular coordinate θ=70° 
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 CONCLUSION 
 
In this paper, the numerical simulations were carried out with our specific computational fluid 
dynamics (CFD) code to predict the hydrodynamic flow in the stirred tank. The effect of the modified 
attack angle of the blade on the flow prediction is studied. The results obtained by our code, such as 
average velocity and turbulent flow characteristics, are presented in different vessel plans. It has 
been deduced that the turbine design has an effect on the hydrodynamics characteristics. A very good 
agreement has been observed between the predicted hydrodynamic flow characteristics and the results 
published in the literature. In the future, we propose to use our CFD code to study the effect of the 
modified attack angle and the number of blades on the global hydrodynamics parameters like the 
pumping flow number, the energy and the pumping efficiency number. 
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