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Abstract: A computational fluid dynamics simulation is done for comparative study
from the pumping effect on the four surfaces of the stirred tank. The flow field
generated by one-stage and bi-stage six-bladed Rushton turbine in the unbaffled square
tank was studied. The Reynolds-averaged Navier-Stokes equation with steady-state
multi-reference frame approach (MRF) is used to simulate hydrodynamic flow in the
tank. The turbulent viscosity, the turbulent kinetic energy and mean velocity
distributions obtained in vertical and horizontal plans are analyzed and discussed. We
can deduce that the additional Rushton turbine in the upper part of the square tank
improves the quality of the mixture.
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1. Introduction

Mechanical agitation is a process used for mixing miscible fluids, which has
a wide field of application, like in the preparations of industrial, chemical, and
pharmaceutical products; the stirring techniques are parameters to be taken into
account during the implementation of these mixtures.

Many researchers have focused on the design of agitated tanks and impeller
geometry. Pericleous and Patel [1] modeled radial impeller with one or more
stages, on the basis of the relative velocity of the fluid and the drag coefficients
taken from the literature. Taca and Paunescu [2] studied the influence of the
shape of the reservoir on the evolution of the power number, for a closed
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spherical vessel equipped with a Rushton turbine, while the fluid contained
solid particles in suspension. Guillard and Tragardh (2003) designed and tested
a new model for estimating mixing times in aerated three-reactor stirring tanks,
equipped with two, three and four impellers. The results showed that the
developed analogy model is independent of the scale, the geometry of the tank,
the number of impellers used, the distance between the impellers and the degree
of homogeneity considered. Murthy and Joshi [4] tested multiple impeller
designs namely disc turbine, a variety of pitched blades varying in blade angle
and hydrofoil impeller. Woziwodzki et al. [5] studied the mixing efficiency of
shear-thinning fluids using carboxy methyl cellulose sodium salt (Na-CMC)
aqueous solutions of varying mass concentrations and three types of impellers
(Rushton turbine (RT), six-flat-blade turbine (FBT), six-pitched-down-blade
turbine (PBT)) which were mounted on a common shaft in combinations of
three, four, and five impellers. Vakili et al. [6] studied the effect of different
geometric parameters in stirred vessels equipped with two blades impeller
(FBT2). They employed steady-state approach MRF and standard k-¢
turbulence model in their parametric study. Ammar et al. [7] compared the
effect of the tank design on the hydrodynamic structure generated with a pitched
blade turbine by realizing three types of configurations: a flat-bottomed
cylindrical vessel, a dished bottomed cylindrical vessel, and a spherical vessel
using a CFD code. A comparative study conducted by Jie et al. [8] on the design
of tanks, flat bottom, and dished bottom equipped with a Rushton turbine on the
distribution of velocity in a transitional and turbulent flow. They found that the
shapes of the bottom tank have a significant effect on flow patterns as well as
on the velocity profiles below the impeller. In recent years, solid particles and
mass transfer characteristics on power consumption using multi-impeller in gas-
liquid stirred tank reactors have been extensively studied by Zhang et al. [9].
Gong et al. [10] studied the effect of different geometric parameters in stirred
vessels with a flat square base equipped with four blades impeller on the
concentration of the particles in a solid-liquid system. A comparative study
conducted by Weipeng et al. [11] between liquid-level height and particle
distribution in unbaffled square stirred-tank reactors was done. They concluded
that the height-to-width ratio of the tank might affect the distribution of
suspended particles in the flocculating system. Another interesting investigation
was performed by Weipeng et al. [11], [12] on the mobile type effect of
agitation and its position in a baffled stirred-tank reactor. The used geometry is
a square flat bottom tank equipped with four baffles placed at 90° with a
distance ratio between the impeller and the bottom which varies between C=
0.20H (30 mm), 0.27H (40 mm), 0.33H (50 mm), and 0.40H (60 mm). They
confirmed that the tank with a spherical shape provides uniform flow in the
whole vessel volume. The experimental study performed by Deyin et al. [13] in
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a flat bottomed transparent cylindrical plexiglass tank equipped with four
pitched-blade impellers was performed to evaluate the influence of the impeller
speed, impeller type, and impeller spacing on the solid-liquid mixing process.
The experimental study performed by Fabiana et al. [14] in a baffled square
tank reactor equipped with four pitched blade turbines was performed to
evaluate the influence of the impeller clearance. From these anterior studies, it
is clear that the design investigation of the external shape for the stirred tank is
very useful.

The present work aims to determine the influence of the external design of
the tank on the hydrodynamic structure of the flow. Moreover, we are interested
in adding the second impeller with radial pumping direction on the four vertical
walls of square vessels equipped with six flat blade Rushton turbines (RT6).

