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Abstract  The effect of the tank design on the hydrodynamic structure is carried out in three tanks; cylindrical tank, 
curved tank and spherical tank; equipped with a six-pitched blade turbine (PBT6). The hydrodynamic behaviour is numeri-
cally predicted by the resolution of the Navier-Stokes equations in conjunction with the Renormalization Group (RNG) of 
the k-ε turbulence model. These equations are solved by a control volume discretization method. The numerical results 
from the application of the CFD code "Fluent" with the Multi Reference Frame (MRF) model are presented in the impeller 
stream region. Particularly, the velocity components and the turbulent characteristics are presented in different planes con-
taining the blade. The power consumption of these stirred tanks was calculated to choose the most effective system. The 
comparison between the numerical results and the experimental data showed a good agreement. 
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1. Introduction 
Stirred tanks have wide applications in different industrial 

process. In the various applications, stirred tanks are required 
to fulfill several needs like blending of miscible liquids, 
dispersion of gases or immiscible liquids into a liquid phase, 
suspension of solid particles, heat and mass transfer promo-
tion and chemical reactions. The study of the hydrodynamic 
structure generated in stirred vessels is interesting to improve 
the performances of the agitators and the vessels by the 
development of the geometrical and operational condi-
tions[1-3]. In the literature, the study of the hydrodynamic 
structure generated with a pitched blade turbine (PBT) was 
initiated in several experimental and numerical works on the 
discharge zone. For example, we can cite the experimental 
works of Nagata[4], Suzukawa et al.[5], Karcz et al.[6], Dan 
Taca et al.[7], Armenante et al.[8], and Aubin et al.[9]. In his 
experimental study, Nagata[4] studied the effect of the 
pitched blades on the power number with two pitched blades 
turbine (PBT2). Using a LDA system, Suzukawa et al.[5] 
studied the effect of the pitched blades in a baffled stirred 
tank equipped with a four pitched blade turbine (PBT4). 
Karcz et al.[6] studied the influence of the baffles on the 
variation of the power number with a three pitched blades 
turbine (PBT3). Moreover, Armenante et al.[8] studied the 
hydrodynamic structure of the turbulent flow generated with 
a six pitched blades turbine (PBT6) is investigated for two 
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different Reynolds numbers. Armenante et al.[8] presented 
the velocity profiles and the turbulent kinetic energy distri-
bution of a flow generated by a 6-blade, 45, PBT in an un-
baffled, flat-bottom, cylindrical tank provided with a lid, and 
completely filled with water. The mean and fluctuating 
velocities in all three directions were experimentally meas-
ured with a laser doppler velocimeter (LDV) at five different 
heights and twenty radial positions within the vessel. Aubin 
et al.[9] studied the baffled tank equipped with a PBT6 
turbine. Particularly, they investigated the influence of the 
numerical approach, the discretization schema and the tur-
bulence models on the numerical results. Dan Taca and 
Paunescu[7] have used a spherical tank for the suspension of 
solid particles in the reactors. They compared the influence 
of the tank shape on the power number evolution. Kchaou et 
al.[10] compared the effect of the flat-blade turbine with 45° 
and -45° pitched blade turbines on the hydrodynamic struc-
ture of the stirred tank. Driss et al.[11] developed a compu-
tational study of the pitched blade turbines design effect on 
the stirred tank flow characteristics. Particularly, they stu-
died the effects of different inclined angle, equal to 45°, 60° 
and 75°, on the local and global flow characteristics. To do 
this, a specific computational fluid dynamics (CFD) code is 
developed to predict the turbulent flow field. The computer 
method permits the numerical analyses of turbines with 
complex geometries. Murthy et al.[12] have used five im-
peller designs. The tank was fully baffled, and the flow 
regime was turbulent. Their objective was to carry out a 
detailed investigation of the predictive capabilities of the 
various turbulence models: the standard k-ε model, the 
Reynolds stress model (RSM) and the large eddy simulations 
(LES). The simulated values of the radial, tangential and 
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axial velocity and the turbulent kinetic energy have been 
compared with the measured LDV data. Whereas, RSM and 
standard k-ε models under-predict the turbulent kinetic 
energy profiles significantly in the impeller region. RSM can 
capture all the mean flow characteristics and the standard k-ε 
model fails to simulate the mean flow associated with the 
strong swirl. Vakili et al.[13] studied the effect of different 
geometric parameters in stirred vessels equipped with two 
blades impeller (FBT2). They employed steady-state ap-
proach MRF and standard k-ε turbulence model in their 
parametric study. Therefore, Delafosse et al.[14] have been 
interested to assess the ability of computational fluid dy-
namics (CFD) to represent the trailing vortices and their 
relationship with turbulence properties. For this, two simu-
lations have been realized: an unsteady Reynolds-Averaged 
Navier-Stokes simulation (URANS) and a Large Eddy 
Simulation (LES). The trajectory of the trailing vortices 
predicted by the simulations has been compared with pre-
vious works. This comparison shows that the URANS si-
mulation does not predict properly the trailing vortices while 
the LES results are very close to the experimental ones.  

