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Numerical investigation of the turbulent flow generated with a radial
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The aim of this study is to investigate the effect of the blade shape on the characteristic of the flow patterns in
a stirred tank. A new impeller blade design has been proposed. It is characterized by a converging hollow. The
investigations of the flow structure generated in the vessel are made by using the computer code ANSYS CFX
(version 16.0). The analysis has shown that the converging hollow blade yields highly radial flows which gave an
increase in the radial velocity by 35% with less power consumption than the flat blade. Also, the effectiveness of
the energy dissipation and the quality of mixing has been obviously noted. A validation test of our predicted results
with other literature data was done, and a satisfactory agreement has been found.
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INTRODUCTION

The stirred tank has been used in a wide range of
process application such as chemical, biochemical, food
and pharmaceutical industries. The optimum design
and the efficiency of mixing operations play the main
role in product quality and production costs. Therefore,
fundamental knowledge of velocity distribution and
hydrodynamic behavior as well as power requirement
of the stirred tank configuration is required. While the
evolution of the stirred tanks have been done through the
experimental technique which have many disadvantages
such as cost and time, Computational Fluid Dynamics
(CFD) techniques are being increasingly because these
techniques provide the ultimate level of detail, less cost-
effective and less time. The geometry of an impeller plays
a paramount role in optimum design. For this purpose,
various types of impellers are used in order to satisfy
different of mixing operation.

A number of new impeller designs had been developed
in order to improve the performance of conventional
impeller (Rushton turbine). Hollow blade design is widely
used in industry such as Concave blade, Chemineer
CD-6 and SCABA SRGT, these have been respectively
introduced by Van’t Rietet al.!, Bakker et al.* and Ni-
enow’.Indeed, many research efforts have been devoted
to investigate effect of blade both by experimental
and computational techniques. For example, Nagata
studied experimentally the effect of the pitched blade
on the power number with two pitched blades (PBT2).
He found that this type of impeller requires less power
consumption®. Suzukawa et al. studied the effect of the
pitched blade in a baffled stirred tank equipped with
a four pitched blade turbine (PBT4)’. Kumaresan and
Joshi investigated the effect of the impeller blade angle,
number of blades, blade width, blade twist, blade thick-
ness, pumping direction on flow and turbulence field,
with different impeller geometries. They found that the
geometry of the blades can vary the fluid flow pattern
and enhance the mixing intensity®. Driss et al. developed
a computational method to study the effect of the pitched
blade design on the stirred tank flow characteristics.
Different inclined angles, equal to 45°, 60%and 75° have

been considered. The results show that the values of
power number decreases as an inclined angles decreases
with the same Reynolds number’. Ammar et al. studied
numerically the effect of the impeller designs on the
hydrodynamic structure induced by a three different
turbines consisting on a six flat blades turbine, a Rushton
turbine, a pitched blades turbine for the one-stage and
two-stage systems. They concluded that the two Rushton
turbines improve the circulation of the fluid in the whole
volume of the tank®. Via Laser Doppler Velocimetry
LDV technique, Aubin et al. studied the effect of the
up-pumping and the down-pumping of a PBT turbine
on the turbulent flow field and the power consumption
as well as the pumping numbers. They deduced that
the pumping upwards has a low flow number and con-
sumes more power than the down-pumping’. Chapple
et al. investigated the effect of the blade thickness and
the impeller diameter on the power consumption,they
found that changes in the impeller position can have
a significant impact on the power number. Ameur and
Bouzit analysed numerically the effect of the impeller
rotational speed, thefluid rheology and the impeller blade
curvature on the mean velocities and power consump-
tion. They found that the best performance is achieved
at high Reynolds number for a flat-blade turbine,which
requires more power consumption compared with the
curved balde impeller'!. By CFD method, Ameur and
Bouzit investigated the effect of the impeller clearance,
the blade diameter, the shape of the vessel base and the
shape of the lower part of blade on the hydrodynamics
behavior and shear rates distributions within the United
States Pharmacopeia Apparatus'?. Ameur et al investi-
gated numerically the effect of some design parameters
on the flow energy efficiency and the power consumption
for a Maxblend impeller, an anchor impeller, a gate
and double helical ribbon impellers. He found that the
Maxblend impeller gives the best performance®. By
CFD simulations, Khapre and Munshi carried out the
numerical comparison of a Rushton Turbine and a CD-6
impeller and used the non-Newtonian fluid. They found
that the flow field generated by a CD-6 impeller is less
in magnitude than the Rushton turbine and the power
consumption and entropy generation are less for CD-6
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impeller™®. By numerical simulations, Driss et al. con-
firmed that the multi-impellers systems can decrease
the weak zones in each stirred tanks'®. Ben Amira et
al. studied experimentally via Particle image velocimetry
(PIV) system effect of the blade turbine in the flow fields
generated by an eight concave blades turbine. Moreover,
they analysed experimentally with same technique the
effect of up-pitching blade and they found that the
velocity vector is directly affected by the turbine!®".
Cooke and Heggs found that the hollow blade turbines
(HBT) designs are as energetically efficient as Rushton
turbines for dispersing gas'®.

