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ABSTRACT

The main objective of this work is to study the effect of stirrer entry angle g on the hydrodynamic
characteristics in an agitated tank with side-entry mixer (side-entry mixing tank) using the CFD
simulation method. For validation purposes, the simulation results were compared with the
experimental results. Qualitatively, it was found that there was a similar fluid flow in the
simulation and experiment results. The agitated tank system consisted of a 40 cm diameter
cylindrical tank and a three-blade marine propeller with 4 cm diameter. The working fluid was
water, with a liquid height of 40 cm. The rotational speed varied between 100-400 rpm, with the
stirrer entry angle (8) set at 0°, 10° and 15° (right-hand side). The modelling configurations used
in the simulation were an RNG Standard k-¢ model as a turbulence model, coupled with a Multiple
Reference Frame (MRF) for the propeller motion approach method in transient conditions. The
results show that simulation configuration MRF-RNG k-¢ produced realistic results to describe
the hydrodynamic characteristics in the side-entry stirred tank. This is supported by the simulation
results, which qualitatively produced similar flow patterns in the simulation and experiment. In
the quantitative analysis, at higher rotational speeds the circulation flow formed tended to be
pushed further from the impeller discharge, which is supported by the average velocity
experimental data. Average velocity in the tank had a tendency to increase as the g increased. The
predicted average velocities (in m/s) were 0.0175, 0.0185 and 0.0197 at £ 0° 10° and 15°
respectively, at a constant rotational speed (400 rpm). Larger 8 produced high tangential velocity,
leading to a strong circulation flow. Applications of this side-entry mixing tank include those in
large scale reactors and storage tanks to maintain the homogeneity of the material inside.
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1. INTRODUCTION

Agitated tanks with side-entry mixers are widely used in the pulp and paper industries, flue gas
desulphurization, the petroleum industry, and as bio-digesters in biogas plants. These agitators
provide rugged reliability, application versatility, and easy, economical installation, operation
and maintenance. The main feature of an agitated tank with a side-entry mixer is the large tank
size, with a small impeller diameter. The ratio of the impeller diameter to the tank diameter is

*Corresponding author’s email: swinardi@chem-eng.its.ac.id, Tel. +62-31-5946240, Fax. +62-31-5999282,
Permalink/DOI: https://doi.org/10.14716/ijtech.v10i3.2925



522 Numerical Study of the Hydrodynamic Characteristics in an Agitated Tank
with Side-entry Mixer: The Effect of Stirrer Entry Angle

relatively small compared to an agitated tank with top-entry mixer.

The types of stirrer used depend on the desired process outcome, process requirements, and the
scale or volume of the material to be processed. The greatest advantage of the type of stirrer
employed in the mixing process using a side-entry stirred tank is that it generates axial flow, since
the desired flow pushes the fluid toward the front of the impeller shaft, allowing the fluid to
circulate to all parts of the tank after colliding with the tank wall. This axial-type stirrer is also
highly recommended for controlled flow operations, such as blending/mixing operations, to
suspend solids in the liquid, and to accelerate heat transfer (Joshi et al., 2011). Based on previous
research, the type of stirrer most widely used in side-entry stirred tanks is a type of propeller and
axial turbine (IBT or PBT). These axial impellers are also highly recommended for controlled
flow operations, such as blending/mixing operations, to suspend solids in the liquid, and to
accelerate heat transfer.

The performance of an agitated tank with a side-entry mixer, however, will depend on the
location, position, the speed, and number of impellers used. The location and position of the
impeller are determined by the impeller entry angle (5); i.e. the angle between the impeller shaft
and the center line of the cylindrical tank, and the distance of the impeller from the bottom and
wall of the tank. As a result, the flow pattern produced becomes very complicated and has
unstable characteristics in space and time.

