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Experimental measurement and computational
fluid dynamics simulation of mixing in a stirred

tank: a review

A. Ochieng™, M. Onyango’ and K. Kiriamiti’

Stirred tanks are typically used in many reactions. The quality of
mixing generated by the impellers can be determined using either
experimental and simulation methods, or both methods. The exper-
imental techniques have evolved from traditional approaches, such
as the application of hot-wire anemometry, to more modern ones
like laser Doppler velocimetry (LDV). Similarly, computational fluid
dynamics (CFD) simulation techniques have attracted a lot of
attention in recent years in the study of the hydrodynamics in
stirred tanks, compared to the empirical modelling approach.
Studies have shown that the LDV technique can provide very detailed
information on the spatio-temporal variations in a tank, but the
method is costly. For this reason, CFD simulation techniques may
be employed to provide such data at a lower cost. In recent years,
both integrated experimental and CFD approaches have been used
to determine flow field and to design various systems. Both CFD
and LDV data reveal the existence of flow maldistribution caused by
system design features, and these in turn show that the configurations
that have, over the years, been regarded as standard may not
provide the optimal operating conditions with regards to the system
homogeneity and power consumption. The current trends in CFD
studies point towards an increasing application of more refined
grids, such as in large eddy simulation, to capture turbulent structures
at microscales. This trend will further improve the quality of the
simulation results for processes such as precipitation, in which
micromixing and reaction kinetics are important.

Key words: simulation, mixing, hydrodynamics, CFD, stirred tank,
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Introduction

Mixing in stirred tanks is driven by the impeller-generated
convective motion at larger scales, by turbulent transfer at
smaller scales and diffusion at molecular scales.' Smith® reported
that the lack of a fundamental understanding of the processes in
stirred vessels leads to losses in the order of US$10 billion per
year due to non-optimal energy utilisation. Thus, there is a need
to identify and quantify the operating hydrodynamic parameters
that influence the quality of mixing. This can be done by using
both experimental* and simulation methods.” Experimental
methods have typically been used to study the hydrodynamics
in mixing tanks, and the interpretation of the data can be
enhanced if there is an understanding of the physics of the flow.
In this regard, mathematical models based on experimental
data or on the fundamental principles of fluid flow have been
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employed to obtain detailed information on the flow field, and
this enhances the understanding of the mixing mechanisms
involved. Computational fluid dynamics (CFD) method, which
is based on partial differential equations describing fluid flow,
has proved to be a useful tool for studies of system hydrodynamics,
especially during the last ten years.*®

Measurements of mixing time and circulation time can be used
to investigate the macroscale mixing performance of a stirred
tank resulting from the bulk fluid flow.” These mixing parameters
do not account for spatial variations, which are the characteristic
features of stirred tanks. Information on these spatial variations
can be obtained using high precision measurement techniques,
such as the laser Doppler velocimetry (LDV).*” However, this
technique is only applicable to translucent tanks and fluid,
which are not suitable for most chemical engineering applications.
These technical limitations can therefore preclude the use of
such a method to study the influence of hydrodynamics on
reactor performance in many industrial applications. Experi-
mental methods, however, still provide useful data for valida-
tion of simulation results. The present review focuses on single-
phase systems with minimal reference to multiphase systems.

Experimental methods

Until about twenty years ago, and due to computational
limitations, mixing studies were largely carried out using experi-
mental methods. The studies were aimed at determining
optimal tank geometries and impeller type.*"” More recently,
the experimental methods that have been employed, such as
the LDV, focus on the measurement of the flow field, which is
comparable to that of the CFD simulation method. The limita-
tion of the LDV method is that it cannot be used to generate data
in an opaque system, like stainless steel, which is a material of
choice for many reactors. In this regard, the application of CFD
simulation techniques to generate flow field in such a system,
and the validation of fluid flow in an identical but transparent
vessel, can provide insightinto the hydrodynamics of a reactor.