Basis of the previous studies, it is important to in-
troduce new blade design that can provide the biggest
advantage. Ghotli et al. analyzed via response surface
methodology (RSM), the power requirements for seven
types of 6-curved blade impellers of varying curvature
angles and central disk sizes and compared to a Rushton
turbine. They found that, the curved blade impellers
have lower power consumption in both aerated and
un-aerated conditions in comparison with the Rushton
turbine’. Jing et al. used Particle image velocimetry
technique for studied the effects of the blade shape on
the trailing vortices in liquid flow agitated by four differ-
ent disc impellers, including the Rushton type, concave
blade disk impeller, half elliptical blade disk impeller,
and parabolic blade disk impeller. The results showed
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Figure 1. Geometrical arrangement
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that when the blade turns more curved, the inclination
of the impeller stream becomes smaller and the radial
jet becomes weaker®.

For this purpose, the advanced Computational Fluid
Dynamics (CFD) has been used in order to study flow
pattern and power consumption. The major challenge
is to develop a new blade design, that has the ability
to improve flow fluid velocities. The purpose of this
paper is to investigate the flow fields and the energy
required for this type of impeller. We focus on the ef-
fect of new blade design. For this task, six geometrical
blade configurations are used: a flat blade and five
blades equipped with converging hollow with different
deeps. Particularly, this paper presents the evolution of
the velocity field and the turbulent characteristics on
different planes, as well as the effect of this new blade
design on the power consumption.

STIRRED TANK CONFIGURATION

The considered configuration consists of an unbaffled
cylindrical tank with a flat bottom (Fig. 1). The liquid
level H is equal to the diameter vessel D, with D = 490
mm. The impeller contains four flat-blade paddle, fixed
on a disc with 20 mm of diameter which is attached to
a cylindrical central shaft of diameter ds = 24.5 mm.
The geometry system resembles that already studied by
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Nagata* as well as Suzukawa et al.’ In order to inves-
tigate the effect of the converging hollow, four blade
configurations are used: flat-blade with a height of 20
mm, and four blades equipped with converging hollow
that have a different deep C, = 4 mm, C, = 8§ mm, C,
= 12 mm, C, = 14 and C, = 16 mm. However, note
that all of these impellers have the same blade perimeter
h = 20 mm and the same diameter d = 245 mm and
are placed at the same clearance from the tank bottom
C = 245 mm.

NUMERICAL MODEL

Simulations are performed by using the computer
code (CFX16.0). Since the stirred tank is not provided
with baffles, a RRF (rotating reference frame) approach
was used. In this approach, the tank was kept stationary
while the vessel walls were assigned an angular velocity
that was equal and opposite to the impeller rotational
speed. The no-slip velocity condition was applied to all
solid surfaces.

A pre-processor (ICEM CFD 16.0) is used to discre-
tize the flow domain with a tetrahedral mesh (Fig. 2).
Since the impeller has curved blades, an increased mesh
density was generated near the impeller and vessel walls.
The mesh density around the impeller was increased to
accurately capture the blade design.

The original 3D mesh of the model had 150,258
computational cells. To verify the grid independency,
the number of cells was increased from 153,258 cells to
306,516 cells. The additional cells changed the velocity
magnitude in the regions of high velocity gradients by
more than 3%. Thus, the number of cells was changed
from 306,516 cells to 613,032 cells. The additional cells
did not change the velocity magnitude in the regions of
high velocity gradients and impeller power number by
more than 2.5%. Therefore, 306,516 cells are employed
in this study. The turbulent flow is defined (Reynolds
number from 60000 to 100000).The second order upwind
scheme is used for the convection terms. To perform
pressure-velocity coupling, a pressure-correction method
of the type Semi-Implicit Method for Pressure Linked
Equations Consistent (SIMPLEC) is used. Solutions
were converged when normalized residuals for pressure
and velocity drop below 1077, Most calculations required
1000-1500 iterations and about 4-5 hours.

Figure 2. Meshing
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Mathematical formulation

Total geometry of the mixing system is used as a com-
putational domain (the quarter domain option was not
employed). The using fluid is assumed incompressible
and the corresponding flow equations are:

divl = 0 (1)

p(VgradV + w(or) + 20V ) + gradp — div{Z,u[}./ﬂ yﬂ =0 (2)

: 1
y= (—][gde + (gradV)T}
2 is the rate of strain tensor,

w(wr) is the centrifugal acceleration, 2@V is the Coriolois
acceleration, r is the radial coordinate and a)(a)x,a) y,a)z)
is the angular velocity in clockwise direction.

