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Abstract

The impeller design is the most crucial parameter to enhance the performance of stirred tanks. The cut in the impeller blade is
a new technique to save the energy of impellers in mixing vessels without increasing the mixing time or reducing the product quality.
In this paper, the new technique of cut is applied for a disc turbine rotating in an unbaffled cylindrical tank. Effects of the V-cut shape
are highlighted. Non-Newtonian shear-thinning fluids are considered for the three flow regimes (laminar, transient, and turbulent).
Effects of the number of blades on the flow patterns, pumping rate (Ng) and power consumption (Np) are explored. From the obtained
results, a recirculation loop of flow is observed at the tip of each blade for impellers with less than three blades. These recirculation
loops disappear with the increased number of blades. Under laminar flow conditions, the obtained results also revealed a decrease

in power consumption and an increase in the discharge flow rate with the rise of Reynolds number. However, almost any changes

were observed for these parameters (Np and Ng) under turbulent flow conditions.
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1 Introduction

The mechanical agitation in cylindrical tanks is a funda-
mental operation in many industries to achieve various
processes, such as chemical reaction, preparation of ingre-
dients, and gas dispersion into a liquid for mass transfer or
to form foams, etc.

The mechanical stirring of complex shear-thinning
fluids is characterized by the formation of a well-stirred
region around the impeller with a dead zone elsewhere [1].
The chemical engineers should reduce or eliminate these
stagnant zones since they are characterized by poor mix-
ing and poor heat and mass transfer. As an example, low
product quality may be resulted by the high gradients
in temperature and pH, which are yielded by the poor mix-
ing. The appropriate design of stirrers may allow the good
mixing quality, as confirmed by many authors for the agi-
tation of shear-thinning fluids [2-5].

The energy consumption is another important parameter
to be considered in stirred tanks. For Rushton turbines, the
power input may be reduced by decreasing the blade attack
angle from 90° to 45° [6]. Beloudane et al. [7] designed
a converging hollow blade to enhance the hydrodynamic

characteristics and reduce the power consumption of radial
impellers. Foukrach and Ameur [8] compared the effi-
ciency of the curved bladed turbine and that of the stan-
dard Rushton turbine. They found that the best axial cir-
culation of fluid is provided by the impeller with flat
blades. The increased height of curved blades may gen-
erate a stronger tangential flow and enhance the axial
movement of fluid particles, as reported by these authors.
Other researchers were interested in the effect of vessel
shape and some impeller geometrical parameters on the
power consumption for stirring viscous fluids [9—11].

Rao and Sivashanmugam [12] suggested a new technique
to reduce energy consumption, which is the introduction of
a cut in the blade. In a recent study, Ameur [13] confirmed
the efficiency of the cut technique for stirring yield stress
fluids. In other studies [14, 15], some modifications have
been introduced in curved-bladed impeller (cuts with dif-
ferent lengths and at different positions in the blade), and
a significant decrease in power requirements was obtained.

In this paper, the performance of modified radial tur-
bines is investigation. The new modification concerns
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the introduction of V-cut in each blade of the impeller.
The case of non-Newtonian shear-thinning fluids is explored.
The impeller rotational speed is changed for a range cover-
ing the three flow regimes (laminar, transient and turbulent).
Effects of the number of blades on the flow patterns, pump-
ing rate and power consumption are also studied.

2 Agitation system

An agitation system (Fig. 1) comprising an unbaffled
and flat-bottomed tank equipped with a V-cut turbine,
is chosen to carry out this study. The stirrer is, perhaps,
the critical part of this system, since it provides the origin
of the kinetic energy and it determines the type of flow,
the pumping and the circulation intensity of the fluid; as a
result, the agitators are chosen according to the objective
pursued the operation [16]. It is not surprising, at this point,
that several authors base their thinking on the design and
geometry of the mixer [17, 18]. In our study, we are inter-
ested in the effect of the number of blades (), ranging from
two to six blades. The stirrer is placed at the mid-height of
atank having a diameter D =300 mm. The values: H/D =1,
d/D=0.5, /D =0.1,d /D = 0.05 are, respectively, the ves-
sel height, the blade diameter, blade height and the shaft
diameter. Values of the lengths a, b and ¢ as shown in Fig. 1
are: a/D =0.033, b/D = 0.066 and ¢/D = 0.072.

The working fluid is a solution of CMC (Carboxy
Methyl Cellulose) having the following rheological prop-
erties: concentration C = 0.04 [g CMC/g], consistency
index m = 0.79 [Pa s"], behavior index n = 0.83. This fluid
has a shear-thinning behavior modeled by Ostwald's law.

3 Computational methodology
The study is achieved via numerical simulation by using
the computer tool ICEM CFD to create the computational
domain and mesh. Then, the computer software CFX is
used to perform calculations.

Mesh tests were achieved as detailed in Table 1. The den-
sity of the first mesh, which had about 378,499 elements, was
increased by about two times (762,549 elements) and two

Fig. 1 The geometry of the agitation system

Table 1 Results of the mesh tests

Mesh 1 Mesh 2 Mesh 3
Number of grid elements 378,499 762,549 1,425,548
Ng 0.66923 0.68013 0.68124
Computational time 9,984 16,548 29,854

[second]

times again (1,425,548 elements). The velocity at the blade
tip and the power consumption were determined for each
mesh density. The obtained results showed that the sec-
ond mesh (762,549 elements) is sufficient since the changes
in power number values did not exceed 2 % (Table 1).