Reactor geometry

In some studies, high precision equipment, such as hot-wire
anemometry, digital particle image velocimetry and LDV, have
been employed to study the flow field in a stirred tank. The
studies have shown that there is a complex interaction between
the tank geometry and the impeller performance. Mixing tanks
can have a flat- or profile-based bottom, and the degree of the
bottom curvature depends on the intended operation. Flat-
bottomed stirred tanks are commonly used for liquid systems,
while elliptically or dished-bottomed tanks are used in solid-
liquid or solid-liquid-gas systems to aid particle suspension.
Many studies have been conducted in flat-bottomed tanks and
with conventional impellers, such as the Rushton turbine,
pitched blade impeller and flat-blade paddles. Relatively few
studies have been done using round- or dished-bottomed tanks.
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It is known that round-bottomed tanks enhance particle
suspension by eliminating dead zones at the wall junctions."
Dead zones, or regions of segregation, can be found at the wall
junctions, especially for high aspect ratio tanks with flat bottoms.
To reduce the dead zones in high aspect ratio tanks, the tank
internals, such as baffles and draft tubes, are used to improve
mixing. Similarly, multiple impellers' have been employed to
improve mixing in such systems. Configurations of the high
aspect ratio tanks deviate from the standard ones, in which the
liquid height is typically the same as the tank diameter for a tank
stirred by a single impeller. The standard impeller diameter and
its clearance distance from the bottom is one-third of its tank
diameter.”

Alarge number of hydrodynamic studies has been conducted
using these standard configurations and it recently has been
shown that mixing can be improved with non-standard tank
configurations.""In a single-impeller stirred tank, the fluid flow
in the lower part of the tank is largely dependent on the interac-
tion between the downward stream and the tank bottom, which
results in the generation of an upward jet. This jet is an important
feature in a mixing tank and has attracted attention, especially
with regards to solid-liquid mixing.”'® The upward jet is
influenced by baffles and it decays with an increase in tank
height.

Baffles

Turbulent mixing is typically carried out in baffled tanks,
which are usually equipped with four equally-spaced baffles
with the width of the baffle usually being one-twelfth to one-
tenth of the tank diameter.” In these tanks, power consumption
increases with the number of baffles, but a decrease in the number
of baffles results in poor mixing. Without baffles, swirl and
central vortex formation may be experienced, which results in
low shear rate, even if a high shear impeller, like the Rushton
turbine, is used. Baffles change the flow patterns by converting
part of the circumferential and radial velocity components into
the axial velocity component.** This enhances the axial circulation
of the fluid, and at the same time introduces loops in the vicinity
of the baffles. These loops can be suppressed by an increased
upward current induced by a draft tube.

Draft tubes

The use of a draft tube introduces an additional wall in the
system, the effect of which on the hydrodynamics is still not
well understood, especially in tanks stirred using mixed-flow
impellers. More detailed studies still are needed to determine
the optimum draft tube configuration corresponding to tank
and impeller geometries. The design parameters for a draft tube
include the liquid level above the draft tube, bottom clearance
and the ratio of draft tube diameter to that of the tank. In an
earlier study, Oldshue® recommended that the draft tube
bottom clearance should be at least one draft tube diameter. The
highest flow per power can be obtained by this device, especially
if used in a fully baffled tank. A small draft tube cross-sectional
area results in a high velocity in the draft tube. This leads to an
increased head loss, which is a function of the square of the fluid
velocity in the draft tube.” Some recent studies have shown that
draft reduces mixing time and power draw, whilst it improves
axial mixing.""

Impellers

Impellers are classified either as axial or radial pumping, and
the ones that do not fall into these two categories are referred to
as mixed-flow impellers. The axial ones generate high flows
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while the radial ones are high-shear impellers. The choice of an
impeller influences both capital and operation cost in mixing
processes. The subsequent cost of operation depends on the
power dissipated, and this is determined by the required level of
homogenisation. Nienow® performed mixing studies using
different types of impellers and made a comparison between the
performance of these impellers and the Rushton turbine.