For the boundary conditions,

— We impose at the vessel wall and bottom: V = wr (3)
— On the impeller: V' = 0 4)

Further, the non-slip boundary condition is applied at
the walls, and we have considered a closed tank in order
to simulate the hydrodynamic structure of the stirred
tank without considering the free surface motion. In
our future paper, we intend to study the case of open
stirred tanks.

Turbulent kinetic energy « and the turbulent dissipation
rate ¢ are calculated using RNG «-¢ turbulence model.
This model was used by several authors such as Chtourou
et al.?!, Jaworski and Zakrzewska??.

Power number

The power number N, allows to extrapolate calculations
of the power when the diameter of the turbine d and its
rotational speed N change. In dimensionless form, the

power number is calculated in this numerical study by:
P
P P N3d® 5)

P is the power consumption of the agitator system,
given by:
P=27NS (6)

Where, S is the torque of the agitator system.

The Reynolds number is written as follows:

2
R =£7% Nd (7)
y7;
All results are presented in dimensionless form:

*

& C L
& = F dissipation rate of the turbulent kinetic

d
energy (8)
LK i
K = W turbulent kinetic energy 9)

RESULTS AND DISCUSSION

Comparison with experimental results

In order to check the validity of the CFD model and
the used numerical method, a comparison is made be-
tween our predicted results and the experimental data
given by Nagata®. The similar geometrical conditions are
considered; also, the same fluid is simulated. Figure 3,
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presents the predicted results for the radial velocity along
the vessel height (Z/D) at a radial position (1/D = 0.5).
According to these results, it has been noted that the gap
between numerical results and those given by Nagata is
about 5%. These results present a good agreement and
confirm the validity of the numerical method.
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Figure 3. Axial profile of the radial velocity, Re = 100000,
0 =0

Radial velocity

In this paper, the effects of the converging hollow as-
sembled on the blade have been investigated. In order
to understand the effect of blade shape on the flow
characteristics, the variation of the radial velocity com-
ponent along the vessel height for different converging
hollow assembled to the blade are plotted in Figure 4,
for a radial position near the blade tip /D = 0.5 and
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Figure 5. Distribution of the dimensionless radial velocity, in the r-z plane defined by Re =100000, 6 = (0°

(b) Ci=4

(e)Ci=14

—a—C=0
1,0+ o C=4 I
<4 C=8
—v—C=12
0,54 —eo— C=14 [
A C=16 ]|

= s e s Y

S 0,0—-

0,54

— T
-005 000 005 010 015 020 025 030 035
U,

tip
Figure 4. Radial velocity profiles for different C,, in the r-z
plane, defined by Re = 60000, 8 = 0°, t/D = 0.5

Re = 60000 the angular coordinate is equal to 6 = 0°.
The negative values of the radial component prove the
existence of the recirculation loop just above and be-
low the turbine, and it vanishes in the top and bottom
of the tank in all blade configurations. By comparing
the different configurations an increase of the radial
component of the magnitude velocity with 35% for the
blade configuration defined by C, = 12. On the other
hand, it’s noticeable that C, = 12, 14, 16 generate the
same radial velocity. The explanation of this increase
is that the new blade design dissipates less energy than
the standard blade.

As presented in Figure 5 for Re = 100000 it has been
observed that the impeller stream flows away from the
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impeller blades, and the velocity varies dramatically
in the radial direction. Therefore, we can deduce that
the new configuration of blade plays an important role
on the variation of radial velocity. The movement of
fluid becomes more intense in the radial velocity with
increasing deep of converging hollow. Indeed, the radial
velocity is stronger with converging hollow configuration.

Tangential velocity

The variations of the tangential velocity component
along the vessel radius and for the six cases studied are
plotted in Figure 6, at the mid height of the impeller
blade. According to these results, the intensity of the
flow marks at the tips of the blade. This intensity is lost
near to the side walls of the tank. After that, it becomes
negligible at the immediate contact with the wall. Indeed,
it has been observed that curve decay is faster with the
converging hollow C, = 12, C, = 14 and C, = 16. From
these results, it could be deduced that the new blade
configuration affect the tangential velocity that decreases
as soon as the depth of the converging hollow increase.
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Figure 6. Profile of tangential velocity for C,

Axial velocity

Figure 7 presents the axial velocity profile along the
vessel height (Z/D) for a radial position near to the bla-
de tip. According to these results, it has been observed
that the axial velocity component was the highest value
in the area swept by the impeller. The low value of the
axial velocity component indicates the apparition of the
recirculation zone. Compared with the flat blade, it can
be seen that new blade configuration has a few effect
on the axial component of the mean velocity. Therefore,
we can deduce that the increase of C, has no effect of
the axial flow.