View the lack of the numerical results to predict the effect 
of the tank design on the hydrodynamic behavior with a 
PBT6 turbine, we focus on three different systems charac-
terized by cylindrical, curved and spherical tanks. Particu-
larly, we present the evolution of the velocity fields and the 
turbulent characteristics in different planes. Also, we calcu-
late the power number in each stirred tanks. 

2. Stirred Vessels Configuration 
In this paper, we have studied the effect of the tank design 

on the turbulent flow pattern. Three types of tank; a cylin-
drical tank, a curved tank and a spherical tank; have been 
equipped with a pitched blade turbine (PBT6). The first 
system configuration is similar to Armenante et al.[8] ap-
plication (Figure 1.a). This configuration is characterized by 
a cylindrical tank equipped with a six pitched blade turbine 
PBT6. The inclined angle of the blade is equal to β=45°. This 
turbine have a diameter equal to d=D/3 and is placed in an 
axial position equal to z=H/4. The tank diameter D is equal 
to its height H (D=H).  

 
a. Cylindrical tank              b. Curved tank              c. Spherical tank 

Figure 1.  Stirred tanks configurations 

3. Numerical Model 

The CFD code "Fluent" is used for numerical simulation 
of hydrodynamic structure of turbulent flows in a stirred tank. 
This code is based on solving Navier-Stokes equations with a 
finite volume discretization method described in detail by 
Patankar[15]. This technique consists in dividing the com-
putational domain into elementary volumes around each 
node in the grid; it ensures the flow continuity between nodes. 
The spatial discretization is obtained by following a proce-
dure for tetrahedral interpolation scheme. As for the tem-
poral discretization, the implicit formulation is adopted. The 
transport equation is integrated over the control volume. The 
algorithm SIMPLE is used for pressure velocity coupling. To 
model the geometry of the impeller exactly, a 3D simulation 
is performed. The Multi Reference Frame (MRF) approach 
is available to incorporate the motion of the impeller in the 
stirred tank. This steady-state approach allows modelling the 
baffled stirred tanks and the tanks with other complex in-
ternals. It’s recommended for simulation by the several 
searchers like Armenante et al.[8], Vakili et al.[13], Luo et 
al.[16], Akiti and Armenante[17] and Deglon and Meyer[18]. 
The grid used for the MRF solution should have a perfect 
surface of revolution surrounding each rotating frame. The 
rotating frame is used for the region containing the rotating 
components while a stationary frame is used for the station-
ary regions. The momentum equations, inside the rotating 
frame, are solved in the frame of the enclosed impeller while 
the rotating frame is solved in the stationary frame. A steady 
transfer of information is made at the MRF interface as the 
solution progresses.  

