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The structure of the flow in a vessel stirred by a Rushton turbine was investigated
using laser Doppler anemometry measurement techniques. The time and length scales
of turbulence were determined and used to estimate the dissipation rate of turbulence
energy. The levels of turbulence energy and dissipation are high near the turbine and
decrease rapidly with increasing distance from the turbine blades. The turbulence in the
impeller stream is mostly anisotropic close to.the blades. The results are compared with
the findings of earlier investigations, and their implications for computational fluid dy-
namics (CFD) predictions of the flows are discussed.

Introduction

The complex nature of the flowfields in stirred chemical
reactors has motivated a number of studies of the mean ve-
locity and turbulence characteristics of the flows produced by
different impeller designs. In particular, a large body of
knowledge has been accumulated on the flow in vessels stirred
by a single Rushton impeller, as this impeller design has been
used for a wide range of industrial processes (see, for exam-
ple, Cutter, 1966; van’t Riet and Smith, 1975; van’t Riet et al,,
1976; Yianneskis et al., 1987; Mahouast et al., 1989; Wu and
Patterson, 1989; Yianneskis and Whitelaw, 1993; Stoots and
Calabrese, 1995; Rutherford et al., 1996b).

These investigations have identified the formation of a
trailing vortex pair behind each impeller blade and that the
ensemble-averaged turbulence levels measured in the im-
peller stream may be overestimated by the associated varia-
tion in mean velocity (pseudo-turbulence). Even though the
flow in the impeller vicinity of stirred reactor vessels is peri-
odic, ensemble-averaged LDA (laser Doppler anemometry)
measurements obtained over 360° of impeller revolution are
widely employed for the description of the velocity and tur-
bulence fields. These measurements do not account for the
pseudo-turbulence due to the passage of the impeller blades
(Van’t Riet et al., 1976; Yianneskis et al., 1987; Stoots and
Calabrese, 1995; Yianneskis and Whitelaw, 1993) which per-
formed angle-resolved LDA measurements over 60° of im-
peller revolution where the data were arranged in 1° aver-
ages. Such angle-resolved measurements do show the varia-
tion of the mean flow velocities and the turbulence fluctua-
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tions with blade angle ¢. It has been shown that in compari-
son with 1° angle-resolved measurements, 360° ensemble-
averaged measurements can lead to an overestimation of tur-
bulence quantities in the impeller stream by up to 400%
(Yianneskis and Whitelaw, 1993). In addition, time-resolved
data can be used to obtain information about the frequency
content of the velocity fluctuations and to calculate turbu-
lence quantities of interest. Therefore, in this investigation
measurements were primarily obtained as angle-resolved (that
is, ensemble-averages over intervals of 1° of revolution) mean
velocities and turbulence levels, and as time-resolved velocity
recordings.

Most of the investigations reported to date have been con-
cerned with the mean flow structure and the normal turbu-
lence stresses only. Quantities important for micromixing such
as the length- and time-scales of turbulence and the dissipa-
tion rate of the turbulence kinetic energy have received less
attention, partly due to the difficulties associated with their
measurement. Mahouast et al. (1989), Wu and Patterson
(1989), and Stoots and Calabrese (1996), for example, have
measured turbulent shear stresses and/or estimated length
scales and dissipation rates, but the understanding of the tur-
bulence structure is still far from complete.

The objective of the present study is to characterize the
nature of the turbulence in the discharge stream of a Rush-
ton impeller by compiling a comprehensive set of data of high
spatial resolution through angle- and time-resolved LDA
measurements to avoid the errors associated with pseudo-
turbulence. Comparisons are made with previously reported
measurements where appropriate and an attempt is made to
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quantify the extent of anisotropy of the turbulence in the ves-
sel. The data provide information on quantities which may be
used as boundary conditions in and/or for the assessment of
CFD predictions of the flows.

Flow Configuration and Experimental Techniques
Stirred vessel configuration

The measurements were made in a cylindrical vessel of di-
ameter T =100 mm, and the liquid height in the vessel was
H =T (m). Figure 1a shows the geometry of the mixing ves-
sel, which was identical to the standard configuration used in
mixing research (Uhl and Gray, 1966). Four equally spaced
vertical baffles of width B (m)=T/10 and thickness of 1 mm
were fitted along the internal surface of the vessel. The ves-
sel was made of clear cast acrylic plastic (Plexiglass) and was
located inside a transparent Plexiglass trough; a flat transpar-
ent base was incorporated to maximize optical access. The
vessel could be rotated about its axis to enable measurements
to be performed at different vertical planes. The gap be-
tween the vessel and the trough was filled with distilled water
fed from a constant temperature water bath to remove the
heat generated by the impellers and thus to maintain the
temperature inside the vessel constant during the experi-
ments, as well as to minimize refraction effects at the cylin-
drical surface of the vessel.