Mean velocity

Figure 8 shows the distribution of the mean velocity
at various blade configurations for the angular position
0 = 45°. Globally, it has been noted that the appearance
of the maximum values developed in the area swept
by the turbine. Moreover, we find that the flat-blade
generates a larger swept surface that gives wider cavern
than other blade configuration.

According to these results, it can be concluded that
the new impeller design enhance only the radial flow.
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Figure 7. Axial velocity for different C,

Velocity streamlines

Figure 9 presents the streamlines velocity in 3D view.
According to these results, a significant change in stre-
amline behavior is shown by changing the system from
flat blade to converging hollow configuration. Particular-
ly, it has been observed that the flow is disturbed and
created a complicated flow field with further increase
of the deep of converging hollow. For more significant
C,, the outgoing flow from the blades becomes larger
which improve the mixing quality throughout the vessel.

Turbulent Kkinetic energy

The turbulent kinetic energy has a significant impact
on the performance of a stirred tank. The distribution of
the turbulent kinetic energy in the r-z plane containing
the turbine for a position corresponding to the angular
coordinate 6 = 45° for different blade configurations is
shown in Figure 10. We found three studied zones: the
discharge zone, the upper zone and the lower zone. The
turbulent kinetic energy is maximum in the discharge
zone. It increases in the area swept by the impeller that
proves the existence of good mixing in this area. Indeed,
numerical simulation shows that a new impeller design
exhibits higher turbulent kinetic energy than standard
impeller due to the significant radial jet generated by
this type of the blade.

Dissipation rate of the turbulent kinetic energy

Figure 11 presents the distribution of the dissipation
rate of the turbulent kinetic energy in the horizontal
plane situated in the middle of the blade. Globally, it
has been noted that the dissipation rate of the turbulent
kinetic energy is concentrated in the area swept by the
turbine. Beyond this zone, it decreases gradually. In-
deed, the shape of the wake depends on the discharge
jet of the turbine. This fact explains that the new blade
designs have a direct effect on the dissipation rate of
the turbulent kinetic energy.

Power consumption

The power consumption is the important parameter
for describing the mixing efficiency. Here, Figure 12
presents the variation of the power consumption requ-
ired for different converging hollow. According to these
results, power number decreases continuously with the
increase in the deep of converging hollow. Based on the
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Figure 10. Distribution of Turbulent kinetic energy «" for different C,, in the angular position 0 = 45°
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Figure 12. Power number for different C,

finding results and in order to reduce the mixing power,
it is recommended to use this new blade configuration.

CONCLUSION

In this work, we have studied the effect of the new
blade design on the hydrodynamic structure in the
turbulent flow generated in the stirred vessels. Based
on above results, the following conclusions are drawn:

The new impeller design gave an increase in radial
velocity by 35%.

A new impeller design exhibits higher turbulent kine-
tic energy than standard impeller due to the significant
radial jet generated by this type of blade.

The values of the power number decrease when
deep converging hollow increases at the same Reynolds
number.

CFD models can be used to realize and test the ef-
fectiveness of new blade design.

Results showed also that the outgoing flow from the
blades is more active with the new design impeller. In
this case, the effectiveness of mixing quality has been
obviously noted.

NOMENCLATURE

C - impeller clearance, (m)

C, — deep of converging hollow, (mm)

D - tank diameter, (m)

d — impeller diameter, (m)

d, — shaft diameter, (m)

H - height of the tank, (m)

Kk — turbulent kinetic energy, (m?- s7%)

x’ — turbulent kinetic energy, dimensionless
N - rotating speed of the impeller, (s)
N, — power number, dimensionless

P — power, (W)

p — pressure, (Pa)

r — radial coordinate,(m)

2r/D — dimensionless radial coordinate

R, — Reynolds number, dimensionless

S — torque of the agitator system,(N.m)

t — time, (s)

Z - axial coordinate, (m)

U/Uy, - radial velocity component, dimensionless
V/Vy;, — tangential velocity components, dimensionless
V — velocity, (m - s7™)

W/W

Greek Letters

0 — angular coordinate, degree

o — angular velocity, (rad - S7)

p — density of fluid, (kg - m™)

p — dynamic viscosity of the fluid, (Pa - s)

¢ — dissipation rate of the turbulent kinetic energy, (m?.s)
e* — dissipation rate of the turbulent kinetic energy,
dimensionless

1ip — axial velocity component, dimensionless
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