3.1. Governing Equations 

The equations to be solved are the continuity and mo-
mentum equations. The continuity equation is a statement of 
conservation of mass for a constant density fluid, it takes the 
form: 

div v 0
                                         (1) 

The momentum equations are a statement of conservation 
of momentum in each of the three components. The three 
momentum equations are collectively called the Na-
vier-Stokes equations. In addition to momentum transport by 
convection and diffusion, several momentum sources are 
also involved. The momentum equations take the form: 

2
i i ii

i i i
i i i

(ρ u ) u τpdiv(ρ u u ) - ρ div(τ ) F
t x x x

 
    

 
 (2) 

The total pressure p is defined by the following equation:  

s
2p p ρ k
3

                                 (3) 

The k-ε model is one of a family of two-equation models, 
for which two additional transport equations must be solved 
in order to compute the Reynolds stresses. The RNG k-ε 
model was developed in response to the empirical nature of 
the standard k-ε model. Rather than being based on observed 
fluid behavior, it is derived using statistical methods used in 
the field of renormalization group (RNG) theory. It is similar 
in form to the standard k-ε model, but it contains modifica-
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tions in the dissipation equation to better describe flows with 
regions of high strain. In addition, a differential equation is 
solved for the turbulent viscosity. This model is used by 
several authors such as Montante et al.[19], Jaworski and 
Zakrazewska[20], Launder[21], Orszag and Yakhot[22] and 
Kelly and Gigas[23]. 

The equation of the turbulent kinetic energy is given in the 
following form:  

e
k

k

μ(ρ k) div(ρuk) div  grad k G ρε
t σ

         
      (4) 

The equation of the dissipation rate of the turbulent kinetic 
energy is written as follow: 

2
*e

1ε k 2ε
ε

μ(ρ ε) ε εdiv(ρu ε) div  grad ε C G C ρ 
t σ k k

         
(5) 

kG is the turbulent kinetic energy production term: 
ij ij

k
e

τ τ
G

2μ
                                          (6) 

The effective viscosity is defined as follow: 
e tμ 1 μ                                          (7) 

Where, tμ  is the turbulent viscosity defined as follow: 
2

t μ
kμ C ρ


                                     (8) 

3.2. Power Dissipation 

The knowledge of the power consumption is very impor-
tant for the choice of the system installed. The power con-
sumption depends on all parameters characterizing the ex-
ternal geometry of the tank, the geometry of the agitator, the 
flow regime and the rotating speed of the mobile. The power 
number Np allows to extrapolate calculations of the power 
when the diameter of the agitator d and its rotational speed N 
change. The power number is defined as follow: 

p 3 5

PN
ρ N d

                                 (9) 

P is the power consumption of the agitator system, given 
by: 

P 2π N C                                  (10) 
Where, C is the torque of the agitator system. 

4. Numerical Results 
The numerical results are presented in the entire tank. 

Using the MRF steady-state approach, the distribution of the 
velocity fields and the turbulence characteristics have been 
introduced in the vertical and horizontal planes containing 
the blade. The turbulent flow is defined by a Reynolds 
number Re=71000. Due to the symmetry of the system, the 
computational domain is reduced to 60°, which includes one 
blade. At the two frontal planes defined by angular positions 
θ=±30°, periodic conditions are imposed on all properties 
ensuring the continuity of the computational domain in the 
angular direction. A typical simulation is considered con-
verged when the residual mass and other quantities charac-
terizing the flow as the three velocity components and tur-
bulent kinetic energy and the dissipation rate fall below 10-6 
[24]. 

