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with FLUENT, and experimental, by Laser Doppler Velocimetry (LDV). This was

Single-phase flow patterns in stirred reactors were investigated both computational,

done for three different impeller types, viz. two axial flow impellers and a
disc-turbine. The effect of geometrical modifications to the vessel geometry was
studied as well. In particular, the exact baffle arrangement has a strong impact on the
flow pattern. It will be shown that the single-phase flow patterns exhibit unexpected

features not recognized before.

An accurate numerical computation requires full three dimensional grids. Further,
anisotropic turbulence models, in this case the Algebraic Stress Model, give better
predictions than the k-¢ turbulence model. When these requirements are met, the predicted
flow patterns compare very well with the experimental data. Thus, a quick assessment of
the influence of geometrical variables can be made just using numerical simulations.
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INTRODUCTION

In this paper the single-phase flow in stirred vessels is
described. One of the conclusions from the work of
Bakker and Van den Akker! and Bakker? is that it is
difficult to get insight in the processes in a gassed stirred
tank by investigating overall quantities. The description
of the single-phase flow in the stirred vessel given here,
can serve as a starting point for modelling the local
gas-liquid flow in the tank3.

Since experimental velocity and turbulence measure-
ments are time consuming and not always possible, the
single-phase flow patterns are studied by means of
calculations performed with the general fluid flow code
FLUENT. One of the advantages of this method is that
the amount of information which can be generated by
such calculations is far larger than what can be reached
generally by performing experiments. For example,
FLUENT calculates all the turbulence properties
throughout the flow field, including all the Reynolds
stresses and the energy dissipation rate, something which
is virtually impossible to achieve by LDV experiments.

In this paper, the influence of grid size, turbulence
modelling and numerical techniques on the computa-
tional results are studied by comparing various standard
cases with experimental velocity measurements. Three
different impellers are used, a disc-turbine, an A315
hydrofoil impeller and a pitched blade turbine.

LITERATURE

Developments in the field of Computational Fluid
Dynamics (CFD) have led to an increased interest in the
numerical computation of flow field in stirred tank
reactors, starting with Harvey and Greaves*®. These

authors modelled the flow generated by a disc turbine
on a two-dimensional grid. Although their results had a
qualitative appeal, they did not compare very well with
literature data. Later on, Placek ef al.%7 also modelled
the flow in a turbine stirred tank using a modified
three-equation k-¢ model. Their results showed a
reasonable extent of agreement with velocity measure-
ments near the vessel wall, performed with a pitot tube.
Pericleous and Patel® modelled the flow with a disc
turbine as well as the flow with axial flow impellers. Due
to the use of a simple one-equation turbulence model,
their velocity calculations had a limited accuracy only.
Middleton et al® were the first to present full
3-dimensional computations of the flow in a turbine
stirred tank in the open literature. These authors also
used the calculated single-phase flow patterns as a basis
for predicting the chemical reaction yield in such vessels.
Ranade and Joshi!®~!3 published an interesting series of
papers about the single-phase flow in vessels equipped
with disc turbines and several types of pitched blade
turbines. They presented extensive data sets of velocity
measurements done with an LDV system, and performed
a large series of flow computations done with an in-house
code. Hutchings er al'# used FLUENT for flow
predictions in vessels equipped with disc turbines and
Lightnin A315 impellers. For the disc turbine, the
predicted flow patterns compared quite well with the
experimental data. Due to the fact that the computations
for the A315 were done on a two-dimensional grid
instead of on a full 3-dimensional grid, the predicted flow
patterns for this impeller did not compare too well with
the experimental data. Kresta and Wood'® presented a
model for the turbulent kinetic energy and the turbulent
energy dissipation rate at the vertical swept boundary of
a disc turbine. They reported that their calculations with
FLUENT gave a good prediction of the behaviour of
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the turbulent kinetic energy and its dissipation rate in
the discharge zone of the impeller.

