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Digital particle image velocimetry (DPIV) has been used to examine the flow field
in a vessel agitated by an axial-flow impeller in turbulent operation. Both a pitched-

blade turbine and a high-efficiency impeller were studied. Time series analysis indi-
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cates that the flow field is not steady; rather, it is subject to transients with frequencies
well below the blade passage frequency ( periods ranging from 40 to over 300 impeller
revolutions have been observed ). This result has important implications for computa-
tional modeling because current descriptions of agitated vessels are based upon time-

averaged flow fields with superimposed turbulence. This modeling approach may not
accurately capture the mixing associated with the low-frequency phenomena observed

in this study.

Introduction

Mechanically agitated vessels are in widespread use in the

chemical processing and allied industries. Their diverse array
of applications includes storage tanks, blending operations,
crystallization, fermentation, and as chemical reactors. Design
of agitators has traditionally relied on qualitative rules of thumb
and past experience. However, with the increasing availability
of enhanced computational and experimental techniques, there
is a growing emphasis on understanding the fundamentals of
gitated vessel performance. In many instances the success or
cailure of an agitator can be directly related to the flow in the
vessel and how it impacts physical and chemical transforma-
tions.

It is becoming apparent that the flow fields in agitated vessels
are not invariant. Rather, they are influenced by Reynolds num-
ber (Wang et al., 1995) and geometry (Kresta and Wood,
1993). Further, there is growing evidence that the flow fields
produced by axial-flow impellers are time-dependent, exhibiting
transients with frequencies considerably less than those associ-
ated with small-scale turbulence and blade passage. In this work,
digital particle image velocimetry (DPIV) is used to character-
ize low frequency transients in the flow fields produced by
axial-flow impellers.

Studies of Flow Pattern Instability

Numerous recent publications have demonstrated that the
flow field produced by an axial-flow impeller is not truly steady,
but rather is subject to instabilities with time scales that are
substantially longer than those associated with blade passage
and small-scale turbulence. Single-phase flow patterns of vari-
ous axial-flow impellers have been studied by several methods.
Chapple and Kresta (1993) used tuft visualization to study the
stability of the flow patterns produced by a three-blade hydrofoil
impeller and a pitched-blade turbine. They also characterized
the influence of geometric parameters such as impeller off-
bottom clearance, impeller diameter, and number of baffles on
flow pattern stability. Briha et al. (1994, 1995) identified time
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dependence in the flow pattern of a pitched-blade turbine using
a mechanical measuring device. They found that the frequency
of transition in the flow pattern is linearly related to the speed of
impeller rotation, but is much slower than the speed of impeller
rotation. Winardi and Nagase (1991) used a combination of
flow visualization techniques to examine the flow patterns pro-
duced by a marine propeller. They described the observed flow
patterns as quick return, full circulation, and intermediate circu-
lation. They measured the lifetime distribution of these patterns
and found that the flow pattern changes were random in their
order and that the lifetime of a given flow pattern could range
from half a second to several minutes. Using laser Doppler
velocimetry (LDV) Bakker and Van den Akker (1994a) found
that in the upper portions of a vessel agitated by a pitched-
blade turbine the axial velocity exhibited bimodal and trimodal
distributions. This behavior suggests that the flow in this region
is not stable, perhaps oscillating between a number of quasi-
stable flows.

A few process-oriented investigations have also indicated the
unstable nature of the flow patterns produced by axial-flow
impellers. Haam et al. (1992) found that the magnitude of the
interphase (vessel to inside wall) heat transfer coefficient in
an agitated vessel is periodic in nature. They attributed the
oscillations in the heat transfer coefficient to the slow (relative
to the impeller speed) precession of an axial vortex around the
vessel. Bakker and Van den Akker (1994b) observed periodic
fluctuations in the local gas holdup for systems agitated with
axial-flow impellers. Again, the frequency of the fluctuations
were slow relative to the speed of impeller rotation. As in Haam
et al.’s heat transfer study, this behavior was attributed to an
asymmetric flow pattern caused by complex nonstationary vor-
tex motion. Thus, both fundamental and process studies have
established the unstable nature of the flow fields produced by
axial-flow impellers. The observed instabilities have exhibited
a wide'range of frequencies, with many instabilities occurring
over a time scale much longer than that associated with impeller
rotation or blade passage. However, characterization of these
instabilities is incomplete and very little is known about their
origin and influence on mixing performance.

The DPIV Technique

Digital particle image velocimetry (DPIV) combines the op-
tical flow characterization technique of particle image velocime-
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try (PIV) with digital image processing to yield a rapid, nonin-
trusive method to study flow fields. Like many other velocime-
try techniques, DPIV requires seeding the flow with particles
that mimic the motion of the liquid. In the case of DPIV, these
particles fluoresce when exposed to light of a characteristic
wavelength. This light is provided by a laser whose output is
manipulated into a light sheet that illuminates a plane of the
flow field to be studied. To increase processing speed, rather
than using photographic techniques, DPIV captures the images
of the fluorescent particles digitally with a charge coupled de-
vice (CCD) camera.