The Rushton turbine was a six-bladed impeller of diameter
D (m) = T/3, as shown in Figure 1b. Both the blade thickness
t, (m) and the disk thickness £, (m) were 1 mm. The blade
width W(m) was 0.25 D. A clearance C (m)= T/3 was used
between the bottom of the mixing vessel and the impeller
disk plane. The working fluid was distilled water and all mea-
surements were conducted at a Reynolds number of 40,000,
which corresponded to a constant impeller rotational speed

(rev/min) of N=2,165+10 rpm (¥, =3.77 m/s). The im-
peller rotated in a clockwize direction as viewed from above.

An optical shaft encoder which provided a marker pulse
and a train of 2,000 pulses per revolution was coupled to the
impeller shaft. The pulses were input to a specially-built gat-
ing unit. By counting the number of marker pulses per unit
time, the rotational speed of the impeller could be measured.
The midpoint of a blade of the impeller was aligned with the
marker pulse, and by counting the number of pulses (1-2,000)
relative to the marker pulse, the blade angle (¢ = 0°-60°)
could be determined. The gating unit was also capable of
generating a window gate pulse to set the blade angle inter-
val over which measurements were to be obtained.

The origin of the coordinate system used is the center of
the base of the vessel. To allow comparisons with measure-
ments made in vessels of different sizes, all distances are nor-
malized with the vessel diameter T, and all locations are de-
scribed in terms of normalized axial (z/7T), normalized radial
(r/T) and tangential (§) coordinates. Measurements of all
three velocity components were performed in the 6 =0°
plane, Jocated halfway between two baffles. The angular lo-
cation of the measurement volume with respect to the lead-
ing blade for the angle-resolved measurements is expressed
as the angle ¢: ¢ = (°, the vertical plane through the middle
of the leading blade.

A transparent lid was located above the liquid surface at a
height H =T so that no air bubbles were entrained into the
liquid from the free surface. The lack of a free surface en-
abled measurements to be made in forward scatter when the
beam entered through the bottom of the vessel. This was
achieved by attaching a mirror above the lid and filling the
space above the lid with water so that the mirror was always
submerged. The scattered light was redirected by 90° by the
mirror. The effect of a lid on the flow in a stirred vessel has

(@)

B=T/10

(b)

0.2D

Figure 1. (a) Stirred vessel configuration; (b) impeller geometry.
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been previously investigated by Nouri and Whitelaw (1990),
who concluded that the use of a lid only affects the flow in
the immediate vicinity of the lid/free surface and that the
velocities elsewhere in a 144 mm vessel were almost identical
to those in a 294 mm vessel.

Angle-resolved measurements were made of the axial, ra-
dial and tangential mean velocity (m/s) components (U, V,
and W, respectively); and of the corresponding turbulence
levels (m/s) (i, o/, and w’, respectively), at 8,160 locations in
the vicinity of the impeller stream. The measuring grid was
selected in order to reveal in detail the structure of the trail-
ing vortices while minimizing the measurement time. In or-
der to determine the flow motion relative to the rotating
blade, the rotational velocity V. was subtracted from the an-
gle-resolved mean tangential velocities. V, was defined as

27 Nr
)

(m/s) (1)

where N is the impeller rotational speed in revolutions per
minute, and  is the radial distance from the axis of the ves-
sel to the point of measurement.

For the purpose of comparison with data obtained in ves-
sels of different sizes, all angle-resolved mean velocities have
been normalized with the blade tip velocity Vy;, = wND/60
(m/s) and are denoted by U/Vyy,, V/Vi,, and W/Vy,, respec-
tively, for the axial, radial, and tangential components. The
turbulence level results were also normalized with Vi, and
are denoted by u/Vy,, v'/Vy, and w/Vy, for the axial, ra-
dial, and tangential components, respectively. Angle-resolved
turbulence kinetic energy results were obtained from the «/,
v, and w' data using

1
k=§(u’2+ v+ w?) )

The turbulence kinetic energy results were normalized with
Vu-zp and the corresponding values are denoted by k/V,izp.

To facilitate interpretation of the results, the outline of a
quarter of the impeller disk is drawn to scale in ail figures
depicting the results obtained in horizontal (2) planes; while
in the figures depicting the results obtained in vertical (¢)
planes, the outline of one-half of the cross-section of the im-
peller and of the impeller shaft are drawn to scale. In the
figures depicting results in z planes, the impeller should be
considered to be rotating clockwise, while in those depicting
results in ¢ planes, the impeller should be considered to be
moving out of the plane of the paper towards the viewer. In
order to aid the interpretation of the results, a reference scale
having the magnitude of V,;, is drawn in cach figure depict-
ing angle-resolved mean velocity vectors. Turbulence kinetic
energy results are plotted in contour form. To investigate the
extent of the periodicity of the flow in the vessel, instanta-
neous velocity recordings of the radial component V' were
also made at a number of radii in the z/T = 0.33 plane, and
their corresponding energy spectra were computed.

Laser Doppler anemometer and experimental techniques

The anemometer comprised a 10-mW Helium-Neon laser,
associated lenses, and a radial diffraction grating for splitting
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and frequency shifting the laser beam. The grating was
mounted onto a purpose-built rotating unit, which could be
rotated through 135° in steps of 22.5° about the optical axis,
thus allowing the plane of the beams to be altered for the
measurements of different velocity components. The grating
provided a frequency shift of 3.27 MHz between the first-
order beams.

