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he flow field generated by the pitched-blade turbine in both laminar and turbulent

I operation has been investigated using laser Doppler velocimetry (LDV) and digital

particle image velocimetry (DPIV) experimental techniques. This data has been

used to critically evaluate the performance of computational fluid mixing (CFM) tools. It

has been found that current CFM software can accurately predict the laminar flow

behaviour of the pitched-blade impeller if the proper velocity boundary conditions are

provided around the entire periphery of the impeller. In turbulent operation, CFM

simulations predict some of the features of the flow field, but dramatically underpredict

the total energy dissipation rate in the vessel. They are not currently capable of describing
the large-scale instabilities in the flow detected by DPIV.
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INTRODUCTION

As the use of computational simulation becomes more
widespread for the analysis and design of mixing
processes, see Bakker et al.! and Bakker and Van den
Akker?, it is important to critically examine the
capabilities of these tools. This is necessary for the
development of guidelines for the proper application
of current simulation software, to place limits on the
expected accuracy of this software, and to direct the
development of the next generation of simulation
software.

Because of its industrial importance, the laminar
and turbulent operation of the pitched-blade impeller
has been chosen for this evaluation of computational
fluid mixing (CFM) simulation. The experimental tools
used in this study are the conventional laser Doppler
velocimetry (LDV) and the novel digital particle
image velocimetry (DPIV). The combination of these
experimental tools provides accurate point values of
time-averaged and fluctuating velocities, as well as the
time-averaged and semi-instantaneous flow fields in an
agitated vessel.

EXPERIMENTS

Figure 1 shows the sketch of the tank that was used in
the LDV measurements. The tank is 0.145 m in diameter.
The liquid level is equal to the tank diameter. The
impeller is a pitched blade impeller with a blade width of
W/D =0.188 and a 45° blade angle. The impeller to
tank diameter ratio was D/T = 0.35. The impeller to
bottom clearance was C/T = 0.46. The baffle width was
0.0127m and the baffle had zero clearance to the wall.
Silicone oil, a Newtonian fluid, was used in the laminar
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flow experiments. It has a viscosity of 4 = 0.211 Pas and
a density of p=1049kgm=. The experiments were
conducted at 100 rpm, resulting in an impeller Reynolds
number of Re = 21. The impeller Reynolds number is
defined as:

ND?
= (1)

U

In the turbulent experiments the liquid was water. These
experiments were conducted at 500 rpm. The Reynolds
number is 21 500.

The LDV system utilizes a dual channel, 2 watt argon
jon laser. A PC controlled transversing mechanism is
used to move the laser probe in a pre-determined grid.
An Aerometrics Doppler signal analyser and data
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Figure 1. Outline of the tank used in the LDV experiments and the
CFM simulations.
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acquisition and processing software was used. In this
work, only one channel of the LDV was used at a time
to get a single velocity component. The other two
velocity components were obtained by readjusting the
laser beams, so that all three velocity components
obtained would correspond to the same location within
the tank. Velocity data were taken at a vertical (axial-
radial) plane along a baffle. An almost uniformly spaced
(Smm x 5mm) grid was set up to map out the velocity
distribution at this plane. In the region around the
boundary of the impeller, data were collected in a denser
grid (2 mm spacing), since these data were used as CFD
simulation inputs. The seed particles were metallic
coated spherical particles. The density of the seed
particles was 2600 kgm= with an average diameter of
12um. In a typical velocity measurement using back-
scattering mode, a criterion of 3600 validated points or
six minute time period was set as the end of data
acquisition for the laminar case. Most of the averaged
data had around 3000 validated points in the laminar
flow regime, while up to 30000 validated points were
taken in the turbulent flow regime. Selected data points
were measured again to check for reproducibility.
Results showed that the averaged velocities were
reproducible within 5%. However, when the velocities
were very close to zero, variations were much greater due
to insufficient validated points.

Additional experiments were performed using a
Dantec Flowgrabber™, digital particle image veloci-
metry system. In these experiments the flow field was
seeded with small flow-flowing fluorescent particles. The
particle diameter was 8 x 10~ m. The tank is illuminated
with a sheet of laser light, 10 mm thick, generated by an
Argon-Ion laser. The motion of the particles in the light
sheet is filmed with a CCD camera. The images of the
CCD camera are digitized and the flow field is extracted
from these images by cross-correlating successive images.
More details of the measurement technique can be found
in Willert and Gharib®, Myers et al* and Ward>. The
tank used in the DPIV experiments was 0.292m in
diameter and was kept as closely geometrically similar to
the tank used in the LDV experiments as possible. Small
differences were that the impeller blade width was
slightly larger—W /D = 0.2—and that there was a
small spacing between the baffles and the wall. The
baffle width was 7'/12 and the baffle to wall spacing was
T/72. The Reynolds number in the DPIV experiments
was Re = 10000.