2. Stirred Tank Configuration

The design and dimensions of the stirred tanks with Rushton impellers of
standard geometry used in this work are represented in Fig. 1. The square tanks
were filled with water up to a height of H = T; diameter and the height H are
equal to 0.5 m. The first configuration was equipped with a six-bladed Rushton
turbine with a diameter d equal to T/3. The offset of the impeller from the vessel
bottom C was equal to T/3. In the second configuration, the spacing between the
turbines RT6 is defined by h; = h, = T/3.
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a.) One-stage turbine b.) Bi-stage turbine

Figure 1: Mixing vessel dimensions: a. Single-stage turbine. b. Bi-stage turbine
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3. Numerical Procedure

In the turbulent regime and for an incompressible fluid, the momentum
equations were solved by using the finite volume method. A pre-processor was
used to discretize the 3D flow domain with a tetrahedral mesh shown in Fig. 2.
The computational domain is reduced to 180°, with three blades and half of the
shaft from the tank with one stage impeller. Periodic conditions are imposed on
all properties ensuring the continuity of the computational grid in the angular
direction (8 = 90° and 4 = -90°).

a.) Single-stage turbine b.) Bi-stage turbine
Figure 2: Tetrahedral mesh generation

The computational domain was divided into two blocks, the internal one
containing the impellers and the external one containing the vessel walls for
each case. The boundary conditions are introduced in the CFD code, using the
multiple referential approaches (MRF). In this approach, the interface between
the two regions is treated by the method called the frozen rotor. In this
approach, the flow fields are connected at the interior surfaces (interface)
separating the two domains by the method called the frozen rotor.

4. Mathematical Formulation

Governing Equations

The flow in a stirred vessel can be solved by the Navier-Stokes equations.
The equations are written in their averaged form RANS (Reynolds Averaged
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Navier Stokes) used in the case of a turbulent flow, due to the time of the
turbulence scales.
The continuity equation is written as follows:

%0+V(pﬁ)20 @)

p is the density, t is the time and u is the velocity vector.
The momentum equation is written as follows:

aat(p-U)+V(p-U-U)=—Vp+VT+|f )
7 IS the shear stress given by:
T=—D-5+/J-(VU+(VU)T) 3)
For each species, the form equation can be written as follows:

op-C

+V(p-u-c)=v(D-vC—p-rw)+R 4)

where c is the species concentration, D is the laminar diffusion coefficient and R
represents the terms due to reactions.

For the turbulent Modeling, we have used the standard k-¢ model based on
the following two equations:

op-k - H
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These equations represent the conservation of the turbulent kinetic energy k
and the dissipation rate of the turbulent kinetic energy € respectively. In the
above equations, the quantity P is the production of Kkinetic energy, which is
calculated from:

P =ty V-V +(va)'| "
The effective viscosity is defined as follows:

/ueff =H + /ut (8)
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Ut is the turbulent viscosity, it is defined as follows:

k2
th=C,-p-— )
&

Equations (5) and (6) are based on exact equations and reveal required
constants to model the turbulence. The "standard" constant values are:
C,=009, C =144 C,=19 o0,=10, 0,=13 (10)

5. Numerical Results

5.1 Comparison with Experimental Results

Fig. 3 illustrates the predicted axial profile of the dimensionless radial
velocity component with a Rushton turbine. With the exactly same geometrical
conditions, we predicted the variation of the axial velocity along the stirred
vessel. The comparison between our results and those given experimentally by
Montante et al. [15] shows good agreement.
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Figure 3: Axial profiles of the dimensionless radial velocity, N=240 rpm
5.2 Results and Discussion

5.2.1 Turbulent Viscosity

The horizontal presentation planes of turbulent viscosity distribution is
illustrated in Fig. 4 for both geometries at the central part of the vessel with
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z/H = 0.5. In one stage system, the large zone of turbulent viscosity is extended
throughout the volume of the tank (Fig. 4a). But in the second configuration,
the maximum values of the turbulent viscosity are located at the shaft of the
agitator (Fig. 4b). At the proximity of the four sidewalls of the square tanks, the
turbulent viscosity drops rapidly. However, the stirring effect is still much more
intense in the plane above the turbine in the first configuration (Fig. 4a). The
turbulent viscosity is maximum in the vessel equipped with a bi-stage turbine
with a 7.06 Pa-s value (Fig. 4b).
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a.) Single-stage turbine b.) Bi-stage turbine

Figure 4: Turbulent viscosity contours in the r- 9 plane

The turbulent viscosity generated for both cases is presented in Fig. 5.
From these results, it is found that the position of the maximum values of
turbulent viscosity is obtained at the tank with bi-stage impellers. Within
one impeller system, the distribution of the turbulent viscosity is
developed in the interior and superior part of the tank (Fig. 4a). Another
remark for the second configuration (Fig. 5b), is that the turbulent
viscosity is concentrated in space between two turbines caused a number
of stages. According to these results, it is noted that the maximum value
of the turbulent viscosity is obtained within two impeller stages is
6.73 Pa:s.
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a.) Single-stage turbine b.) Bi-stage turbine