The optical bench was mounted on a laboratory jack at-
tached to a compound traversing table and could be tra-
versed in three orthogonal directions. The location of the
measurement volume was determined by a well-tested com-
puter program. The displacement of the measurement vol-
ume due to refraction, albeit small, varied according to the
position of the measurement volume itself and was accounted
for at all locations. The accuracy in traversing the optical
bench in the two horizontal directions was 0.05 mm and in
the z direction 0.1 mm. The bench was aligned to the test
section such that the optical axis of the anemometer was con-
tained within a diametrical plane of the vessel (that is, either
the 6 = 0° or the 6 = 180° planes), and was perpendicular to
a trough wall. The radial and tangential velocity components
were measured with the beams entering from the bottom of
the vessel with the aid of a mirror situated below the test
section at an angle of 45° to the vessel axis, and the axial
velocity component was measured with the beams entering
from the side of the vessel. In all cases, the beams entered
the vessel with their optical axes normal to either the vessel
wall or the vessel bottom. By taking into account the refrac-
tive index of distilled water (the fluid used as the working
fluid and to fill the gap between the vessel and the trough),
the position of the measurement volume was determined.

The working fluid was seeded with neutrally buoyant parti-
cles (specific gravity = 1.0£0.2) of 3-um mean diameter. The
forward scattered light produced when these particles crossed
through the measurement volume was focused by a zoom lens
onto a pinhole at the front of the housing of a photomulti-
plier.

Two types of signal processing were used. A frequency
counter (TSI model 1990B) was used for angle-resolved mea-
surements and a Dantec burst spectrum analyzer (BSA) for
time-resolved measurements. The signal from the photomul-
tiplier was filtered to remove low frequency pedestal and high
frequency noise and then amplified by a variable gain. The
quality of the signal was continuously monitored with an os-
cilloscope. The counter was interfaced with a PC. The inter-
face was controlled by a computer program to acquire data
from the counter and the arrival time/angle of the data. The
gate window width of the gating unit was set to open to en-
able acquisition of data between a specified 60° interval (that
is, between two neighboring blades).

The number of samples required to achieve statistically in-
dependent results depends on the local turbulence intensity,
and it was found that at least 500 samples were required for
most 1° blade angle intervals. For each measurement, over
60,000 velocity data were collected between the two impeller
blades (that is, a 60° angle). The velocity data and their corre-
sponding angles were then saved on a disk file for off-line
processing. The uncertainty in aligning the marker pulse with
the impeller blade was 0.17°.

The BSA was also interfaced to a PC and could be set up
and controlled via software installed in the PC. The software
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was also used to acquire data from the BSA, calculate vari-
ous statistical quantities, and export the acquired data to disk
files for off-line processing. The BSA was operated in Burst
mode, that is, only one measurement was performed per de-
tected burst, and the measured frequencies were either time
stamped or angle stamped. Frequency data was then trans-
formed to velocity data by the software and stored on disk
files for off-line processing.

There are a number of possible error sources in an LDA
system and measurement uncertainties vary with location and
are difficult to calculate precisely. Comparison of measure-
ments obtained with the BSA and with the frequency counter
was made in selected locations; the two values were similar

(within 2%) in all cases. The variation of impeller speed was
kept within £ 10 rpm (0.46%). During any set of measure-
ments, if the variation of speed exceeded these values, the
measurements were rejected. The accumulated errors in the
mean and rms velocity measurements presented here were
estimated to be, on average, 1-3% and 5-10% of V,, re-
spectively, with the higher errors expected in regions of steep
velocity gradients (see also Rutherford et al. (1996a)).

Experimental Results and Discussion
Angle-resolved mean velocity measurements

Although this work is concerned primarily with the turbu-
lence properties of the impeller stream, a brief description of
the mean flow field is given below to facilitate interpretation
of the results. The mean velocity vectors relative to the blade
(that is, with the rotational velocities subtracted from the tan-
gential components) obtained in the z/7T = 0.35 plane, 2 mm
above the impeller disk, are shown in Figure 2. It can be seen
that there is a recirculation region behind the leading blade
at r/T = 0.17 and between ¢ = 0° and ¢ = 45°. This region is
associated with the trailing vortex generated behind the blade
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Figure 2. Velocity vectors in the z/ T = 0.35 plane.
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planes.

and is discussed further below. The flow at radii greater than
r/T =025 is predominantly tangential, but it is still influ-
enced by the blades.

Figure 3 shows the velocity vectors in four ¢ planes (0°,
15°, 30°, and 45°). A dashed horizontal line is drawn at z/T =
0.33 in all ¢ planes in order to aid the assessment of the
inclination of the impeller stream. In all ¢ angles, the flows
discharged by the impeller are directed towards the vessel
wall with a slight upward inclination, on average around 3°-4°
to the horizontal. This is in agreement with the previously
reported observation of Yianneskis and Whitelaw (1993). The
vectors in ¢ = 0° and 15° indicate that near the blade (at »/T
=0.17 up to 0.30) the impeller stream is inclined upward.
The angle of inclination generally decreases with radial dis-
tance from the blade tip. By r/T = 0.35, the stream is either
horizontal (¢ = 0°) or inclined downward.