Since the tank is unbaffled, the Rotating Reference
Frame (RRF) technique was used, i.e. the stirrer is mod-
cled as stationary, and the vessel walls are modeled
as rotating zones. The vessel is considered as covered, and
the liquid height is kept equal to the vessel height. So, the
interaction with air is avoided, and single-phase simula-
tions are performed. For the convection terms, the sec-
ond-order upwind scheme is selected. A pressure-correc-
tion method of the type Semi-Implicit Method for Pressure
Linked Equations Consistent (SIMPLEC) is used to per-
form the pressure-velocity coupling. Further details are
available in our previous paper [19].

Calculations were performed in a platform with Core
i7 CPU 2.20 GHz and 8.0 GB of RAM. Simulations were
considered to be converged when the residual targets of
velocities and pressure drop below 107

4 Results and discussion

4.1 Hydrodynamic

Fig. 2 shows the flow patterns generated by radial impel-
lers with different numbers of blades («). The objective of
this figure is to illustrate the effect of a on the presence of
dead zones near the blade. From this figure, we note that
for a two-bladed impeller, there is the presence of a recir-
culation zone (dead zone) between the end of the blade and
the tank wall. When increasing the number of blades, this
dead zone decreases until it disappears completely.

4.2 The pumping rate

A stirrer rotating in a tank can be considered as a pump:
from this viewpoint, it is interesting to know the volume
of flow that it provides. By definition, this flow rate (Q)
is the amount of liquid that leaves the impeller blades per
unit of time, which is given as:

0= nDIVr dz. Q)]
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Fig. 2 Effect of the number of blades on the flow patterns for Re = 50,
Z'=7Z/D=0.5

V' is the radial component of velocity at the blade tip
and Z is the position of a flow point on the blade height.
Q is referred to as the pumping capacity or the delivery
rate of the agitator.

If the total volume of the liquid is divided by this rate,
the average time required for a passage through the agita-
tor of all the liquid in the tank is measured. This is why the
pumping capacity has proved to be an interesting factor
for the correlation of the mixing time [20].

The dimensional analysis shows that O can be written

in the form:
Ng= N% @

where N is the impeller rotational speed. Ng, pumping or
discharge coefficient, is a function of the geometry of the
stirring system and the physical properties of the liquid.

To validate some predicted results, a geometrical con-
figuration similar to that studied by Mununga et al. [20] was
realized, it concerns a turbine with six blades placed at the
middle of a tank without baffles. Fig. 3 shows the variation
of the pumping rate vs. Reynolds number, the comparison
of the two results indicates a satisfactory agreement.

Uhl et al. [21] and Gong et al. [22] reported that the lam-
inar or turbulent agitation gives a molecular diffusion of
the fluid particles. Kuncewicz [23] identifies the laminar
region for the Reynolds number (Re) less than 70, the fully
turbulent flow is for Re greater than 10*, the region between
the two values of Re is considered as transient.

Fig. 4
with increasing rotational speed of the stirrer; this is

shows that the discharge rate increases

true for the laminar flow. But for the turbulent regime,
Ng is almost constant. Another critical remark is that
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Fig. 4 Flow number vs. Reynolds number for different turbines

the maximum is observed in the transient regime and
more precisely at Re = 200. The number of blades also
influences this parameter; it is the six-bladed turbine that
yields the most efficient pumping compared with the other
cases considered in this study.

4.3 Power consumption
To describe the performance of a mechanically agitated sys-
tem, it is interesting to determine the power required to com-
plete the operation. The used computer software offers the
possibility of evaluating this parameter by integrating the
viscous dissipation throughout the volume of the tank.

The viscous dissipation function is expressed as follows:

0, = (21'3, F2T 4200 4T T T )/112 3)

where 7 is the viscosity of the fluid.
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The power consumption (P) is given as:
Pzn j Qv av. (4)
vessel volume
In dimensionless form, the power number (Np) is
defined as:

P

- 5
N )

Np
where p is the fluid density.

The cut in the impeller blade is a new technique to save
the energy of impellers in mixing vessel without reduc-
ing the product quality or increasing the mixing time [15].
In this section, the effect of impeller blade number and
rotational speed on power input is explored.

In Fig. 5, it is observed that the power number is much
higher for a turbine with six blades. Furthermore, Np
decreases with decreasing number of blades. This remark is
valid only for very low Reynolds numbers, i.e. for the deep
laminar flow regime. When the flow regime is turbulent,
the power number is almost constant, and only a slight dif-
ference is observed between the three cases (« =2, 4, and 6).

5 Conclusion

The agitation of a shear-thinning fluid in a cylindrical ves-
sel was explored via numerical simulation. Effects of the
impeller blades of a newly designed impeller on the flow
patterns, pumping rate and power consumption were inves-
tigated. Effect of the impeller rotational speed has also
been studied by varying Reynolds number in a range cov-
ering the laminar, transitional, and turbulent flow regimes.

The obtained results revealed the formation of a recir-
culation loop at the blade tip when the number of blades
is lower than three. These recirculation loops disappear
with the intensification of tangential velocity, which is
the result of the increased number of blades.

In the laminar flow regime, the increased Reynolds
number yields an increase in the discharge rate and
a decrease in power consumption. However, in the turbu-
lent flow regime, Ng and Np remain almost constant.
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