Impeller types

Impellers are characterised by power number and pumping
number, which are indicative of the circulation velocity and
power draw, respectively. A retrofitting operation with constant
power and impeller speed can be carried out to evaluate the
relative influence of impeller geometry and pumping character-
istics on the quality of mixing. It has been found that large
impeller diameters are better for bulk mixing than large power
number, small diameter ones.’

The Rushton turbine is the most widely used radial pumping
impeller, for which the principal direction of discharge is normal
to the axis of rotation. The impeller is typically made of six vertical
blades bolted to a support disc and is used in applications that
require high shear.” It has been extensively studied in both
single-phase” and multiphase' systems. Most impeller blades
(such as those of the Rushton turbine) and baffles influence
mixing at the mesoscale.

The axial impellers, which include the pitched-blade impeller
and marine-type propeller, generate a high circulation flow. For
solid-liquid systems, this enhances suspension of solid particles
in the bulk liquid, and therefore increases the surface area of the
particles available for mass transfer. A hybrid of axial and radial
impellers is the mixed-flow impeller. These are later generation
impellers which include the Lightnin A315 propeller,”
Chemineer, Maxflot-T and Erato Intermig.” The Lightnin A315
propeller is used in systems where high circulation and high
dispersive mixing are important, such as in gas-liquid systems.”
More recently, a lightning type of impeller (Mixtec HA735) was
used to study mixing time."

In some systems, more than one impeller may be required to
provide efficient mixing. Multiple impellers are used in tanks
with a high aspect ratio, where a single impeller may not generate
momentum high enough to overcome the hydrostatic head. The
multiple impellers may all be Rushton turbines,” pitched blade
impellers' or a combination of the two types.” In systems where
the Rushton turbine is one of the impellers used, it is common
practice for the lowest impeller to be a Rushton turbine.” In this
type of impeller assembly, the clearance between the respective
impellers and the clearance from the tank bottom affect their
performance. This clearance should be wide enough to avoid
interference between the flow generated by the upper and
lower impellers.

Impeller clearance

Most studies have been carried out at the standard impeller
clearance (one-third of the tank diameter). Further, it has been
shown that the impeller clearance does affect the fluid flow
pattern.® However, it has been reported that the flow pattern
generated by the Rushton turbine changes from the typical two
loops at a standard clearance to a single loop pattern at a low
clearance. For a multiple impeller system, the optimal clearance
at which there is minimal interference between the flow gener-
ated by the upper and lower impellers is equivalent to the tank
diameter.” Well-spaced impellers generate smooth and high
fluid flows, which are characterised by mean velocity of the fluid
and turbulence intensity.
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Mean velocity and turbulent field

Turbulence and flow pattern

Mixing in stirred tanks is influenced by both the mean velocity
and turbulent intensity. The turbulence structures and the bulk
fluid flow pattern in general, have been studied for decades
using parameters like flow number, mixing time and power
number. In particular, it has been reported that trailing vortices
behind the impeller blades influence the pumping capacity
of the impellers.” It is important to note that the mean flow
parameters like the impeller power number, pumping number
and mixing time, do not give detailed information on the level of
turbulent field distribution and local pressure or concentration
gradients, which influence mass transfer and, consequently,
affect product quality. This has been the motivation for obtaining
accurate data for the flow field using high-precision equipment.

Measurements of flow field

The mean flow field has been measured by methods such as
hot-wire anemometry,” hot-film anemometry,”* LDV* and
particle image velocimetry.” The LDV and digital particle image
velocimetry methods give more accurate data, but at a higher
cost, which is one of the factors that limits the application of
these methods. Laser Doppler velocimetry studies have shown
that the interaction between the upward flow stream in a stirred
tank and the free surface results in the formation of one vortex at
the tank corner (where the free surface and the vertical wall
meet)® and a second vortex justbelow the region where the shaft
and the free surface meet.” Such hydrodynamic structures affect
mixing quality.