The effect of B on fluid flow in agitated tanks with side entry angle was first investigated
experimentally by Kipke (1984) in cylindrical tanks with diameters of 0.7 m and 1.4 m. He
showed that the most effective agitation process to achieve good homogeneity was obtained with
B =7-10° depending on tank diameter. Subsequently, several studies have further analysed fluid
flow characteristics in industrial-scale agitated tanks with side-entry mixers using CFD-based
simulations. Dakhel and Rahimi (2004) examined a side-entry stirred tank used for the storage of
crude oil with a diameter of 44 m. The model configuration used in the simulation was MRF and
RNG k-¢., Fang et al. (2011) investigated a side-entry stirred tank with multiple agitators with the
same configuration of MRF and RNG k-¢. Wu (2012) established an optimum angle in the 30°-
40° range for a cylinder tank with diameter >40 m. The effect of impeller entry angles on mixing
performance in large-scale biogas reactors (D = 16 m) was investigated by Xinxin et al. (2018).
Validation of the results of the simulation in these works can only be carried out qualitatively and
globally, using the limited data that can be obtained at the plant site.

In a simulation, an appropriate approach is needed to obtain more realistic results. In previous
works, Lane et al. (2000) compared the sliding mesh (SM) and multiple reference frame (MRF)
models to simulate fluid flow in a top-entry stirred tank with a disc turbine as a stirrer. Their
results show that the MRF provides a more realistic flow pattern and kinetic energy value, and
that its energy dissipation had a smaller error. Winardi et al. (2013) used a combination method
of two configurations of turbulence and impeller motion modelling, and MRF with k-¢ in steady
mode followed by SM-LES in transient mode, to characterize the flow patterns that occur in side-
entry stirred tanks using PBT. In the following year, Winardi et al. (2014) conducted simulations
with the same method for the same agitated vessel geometry, but with a different type of impeller,
namely a marine propeller. Fathonah et al. (2017; 2018) used an MRF modelling configuration
with the k-¢ model to simulate a side-entry stirred tank with an IBT. Their results showed
qualitatively that the MRF was able to describe a good flow pattern clearly and was almost similar
to the experimental results. Dakhel and Rahimi (2004) examined an agitated tank with a side-
entry mixer used as crude oil storage tank with a diameter of 44 m, using MRF and RNG k-¢.
Fang et al. (2011) also investigated an agitated tank with a side-entry mixer and multiple
impellers, with MRF and RNG k-e. Madhania et al. (2018) obtained good simulation results from
the mixing of liquid-liquid with a very large viscosity difference in an agitated tank with a side-
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entry mixer and conical bottom. The turbulence model used in CFD simulation plays an important
role in predicting the exact flow conditions in a side-entry stirred tank, because not all turbulence
models can be used in all operating conditions (Daryus et al., 2016). This research is a simulation
study, validated with experimental data. Observation of the flow pattern that occurs as a result of
changes in the horizontal entry angle of the propeller, rotational speed and variations in flow
patterns, including the phenomenon of MlI, are examined. The effect of impeller entry angle g on
hydrodynamic characteristics in an agitated tank with side entry marine propeller in laboratory
conditions was studied using the CFD simulation approach with the MRF-RNG k-¢ model.

2. METHODS

2.1. Mathematical Model

The phenomenon of flow can be modelled by a mathematical version of the continuity equation
(law of mass conservation) and the momentum equation (law of momentum conservation). The
continuity equation for a compressible fluid at unsteady state for incompressible flow with
density value (p) is constant, is given below:

%DJrV(pv):O 1)

Flow in the stirred tank is assumed to be three dimensional and steady; the working fluid is an
incompressible Newtonian fluid; there is no change in temperature during the mixing process;
and the system is a single-phase fluid.

In the previous study, mentioned in introduction section, the most widely used model for the
turbulence model is RNG k-¢, and the results obtained show that this can produce satisfactory
results when compared with the experimental data. RNG is a form of renormalization of the
Navier Stokes equation, which explains the smaller motion effects that cannot be calculated by
the latter. In the k-¢ standard model, eddy viscosity is determined from a single scale of
turbulence, resulting in the calculated turbulence diffusion on a given scale. However, the actual
motion on a small scale still has a significant influence on the calculation of turbulence diffusion.
The RNG approach, which can mathematically be used to derive a turbulence model similar to k-
g, results in a modified form of the equation (equation &), thus extending the range of the
calculation of turbulence diffusion to a small motion change. The transport equations for k and ¢
that have been modified (Yakhot et al., 1992) are:

0 0 0 4, oK
— +—(oku)=—7 (u+++L)—1]+P, — 2
a(pk) aXi(Pk ) axj[(ﬂ Gk)ﬁxj] \ — PE 2)
0 0 0 MU, | O€ £ « &'
— +—(pau.) = —[(u+-—-+)—]+¢c,. =P, —C,. p— 3
at(pg) ox (peu;) 5Xj [(u O_g)axj] 1o )k 2g,0k 3)
where
c/,ff(l—:)
C,, =Cpp + 4
2¢ 2¢ 1+ﬂ773 ()

The constant value in the equation is derived explicitly (except the £’ constant) and becomes the
following: C, = 0.0845; ox = 0.7194; 6. = 0.7194; C,; = 1.42; C.» = 1.68; 0 = 4.38; = 0.012.
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2.2. Simulation Method

Hydrodynamic characteristics in side-entry stirred tanks are influenced by several factors, such
as the type of stirrer used, the rotating speed of the stirrer, the mounting position of the stirrer,
and the stirrer diameter. Although the stirrer is generally installed close to the bottom of the tank,
the direction of the impeller shaft can also horizontally influence the flow characteristics in the
stirred tank itself. Simulation was performed using CFD ANSYS® 18.2 Academic Package
software. Geometry modelling was conducted using Design Modeller®, with the the number of
grids and nodes determined using ANSYS Meshing®. The simulation was run using a
workstation (HP Z640, 3.5GHz with 8GB RAM). The tank geometry has cylinder diameter D =
40 cm and liquid height H = 40 cm. The stirrer used was a marine propeller (3 blades) with a
diameter of d = 4 cm (ratio d/D = 0.1). The propeller geometry itself was made in exactly same
way as that used in the experiment, as shown in Figure la.
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Figure 1 (a) Dimension (mm) of the marine propeller; (b) tank geometry and propeller zone separated
by a cylindrical interface

The propeller geometry is somewhat complex because of the slope and curvature of the blade,
therefore the meshing method chosen was a grid with a combination of tetrahedral mesh and
prisms, as shown in Figure 2. Tetrahedral mesh is more appropriately applied to complex
geometries, and has many narrow slits, as in propellers, because the shape of the grid can instantly
adjust to the space.
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Figure 2 Grid division for the moving zone
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The approach used for the propeller motion was MRF, so the tank volume was divided into two
zones: the inner zone (the rotating part where the propeller is located); and the outer zone (the
zone outside the interface covering all parts of the tank). Both zones were limited by a cylindrical
interface, as shown in Figure 1b. These two zones are referred to as the moving zone (inner) and
stationary zone (outer). The diameter and thickness of the moving zone were 0.0475 m and 0.03
m, respectively.

There is no specific reference for determining the diameter and thickness of the moving zone,
since it does not significantly affect the external flow of the interface. A perfect fit or slightly
larger form of moving zone than a propeller is not vital, as long as the zone covers all of its
propeller geometry. The origin coordinates of the geometry are at the center of the tank bottom
(0, 0, 0) and the propeller shaft at the coordinates (0, 0.2745, -0.2), and the z axis is the axis of
the tank. In this study, the propeller is mounted from the side with horizontal angle variation ()
to the right-hand side of it of 0°, -10° and -15° (the negative angles are based on the coordinates
used when drawing the tank geometry, and will be subsequently written without the negative
signs in results and discussion section). Therefore, for the arrangement of the axis of propeller
rotation direction at X = sinff and z = cosp, the setting applies to the moving zones, shafts and
propellers. The settings of the origin and direction axis are important, as they will affect the flow
direction of the impeller discharge section. A less precise directional axis will result in a proposed
outflow propeller flow going in the opposite direction. The flow pattern formed from a propeller-
type stirrer that should be axial may be transformed into radial in the simulation simply by errors
in the definition of the axis direction.