Figure 5: Turbulent viscosity contours in the r-z plane
5.2.2 Mean Velocity Distribution

5.2.2.1 Single Stage and Bi-stage Turbine in Vertical Plane

The mean velocity field produced by the Rushton turbine from the two
configurations in the vertical plane is shown in Fig. 7. Globally, in the domain
swept by the turbine blades, the velocity remains elevated enough. Within two
impeller systems, the distribution of the mean velocity is developed throughout
the volume of the square tank (Fig. 6b). Contrary to the tank with one-stage, in
the upper part of the square vessel the mean velocity is very low (Fig. 6a). In
the bi-stage vessel, the mean velocity obtained had an optimal value of 6.59
m/s. In a square tank, the use of the bi-Rushton turbines is more advantageous
and increases the mean velocity.
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Figure 6: Mean velocity contours in the r-z plane

5.2.3 Radial Profiles

Three different axial positions were chosen for velocity and turbulent kinetic
energy dimensionless for the two configurations at an angular position equal to
6 = 0° following: from the half-width of the blade (r = 0.07 m), at the blade tip
(r =0.085 m) and just near the leading edge of the turbine blade (r = 0.1 m).

5.2.3.1 Turbulent Kinetic Energy

The profiles plotted in Fig. 7 give the distribution of dimensionless turbulent
kinetic energy for two cases at different axial positions, and are presented along
the vessel radius. According to these results, it is noted that the maximum value
of the kinetic energy is obtained within the bi-stage system. We can see that the
region of the maximum values (k*> 0.075) is located in the wake which
develops at the mid-width of the blade (r = 0.07 m). Another point, which can
be underlined, is that the increase in the number of Rushton turbines in a square
tank yields higher radial pumping speed. For a location just near the region
swept by the blade corresponding to (r = 0.1 m), the turbulent kinetic energy is
dominated by maximum values in the first configuration. Outside of this area at
(r=0.07 mand r = 0.085 m), the low values of the turbulent kinetic energy are
present (Fig. 7a). Thus, to ensure agitation in the whole square vessel volume, it
is necessary to add a second turbine.
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Figure 7: Radial profiles of the turbulent kinetic energy for different blade positions
(r=0.07 m, 0.085m, 0.1 m)

5.2.3.2 Tangential Velocity

The dimensionless tangential velocity is plotted in Fig. 8 for the two cases
studied with different axial positions, represented along the vessel radius. For
the first case where just one impeller is used located at the height z/H = 0.33 of
the vessel, the tangential circulation can’t reach the free surface. At mid-width
blade (r=0.07 m) the optimum velocity obtained for a bi-stage tank is
W/Vyp = £0.45. For any case studied, the minus sign of velocity indicates the
existence of a recirculation flow. The low values of dimensionless tangential
velocity are obtained at (r = 0.1 m) in the area swept by one impeller (Fig. 8a).
In Fig. 8b, we remark that the chaotic regions produced between impellers are
intensified for the second case, giving better performance. If another impeller is
added at the upper part of the square vessel, that can ensure mixing at this
space.



Hydrodynamic Comparative Study on the Pumping Effects of a Square Tank Equipped ... 11

:’fom —a—r=007
r=0.085 —er=0085
r=01 r=0.1

- T ¥
R st
- -
ol Y
"
T T T A‘O '.w T T 1 r T T 1
006 -004 002 000 002 004 006 -06 02 04 06
W*
a.) Single-stage turbine b. Bi-stage turbine

Figure 8: Radial profiles of the tangential velocity for different positions of the blade
(r=0.07 m, 0.085m, 0.1 m)

6. Conclusion

The aim of the investigation in this work was to determine the effect of
adding the second Ruston turbine with radial pumping direction on the four
vertical walls of the square vessel. From the presented results the following
conclusions can be deduced:

Within one stage Rushton turbine, the shape of the wake of turbulent
viscosity is more extended in the upper part of the square tank. Contrary to the
square tank with bi-stage Rushton turbines, the turbulent viscosity is
concentrated in the space between two impellers. For the two planes just below
and above the Rushton turbine, a large zone of maximum velocity is extended to
the solid walls in a square tank equipped with a single impeller. As can be
deduced, for a bi-stage system the typical double loop flow circulation of
tangential velocity is apparent throughout the volume of the square tank. This
dynamic phenomenon is absent in the square stirred vessel with a single
Rushton turbine. The increased number of impellers RT6 in a square tank plays
an important role by improving the operating conditions of stirring and mixing.
We can conclude that, the use of the bi-Rushton turbine at axial position
z/H = 0.66 in the square tank is more advantageous than one stage turbine and
increases the performance of agitation operation.
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