All the authors mentioned above performed their
calculations using isotropic turbulence models, mostly
the k-¢ model. The turbulence in a stirred vessel is,
however, far from isotropic. Apart from anisotropic
turbulence generation due to the strong rotational
character of the flow, the flow is periodic, due to the fact
that the impeller blades pass the baffles. Van’t Riet er
al'® pointed out that this results in periodic velocity
fluctuations, a phenomenon called pseudo-turbulence. It
may be clear that the best simulation results are to be
expected when time-dependent calculations are done, in
combination with the use of an anisotropic turbulence
model. Unfortunately this is far beyond current
computational capabilities.

Placek et al.” therefore proposed a three equation k-¢
model, which regards the pseudo turbulence as isotropic
turbulence of a different length and time scale. This
approach was not followed here, but it is clear that the
kinetic energy of the pseudo turbulence in the outflow
of the impeller should be included in the boundary
conditions. To account for the anisotropy of the
turbulence in the flow field, the Algebraic Stress
Model!”-!® was used for modelling the Reynolds stresses.

EXPERIMENTAL

Since CFD has not yet reached the stage in which the
calculated flow patterns can always be regarded as
correct without any experimental validation, there
remains a need for experimental velocity data. Further,
for fluid flow calculations in a stirred tank, experiment-
ally determined impeller boundary conditions are
needed.

Therefore, a series of velocity measurements were
performed with a two-dimensional TSI fiberflow
laser-doppler system. The system incorporates two
TSI-IFAS50 flow analysers, a 4W Argon-Ion laser from
Spectra-Physics and a 80386 MS-Dos computer. Data
acquisition and data analysis were performed with
TSI-Find software.

For fast data acquisition the system was operated in
the random sampling mode rather than in the even time

sampling mode. From the velocity data gathered in this -

way, histograms were constructed and the first and
second moments were calculated.

The velocity measurements were performed in a
plexiglass stirred tank, being 0.444 m in diameter and
filled with distilled water at room temperature. The
liquid surface was free. The vessel was equipped with four
baffles with a width W= 0.077 T and mounted at a
distance of 0.023 T (=10 mm) from the wall. The torque
exerted by the impeller was measured with a Vibro-meter
torque transducer, mounted in the shaft.

It is known that the flow in a stirred vessel is not fully
stationary but contains high frequency periodicities due
to the rotation of the impeller. This could not be taken
into account and all experimental velocity and
turbulence data presented here are time averages
including this so-called pseudo turbulence.

Axial velocities could be measured without a problem,
but due to refraction on the round vessel wall,

determining the position of the measurement volume for
the tangential velocities was a laborious task. Further,
due to the fact that the measurement volumes for the
axial velocity and for the tangential velocity did not have
the same position, Reynolds stresses could not be
measured. As a result of these experimental problems,
tangential velocities and axial velocities, together with
their fluctuations, were only measured in the outflow of
the impeller to generate impeller boundary conditions.
For validation of the predicted flow patterns, however,
only axial velocities were measured at various positions
in the vessel. The experimental problems mentioned
above can be overcome by placing the round vessel in a
square tank, filled with water. However, such a tank was
not available. In all cases studied, the impellers were
mounted at an impeller to bottom clearance of
C=03T. The disc turbine (DT) was operated at
N = 3 Hz, the A315 and the pitched blade turbine (PBT)
were operated at N = 6 Hz. The diameter of the impellers
was D =04 T in all cases.

THEORY OF FLUID FLOW MODELLING

The flow fields in the stirred tank reported in this
paper were calculated with the commercially available
general purpose code FLUENT, version 2.99. FLUENT
solves the fluid flow equations on a finite difference grid.
All calculations are performed for incompressible
steady-state flow. The time averaged continuity equation
reads:

V.i=0 (8]

Here #i denotes the time averaged velocity vector, and &'
the time dependent fluctuating velocity component.
Further, the time-averaged momentum balance can be
written as:

V. (@) = —V.(% f) + V.V + (V") — V.77 (2)

The first term on the right hand side of this equation
denotes the divergence of the pressure, the second term
is the divergence of the viscous stresses and the third
term is the divergence of the Reynolds stress tensor.

