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Abstract — The present work aims to evaluate the discharge flows generated in a 50 L mixing system induced by the rotation of
Rushton turbines, which induces radial flow, and to evaluate quality of the CFD simulation of the system. Two agitator diameters were
evaluated and compared. The rotation speeds were calculated so that the energy consumption of the two configurations remained the
same, and both conditions were secured to be turbulent. The investigation was conducted by URANS equations, which was validated
with experimental values reported in the literature for a similar system. Thus, the effects of increasing the diameter of the agitator were
compared and evaluated in terms of mean velocities profiles along the blades discharge and in the bulk effects. The k-omega SST
turbulence model were in good agreement with the average velocity reported in literature. It was concluded that to increase the
diameter of the agitator, at the same energy consumption, led to similar normalized velocities peak values, however it decreases the
average absolute velocity reached in the bulk, but it also decreases the variance of the velocity in the medium, which is considered
advantageous depending on the system mixing goal.
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1. Introduction

In mixing processes, Rushton-type agitators are used for generating radial flow in reactors. They are widely used in
industry to keep the medium homogeneous or to generate emulsified media, e.g. In many cases, the agitator is positioned
vertically in the centre of the stirred tank and four baffles positioned 90° apart on wall serve to prevent the formation of a
central vortex with air intake, thus improving mixing efficiency [1]. The flow created by Rushton turbine are reported to
create two recirculation zones, one above and another below de agitator, if inspected in a plane cut in z direction [1].

Agitated mixing systems are complex, and many investigations are carried out so that the mixing energy provided by
the agitator is better distributed in the bulk and to better understand the flow generated. The present work aims to evaluate
the effects of changing the agitator diameter, maintaining the power input constant, and analyse situations in which it may
be advantageous to modify the diameter in use, to improve the mixing with no change in the energy consumption.

The system in study is represented in Fig. 1. The tank has a dished end bottom with a curvature of the same radius of
the tank diameter (T) and with a circumscribed curvature of 0.1T, as depicted in Fig. 1 (A). The Rushton-type is
represented in Fig. 1 (B), it has six blades equally separated by 60°. All the proportions and sizes are in Table 1.
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Fig. 1: Schematic drawing of the agitation system.
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Table 1: Tank geometry proportions and value of tank diameter T [m].
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For validation of the CFD code, the system studied in the article by Wu and Patterson [2] was used for
preliminaries simulations. This article [2] presents experimental results of velocity profiles for turbulent agitation
system like the one studied here, but in smaller dimensions and with a flat-bottomed tank.

In many works reported in literature that URANS simulations provide good estimates of average velocity in the
mixing system [3, 4, 5]. Thus, the k-omega SST turbulence model was used for all the simulations, as seen in the
results section, it provided good estimates of average velocities. Also, for further investigation with more robust
simulation, such as LES, URANS provides valuable initial values and information.

Changes in the agitator diameter or in the tank dimensions are not much discussed beyond empirical scale-up
relationships. One which is used in this work is the relation to keep the power consumption constant, which is, that the
diameter of the agitator (D, m) and the rotation speed (N, rev/s) must have the same N°D® product value [6], the
rotational speeds N are table at Table 2.

2. Methodology

The geometries described in Fig.1 and the geometry depicted in paper [2] were built in the software program
Salome version 9.2.1. All meshes were hexahedral and built in this software. The CFD code was then carried out in
the open-source program OpenFoam version 1812 and post processed with Paraview 5.6.0. All softwares are open-
source and free available online.

At first, the case described in the article [2] was simulated to validate the code along with the choices on the
turbulence model and the boundaries conditions, e.g. The turbulence model used was the k-omega SST. The walls
were set to no-slip condition for velocity, wall functions for turbulence parameters and of zero gradient for pressure.
At the top of the tank, at the liquid surface, the symmetry boundary condition was chosen to simulate surface with zero
shear stress surface [7]. Numerical schemes were all of second order. The simulations were carried out with the sliding
mesh technique for the impeller rotation, as reported by to provide good results for time dependent flows [8]. The data
reported in this work, in the Results section, corresponds to the average value in time of the flow after it reaches a
periodic behavior for velocity value, this periodicity is cause by the blades permanent motion.