The velocity vectors indicate also the merging of the ring
vortices (one of which is formed above and one below the
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disk) in the vicinity of the impelier. The formation of these
vortices has been previously documented (see, for example,
Yianneskis et al., 1987). It can also be seen from Figure 3
that the velocities near the blade tip vary considerably with
¢. This is indicative of the complex variation of the mean
flow behind the blade. In the ¢ = 15° plane small circulatory
motions can be observed near the upper and lower edges of
the blade tip, which indicate the presence of the trailing vor-
tices generated above and below the impeller disk, respec-
tively. It will be shown later that at this blade angle the vor-
tex axis is located at approximately 7/7T = 0.17. The resuits of
Figures 2 and 3 provide evidence that each trailing vortex is
contained within a relatively small region. For example, the
vortex formed above the disk at ¢ = 15° is located between
z/T =0.34 and 0.36, approximately.

Trailing vortex axis

The location of the mean axis of the trailing vortex pro-
duced by the Rushton impeller is plotted in Figure 4. For
comparative purposes the trailing vortex axes determined
previously by Van’t Riet and Smith (1975), Yianneskis et al.
(1987), and Stoots and Calabrese (1995) are also shown.

Van’t Riet and Smith utilized a photographic technique to
find the shape of the axis by determining the locations where
the axial velocity component perpendicular to the axis was
zero: as the displacement of the axis in the axial (z) direction
is small, the location of the vortex axis can be found by deter-
mining the locus where one velocity component perpendicu-
lar to the axis is zero. In Yianneskis et al. (1987) and Stoots
and Calabrese (1995), as well as in the present work, the vor-
tex axis was determined from angle-resolved LDA mean ve-
locity data, again from the locations where the mean axial
velocity component was zero. The discrepancies between the
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Figure 4. Comparison of the loci of the axis of the trail-
ing vortex.
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vortex axes presented in these three investigations are at-
tributed to differences between various system characteristics
such as the impeller geometry, the clearance of the impeller
from the base of the vessel, and the impeller rotational speed.

It can be seen from Figure 4 that the axis of the trailing
vortex obtained from the present results is very similar to
that reported by Yianneskis et al. (1987). The close agree-
ment of the two axes can be attributed to the geometrical
similarities of the vessels and impellers used by Yianneskis et
al. and in the present work (z,/D =0.03 and C =T/3). As
neither Van’t Riet and Smith nor Stoots and Calabrese quote
t,/D values for their impellers and the latter used a clear-
ance C =T/2, the observed variation of the present axis from
those studies may be due to such geomeitrical differences,
which are known to affect the velocities in the impeller stream
(see, for example, Rutherford et al., 1996b).

Velocity variation in the impeller stream

Van der Molen and van Maanen (1978) used vessels from
0.12 m to 0.9 m in diameter with Rushton turbines and found
that for fully-turbulent flow, the mean radial velocity just off
the tip of the blade and on its center line was a constant ratio
(0.85) of the impeller tip speed V;;,, and decayed as it moved
out along the radius such that

ip?

=0.85( )_7/6 3)

14 r
Vtip R
where r is the radial distance (m) and R is the radius of the
impeller (m).

For comparison with earlier works, 360° ensemble-aver-
aged mean velocities and turbulence levels were obtained in
the impeller disk plane (that is, z/T = 0.33); normalized val-
ues plotted against r/R are shown in Figures 5a and 5b, re-
spectively. In Figure S5a, the best fits of the data obtained in
the present work, by Van der Molen and Van Maanen (1978),
and by Dyster et al. (1993), are shown. The best fit of the
present data is given by:

V -0.99
- 0.74( ) @)
Vtip

r
R

The correlation in Eq. 4 agrees very well with that re-
ported by Dyster et al. (1993), but not as well with that ob-
tained by Van der Molen and Van Maanen. Dyster et al.
attributed the discrepancies between the best fit of their data
and that obtained by Van der Molen and Van Maanen to the
minor differences in the impeller geometries and to the fact
that the latter used closed-top vessels. However, Nouri and
Whitelaw (1990) concluded that the use of a lid affects the
flow only in the immediate vicinity of the lid/free surface.
Furthermore, the present work was carried out in a vessel
with a lid but the data match well those of Dyster et al.
Therefore, the discrepancies stem from differences between
the impeller geometries employed by Van der Molen and Van
Maanen, and by Dyster et al. and the present work.

The best fit of the v’/V;;, data obtained in the present work
is shown in Figure 5b. The best fit of the present data is
given by
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is also shown in the figure. The results of the present work
show agreement with the data of Dyster et al. near the im-
peller blade, but the two sets of results diverge with increas-
ing r/R. The reason for this divergence is not clear; however,
the local v/ values are relatively small (around 0.15 V; ) and
it should be noted that there is scatter in both the present
data as well as in those of Dyster et al.