Laser Doppler velocimetry is a point measurement
technique. Accurate velocity measurements can be
performed one point at a time. Time averaged flow
fields can then be constructed by performing successive
measurements at various points in the flow domain. In
contrast, DPIV is a semi-instantaneous full flow field
measurement technique. The whole flow field is mea-
sured at once, during the time it takes the camera to
record two images, here 2 x 0.033 = 0.066 seconds.
DPIV is therefore more suited for studying time varying
flow fields than LDV, provided that the resolution of
the camera is high enough to accurately record the
smallest structures of interest. However, LDV is more
suited for accurately recording time series of local
velocities. The information generated by both these
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Figure 2. Velocity vector plot of the LDV results for the laminar flow
pattern in the 0.145m tank. Re = 21.

flow measurement techniques should therefore be
regarded as complementary.

EXPERIMENTAL RESULTS

Figure 2 shows velocity vector plots of the experi-
mental data for the laminar case. The flow pattern was
measured in the baffle plane. The impeller generates a
mainly radial flow pattern, with very low velocities away
from the impeller. Two small circulation loops form, one
above and one below the impeller plane. In effect the
impeller creates a ‘cavern’ of fast moving liquid close to
the impeller, with very little movement farther from the
impeller.

Figure 3 shows the time averaged flow pattern as
measured with both the LDV system and the DPIV
system for the turbulent cases. Since the experiments
were performed on two different scales and impeller
speeds, the data were normalized with the impeller tip

LDVDataT=0.145m D-PiVDataT=0.29m

———> Tip Speed

Figure 3. Comparison between the time averaged turbulent flow pattern
as measured with LDV and as measured using DPIV.
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Figure 4. Four semi-instantaneous flow pattern measurements, using the DPIV system under turbulent flow conditions in the 0.292m tank.

Re = 10000.

speed and tank diameter. The impeller discharge appears
like that associated with an axial flow pattern. However,
due to the relatively large impeller to bottom clearance, a
second flow loop is created in the bottom part of the
tank. The agreement between the LDV and the DPIV
results i$ reasonable. The size of the bottom circulation
loop is a little bit larger in the LDV experiment, but that
may be caused by the difference in baffling. While the
baffles were attached to the wall in the LDV experiment,
there was a small clearance between the baffles and the
wall in the DPIV experiment.

The results shown in Figure 3 are time averaged.
Bakker and Van den Akker? found bimodal velocity
distributions in certain regions in a similar stirred tank
and suggested that this type of flow exhibits periodic
oscillations. The DPIV system employed here allows
semi-instantaneous flow field measurements. The DPIV
results in Figure 3 are an average of 1024 measurements
over a period of about 20 minutes. Figure 4 shows some
semi-instantaneous flow fields. It can be seen that none
of these semi-instantaneous flow fields is the same as
the time average, shown in Figure 3. At any point the
flow may be severely asymmetrical and very chaotic.
Further investigation revealed the presence of large
scale flow pattern instabilities with a time scale much
longer than the impeller rotational frequency®. The
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flow pattern is highly unsteady. However, when a
sufficient number of these chaotic semi-instantaneous
flow fields are averaged, the final result is the smooth
flow pattern shown in Figure 3. These resuits show that
both the LDV and the DPIV system give similar results
for the time averaged flow patterns, but that the time
averaged flow patterns may be somewhat misleading
when compared to the chaotic flow in the tank. These
large scale chaotic flow structures may well be respon-
sible for much of the efficient mixing in turbulent stirred
tanks.

LAMINAR FLOW SIMULATIONS

The flow pattern simulations were performed with the
general purpose fluid flow simulation program Fluent™
V4.2. The simulations were performed for the 0.145m
diameter tank shown in Figure 1. For the laminar flow
simulations, the velocities measured with the LDV
system were prescribed around the entire impeller
periphery. It was found that it was necessary to prescribe
the rotational velocity of the shaft to obtain correct
predictions of the tangential velocities in the top of the
tank. The simulations were performed using three-
dimensional grids with 41000 grid cells for a 90° section
of the tank.