Other definitions of boundary conditions that need to be regulated are the tank wall and the
propeller shaft. Both are considered to have a smooth surface, so that these set as a no-slip
condition, the liquid surface is considered unstable when the shear stress is zero, defined as the
symmetry surface. The variable propeller rotational speeds in this study were 100, 200, 300 and
400 rpm, with Reynolds numbers of 2989.88, 5980.45, 8970.78 and 11960.67, respectively.
These Reynolds numbers are included in the transition-turbulent regime in a stirred vessel
(Galletti et al., 2004). The simulation ran with a time step of 0.0004746 (based on the calculation
rules in determining the time step in FLUENT) and was considered convergent when all the
residual parameters were worth less than 1x1073, In addition to observing the indication of the
convergence of the residual parameters, the convergence history of the torque on the shaft and
propeller until the value is constant is also seen.

3. RESULTS AND DISCUSSION

Qualitatively, the easiest way to observe hydrodynamic characteristics in a side-entry stirred tank
is from the flow pattern produced inside the vessel. In this research, the macro scale flow
structures shown as a result of simulation were the mean-time averaged velocity fields were
obtained by averaging 10000 measurements for each velocity variable. The flow pattern in a
stirred tank is a combination of flow regimes that are dependent on their location in the vessel.
For example, areas that are close to the propeller (discharge) will have high flow velocities and
tend to have turbulent properties, compared to areas farther from the propeller, especially those
located on the surface of the tank, where the flow velocity will be very different (Bittorf & Kresta,
2000). This situation results in zones without flow, commonly referred to as death zones, in
certain parts of the tank. These are zones where the fluid has a very low or almost zero velocity,
or where a vortex is formed which remains stationary, so there is no mass transfer. This condition
is very unfavourable for achieving an effective mixing process.

Figure 3 shows the flow patterns obtained from the simulation results using configuration RNG
k-¢ and MRF for the propeller motion. A marine propeller is a type of stirrer that produces an
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axial flow pattern, in which the fluid flows axially from the impeller axis towards the tank wall.
The main flow form is one loop circulation, as well as the type of flow pattern produced by IBT
in previous studies (Fathonah et al., 2017; Fathonah et al., 2018). This is a characteristic of stirrers
with axial flow types in general. Figure 3 also shows that at a low rotational speed (100 rpm) the
flow pattern formed is a quick return flow, while at higher speeds the circulation flow that is
formed tends to be pushed further from the impeller discharge due to the greater force from the
motion of the liquid. The mixing intensity was defined as the average velocity throughout the
observation plane shown in Figure 3.
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Figure 3 Flow patterns formed at vertical plane observation by the marine propeller for f=10° (right)
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Figure 4 Comparison of the average local discharge stream velocity on a vertical observation plane for
S=10°

This conclusion is also supported by the simulation results, which quantitatively show the same
tendency as the experimental ones after validation, as shown in Figure 4. Figure 4 shows the
average local velocity in the discharge stream propeller area, comparing the simulation results
with the experimental ones. The linear velocity in the tank increases with increasing propeller
angular velocity. For quantitative analysis purposes, the horizontal observation plane is also
aligned with the propeller axis so that it will appear in the circle plane. This makes it easy to
analyse the effect of changes in the propeller side-entry angle on the flow velocity in the tank.
The S variables used are 0°, 10° and 15° to the right of the propeller shaft horizontally. The
average velocity in the tank has a tendency to increase as the £ increases. The predicted average
velocities (in m/s) were 0.0175, 0.0185 and 0.0197 at £ 0°, 10° and 15°, respectively, at a constant
rotational speed of N = 400 rpm. Larger £ produced high tangential velocity, leading to a strong
circulation flow (Wu, 2012). This is also supported qualitatively by the visualization of the
velocity contour and streamline in Figure 5. The velocity profile data are the results of simulation
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calculations based on a steady state flow pattern. The velocity contour in Figure 5b shows that
the areas with increasingly bright colors (blue to green) have a greater velocity. The most
significant change seen in Figure 5b is the color of the velocity contour near the propeller, which
is green at # = 10°, whereas at # = 0° it is not.