Mixing and power

Measurements of mixing time

Experimentally, mixing time can be determined using a
conductivity meter,” pH meter'® or decolourisation method.”
For example, the mixing time required to achieve 90%
homogenisation (t,,) is the time it takes for the fluctuation of the
response signal to be below 10% of the concentration achieved at
perfect mixing, which is adequate for most systems. For the
decolourisation method, the visual determination of the point
at which the colour changes can be very subjective, and this
compromises the reproducibility of such results. This is
compounded by the fact that there is no unanimous agreement
on the level of homogeneity that the decolourisation method
gives. Kraume and Zehner* took the decolourisation point to be
equivalent to the 95% homogenisation level, whilst Bujalski
etal” reported that decolourisation occurs at the 90% homogeni-
sation level, obtained using a conductivity meter. Unfortunately,
many authors do not report the level of homogenisation that
decolourisation represents.

Effect of measurement techniques on mixing time

It has been reported that the location of a probe has no
influence on mixing time.” However, more recent studies show
that the mixing time depends on the probe and injection loca-
tions,"” probe size” and tracer concentration. Guillard and
Tragardh™ found that a shorter mixing time could be obtained
injecting at the top, compared to injecting at the bottom. How-
ever, even with a top injection, Otomo et al.*' obtained results
which varied with radial location by as much as 100%. The qual-
ity of mixing must be evaluated on the basis of power required
to achieve a given level of homogenisation. Homogenisation
energy, which is a product of mixing time and the correspond-
ing power dissipated, has been used to evaluate the mixing
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efficiency.” Given the difficulties with experimental techniques,
the CFD technique is an important tool that can be used to obtain
such data, once the model has been validated.

Computational fluid dynamics simulation methods

The CFD simulation technique comprises grid generating,
equation solving and result processing modules. A lot of effort
has been devoted to the simulation and modelling of an impeller.
Some of the most common approaches to modelling an impeller
are impeller boundary condition,” snap shot,” sliding grid,*
multiple frames of reference® and inner-outer.™ In a great num-
ber of these studies, impellers with simple geometries, such as
the Rushton turbine, have been modelled. Modelling of curved-
blade impellers poses a great challenge with regards to grid
generation.

Grid generation and boundary conditions

For engineering design purposes, it is important to refine the
grid to the extent that the simulation results are quantitatively
and qualitatively comparable with experimental ones. Any
further improvement in accuracy obtained with a finer grid may
not deserve the additional computational cost required. The
main factors to be considered in determining the grid size of a
stirred vessel include: (a) boundary conditions, (b) impeller
modelling approach, (c) model volume, (d) flow regime (turbulent
or laminar), (e) the number of phases involved, (f) accuracy of
results required and (g) computational resources. A summary of
a sample of grid sizes for liquid only systems that have been
reported in the literature is given in Table 1. A detailed descrip-
tion of the grid distribution for a stirred tank model has been
given by Montante et al.®

Boundary conditions

The boundaries define the model volume which comprises the
tank and impeller. The way boundary conditions like the impeller
disc, blades, baffles and vessel walls are defined, determines the
required grid size. The blades, disc and baffles may be defined as
thin surfaces (2D)* or surfaces with thickness (3D).” In more
recent versions of the CFD codes, there are wall functions that
allow resolution of the boundary layer down to the wall. If
present, draft tubes require special attention with regards to grid
distribution, to account for the additional wall in the domain.

Table 1. Grid size and system specifications reported previously for a whole tank.

Grid size Tank volume Re/rpm Impeller Reference
(litres) models
1052 000 46 300 SG/MFR 14
112 480 10/82 600 SG 5
228 096/240° 10 2672 SG 37
3984 640" 2.8 Re=0.1-106 MFR 38
166 656 4.7 400 SG/MFR 39
1376 000 0.79 Re=10-480 SG 40
NS 21 105-270 IBC 4
NS 21 160 Snap shot 22
120 000-260 000 86 600 MFR 9
160 272 19 250 SG, 10 6
311 040 NS 50-150 MFR 42
88 800 98 NS IBC 43
73 600 NS NS SG 44
NS 21 NS Snap shot 33
151 200 19 300 SG 35
151 200 19 300 MFR 34