Although exact balance equations for the Reynolds
stress tensor can be derived, the set of equations is not
closed due to the averaging process. Therefore the
Reynolds stress tensor requires modelling, This can, for
example, be done by using the so-called Boussinesq
hypothesis, which models the Reynolds stresses as being
proportional to the mean strain rate:

—TT = —3kI + v(Vi + (V)T ©)

The turbulent viscosity v, depends on the turbulence
structure only, and not on the fluid properties. In the k-¢
model v, is calculated from:
k2
NG @

The spatial distributions of the turbulent kinetic energy
density k, defined as:

k= 4TT ®

Trans IChemE, Vol. 72, Part A, July 1994



SINGLE-PHASE FLOW IN STIRRED REACTORS 585

and of the turbulent energy dissipation rate density ¢ are
calculated from their respective balance equations. The
model equation for k reads:

#.Vk =V.(v + v/o)Vk) + P, — ¢ (6)

The model equation for ¢ is:

L € g?

i.Ve = V.((v + v,/o )Ve) + ¢, i P, — ¢,y v )

P, denotes the production of k by the interaction with -

the mean strain rate:

P, = —@w:(Viy) ®)
Further ¢, o,, o,, ¢,; and c,, are model constants. The
k-¢ model however, has a limited validity only
Especially in flows with a strong swirl, this model is
known to be inaccurate. This asks for the development
of so-called Reynolds stress models, in which Reynolds
stress balance equations are solved. These RSM models
can be simplified by using the Rodi assumption,'” which
models the transport of the Reynolds stresses as being
proportional to the transport of k. This leads to the
so-called Algebraic Stress Model (ASM):

L[ e
—T7 =S i 1-P———£—
—k"(l—c1)
&
T It o
2 _(-c)°
&
P = —@7.(Va) + @7.(Va)") (10)

Here ¢, and c, are model constants. For reasons of
comparison several flow computations were done with
both the k-¢ model and the ASM. The model constants
for both the k-¢ model and the ASM are given in Table 1.

THE COMPUTATIONAL MODEL

Impeller Boundary Conditions

Calculations were performed for a radially pumping
disc turbine and for two axially pumping impellers, viz.
an A315 and a standard pitched blade impeller with six
blades.

There are several possibilities for modelling the
impellers. For example, axial flow impellers can be
modelled as a momentum source using airfoil theory®.
The flow through a disc turbine, on the other hand can
directly be calculated by modelling the turbine blades as

Table 1. The model constants used in the turbulence modelling.

Cu O g, Ce1 Ce2 € (53

0.09 1.0 13 1.44 1.92 22 0.45
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Figure 1. Velocity and turbulence profiles in the outflow of the pitched
blade turbine, experimental data.

being at rest while having the tank rotating'4. One of
the problems with this procedure is that now the baffles
require modelling. These two methods, however, have
not yet been proven to yield correct predictions. Further,
it was not possible to incorporate these models in
FLUENT 2.99. In later versions of FLUENT this is
possible, but these were not available at the time of the
research. Thus, in this work the impellers were modelled
by prescribing experimental flow profiles as measured
with the LDV system, in the outflow of-the impeller.

For the disc turbine the u, v, and w-velocities, denoting
the axial, radial and tangential velocities respectively,
together with the turbulent kinetic energy k and
dissipation rate ¢ have been prescribed on the vertical
swept boundary of the impeller, using parabolic profiles
according to the data presented by Ranade and
Joshil?13,

For the computations with the pitched blade impeller
and the A315 impeller the velocity and turbulence
profiles were prescribed at the bottom surface of the
impellers, according to own experimental data, see
Figure 1 for the PBT.

In the graphs all the mean velocities and k are made
dimensionless with (N Fl, D), which is proportional to
the mean axial velocity in the impeller outflow:

J2k

NFI,D

u . w
u* = * * _

" NFL,D " NFI,D

For the axial flow impellers the pumping number FI;
is defined as:

2
ND?
D/2
1
= N3 J uz=H—C+H;/22rrdr  (12)

0o

11)

Fl, =

H; is the height of the impeller. A similar definition is
used for the disc turbine:

H-C+D/10
Fl =21 or = DD dz  (13)
ND* ~ ND?
H-C-D/10

The values of Fl, and Po are listed in Table 2. It should
be noted that since the radial velocities could not be
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Table 2. Power number, Flow number and Swirl number for the three

impellers.
Po Fl, N
A315 0.76 0.74 0.31
PBT 1.55 0.81 0.52
DT 5.10 0.76 —

measured, the experimental k-values presented here were
calculated as:

k=3u?+w? (14)