Also, to validate the simulation, values such as pumping number (Ng) and power number (Np), which are
dimensionless numbers inherent of the agitator in turbulent mixing conditions, were also calculated from the
simulation results to compare with the values reported in literature. The pumping number is calculated by Eq. (1) [1, 2,
6], being the volumetric flux Q[m?s] a result from the simulation, and the rotation speed N[rev/s] and the agitator
diameter D [m] known for each configuration, as seen in Table 2. Experimental values are reported in Wu and
Patterson article [2] shown in Fig. 3. To calculate Q during the simulation, an area must be determined in the
simulation setup to calculate the flux through it. The areas in the simulation were positioned in agreement with the
ones described in the referenced paper [2] in which is reported the Ng experimental results used.

= 1
Ng =5 ®

And Eg. (2) [1, 6] is used to calculate the power number, in which the torque (t, [N.m]) is resulted from
simulation. As the fluid is water, the density p [kg/m®] is 998 and the kinematic viscosity v [m%s] of 10
approximately.

N T™N
P = N3DS

For the Rushton agitator, reported values varies on the value of Np between 5 and 6 [1, 9]. All simulations were
held under turbulent conditions, that is, the mixing Re number (Renixing) should be higher than 10.000 [1, 6], which is
calculated by Eq. (3).

)
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The different simulations were configured as in Table 2. Simulation #0 is the one from the system reported in the
article [2] to validate the CFD code, as mentioned previously, and Simulation #1 and #2 are the simulations with the
geometry represented in Fig. 1, each one with a respective diameter size (Table 1).

Table 2: Simulation’s configurations.

Simulation Cells in Mesh | DIT N [rev/s] | Remixing

#0 1.534.336 1/3 3.33 2.9 x 10
#1 1.996.816 1/3 5.54 8.7 x 10°
#2 2.908.732 2/5 4.00 9.3 x 10*

It is important to note that there were simulations conducted to test the mesh independency but will not be discussed
here. Further refinement in each mesh did not significantly change the results. Simulation #1 and #2 were set to have the
same power consumption, that is, as mentioned, they have the same N°D® product value.

3. Results

The mean velocities components normalized by the velocity at the blade tip are depicted in Fig. 2, at the normalized
position r/Ragitator of 1.33, in which Ragitador is half the agitator diameter size of the respective simulation configuration.
The velocity at the tip of the blade is calculated by Eq. (4), for Simulation #1 and #2, the values were of 2.17 m/s and 1.91
m/s. The smaller diameter rotates faster with the same energy consumption.

Utip = nDN 4)

All the components calculated by the simulation were in good agreement with the experimental result reported by Wu
and Patterson (1989) [2]. The CFD code was also good for other r/Ragitator values, such as 1.11, 1.55, 1.71 and 2, not
shown. Thus, the present work assumed that the k-omega SST turbulence model with the URANS equations, and the
boundary conditions used, were valid and a good choice to simulate mixing mean velocities profiles in similar systems.
The results from the simulation, Fig. 2, were averaged in time once the simulation achieved a quasi-permanent behavior in
which the velocity calculated became periodic when sampled at a point (specially near the blade motion).
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Fig. 2: Normalized velocities profiles values along the z direction for Simulation #0 and experimental results reported in [2]. (A)
tangential velocity; (B) radial velocity; (C) axial velocity.

ICMFHT 135-3



In Fig. 3, the pumping number calculated from Simulation #1 and #2 were plotted against the value reported by
the experimental results of Nq [2], calculated as Eq. (1). It was expected that at each position, the pumping number
would agree with the experimental for each configuration simulation, since pump number is inherent of the Rushton
turbine. It is realized that both simulations slightly overestimated the pumping number near the agitator discharge
position (in dotted circle in Figure 3), however, it presents the same behavior, increasing with the radius and good
general agreement with the literature.
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Fig. 3: Pumping number values along the radius for Simulation #1 and #2 and experimental results reported in [2] for Rushton agitator.