Re: Reynolds number; MFR: multiple frame of reference; SG: sliding grid; 10: inner-outer;
IBC: impeller boundary condition; NS: not specified.
*Parallel computers equivalent to 120 Pentium 4 PCs, each with a memory of 1 GB.
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Model volume

There is a rapid increase in grid size (number of cells) with an
increase in model volume for a given cell size. By decreasing the
cell size, the control volume decreases, and this results in an
increase in the value of the diffusion conductance at the cell face.
This causes a decrease in the Peclet number, and enhances the
resolution of the turbulent field. Murthy and Jayati* employed 1
376 000 cells in a 0.79 litre tank to simulate the velocity field for a
single-phase system.

Discretisation schemes and equation solvers

Dicretisation schemes and the equation solvers influence the
precision and accuracy of the simulation results. However, the
choice is constrained by the computational power available. In
addition, the choice can be made on the basis of the dominating
transport phenomena: convectional or diffusional mass transfer.

Discretisation schemes

The discretisation schemes that are widely used are upwind,
power law, higher upwind, central differencing, hybrid and
quadratic upstream interpolation for convective kinetics
(QUICK). The upwind scheme is first-order accurate, and may
be used toinitiate a simulation. The hybrid discretisation scheme
is formulated on the basis of the cell Peclet number, which gives
the ratio of the convective flow to diffusion. The cell Peclet
number depends on the flow and fluid properties:

pu
[/Ax ' @
where Pe is the Peclet number; p is the fluid density; u is the
velocity; I'is the diffusion coefficient; and Ax is the cell size. The
third-order accurate scheme, QUICK, is obviously more
computationally demanding than the others. Sahu and Joshi®
assessed the competitiveness of upwind, hybrid and power law
schemes, and concluded that power law was the most robust
of the three schemes. More recently, Aubin et al.* compared
upwind, higher order upwind and QUICK, and concluded that
the best prediction of the circulation number was obtained with
QUICK, followed, interestingly, by the upwind, and not the
second-order upwind scheme as would be expected.

Pe =

Solution algorithms

The pressure and velocity terms in the governing equations
require coupling before the equations are solved. For a steady
state flow, velocity-pressure coupling is done using algorithms,
such as the semi-implicit pressure-linked equations (SIMPLE),
SIMPLE-revised (SIMPLER), SIMPLE-consistent (SIMPLEC)
and pressure implicit with splitting operators (PISO). Unlike the
other schemes, SIMPLEC and PISO can be used in both steady-
and unsteady-state systems. Sahu ef al.” employed both SIMPLE
and SIMPLER and reported that simulation with higher grid
sizes (finer grids) could not converge easily with SIMPLE.

Impeller modelling

Impeller boundary condition and inner-outer methods

The impeller boundary condition, being a black-box approach,
requires input of experimentally determined velocity and turbu-
lence quantities at the surface swept by the impeller, and it is the
least computationally demanding approach. First, its major
limitation is the dependency on experimental data. Therefore,
the accuracy of the simulation is influenced by the accuracy of
the experimental data used at the boundary. Second, boundary
conditions are tank geometry specific. Therefore, data obtained
in a given geometry may only be applicable to closely similar
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geometries.” With the inner-outer approach, the vessel is subdi-
vided into two partially overlapping zones, and an unmatched
boundary is specified between the impeller tip and the baffles. It
has been reported that the inner-outer approach gives a poor
prediction of experimental results,”*** and therefore, currently,
it is less commonly applied.

Multiple frame of reference and sliding grid methods

In both multiple frame of reference and sliding grid approaches,
no experimental data is needed; instead, the impeller is explicitly
simulated. The multiple frame of reference and sliding grid
approaches are similar in that in both cases the vessel is divided
into two sub-domains: the inner sub-domain moves with the
impeller, while the outer sub-domain is stationary with the
baffles. The main limitations of the multiple frame of reference
approachinclude: failure to account for the transient interaction
between the impeller and the baffles, failure to predict the rate of
decay of the local maximum velocity in the wall jet” and inability
to predict mixing time. In some applications, unbaffled tanks
have been employed to simplify the numerical complexity
involved in modelling the interaction between the baffles and
the rotating impeller blades.”