The axial velocity profiles for the A315 is similar to
the profile of the PBT, with low velocities near the centre
and peaks in the velocities at about 0.4 D. The main
difference between the two impellers lies in the tangential
velocities. The A315 creates lower tangential velocities
than the PBT. This can be seen from the Swirl number
which is a measure for the ratio between the flux of

- angular momentum and the flux of axial momentum:
Dj2

J uwr? dr

o
S= (15)

D2

iD f u?rdr
0

The Swirl numbers, as calculated from the experimental
data, for the A315 and the PBT are listed in Table 2.
The A315 converts less input energy in angular
momentum than the PBT. ’

In all cases the turbulent kinetic energy k was
prescribed according to the measurements, and the local
energy dissipation rate ¢ was calculated, assuming that
the turbulent length scale L,:

k3/2
L=— (16)
€
was proportional to the width W, of the impeller blades:
k3/2
E=1— 1n
W,

The proportionality factor 1/4 was taken from Wu and
Patterson’®.

The Computational Grid

The calculations were performed with the ASM on
non-uniform three-dimensional grids. To check for
possible grid dependency several grid sizes were tested:
50 x 25 x 20, 40 x 25 x 25, 52 x 27 x 17 and 56 x 35
x 11 grid nodes in (z, r, ¢) coordinates. Here z denotes
the distance from the liquid surface, r the radial distance
from the centre and ¢ is the tangential coordinate, being
0° at the baffle.

Due to computational restrictions grids with more

‘than 25000 grid nodes could not be tested.
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The calculations were done for a 90° segment of the
vessel with cyclic cells at ¢ = —45° and at ¢ = 45°. The
no-slip condition was applied using a wall law at the
vessel walls, the bottom, the baffles and the impelier shaft.
The liquid surface was treated as a free slip surface.

All results presented below were obtained with the
ASM for the turbulent flow and with the Power-Law
numerical scheme. Further details have been discussed
elsewhere3.

RESULTS CONCERNING THE MEAN FLOW
Disc Turbine

Figures 2a,b show the flow pattern for the disc turbine
as calculated on a 3D grid with 50 x 25 x 20 nodes.
Figure 2a shows the flow pattern in the plane midway
between two baffles (¢ = 45°), whereas the velocity
vectors in the plane just in front of a baffle (¢p = —4°)
are shown in Figure 2b. In both planes the flow is
characterized by two main circulation loops, one on each
side of the impeller. It can be seen that at ¢ = —4° the
centre of these loops lies more inward, and closer to the
radial jet coming from the impeller than at ¢ = 45°. To
our knowledge this fact has not been reported before,
but it shows that for an accurate numerical computation
of the flow field full 3D-simulations are necessary.

Due to the fact that the turbine is mounted closer to
the vessel bottom (at C =0.3 T) than to the liquid
surface, the average axial liquid velocity at the top of the

_impeller was 1.4 times that at the bottom. This is
illustrated in Figure 3 where the absolute values of the
axial velocities on both sides of the turbine are plotted.
This phenomenon probably results from the difference
in friction above and below the impeller.

Figure 4 shows a comparison between the calculated
axial velocity components and the measured axial
velocities at different positions in the vessel. In general,

uz//-’*“\;r RN EL
m///’\:‘ u:u///':‘
HH/":\‘ [ A '
NN AN Ly
RN PHELE Ty
I
\ |1
i 3 {
o x
s s

PPN

N
_.\\\

—
=\
\\\

-y

A0 1 T T U O RN
L PVAANN N
AN NN ——
@) (b)

‘\\...
e

Figure 2. Velocity vectors for the disc turbine, in front of the baffie
(¢ = —4°) and midway between the baffles (¢ = 45°).
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Figure 3. Absolute value of the axial velocity at the top of the turbine
and at the bottom of the turbine.

the model predictions and the experimental data agree
quite well thus giving confidence in the results for the
mean velocities.

Axial Flow Impellers

The flow pattern calculated for the PBT turned out to
be very sensitive to the exact baffle geometry. The
computations presented here were done with 40 x 25
x 25 grid nodes.