The simulated results for power Np, using Eq (2), was of 5.75 and of 5.68, both values agree with the range of 5
to 6 often reported. These simulated values should not be treated as absolute, once the width of the agitator is not
represented in the geometry built and it affects the Np value [10], however, they were able to give good predictions of
power consumption. Power consumption was of 29,69 W calculated by simulation #1 and of 29,44 W simulation #2.

The results for the velocity profiles for Simulation #1 and #2, geometry in Fig. 1, are resented in Fig.4.
Comparing Fig. 2 and Fig.4, it is subtly realizable that, at the same normalized position (z/H and r/Ragitator), the
shape of the velocity profile changed in its values and peak position in z direction (peak positions in Fig. 2 are at
higher position in z than in Fig. 4). That is assumed to be due the change in the tank geometry in which the flow
interaction with the tank walls is different. That is, this paper assumes that the resulting shape of the flow generated by
the agitator is dependent also on the interaction with the surrounding walls, though it does not significantly change the
results in the studied cases of this paper.
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Fig. 4: Normalized velocities profiles values along the radius for Simulation #1 and #2 with different diameters sizes at r/Ragitator=
1.33. (A) tangential velocity; (B) radial velocity; (C) axial velocity.

In Fig.4, it is possible to note that the peak position of the normalized velocity profiles and its value practically
remains the same when changing the diameter of the Rushton turbine. That may indicate that the system may be fairly
predicted if the system does not change much. However, since the Utip value is smaller in the Simulation #2, the velocities
achieved with the bigger diameter are smaller in absolute values. Similar conclusions are valid to others r/Ragitator
positions, such as 1.11, 1.55 and 1.71. The velocities profiles at r/Ragitator of 1.71 are shown in Fig. 5.

From Fig. 4 and Fig.5, though it can be concluded that the maximum velocity achieved is smaller with the bigger
diameter (same normalized peak value), it is seen that the velocity profile shape in the discharge flow, is more opened,
which means that the velocity increases more gradually to its peak. It is observed that the velocity is more equally
distributed in Simulation #2.
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Fig. 5: Normalized velocities profiles values along the radius for Simulation #1 and #2 with different diameters sizes at r/Ragitator=
1.71. (A) tangential velocity; (B) radial velocity; (C) axial velocity.

In fact, by post processing the simulation bulk with statistical tool available in Paraview 5.6.0, the maximum
absolute value averaged in time (after achieving quasi-permanent state) in the bulk is 2.0 m/s for Simulation #1 and of 1.8
m/s for #2. Fig. 6 represents the magnitude of velocity calculated, at an instant in time, for Simulation #1 (A) and
Simulation #2 (B).
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Fig. 6: Bulk velocity magnitude at an instant in time. (A) Simulation #1; (B) Simulation #2.

However, the average in time for standard deviation of the absolute velocity value for Simulation #1 is 15% bigger
than the value in Simulation #2, which means, that though with a smaller diameter it reaches higher velocities, the velocity
distribution in the bulk is less efficient. That is, the velocity of the bulk is more homogeneous with a higher diameter of
agitator, though achieving smaller absolute values. That is, if the bulk velocity is at least above the required for the system,
it is easier to control and monitor the Simulation #2 condition.

From Fig. 6, both profiles are as expected by literature: they create a radial discharge flow which is divided into two
recirculation zones, one above and one below the agitator position. As discussed, zones with lower velocities are bigger in
Simulation #1, with smaller agitator.

4. Conclusion

The CFD code was in good agreement with the reported values in literature, thus concluded to be a good tool to
analyse average velocities in mixing systems. Moreover, it was achieved with open-source and free softwares programs
available online to analyse velocities profiles in complex system such as mixing stirred tank with relatively flexibility in
changing the geometry and the operations configurations. It was concluded that bigger diameter is advantageous when it
desirable to achieve more equally distributed velocity in the bulk. The profiles of normalized velocity change slightly when
the geometry of tank is changed, and it was assumed that the interactions of the flow generated by the blades of the moving
agitator with its surrounding walls are the reason. Velocity profiles remain with peak values and positions constant with the
change in diameter which is good for parameterize the system. The CFD code was proved to be a powerful tool to analyse
mixing system in general, leading good estimation of power consumption, pumping, and mean bulk and discharge velocity
profiles.
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