The sliding grid approach enhances computational stability
and accuracy by resolving the non-linearity at every time
step. Due to the higher computational demand of the sliding
grid approach compared to the multiple frame of reference
approach, the sliding grid approach has been widely applied to
single-phase systems, whilst the multiple frame of reference
approach has been employed in multiphase systems and single-
phase systems in which high density grids were defined.”
Montante et al.° reported that the sliding grid approach produced
better results with finer grids than the inner-outer one, such that
beyond 160 272 cells, the inner-outer approach did not produce
an observable improvement in the accuracy.

Turbulence modelling

The turbulence models based on the Reynolds-averaged
Navier-Stokes equations fall into two categories, namely:
eddy-viscosity model and Reynolds stress models. The two-
equation eddy-viscosity models include the renormalisation
group (RNG) k-¢, standard k-¢* and k-w* models. Aubin et al.*
reported that there was no significant difference between the
predictions of the velocity field obtained with the k-e and RNG
k- turbulence models. Hartmann et al.” have shown that better
prediction of the mean velocity and turbulent fields can be
obtained with the large eddy simulation approach.

Mixing
Velocity field
The Reynolds-averaged Navier-Stokes equations are solved

with the standard k-¢ turbulence model, for which the continu-
ity equation is:

9

Sdiv(pl)=0 @)
where U is the mean velocity vector and p is the fluid density.
The momentum equation is:
oplU, . dp .
5 +d1v(pll,.ll,.):—dTCi+dlvr,j+FB, 3)
where p is the pressure; 7; is the Reynolds stress; and F; repre-
sents the coriolis and centrifugal forces. For the multiple frames
of reference approach, the transient terms are zero. However,
the coriolis (F.) and centrifugal (F..) forces are important. The
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transient terms are retained in the case of the sliding grid
approach.

Tracer transport
Mixing time can be obtained by solving the transient form of
the hydrodynamics transport equation for a non-buoyant tracer

given by:
P9, giviapty = div| [T+ brads 1 4
o5 +div(gpU,) = 1V[ +0T ra ¢J+ 5 1 (4)

where ¢ is the tracer mass fraction; I' and wr are the molecular
and turbulent diffusivities, respectively; or is the turbulent
Schmidt number; and S, is the source term. The CFD simulations
for macromixing time can be compared with the corresponding
empirical relations in the literature:

t,=59T*" ()" *(D/T)"* (et 10 6)

and

to= —11'1(1—17) (ref. 50) (6)
"= 106N(D/T 7(T/H)®

where # is the level of homogeneity (0<#<1) and, for the time
(tss) required to achieve 95% homogeneity, = 0.95; T and D are
the diameters of the tank and impeller, respectively; N is the
impeller speed; and H is the liquid depth. Equations 5 and 6 are
typically used to determine mixing time experimentally, while in
CFD, Equations 2 and 3 are solved to obtain flow field, in which
a simulated tracer is injected at one point and detected by a
probe at another point. In this way, the CFD simulation results
can be validated with the experimental ones.

Validation of simulation results and scale up

Among the experimental methods used to validate simulation
results, LDV is currently one of the mostly widely employed
methods because of its precision and accuracy. Simulation methods
have been developed to link the typical experimental and
theoretical approaches for investigating mixing features, such as
wall jet, to the CFD simulation methods.” The experimental
methods for measuring mixing time have been successfully
adopted in CFD simulation.””* Previously, the required compu-
tational power could not allow simulations with very fine grids.
However, technology has improved in recent years and simulation
of mixing time, using computationally intensive methods such
as large eddy simulations, are increasingly being reported.*"