Turbulence kinetic energy distributions

Figure 6 shows the turbulence kinetic energy contours in
four ¢ planes (0°, 15°, 30° and 45°). At ¢ =0°, the locally
high k/Vﬁ2p levels indicate the presence of the trailing vor-
tices produced by the preceding blade. This region is cen-
tered slightly above the impeller disk at /7 =0.23 and z/T
=0.34.

The presence of the trailing vortices produced by the pre-
vious blade is still evident at ¢ = 15°, indicated by a region of
k/V‘izp levels between 0.08—0.10 centered at z/T = 0.34, and
r/T = 0.25. However, k/Vtﬁ, levels associated with this pair of
vortices cannot be distingumished at ¢ = 30° and 45°. It is how-
ever expected that the elongated shapes of the 0.02-0.08
contours are indeed associated with this pair.
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Figure 6. Turbulence kinetic energy contours in the ¢
= 0° 15° 30°, and 45° planes.

At ¢ =15° the k/VﬁZp levels above 0.10 near the blade,
and the similar k/Vﬁzp levels at ¢ = 30°, and 45°, are associ-
ated with the vortex pair generated by the leading blade. The
center of this region of high &/ Vﬁzp is found further out in the
impeller stream as ¢ increases, moving from r/T =0.17 at
¢ =0%tor/T=0.19at ¢ =30° and to r/T = 0.21 at ¢ = 45°.

At all ¢ angles in Figure 6, k/V;, levels above 0.02 are
confined to a region which in general is between z/7 = 0.29
and z/T =0.40. The k/Vn»zp levels become low ( < 0.02) and
nearly uniform at around 1.5 blade heights above and below
the impeller disk.

Figure 7 shows the k/Vnzp contours in the z/T = 0.33 plane.
The trailing vortex produced by the leading blade is clearly
indicated in this figure and the presence of the trailing vortex

generated by the previous blade is also evident.

Isotropy of the impeller discharge flow

In order to ascertain whether the turbulence in the im-
peller region is isotropic, the distributions of the three turbu-
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Figure 7. Turbulence kinetic energy contours in the
z/ T =0.33 plane.

lence levels throughout the measurement region were com-
pared. As the discharge flow out of a Rushton impeller is
primarily radial, the turbulence levels of the axial and tan-
gential components were compared with the radial compo-
nent to quantify the degree of isotropy/anisotropy of the tur-
bulence in the vicinity of the impeller. However, it should be
noted that although both the u'/¢v' and w'/t' values vary from
0.30 to 1.7 in the impeller stream, there are large values of
u'/v and especially w'/t" in the boundaries of the measure-
ment region, where the turbulence levels are quite similar.
This is due to the relative magnitudes of the turbulence lev-
els, for example, for w' =0.02 and v =0.01, w//v' =2.0,
whereas in absolute terms the levels are similar and within
experimental error. A better way to assess the degree of
isotropy is by considering the absolute difference between the
different turbulence levels normalized by V;,, that is, |u' -
Ul/ Vyp and W' - U]/ V. When these values tend to zero,
u' — v and w' -> ¢ and the turbulence may be considered
isotropic.

Contours of |u' —V'|/Vy;, in the ¢=0° 15° 30° and 45°
planes are shown in Figure 8. Regions of locally high values
of [u' —v'l/ V,, can be observed near the impeller blade in
all ¢ planes. Most of the regions near the edges of the mea-
surement area have values of [ — v'|/V;;, between 0.00 and
0.02. In these regions, the turbulence may be considered to
be isotropic. Locally high values of |w' —v'|/V,;, were also
observed near the blade in all ¢ planes.

The results presented in this section indicate that the tur-
bulence in the impeller stream deviates from isotropy. Fur-
ther away from the impeller, the deviation becomes smaller
and the turbulence might be regarded as isotropic.

ip

Time-resolved velocities and normalized energy spectra

In order to quantify the decay of the trailing vortex struc-
ture away from the blades, time-resolved velocity measure-
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Figure 8. |u' —v'|/V,, contours in the ¢ =0°, 15°, 30°,
and 45° planes.

ments of the radial component were made in the impeller
stream at the z/T = 0.33 plane. Both Stoots and Calabrese
(1995) and Yianneskis and Whitelaw (1993) showed that a
cyclic variation of the velocity is obtained with each blade
passage in the vicinity of the trailing vortices. The expected
six cycles (blade crossings) per revolution were clearly de-
fined in the instantaneous radial velocity recordings obtained
at r/T=0.17 and r/T =0.18, while further away from the
impeller, at r/T = 0.22, although cyclic fluctuations were still
discernible, their magnitude had decreased, while at /T =
0.25, fluctuations of the velocity behind some, but not all,
blades were discernible.

A better way to assess the influence of periodicity to the
flow is by quantifying the changes of the strength of the fre-
quency components along the impeller stream, therefore,
spectral analysis of the velocity recordings was performed.
Since velocity realizations with LDA are obtained at random
intervals, the Lomb method, which is a method of spectral
analysis for unevenly sampled data, was employed to obtain
the normalized energy spectrum, P(f)=E'(f)/'* in the
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manner described by Press et al. (1992). The energy spectrum
E(f) (m%/s) was calculated using pseudo-equi-time spaced
data in the manner described in the following section. P(f)
spectra are useful to identify discrete frequencies in the flow.
They are not presented here to avoid partial duplication with
the E(f) spectra which are presented below.