Figures 5a,b,c show the flow pattern for a PBT with
baffles mounted a small distance from the wall
(0.023 Thbaffle-wall spacing). Figure 5a shows the flow
pattern just in front of the baffle (¢ = —2°). In this plane
the flow pattern consists of a large circulation loop, and
a small recirculation loop below the impeller. A small
distance behind the baffle (¢ = +13°) the flow pattern
is approximately the same, although the centre of the
large circulation loop is shifted slightly upwards, while
the velocities are slightly smaller. The flow midway
between the baffles (¢ = 45°) is different from the flow

1m/s

Figure 4. Comparison between predicted and measured axial velocities
(O experimental, simulation) (N = 3s7!; ¢ = 45°).

pattern in front of the baffle. Now a small second
recirculation loop has formed in the upper part of the
vessel. The flow along the wall in the top of the vessel is
directed downwards rather than upwards. In all planes
a more or less dead zone with very small, partly upwards
directed velocity vectors is found below the impeller.
The flow pattern with baffles mounted directly to the
vessel wall, with zero spacing, is shown in Figures 6a,b,c.
In front of the baffle (Figure 6a, ¢ = —2°) the flow
pattern consists of a large circulation loop, and a small
recirculation loop below the impeller, approximately the
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Figure 5. Velocity vectors for the pitched blade turbine with 0.023 T wall-baffle spacing, in front of baffle (¢ = —2°), behind baffle (¢ = 13°).

midway baffles (¢ = 45°).
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Figure 6. Velocity vectors for the pitched blade turbine with zero wall-baffle spacing, in front of baffle (¢ = —2°), behind baffle (¢ = 13°), midway

baffles (¢ = 45°).

same as with 0.023 T baffle spacing. Just behind the baffle
(¢ = 13°), however, a second circulation loop has formed
in the upper part of the vessel. In this region the flow
along the wall is directed downwards, rather than
upwards. At ¢ = 45° this secondary loop is already much
smaller.

Thus it can be concluded that both with zero
baffle-wall spacing and with 0.023 T baffle-wall spacing,
a second circulation loop is formed in the upper part of
the vessel, but that the position and size of this loop are
different. This can be explained by looking at the velocity
vectors at two different heights in the vessel (Figures 7a,b
and 8a,b). It can be seen that with zero baffle-wall
spacing, a secondary circulation loop behind the baffle
is found in the upper part of the vessel, with negative
tangential velocities along the wall. With a small baffle
wall spacing this does not occur, which explains why in
this case the secondary circulation loop is much smaller.

The second recirculation loop extends about 50° away
from the baffle. Bakker and Van den Akker?® reported a
value of 33°, but those calculations were done with 17
grid nodes in the tangential direction. Due to
computational restrictions, it could not be tested whether
grid independence has yet been achieved.

Figure 9 shows a comparison between calculated and
measured profiles of the axial velocity at several positions
in the vessel for 0.023 T baffle-wall spacing and a PBT.
In general the model predictions agree quite well with
the experimental data, except in the upper part of the
vessel where according to the experimental data all mean
velocities are directed downwards.

Thus it can be concluded that the predicted flow
patterns are qualitatively correct, showing details not
reported before in the literature, but that the quantitative
accuracy in the upper part of the vessel could be
improved even further.

Y

Sy

Figure 7. Velocity vectors for the pitched blade turbine, top view, 0.023 T baffle-wall spacing, z/H = 0.28 (left) and z/H = 0.66 (right).
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Figure 8. Velocity vectors for the pitched blade turbine, top view, zero baffle-wall spacing, z/H = 0.28 (left) and z/H = 0.66 (right).

RESULTS CONCERNING THE TURBULENCE
Turbulence Distribution

To validate the predicted turbulence properties,
experimentally determined profiles of RMS(u’) (RMS =
Root Mean Square) and computed profiles were
compared. Figure 10 shows the comparison for the A315,
as calculated with the aid of the ASM. The predicted
values of RMS(#') compare better with the measured
values in the regions near the baffles than in the regions
above and below the impeller. This might be due to the
fact that the flow pattern as induced by the rotating
impeller will contain periodic high frequency velocity
fluctuations, a phenomenon called pseudo-turbulence.
These fluctuations will increase the measured values of
RMS(«) in the inflow and outflow of the impeller, but
may well be dampened out near the baffles. As a result,

m/s

Figure 9. Comparison between predicted axial velocities and measured
axial velocities, pitched blade turbine ([J experimental,
simulation) (N = 65™!; ¢ = 45°).
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the predictions for RMS(«) will be more accurate near
the baffles.