To obtain fluid velocities, two images of the seeded flow
field are captured digitally at successive points in time, and
comparison of these images allows the velocity field in the
system to be constructed. To do this, the flow field is divided
into smaller interrogation regions that are considered individu-
ally. Rather than tracking individual particles, cross correlation
is used to obtain the average particle displacement of the ensem-
ble of particles in an interrogation region from the successive
flow field images. Computationally, cross correlation is
achieved with two-dimensional signal processing techniques
whose speed is enhanced through the use of fast Fourier trans-
forms. The fluid velocity is then calculated assuming linear
displacement over the time interval between the successive im-
ages.

Willert and Gharib (1991) have described DPIV in greater
detail, focusing on the cross correlation technique and its imple-
mentation. The accuracy of DPIV relies on experimentation
under appropriate conditions. These include a minimum particle
displacement of two particle diameters, a maximum particle
displacement of twenty-five percent of the interrogation region
dimension, minimal out-of-plane displacement, and a minimum
of five particles in an interrogation region to ensure accurate
velocity measurements.

Experimental Apparatus and Procedures

The DPIV apparatus used in this study is a commercial sys-
tem acquired from Dantec Measurement Technology. Figure 1
illustrates the primary components of the apparatus. A continu-
ous argon-ion laser is the light source. A light sheet probe
equipped with a prism converts the beam into a nominal 0.01
meter thick light sheet. Background laser reflections are virtu-
ally eliminated with an optical cutoff filter. The thick light sheet

Nomenclature

used in this study reduces the effects of tangential motion that
carries particles in and out of the plane of study. This effect is
particularly significant in the impeller region where the tangen-
tial velocities are higher than in the rest of the vessel. The
flow is seeded with approximately 5000 80-micron diameter
fluorescent spheres in the illuminated plane. The CCD camer:

is placed 1.8 m from the plane of the light sheet. Placement ot
the CCD camera far from the plane of study minimizes errors in
determination of the axial and radial velocities due to tangential
movement of particles within the rather thick light sheet. The
CCD camera captures a 512 by 480 pixel image of the flow
field. This image is divided into either 16 by 16 or 32 by 32 pixel
interrogation regions, depending on the expected velocities. An
8 pixel step size between adjacent interrogation regions is used,
resulting in fifty percent or seventy-five percent overlap, respec-
tively. The two-dimensional DPIV flow field is then represented
by a discrete flow field containing approximately 3000 velocity
vectors. Oversampling the velocity field by overlapping the in-
terrogation regions provides more velocity vectors which aids
in the removal of velocity outliers, reinterpolation, and smooth-
ing of the velocity field, all of which improve the accuracy of
the measurements.

The diameter of the cylindrical, flat-bottomed plexiglass ves-
sel used in this work was 0.292 meters. This vessel was placed
in a square plexiglass tank filled with water to reduce optical
distortion. The vessel was equipped with four vertical baffles
that were evenly spaced about the periphery of the vessel. The
baffle widths were equal to one-twelfth of the vessel diameter.
The baffies were offset from the vessel wall by a distance equal
to one-sixth of the baffle width. The liquid used was water and
the liquid level was equal to the tank diameter (H/T = 1). The
three-dimensional, cylindrical vessel could be rotated relative
to the laser light sheet so that data could be taken in any vertical
plane. For some experiments the plane of study was located
midway between the baffles, while for other experiments a plane
slightly in front of the plane between two baffles was studied

Two impellers were studied (refer to Fig. 1). The first wa.
the P-4, a four-bladed, forty-five degree pitched-blade turbine
with a diameter of 0.102 meters (D/T = 0.35). The width of
the impeller blades was one-fifth of the impeller diameter (W/
D = 0.20). This impeller was studied at off-bottom clearances
of 0.134 meters (C/T = 0.46, C/D = 1.31) and 0.097 meters
(CI/T = 0.33, C/D = 0.94). The second impeller studied was

C = impeller off-bottom clearance,
measured from the lowest point
on the impeller to the vessel
base (m)

D = impeller diameter (m)

f, fi = frequency of large-scale flow
pattern fluctuations (s ")

H = total liquid depth (m)

N = agitation speed (revolutions per
second, s7)

P(f;) = power spectral density of the
spatially-averaged vorticity-
time record (—)

S = ratio of velocity standard devia-
tion to time-averaged velocity
(=)

t = time (s)

T = vessel diameter (m)

u = velocity in the x-direction (m/s)

v = velocity in the y-direction
(m/s)

v = velocity vector (m/s)
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W = impeller blade width (m)

W, = discrete Fourier transform of the
spatially-averaged vorticity-time
record (—)

y = distance above the vessel base (m)

v = kinematic viscosity (m?/s)

o = standard deviation in the velocity
(m/s)

w = vorticity vector (s™')

Subscripts

i = index for x-direction (—)

I = total number of interrogation
regions in the x-direction (—)

j = index for y-direction (—)

J = total number of interrogation
regions in the y-direction (—)

k = flow field number in the time series
(=)

K = total number of flow fields in the
time series (—)

1 = frequency index
z = indicates z coordinate (—)

Operators
V = vector differential operator
(m™)
X = vector cross product operator
()

3 = summation operator (—)

( ) = area average operator (—)
~ = time average operator (—)
A = difference operator ()

Acronyms

CCD = charge coupled device
DPIV = digital particle image
velocimetry
LDV = laser Doppler velocimetry
PIV = particle image velocimetry
PSD = power spectral density
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