4.1. Flow patterns in r-z plane 

Figure 2 presents the flow pattern in vertical plane con-
taining the blade. In these tanks, it’s noted that the pitched 
blades turbine generates a radial jet developed from the blade 
and propagates in the lower part of the tank. At the proximity 
of the sidewall, the radial jet has been transformed into two 
axial jets upward and downward. Also, we note the appear-
ance of a recirculation loop located in the upper zone of the 
tank. At the curved bottom of the tank, a secondary recircu-
lation loop appears just below the turbine. Beyond the area 
swept by the turbine, the mean velocity decreases gradually 
and becomes very low at the top of the cylindrical tank. 

 
a. Cylindrical tank                                        b. Curved tank                                              c. Spherical tank 

Figure 2.  Flow patterns in r-z plane 
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a. Cylindrical tank                                           b. Curved tank                                              c. Spherical tank 

Figure 3.  Distribution of the mean velocity in r-z plane 

 
a. Cylindrical tank                                           b. Curved tank                                              c. Spherical tank 

Figure 4.  Radial profiles of the axial velocity component 

4.2. Mean Velocity in r-z Plane 

Figure 3 presents the distribution of the mean velocity in 
the vertical plane containing the blade. Globally, it’s noted 
that the appearance of the maximum values wake developed 
in the area swept by the turbine. Moreover, we find that the 
mean velocity decreases gradually away from the pitched 
blade turbine and becomes very low at the bottom and at the 
top of the tank. The discharge jet is more intense in the 
curved tank and it reaches the sidewall. The recirculation 
loop is more extended in the upper part of this tank and 
reduces the stagnant fluid zone. At the curved bottom, the 
second recirculation loop is appeared in the lower part of the 
curved tank that proves a significant fluid circulation. With a 
curved bottom, we observe total disappearance of the dead 
zones initially located at the bottom of the cylindrical tank. 
Contrary to the spherical tank, in the upper part the dead 
zones have been more developed and the recirculation loop 
is located near the turbine that proves the decrease of the 
fluid motion. Thus, we can deduce that the curved bottom 
reduces the stagnant areas and promotes more uniformity 
throughout the volume of the tank without having to modify 
the external geometry of the upper surface of the tank. 

4.3. Radial Profiles of the Axial Velocity Component 

Figure 4 shows the radial profiles of the axial velocity 
component in r-z plane containing the blade for different 
axial position defined by z/H=0.18, z/H=0.24, z/H=0.31, 
z/H=0.55 and z/H=0.79. Globally, these profiles show a 
great resemblance between them. The axial component 
vanishes at the sidewall of the tank (2r/D=1) and at the shaft 
(2r/D=0). Between two axial positions, these profiles follow 
a variation between the maximum and the minimum values. 
In the turbine area, these profiles present a minimum for the 
axial component due to the downward flow aspired by the 
rotation motion of the turbine. At the sidewall, these profiles 
reverse and reach the maximum which proves the existence 
of the axial upward jet. At the top of the curved tank, the 
axial velocity component becomes very intense. Also, at the 
bottom of the curved tank, the axial velocity component is 
very important to compare with the two other systems. So, 
we can deduce that the curved tank creates a largest fluid 
circulation. Figure 4.a shows a good agreement between our 
numerical results found in the case of a cylindrical tank, with 
experimental results found by Armenante et al.[8], which 
proves the validity of the numerical method adopted. 

      Experimental results [8] 
    Numerical simulation 

2r/D 2r/D 2r/D 

  W/Wtip 
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4.4. Axial Profiles of the Radial Velocity Components 

Figure 5 shows the axial profiles of the radial velocity 
component in the vertical plane containing the turbine. These 
profiles are presented on the height of the tank in front of the 
blade end. Globally, it’s noted that the radial velocity com-
ponent vanishes in the lower part of the curved bottom of the 
second and third tank. But, in the case of a cylindrical tank, 
the negative values shown in the lower part of the tank prove 
the existence of the small recirculation loop below the 
pitched blade turbine. The radial component is maximal in 
the discharge jet of the turbine. The negatives values of the 
radial component prove the existence of the recirculation 
loop just above the turbine and it vanishes in the top of each 
tank. We can deduce that the design of the upper part has no 
effect on the evolution of the radial velocity component. 