The values of k which are prescribed in the outflow of
the impeller contain these velocity periodic velocity
fluctuations. However, RMS(«) is still under predicted
near the vessel bottom, in the outflow of the impeller.
This is probably due to the fact that the pseudo-
turbulence and the real turbulence have different
dissipation rates. It may be worth investigating whether
the use of the two-scale turbulence model proposed by
Placek et al. (1986), with separate equations for the
turbulent kinetic energy and the kinetic energy of the
pseudo turbulence, gives better results.

The anisotropy of the turbulence is illustrated by
Figure 11. This graph shows a comparison between the
predicted values of RMS(y), RMS(v') and RMS(w')
together with the measured values of RMS(«') and the

1im/s
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Figure 10. Comparison between predicted and measured RM (u'), A315.
(O experimental and simulation) (N = 657 !; ¢ = 45°).
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Figure 11. Experimental data for RMS(x), predicted data for RMS(x), RMS(v') and RMS(w') with ASM and (2k/3)!/? ~ RMS(«') with k — ¢ (just

above A315, z/H = 0.64; ¢ = 45°; N =657 1)

value of (2k/3)!/? as predicted with the k-¢ model. The
value of (2k/3)!/? is a measure of RMS(x) as predicted
by the k-& model. It is clear that the values of RMS(w)
as predicted by the ASM compare better with the
experimental data than the value of (2k/3)"/2 as predicted
by the isotropic k-¢ model. Further, there are large
differences between the values of RMS(), RMS(v") and
RMS(w'), thus showing the need for anisotropic
turbulence models.

Contours of equal turbulent kinetic energy and
dissipation rate, as calculated with the ASM, are plotted
in Figures 12 and 13 for both the disc-turbine and the
PBT. It can be seen that in both cases the highest
turbulence intensities are found in the outflow of the
impellers, and that both k and ¢ are much lower in the
bulk of the vessel.

(@) (b)

Figure 12. Contours of constant k (m?s~2) and & (m2s~3) for the disc

turbine (3 Hz), numbers denote minimum values in areas enclosed by
contours.

With the PBT a region of high values of both k and
¢ is found near the baffles, above the impeller. This is
probably due to the large velocity gradients near the
centre of the main circulation loop and the interaction
with the secondary flow loop in the top of the vessel.
Large velocity gradients lead to an increased production
P, of turbulent kinetic energy and production of
Reynolds stresses. (Equations (8), (10)). As a consequence
the production P, of ¢ also increases, since in the model
equations it is assumed that P, is proportional to P,:

£
P,~-P 18
& k k ( )
v Energetic Efficiency
The power consumption P of an impeller is given by:

P = PopN®D* (19)

<.025

(a)

Figure 13. Same as Figure 17 but now for the pitched blade turbine
(6 Hz).
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Here Po denotes the so-called power number which, for
a given vessel geometry, is a function of impeller type
only. A significant part of the energy input is dissipated
in the impeller swept volume ¥, rather than in the
liquid bulk. Since the local mixing in the liquid bulk may
be determined by the local turbulence intensity, it is
necessary to have an estimation of the fraction of the
total energy input which is dissipated in the liquid bulk.
Therefore the energetic efficiency #, can be defined as:

Vimp(‘gimp) P
P

Here (g,,» denotes the average energy dissipation
rate per unit mass in the impeller zone. The energetic
efficiency is difficult to measure since it requires
measuring local values of ¢. Therefore it is not surprising
that different authors present different values for 7,.
Experimental studies with the disc turbine resulted in
values ranging from 40% to 70% (see the review by
Ranade and Joshi'?). This means that between 30% and
60% of the total energy input is dissipated in the impeller
swept volume, which makes up only 1.2% of the total
volume, thus leading to extremely large values of <g;,,>-
According to the experimental data from Ranade and
Joshi'®*! the energetic efficiency for a pitched blade
turbine ranges from 53% to 78% depending on blade
width, impeller to bottom clearance and D/Tratio. For
the A315 no data regarding 7, are available in the open
literature.

