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The trailing vortex system near impeller blades has been identified as the major flow
mechanism responsible for mixing and dispersion in stirred vessels, and high turbulence
levels in the vortices have an important impact on such phenomena as drop breakup
and cell damage in bioreactors. Numerical computations of the flows require more
detailed information on the velocity characteristics generated by different impeller de-
signs than is available in the literature. Our study on the mean flow and turbulence
structure generated by a pitched-blade turbine with four 45° inclined blades found that
single trailing vortex is formed around each turbine blade. The vortex axis spread out
radially by less than 0.0015 T and was inclined at 20° to the horizontal plane. The
vortices merged into the bulk flow structure at around 135° behind each blade. Periodic-
ity of the mean flow due to the crossing of the individual blades and high levels of
kinetic energy of turbulence (k) are contained within a radial distance of around r/T =
0.23 from the axis and a vertical distance of z/T = 0.07~0.46 from the bottom of the
vessel. The k levels decay to nearly-uniform and low values outside this region. The
results are compared with earlier investigations, and their implications for mixing pro-
cesses and CFD predictions of the flows are discussed. The data identify flow regions
accurately where intense turbulence is present and thus give useful indications for the

optimization of mixing processes.

Introduction and Brief Literature Survey

The complex nature of the flow fields 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. Numerous publications are avail-
able that document power number—Reynolds number (N, —
Re) relationships for various impeller configurations. Some
publications also report velocity information. Most of these
investigations have been concerned with the flow in vessels
stirred by a single Rushton impeller (see, for example, van’t
Riet et al.. 1976; Yianneskis et al., 1987, Wu and Patterson,
1989; Stoots and Calabrese, 1995; Hofken et al., 1996; and
Schifer et al.,, 1997). These investigations have identified the
formation of a trailing vortex pair behind each impeller blade
and reported that the 360° ensemble-averaged turbulence
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levels measured in the impeller stream may be overestimated
by the associated variation in mean velocity. Even though the
flow in the impeller vicinity of stirred-reactor vessels is peri-
odic, ensemble-averaged L.DA measurements obtained over
360° of impeller revolution are widely employed for the de-
scription of the velocity and turbulence fields. These mea-
surements do not account for the broadening of the rms lev-
els caused by the mean flow variation due to the blade pas-
sage (van’t Riet et al., 1976). Angle-resolved LDA measure-
ments over where the data were arranged in 1° averages do
show the variation of the mean flow velocities and the turbu-
lence fluctuations with blade angle ¢, and it has been shown
that in comparison with 1° angle-resolved measurements, 360°
ensemble-averaged measurements can lead to an overestima-
tion of turbulence quantities in the impeller stream by up to
400% (Yianneskis and Whitelaw, 1993).

Pitched-blade turbines (PBTs) are commonly used in in-
dustrial mixing applications, partly because they are more ef-
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ficient than Rushton turbines, for example, for processes re-
quiring solid suspension (see, for example, Zwietering, 1958;
and Rao et al., 1988, but they are also used in gas dispersion
systems. The trailing vortices formed behind the blades have
a low-pressure core. These low-pressure regions do not con-
tribute to the drag portion of the power consumption of the
impeller (Tay and Tatterson, 1985), but may coalesce sparged
gas to form gas cavities behind the blades. The trailing vor-
tices have been identified as very important for ligament and
sheet production in liquid—-liquid dispersion, as shown by Ali
et al. (1981) and Sheu et al (1982), who emphasized that the
trailing vortex system is the major flow mechanism responsi-
ble for dispersion. In addition, the information available on
stirred-vessel flows driven by pitched-blade impellers is in-
complete as far as the data needed for CFD developments
are concerned. More detailed and precise angle-resolved
measurements are needed to yield the mean velocity and tur-
bulence information required for comparison with corre-
sponding predictions. The preceding observations have moti-
vated the work presented in this article.

Nouri and Whitelaw (1990a) have reported a change in
mean flow pattern produced by PBTs with Reynolds number.
Hockey (1990) also reported a similar change in the dis-
charge stream direction from primarily radial to primarily ax-
ial flow with 45° and 60° PBTs, which in his 144-mm-diameter
vessel occurred at Re’s of 490 and 650, respectively. Hockey
and Nouri (1996) reported a sudden drop in the power num-
ber measured with a D = T/3 60° six-bladed PBT in a 294-mm
vessel at Re = 1,200, which was associated with the transition
of the flow pattern from radial to axial flow that was ob-
served visually. Distelhoff et al.’s (1995) power measurements
in a 144-mm tank with a similar 60° PBT also showed a simi-
lar transition at Re = 650. Tatterson and Stanford (1981) re-
ported that the flow produced by a 45° four-bladed PBT in
their 914-mm-dia. vessel was entirely laminar at an impeller
Reynolds number of 1300. The results just outlined show
clearly the dependency of the flow patterns produced by PBTs
on the Reynolds number.