 
Figure 5.  Axial profile of the radial velocity 

4.5. Axial Profiles of the Tangential Velocity Components 

Figure 6 presents the axial profiles of the tangential ve-
locity component in the vertical plane containing the turbine. 
These profiles are presented on the height of the tank in front 

of the blade end. Globally, we can distinct three zones. The 
discharge zone characterized by a maximum values of the 
tangential component is located between two axial positions 
equal to z/H=0.17 and z/H=0.34. Below the turbine, the 
tangential component is very important. This fact proves the 
existence of a centrifugal fluid flow. Thus, the design of the 
bottom has a direct effect on the tangential component. With 
a curved bottom, the tangential component increases in the 
discharge area of the turbine and also in the lower area of the 
tank. It decreases gradually at the upper part and it vanishes 
in proximity of the spherical tank top surface. Then, we can 
deduce that the curved tank promotes more fluid circulation 
throughout the volume.  

 
Figure 6.  Axial profiles of the tangential velocity  

4.6. Turbulent Kinetic Energy in r-z Plane 

Figure 7 presents the distribution of the turbulent kinetic 
energy in the vertical plane containing the blade. In the each 
system, the wake of the maximum values of the turbulent 
kinetic energy appears on the mechanical source and de-
velops within the fluid to reaches the sidewall of the tank. 
Also, it’s noted that the turbulent kinetic energy is more 
extended in the case of the spherical tank. 

 
a. Cylindrical tank                                           b. Curved tank                                              c. Spherical tank 

Figure 7.  Distribution of the turbulent kinetic energy in r-z plane 

Curved tank 

Cylindrical tank 

Spherical tank Curved tank 

Cylindrical tank 

Spherical tank 

z/H 

U/Utip 

z/H 

V/Vtip 
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a. Cylindrical tank                                  b. Curved tank                                  c. Spherical tank 

Figure 8.  Radial profiles of the turbulent kinetic energy 

4.7. Radial Profiles of the Turbulent Kinetic Energy 

Figure 8 shows the radial profiles of the turbulent kinetic 
energy in r-z plane containing the blade. These profiles 
present the evolution of the turbulent kinetic energy in each 
system in different axial positions defined by z/H=0.18, 
z/H=0.24, z/H=0.31, z/H=0.55 and z/H=0.79. Globally, we 
observe a great similarity between these profiles. The tur-
bulent kinetic energy vanishes at the sidewall of the tank 
(2r/D=1) and at the shaft (2r/D=0). Between these axial 
positions, the turbulent kinetic energy is maximal in the area 
swept by the PBT6 turbine and decreases gradually outside 
the discharge jet of the turbine. Figure 8.a shows a good 
agreement between our numerical results found in the case of 
a cylindrical tank with experimental results found by Ar-
menante et al.[8], which proves the validity of the adopted 
numerical method.  

4.8. Axial Profiles of the Turbulent Kinetic Energy 

Figure 9 shows the axial profiles of the turbulent kinetic 
energy in the vertical plane containing the blade. According 

 
Figure 9.  Axial profiles of the turbulent kinetic energy 

to these results, we note that the turbulent kinetic energy is 
maximal in the discharge jet of the PBT6 turbine and de-
creases rapidly beyond this zone. Particularly, in the lower 
part of the tank, these profiles show a great resemblance in 
the curved and spherical tanks because these two tanks have 
the same bottom design. The turbulent kinetic energy is null 
at the tank bottom due to the small gap between the impeller 
and the bottom curved. In the upper part of the tank, the 
turbulent kinetic energy profiles are similar in the cylindrical 
tank and in the curved tank because the both tanks keep the 
same geometry at the top. Thus, we can deduce that the 
design of the tank affects the evolution of the turbulent 
kinetic energy, and therefore the quality of the mixture. So, 
the tank design is a very important parameter in optimizing 
the mixing systems. 