It should be noted that 5, is not the same as the
pumping efficiency defined by Bakker and Van den
Akker?°. The pumping efficiency 7, is the fraction of the
energy which is used in the main flow, and can thus be
defined as the ratio of the gain in enthalpy of the fluid,
ApQ,, to the power input P by the impeller. The pressure
rise Ap over the impeller as determined by, among other
things, rotational speed N and impeller geometry is
converted into velocity head of a circulatory flow:

2

’73‘—’1_

= Q
Ap=K.ubpo ~py =
The proportionality constant K, depends on the vessel
geometry only and is not known in general. By using Po
and FI, the following relation can be found:

0, D\* FI}
n,=4p P (T) Po (22)
In general, the pumping efficiency will be lower than the
energetic efficiency since the energy which is put into the
generation of turbulent kinetic energy by the impeller
and in trailing vortices shed from the impeller blades is
included in the energetic efficiency but not in the
pumping efficiency.

The predicted values for #, both according to the
calculations with the k-¢ model and the ASM are listed
in Table 3. It can be seen that with the DT the predicted
value of 5, compares well with the literature values,
provided that the ASM is used. With the k-&¢ model, the
predicted energy dissipation rates are significantly lower
than with the ASM.

With the PBT the predicted 7, is on the low side, which
might be due to a too low predicted ¢ as a result of not

@y
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Table 3. Predicted values of n, with k-& and ASM.

Ntk — &) n.(ASM) Literature

A315 48% 57% —
PBT 38% 45% 53%~78%
DT 45% 53% 40%-~70%

taking the pseudo turbulence into account. The predicted
7. is higher for the A315 than for the PBT as a result of
the profiled blades.

STABILITY OF THE MEAN FLOW

All the calculations have been done assuming a steady
state flow with normally distributed turbulent velocity
fluctuations. This assumption turns out not always to be
valid. Figure 14a shows an experimentally determined
velocity distribution for the PBT at z/T= 045 and at
2r/T = 0.88, just above the impeller near the vessel wall.
In this region the measured velocities are indeed
Gaussian distributed. In the upper part of the vessel, at
z/H = 0.25 at 2r/T= 0.13, (Figure 14b), however, the
measured liquid velocities turn out to have a bimodal
distribution. This suggests that the flow in this region is
bistable, and that it oscillates periodically. It would be

8.808 L ui 1 Il

%
8.600

-8.308 8.1980
o Ualocity (w/s)

1.000 L = L

-8.400 ~8.208

8.800 8.200
Velocity (n/s)

1.208 L L L L

-a.508 -8.308 a.108

~8.108
Velocity (w's)
©)

Figure 14. Measured u-distribution: PBT; ¢ = 45°; (a) (z/H = 045,
2r/T= 0.88); (b)(z/H = 0.25,2r/T = 0.13);(c){z/H = 0.10, 2r/T = 0.88).
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interesting to see whether it is possible to resolve this
oscillating behaviour by performing time-dependent
calculations. Unfortunately, due to computational
restrictions this could not be tested.

Close to the liquid surface (Figure 1l4c, z/T= 0.,
2r/T = 0.88) the velocity distribution has three peaks, at
a negative axial velocity, near zero, and at a positive axial
velocity. This is probably a result of waves, running at
the liquid surface. Thus, it is unlikely that any turbulence
model will give a realistic picture of the flow in this part
of the vessel.

Although skewed velocity distributions were some-
times observed with the DT and the A315, bimodal and
trimodal distributions were only observed with the PBT
in the upper part of the vessel. This may be related to a
higher strength of the swirl in (the upper part of) the
vessel with the PBT, see Table 2. These deviations from
Gaussian turbulence might to some extent be responsible
for the differences between the measured velocity and
turbulence data and the predicted data in this region, as
compared in Figures 9 and 11. Whether this problem can
be solved by performing transient calculations is not
clear. .