The normalized energy spectra of the velocity recordings at
r/T=0.17, r/T=0.18, and r/T =0.22 at z/T =0.33 exhib-
ited a peak at the spectral frequency of 216 Hz, indicating a
well-defined periodic motion, which corresponded to the
blade passage frequency. The magnitude of this peak at r/T
=0.22 decayed to about 20% of that found at r/7 =0.17,
indicating that the periodic motion in the flow at this location
is not as pronounced, while in the normalized spectrum of
the velocity recording made at r/T = 0.25 no distinctive peak
could be observed, indicating that the vortex structure has
begun to break down into random turbulence. This trend is
in agreement with Mujumdar et al. (1970), who observed that
80% to 90% of the turbulence intensities measured close to
the impeller blade were due to the periodic component and
that this component decayed quickly to a negligible value at
about 0.66 of the tank radius (that is, r/T = 0.33).

Energy spectra and scales of turbulence

It is useful to compute the energy spectrum E(f) to de-
scribe a turbulent flow, especially to quantify the slope of the
spectrum at high frequencies. The instantaneous velocity U
(m/s) can be expressed as

U=U+u N

where U is the instantaneous velocity, U is the average value
of U and u is the fluctuating velocity component. The one-di-
mensional energy spectrum E(f) is obtained from the Fourier
transform of u? and represents the energy contained be-
tween frequencies (Hz) f and f + df such that:

W = fo “ECf)df (8)

and
w =Vi? 9

The velocity realizations with LDA are obtained at random
intervals and therefore complications are introduced in the
calculation of E(f). However, it is possible to obtain
pseudo-equi-time spaced data by conditionally resampling the
velocity recording (see, for example, Durao et al., 1980). In
order to determine a suitable resampling interval, each veloc-
ity recording was resampled with various resampling inter-
vals. The resampling interval of each recording was then se-
lected by comparing the normalized energy specira obtained
from the resampled records with those obtained from the raw
data such that the resampling process did not distort the raw
data.

In order to obtain the E(f) of the real turbulence, it is
necessary to correct the velocity fluctuations to account for
the periodic component present in the flow (that is, the
pseudo-turbulence). A number of methods can be employed
to obtain the real turbulence velocity component, for exam-
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ple, by subtracting the 1° ensemble-averaged mean velocities
from the instantaneous velocities, or by estimating the instan-
tancous mean velocities using the moving-window averaging
method. However, the former method generally does not yield
a zero-mean velocity fluctuation due to cycle-to-cycle varia-
tions (see, for example, Yianneskis and Whitelaw, 1993), while
the latter acts as a high-pass filter and thus information on
low-frequency turbulence will be lost. Therefore, a band-stop
frequency filtering technique was employed in the present
work.

Figure 9 shows the energy spectra of the corrected radial
velocity recordings obtained at r/7'=0.17, 0.19 and 0.21,
plotted in log-log scales. A straight line of —5/3 slope is also
drawn on the figure, which represents the energy distribution
predicted by Kolmogorov from a dimensional analysis for the
inertial subrange (Nishikawa et al, 1976; Landahl and
Mollo-Christensen, 1986). Although the —35/3 slope in the
spectrum does not prove the existence of local isotropy, it has
been employed to lend confidence to the approximation of
local isotropy (Kresta and Wood, 1993). Few or no regions
with a —5/3 slope can be observed in the energy spectra at
r/T =0.17 and 0.19. The difference between the slope of the
spectrum obtained at r/T =0.21 and the —5/3 line is also
large at low frequencies, however, a small region with a —5/3
slope at frequencies above approximately 2 kHz can be ob-
served.

Figure 10 shows the energy spectra further away from the
impeller at r/T =0.31, 0.33 and 0.35. Regions with —5/3
slope can be observed for all three energy spectra for fre-
quencies above about 200 Hz.

E(f) (m?2/s)
10t

— /T =0.17
——————— r/T=0.19 ;
-------------------- nT=021 |
10° i i
10! 102 10 10*
f(Hz)

Figure 9. Energy spectrum of the radial velocity (with
the periodic component removed) at r/T =
0.17, 0.19 and 0.21, z/ T = 0.33.
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Figure 10. Energy spectrum of the radial velocity (with
the periodic component removed) at r/T =
0.31, 0.33 and 0.35, z/ T =0.33.