4.9. Dissipation Rate of the Turbulent Kinetic Energy 

Figure 10 shows the distribution of the dissipation rate of 
the turbulent kinetic energy in r-z plane containing the 
blade. Globally, it’s noted that the dissipation rate is very 
low in each system. The maximum values are concentrated 
around the PBT6 turbine. This is explained by the transfor-
mation of the energy provided by the rotating action of the 
turbine as heat within the fluid. 

5. Global Characteristics 
Figure 11 presents the variation of the power number NP 

depending on the Reynolds number Re with a pitched blade 
turbine PBT6 placed respectively in the cylindrical, the 
curved and the spherical tank. Globally, we find that the 
energy dissipation defined within the fluid increases with the 
curved bottom of the tank. For the Reynolds numbers be-
tween Re=103 and Re=104, the energy dissipation defined in 
these three systems is very important. In fully turbulent 
regime, for Reynolds number between Re=104 and Re=105, 
the curved tank shows a much greater dissipation of energy. 

    Experimental results [8]  
   Numerical simulation  

  

Curved tank 

Cylindrical tank 

Spherical tank 

z/H 

k/U2
tip 

k/U2
tip 
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a. Cylindrical tank                                              b. Curved tank                                               c. Spherical tank 

Figure 10.  Distribution of the dissipation rate of the turbulent kinetic energy in r-z plane 

Therefore, we can deduce that the curved tank is the best 
system because the presence of the curved bottom improves 
the quality of the mixture. So, this system consumes slightly 
more of the energy dissipation than the other systems. 

In the case of a cylindrical tank and for the rotating speed 
Ω=450 rpm, the power number calculated with the CFD code 
is equal to Np=0.578. This value is close to experimental 
value Np=0.670 found in the literature by Armenante et 
al.[8]. This proves the validity of the numerical method 
adopted. 

 
Figure 11.  Evolution of the power number  

7. Conclusion 
The comparative study has been affected between three 

different configurations equipped with cylindrical, curved 
and spherical tank. Specifically, we have studied the effect of 
the tank design on the hydrodynamic structure of the turbu-
lent flows generated by a six-pitched blade turbine (PBT6). 
The velocity components and the turbulent characteristics 
have been presented in different planes containing the blade. 
We can deduce that the use of the pitched blade turbines in 
the curved tank can increase the pumping action in the full 

tank, with slightly higher energy. In the future, we propose to 
characterise the hydrodynamic structure of this turbine by 
the particle image velocimetry (PIV) experimental tech-
nique. 

Nomenclature 
C: torque of the agitator system (N.m) 
μC , 1εC , 2εC

: constants of the k-ε model 
D: diameter of the tank (m) 
d: diameter of the impeller (m) 
g: acceleration of gravity (m.s-2) 
H: height of the tank (m) 
k: turbulent kinetic energy (m2.s-2) 
N: rotating speed of the impeller (s-1) 
Np: power number 
np: blade number 
p: pressure (Pa) 
P: power (W) 
r: radial coordinate (m) 
R: radius of the tank (m) 
t: times (s) 
v: mean velocity (m.s-1) 
ui: velocity component (m.s-1) 
z: position of the turbine in the tank (m) 
G: production term of turbulence 

Greek Letters 

ν: kinetic viscosity of the fluid (m2.s-1) 
ρ: density of fluid (kg.m-3) 
µ: dynamic viscosity of the fluide (Pa.s) 

eμ : effective viscosity (Pa.s) 
tμ : turbulent dynamic viscosity (Pa.s) 

ε: dissipation rate of the turbulent kinetic energy (m2.s-3) 
θ: angular coordinate (rad) 
β: inclined angle (°) 
Ω: rotating speed of the impeller (rpm) 
τ: contraint 

Curved tank 

Spherical tank 

Cylindrical tank 

Np 

Re 
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σk, σε: constants of the k-ε model  
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