Figure 5 Effect of 3 on flow fields: (a) velocity vector; (b) velocity contour, at a horizontal observation
plane of N =400 rpm for mixing by the marine propeller

Apart from the contour velocity, the streamline formed as shown in Figure 5a also shows good
agreement. The larger £ produced a circulation flow further away from the propeller discharge.
As previously explained, higher velocity will strongly push the circulation flow away from the
propeller discharge. Therefore, the motion of the fluid is more likely to reach all parts of the
vessel.
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Figure 6 Velocity vector produced by: (a) simulation; (b) experiment, at a vertical observation
plane of N = 300 rpm for mixing by the marine propeller

The streamline from the simulation results also shows a more chaotic flow, which is an irregular
form due to the increase in £. It can be seen in Figure 6 that for the vertical observation plane,
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circulation flow produced with larger S shows a more irregular form. Formation of a more chaotic
flow with larger g is caused by the fact that when g is larger, the propeller discharge direction
towards the tank wall will become closer. With this closer distance, the fluid that moves from the
propeller discharge to the wall at a high velocity will immediately hit the wall, and the faster flow
will spread to the right and left-hand sides of the propeller axis. The short time span between
discharge flow and flow divided by wall collisions results in the formation of chaotic flow. Such
a flow is good for the mixing process because it can reach all parts of the vessel and ensure that
the fluid is more quickly mixed and better dispersed.

Another interesting phenomenon that can be observed from the mixing process is that macro-
instability phenomena appeared when the mixing process was taking place. These phenomena
are three-dimensional and unstable flows that can occur even in symmetrical flow geometries,
resulting from the interaction of a symmetrical vortex ring with a free surface, and always
accompanied by strong velocity fluctuations in all parts of the mixing tank. Therefore, these
phenomena occur in areas that have the greatest average velocity in the vessel, namely those
around the front of the discharge propeller, as shown in Figure 7.
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Figure 7 Flow patterns produced at £ = 0° and N = 300 rpm

From Figure 7, it can be seen there were significant flow pattern changes over time. Such changes
will vary continuously until a cycle of changes in the same flow pattern is formed at a certain
time. Like the unstable flow pattern att = 69.61 s, it appears at t = 77.66 s. Every new pattern that
appears has a lifetime of occurrence of approximately 2 to 5 s. Another pattern besides one loop
circulation in the area in front of the propeller discharge near the tank wall as shown in Figure 7
when t = 65.41 s, the pattern disappeared at t = 69.61 s and formed another one in front of the
discharge propeller, then began to reappear at t = 74.48 s. The phenomena illustrated by the flow
pattern of the simulation results show that they are macro-instability, because the new flow
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patterns have a short frequency of occurrence and a lifetime of more than one propeller rotation
(>0.25).

A further application of this side-entry mixing tank is for biogas reactors. Mixing in a biogas
reactor, in addition to helping the gas formed from the reaction rise to the liquid surface (as
explained in the introduction), also acts as a dispersing substrate, so that it does not settle at the
bottom of the tank, which can cause the biodegradation process to be ineffective.

4. CONCLUSION

This work has presented a three-dimensional and transient CFD simulation of the hydrodynamic
characteristics in an agitated tank with side-entry marine propeller. It has been found that the
simulation configuration MRF-RNG k-¢ provided realistic results to describe these characteristics
with different impeller entry angles (B). For validation purposes, the simulation results were
compared with the experimental results. Qualitatively, similar fluid flows were found in the
simulation and experiment results. In the quantitative analysis, at higher rotational speeds the
developed circulation flow tended to be pushed further from the impeller discharge stream; this
was validated by the measured average velocity data. From the research results described in the
results and discussion section, the horizontal slope of the propeller entry angle has a significant
effect on changes in the hydrodynamic characteristics and flow patterns in the side-entry mixing
tank. Average velocity in the tank tends to increase as the impeller entry angle £ increased. The
predicted average velocities were 0.0175, 0.0197 and 0.0182 m/sec at f = 0° 10° and 15°
respectively, at constant rotational speed. A larger impeller entry angle $ produced high tangential
velocity, leading to a strong circulation flow. Such a flow is good for the mixing process because
it can reach all parts of the vessel.
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