Temporal scales of turbulence

A characterization of the eddy-size distribution within a
turbulent flow can be obtained from the autocorrelation of
the velocity fluctuations. The autocorrelation function coeffi-
cient is defined by Eq. 10, and can be obtained by the Fourier
transform of E(f)/u’’

u(ult +7)

R(T) = u12

¢10)]

where ¢ is time and 7 is the correlation time(s). The integral
time scale of turbulence A, (ms) is defined as:

A, =f0°°R(r)dT (11)

Although the integral time scale is defined as the integral
of R(z) from zero to infinity, in practice it is computed to the
first zero of the autocorrelation function (Yianneskis et al.,
1991). The micro time scale A, is given by:

-2 d2R(1)
=|{— 12
ot t=0

The autocorrelation function coefficients R(r) of the cor-
rected instantaneous radial velocity variation at various r/T
locations were computed from the energy spectra using an
FFT technique. From the R(r) obtained, A, and A, were
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Figure 11. Variation of (a) microtime scales; and (b) in-
tegral time scales with r/T at z/T=0.33 in
the 6 = 0° plane.

computed using Egs. 11 and 12, respectively. The variations
of the micro and integral time scales with /T at 6 = 0°, and
z/T = 0.33, are shown in Figures 11a and 11b, respectively.
The distribution of micro time scales in Figure 11a shows
that A, is about 0.11 ms at r/T =0.17, and increases gradu-
ally to around 0.20 ms at »/T = 0.35. In Figure 11b, it can be
seen that A, is small (0.25 ms) near the impeller blade at
r/T =0.17 and increases gradually to approximately 0.35 ms
at r/T =0.25 and to around 1.24 ms at r/T = 0.35. This dis-
tribution might be expected since the velocities near the im-
peller are higher and the corresponding time scales are
therefore shorter. The integral time scales are approximately
3—6 times higher than the corresponding micro time scales.

Spatial scales of turbulence

Spatial scales of turbulence can be obtained by multiplying
the temporal scales with an appropriate convective velocity.
G. L Taylor (see Lancaster, 1976) showed that temporal and
spatial scales of turbulence could be related by:

<

A, =A,

X

(13)

and
A =A0 (14

where A, and A, (mm) are the integral and micro length
scales respectively. However, Egs. 13 and 14 are accurate only
when U constant and the relative turbulence intensity is much
smaller than unity (that is, U > u), which is true for flows at
low Reynolds number when the turbulence of the flow mov-
ing past a location is effectively frozen (Hinze, 1975). Both
conditions are not satisfied in many parts of the flow studied
here, since the Reynolds number is large and the mean flow
in the vicinity of the impeller stream is periodic.
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An alternative convective velocity has been suggested for
high Reynolds number flows by Heskestad (1965), to better
account for the coupling of micro time and length scales in a
nonswirling flow, that is, where the tangential mean velocity
is zero. However, this is not true in the present work where a
strong tangential flow is induced by the impeller and it is
inappropriate to apply Heskestad’s suggestion. Therefore, A,
and A, were estimated using Eqgs. 13 and 14 respectively, with
the local ensemble-averaged mean velocities as the convec-
tive velocities. The scales computed are shown only as ap-
proximate indications of eddy sizes, as the conditions men-
tioned above are not satisfied in all locations concerned.

The distribution of A along the impeller stream at z/7 =
0.33 in the # =0° plane is shown in Figure 12. It can be ob-
served that A, has a minimum value of around 0.6 mm at
r/T =0.17, approximately equal to 0.1 W, and increases with
increasing r/T, reaching a maximum value of about 1.7 mm
at r/T =0.35, approximately equal to 0.3 W. The values of
A, obtained in the present work are somewhat smaller than
those reported previously. Cutter (1966), who conducted ex-
periments in a 7 = 292 mm vessel, obtained values of A, of
approximately 0.2 W and 0.4 W at r/T =0.17 and 0.35 re-
spectively; Mahouast et al. (1989) reported a minimum value
of approximately 0.48 W and a maximum of around 1.32 W
for A, in the impeller stream in a 7 = 200 mm vessel; and
minimum and maximum values of 0.1 W and 0.4 W for A,
were reported by Wu and Patterson (1989). Notwithstanding
the different methods employed to calculate A, by the vari-
ous researchers, there is good agreement between the values
measured in this work and those reported by Cutter and by
Wu and Patterson. Mahouast et al’s A, values are higher
and do not agree well with either the present findings or those
of Cutter and Wu and Patterson. The above comparisons of
the reported integral length scale values indicate that the fre-
quently employed assumption that A = 0.1 D (that is, around
0.4 W in this work) near the blade tip (Kresta, 1991) is not
considered to be appropriate as it provides an overestimation
of A,.

The values of A, are not presented as they remained al-
most constant with increasing r/T; the average value of A,
was around 0.25 mm (0.03 W). This value compares well with
those reported by Wu and Patterson, who obtained micro
length scales of 0.02 to 0.07 W in the impeller stream. How-
ever, A, might be expected to increase with r/T’; and the
near-constant variation obtained is likely to stem from the
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Figure 12. Variation of integral length scales with r/T
at 2/T=0.33 in the 8 = 0° plane.
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approximations and corresponding uncertainties involved in
its determination.