Experimental validation of the simulations

It has consistently been shown over the years that in a stirred
tank, the best prediction is obtained for the axial velocity compo-
nent and the worst prediction is obtained for the kinetic energy
dissipation rate.*”"* In addition, the same authors have reported
that better prediction is obtained in the regions of high turbu-
lence, such as the impeller region. Generally, there is a mismatch
between the experimental and simulation results in the wall
region. This can be attributed to the formation of small circula-
tion loops at the junction of the baffles and the wall. The small
circulation loops formed at the junction of the baffles and the
tank wall are not well predicted by the k-¢ model. It is therefore
likely that the mismatch in the wall region could be as a result of
the errors involved in the implementation of wall treatment
algorithms (wall functions) and the anisotropic flows caused by
the baffles."* Predictions of the flow in the region closer to the
surface of a mixing tank are generally poor and this has been
attributed to the limitation of the k-¢ model in representing the
free surface.
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Some simulation results indicate high velocity near the wall
and these have been shown by experimental methods to repre-
sent the wall jet." A comparison of the numerical predictions
with experimental data for the jet trajectories has been carried
outby Torré et al.,” and the results show a very good agreement.
Their analysis of the transport of a passive scalar revealed the
optimum injection conditions to maximise the mixing benefits of
the bulk flow pattern. Recent studies show that the wall jet flow
pattern can be enhanced by the use of a draft tube. It has been
reported by Ochienget al., " that the use of the draft tube resulted
in a reduction of the mixing time by 23-50%, depending on the
bottom clearance of the impeller. The typical design of a draft
tube reactor is that the draft tube cross-sectional area is equal to
that of the annulus.” For these two cross-sectional areas to be
equal, the diameter of the draft tube must be equal to 0.701 T. A
draft tube of this diameter, that is centrally positioned in the
tank, can be very conveniently defined on the stationary frame
of the multiple frame of reference or sliding grid approach. For a
draft tube diameter smaller than this, the superficial velocity is
higher in the draft tube than in the annulus, and this resultsin a
poor flow pattern, forming a double loop in the annulus; this is
more pronounced when the draft tube diameter is less than
0.4T"

Scale up

Scale-up criteria depend on the impeller performance, flow
regime, reactor geometry, phase hold-up and physical proper-
ties of the phases involved. Also, the scale-up criteria depend on
whether the flow generated by the impeller is convective mixing
or turbulent dispersion. A scale-up can be done on the basis of a
constant impeller tip speed, which is related to the convective
flow or specific power. Scale-up criteria can be given in the form
of an equation:*

ND" =k, %

where N is the impeller speed; D is the diameter of the impeller;
ko is a constant; and the exponent n depends on the process
investigated. Wernersson and Tragardh® employed multiple
Rushton turbines in tanks of different sizes and concluded that
scale-up with constant power was valid for the system. For
example, flat-bottomed tanks scale-up with higher values of n
compared to round-bottomed tanks.*

Conclusion

The quality of mixing is influenced by the performance of the
mixing tanks, and this has been a subject of investigation for
many years. Many impeller types have been employed to
improve mixing in either a single-phase or multiphase system.
However, the efficiency of mixing achieved in such systems
depends on the geometry of the tank and impeller, as well as on
the properties of the fluid. The conventional methods of evaluat-
ing the quality of mixing, namely of mixing time and power, may
not provide sufficient information for the optimal design of such
systems.

This review shows that modern techniques, such as LDV and
CFD, can reveal the salient design features of the system. In
particular, these studies have revealed mixing maldistribution
features such as dead zones in the conventional stirred tank
configurations. It has been further shown that the tank and
impeller configurations that have over the years been regarded
as standard may not provide the optimal operating condition
with regards to system homogeneity and power consumption.
The current research trend on stirred tanks shows that the si-
multaneous application of LDV and CFD techniques can pro-
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vide detailed data for the system scale up. This can reduce the
cost of a mixing process and improve product quality. The infor-
mation on the fluid-flow pattern in tanks stirred by impellers
mounted on multiple shafts still is lacking.
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