’

CONCLUSIONS

Both two-dimensional computations and three-
dimensional computations of the single-phase flow in
stirred vessels have been performed. In general it can be
concluded that the flow pattern in stirred vessels is fully
three-dimensional, exhibiting secondary recirculation
loops and unexpected features not recognized before.

With the disc turbine it was found that the position
of the centre of the two main circulation loops is a
function of the tangential coordinate ¢. The predicted
flow patterns for the disc turbine were found to match
quite well with the experimental data. Further, it was
found that when the turbine is mounted closer to the
vessel bottom than to the liquid surface (C/T = 0.3), the
axial velocities at the top of the impeller are about 1.4
times those at the bottom of the impeller.

The flow pattern of the axial flow impellers turned out
to be sensitive to the exact baffle configuration. Both with
zero baffle-wall spacing and with 0.023 T baffle-wall
spacing a second circulation loop in the upper part of
the vessel is formed. The exact size and position of this
loop is determined by the baffie geometry. The existence
of this secondary loop is proven by experimental data.
With two-dimensional simulations this loop was not
found, thus clearly showing the need for three-
dimensional simulations. In general, the fluid flow
predictions and the experimental data match quite well,
although in the upper part of the vessel the quantitative
accuracy could be improved even further.

In the upper part of the vessel bimodal and trimodal
velocity distributions were measured. This shows that the
assumption of steady state flow with normally dis-
tributed turbulent velocity fluctuations is not always
valid in this region. It might be necessary to perform
transient flow field computations to reproduce these
phenomena.

In case of a zero baffle-wall spacing a secondary
circulation loop behind the baffle was found in the upper
part of the vessel, with negative tangential velocities.

The tangential velocities in the outflow of the A315
are 50% lower than with the PBT leading to an increased
pumping efficiency.

For all impellers the turbulence distribution is far from
homogeneous, with high turbulence intensities in the
outflow of the impellers and in the centres of the main
circulation loops. It was found that the predicted overall
energy dissipation rates compare reasonably with power
measurements, but that with the ASM the predicted
energy dissipation rates are about 15% higher than with
the k-e model. Thus for the prediction of turbulent
mixing, the use of the ASM is necessary.

The use of single-phase flow pattern simulations as a
basis for a description of the mixing processes in a stirred
tank, can only be successful if the computations are done
on a three-dimensional grid, with the aid of an
anisotropic turbulence model.

CFD is a useful tool in the analysis of the flow in
stirred mixing vessels. The computations in this paper
have shown that it is even possible to discover flow
features which otherwise would require very extensive
sets of LDV measurements. A disadvantage at the
present stage is that LDV data are required for
prescribing impeller boundary conditions. Thus further
research should concentrate on the development of
accurate impeller models.

NOMENCLATURE

c, model constant

¢, model constant

Cey model constant

Ce2 model constant

¢y model constant

cy model constant
impeller to bottom clearance
impeller swept diameter
impeller pumping number
gas flow number
liquid height
unit tensor
turbulent kinetic energy per fluid mass
friction coefficient
turbulent length scale
impeller rotational speed
pressure
power consumption
Reynolds stress production tensor
production of k by interaction with mean strain rate
impeller power number
liquid flow rate
radial coordinate (outwards positive)
swirl number
vessel diameter
axial velocity (downwards positive)
time-averaged velocity vector
fluctuating component of the velocity vector
radial velocity (outwards positive)
average axial liquid velocity out of the impeller plane
volume
impeller swept volume
tangential velocity (with impeller positive)
baffle width
width of impeller blade

. axial coordinate, 0 at liquid surface
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Greek Symbols
€ turbulent energy dissipation rate density

Eimp turbulent energy dissipation rate density in impeller region
[ average energy dissipation rate density
¢ tangential coordinate (Q° at baffle)

n dynamic viscosity

e energetic efficiency

n, pumping efficiency

v kinematic viscosity

v, turbulent viscosity

p density

oy model constant

o, model constant

Abbreviations

ASM  Albebraic Stress Model

CFD  Computational Fluid Dynamics

DT Disc Turbine (Rushton Turbine)

LDV Laser Doppler Velocimetry

PBT  Downwards pumping Pitched Blade Turbine, 6 blades at
45° blade angle

RMS  Root Mean Square
RSM  Reynolds Stress Model
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