Dissipation rate of kinetic energy of turbulence

The rate of dissipation of turbulence kinetic energy € is a
parameter of great interest both for the characterization of
turbulence and the identification of regions where energy is
dissipated in stirred vessels. Furthermore, as most CFD pre-
diction methods employ the k-e turbulence model, knowl-
edge of the local energy dissipation rate is very important.
Several methods have been proposed for the determination
of e. Wu and Patterson (1989) proposed that

0.85k %7
€=
A

(15)
/

The values of € in the 6 = 0° plane were calculated in the
present work using both Eq. 15 with A, =(3A%2)" and €=
@»¥*/A . In order to allow comparisons with the estimates
of Patterson and Wu (1985), the values of k were obtained
from the 60° ensemble-averaged turbulence levels, while the
values of A, presented above were used. The variation of e,
normalized with N3D?, with (r/R) at z/T = 0.33 is shown in
Figure 13. For comparison purposes, the results reported by
Patterson and Wu are also shown in the figure. It can be
observed that the value of ¢/N3D? decreases from around 22
near the blade tip to values comparable with those of Patter-
son and Wu at r/R = 1.5. The values obtained in the present
work are generally higher than those reported by Patterson
and Wu. It should be noted that Patterson and Wu found
that near the blade tip ¢/N°D? increases with rotational
speed, but further away it is not strongly affected. Therefore,
the relatively high e/N3D? values at r/R < 1.5 in the present
work may be attributed to the higher speed (2,165 rpm com-
pared with 200 rpm in Patterson and Wu) employed here.
This might have important implications for the scaling of
stirred reactor flows and should be investigated further. In
addition, e values calculated using the angle-resolved values
of k in the impeller stream compare well with the corre-
sponding results of Stoots and Calabrese (1996).
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40 O Presenl work (€= EM/AI)

- -Q---- Patterson and Wu (1985). N = 200 rpm
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i
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Figure 13. Variation of the normalized rate of dissipa-
tion of k with r/R at z/T=0.33 in the 6 =0°
plane.
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Furthermore. it can be seen from Eq. 15 that € is a func-
tion of k and A, or A; therefore, the accuracy of e depends
on the accuracy of A,. However, as mentioned earlier, the
calculation of A, using Eq. 13 is only accurate when U is
constant and U > ', which is not true in the flow studied.
This may therefore introduce inaccuracies in the e values
obtained.

Finally, the anisotropy of the impeller stream turbulence
shown in this work should be taken into consideration in CFD
predictions of the flows, most of which employ the k-e model
of turbulence, in the formulation of which there is an as-
sumption of isotropic eddy viscosity. Although the formula-
tion of the model only implicitly implies isotropy of turbu-
lence (Abbot and Basco, 1989), Tatterson (1991) reported that
of the predictions which employed the k-e model, those which
made use of a three-dimensional nonisotropic version of the
model provided the most realistic simulation of the flowfield.
Similarly, comparisons of CFD predictions of the flow (El-
Wazzan, 1997) using the k-e model and a Reynolds-stress
model with experimental data have shown that the latter
model yielded & values which are closer to the measure-
ments. Bakker (1992) has observed that the k-e model under-
predicted turbulence levels in the impeller stream, where the
flow has been shown to be anisotropic in the present study.
In addition, the shortcomings of the k-e¢ model in three-di-
mensional flows with strong streamline curvature are well
known. Similarly, the presence of a region with a —5/3 slope
in the spectra has been employed to support the assumption
of local isotropy (see, for example, Kresta and Wood, 1993).
The deviation of the slopes of the spectra from the value of
—5/3 near the blade and the progressive tendency of the
spectra toward a —5/3 slope with increasing distance from
the blade should also be taken into consideration in the fu-
ture when the impeller stream turbulence is characterized.

Concluding Remarks

LDA results obtained in a 100 mm diameter vessel have
been presented, and the flowfield and turbulence structure
produced in the vicinity of a Rushton impeller has been de-
scribed in detail. The location of the trailing vortex axis was
also determined and compared with the results of earlier in-
vestigations. The degree of anisotropy of the turbulence in
the vicinity of the impeller blades decreases with distance
from the blade tip, as indicated by comparison of the three
normal stress components.

Micro and integral time scales calculated from time-re-
solved measurements had values of 0.11-0.2 ms and 0.22-1.24
ms, respectively. The periodicity of the flow was established
through spectral analysis, and estimates of length scales and
€ were provided. The integral length scales estimated exhib-
ited minimum and maximum values in the impeller stream of
0.1 and 0.3 W, respectively, which are in general agreement
with previously reported data. The frequently employed as-
sumption that the macro length scale is around 0.1 D may
provide an overestimation of the length scale by a factor of 2
near the blade tip.

The turbulence scale and kinetic energy dissipation data
presented above are in agreement with a number of previ-
ously reported studies, but the differences between the re-
sults of the various investigations indicate clearly that better
defined techniques for the characterization of such quantities
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are necessary. Clearly, the application of two-point anemom-
etry would enable spatial correlations to be obtained and thus
it might be possible to determine more accurate length scales
and e values. As the accurate determination of e is crucial
for a better understanding and prediction of mixing proc-
esses, such work is urgently needed.

Notation

h = impeller blade height, m
k = turbulence kinetic energy, m%/s
Re = Reynolds number
R(7)= autocorrelation function coefficient
V= instantaneous radial velocity, m/s
V, = rotational speed (=2#Nr), m/s
z= axial co-ordinate of the measurement volume, m
€= rate of dissipation of kinetic energy of turbulence, m°/°
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