Armstrong and Ruszkowski (1987) reported the mean axial
and tangential velocities in the stream emerging from a 45°
PBT; they found that the tangential velocity is proportional
to the radius, and that the axial mean velocity reached a max-
imum of 0.5 ¥;;,. Ranade and Joshi (1989) studied the flows
produced with a range of PBTs and found that the turbine
hydraulic efficiency increases with blade pitch; they carried
out ensemble-averaged LDA measurements with a six-blade
45° PBT of diameter D =T/3 located at a clearance of C =
T/3, and reported that the mean and rms velocities scaled
with Re in the range 40,000 < Re < 140,000. The results pre-
sented indicated that the flow is directed upward over the
outer part of the impeller, but, as Kresta and Wood (1993a)
point out, this was due to an error in Ranade and Joshi’s
labeling of coordinates in the article. The bulk-flow patterns
with 45° PBTs were reported to be different for low and high
off-bottom clearances by Jaworski et al. (1991) for six-blade
and Kresta and Wood (1993a) for four-blade turbines. Hockey
and Nouri (1996) employed a six-blade 60° PBT and mea-
sured mean and rms velocities in the bulk flow and around
the turbine using ensemble-averaged and angle-resolved LDA
techniques, respectively, and reported a peak velocity of 0.55
V,
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Ali et al. (1981) observed that only a single trailing vortex
was formed at the trailing edge of a four-blade 45° PBT, while
Kresta and Wood (1993a) reported that a trailing vortex ex-
tending over approximately 20% of the blade was formed at
the lower tip of the blade and a smaller one at the top corner
of the blade. Tay and Tatterson (1985) reported that the flow
over a PBT blade contains boundary layers on the front and
back of the blade, a wake behind the blade, and a trailing
vortex on the blade tip. However, they indicated that the wake
region behind the blade was not significant and the flow re-
sembles a boundary layer. Tatterson et al. (1980) studied the
trailing vortices produced by two turbines with 45° blades, a
6-blade PBT in a 295-mm-diameter vessel, and a four blade
PBT in a 914-mm vessel. Differences in the flow structures
produced by the two impellers were found, but it could not
be established which were due to the vessel scale and which
due to the number of blades. In general, the vortical struc-
tures generated by the six-blade PBT were not as well de-
fined. The four-blade geometry is similar to the present one,
and the relevant findings are outlined below: the trailing vor-
tex travels with the same velocity as the blade and moves
slightly radially outward with a small downward vertical ve-
locity. By the time the next blade passes, the shed vortex is
found below the blade. The velocity difference between the
front and back of the blade generates the circulation neces-
sary to drive the trailing vortex. For the D =T/3 geometry
studied, at Re = 385,000 the vortices could not be distin-
guished at a distance of C/3 of the way to the vessel bottom.

Sheu et al. (1982) developed a stereoscopic 3-dimensional
(3-D) measurement technique with which they examined the
flows around both Rushton and pitched-blade turbines. They
found that the vortices produced by the PBTs had a spiral or
helical axis. Ali et al. (1981) observed that the vortex circum-
ferential velocities for the PBT were around 0.25 V7, for all
rotational speeds studied. Ali et al. observed that the diame-
ter of the vortex was smallest behind the trailing edge of the
blade and expanded linearly with distance from the trailing
edge of the blade as more fluid entrained into the vortex.
The vortex diameter was estimated as 0.25-0.33 of the dis-
tance from the blade tip for all speeds studied, and the shape
and size of the vortices remained fairly consistent for all the
observations. The convected angle of the vortex, that is, the
angle between the arc formed by the horizontal plane de-
fined by the sweep of the top tip of the blade and the edge of
the trailing vortex structure, was around 18°, 15°, and 13° at
73, 115 and 153 rev/min. respectively.

Most of the investigations reported to date have been con-
cerned with 60° PBTs and/or with the mean and rms veloci-
ties in the bulk of the vessel or at least outside the impeller
swept volume. The only investigations concerned primarily
with the trailing vortex structure were the flow visualization
studies of Tatterson and coworkers, but the understanding
and quantification of the vortex mean flow and turbulence
structure is still far from complete. The main aims of the
present study are to characterize the trailing vortex structure
in the discharge stream and between the blades of a pitched-
blade turbine, and to provide detailed angle-resolved LDA
data that may be used for the assessment of CFD predictions
of the flows. As stated earlier, the vortices are considered an
important mechanism for dispersion, as well as for drop
breakup in liquid-liquid mixing, and it is generally expected
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that most of the mixing in stirred reactors takes place in the
region dominated by these vortices. In addition, the high lev-
els of turbulence in the vortices may have an important im-
pact on phenomena such as cell damage in bioreactors. The
flow in the remainder of the vessel is also considered for
completeness. The results are compared with previously re-
ported measurements where appropriate.

Flow Configuration and Experimental Techniques
Stirred-vessel configuration

The experiments were made in a cylindrical vessel of diam-
eter 7 =152 mm, and the liquid height in the vessel was H =
T. Figures 1a and 1b show the geometry of the mixing vessel.
Four equally spaced vertical baffles of width B=T/10 and
thickness of 3 mm were fitted along the periphery of the ves-
sel with a gap of 2.6 mm between the vessel wall and the end
of each baffle. The vessel was made of clear cast Duran glass
and was located inside a transparent glass trough. The baffles
and impeller blades were also made from Duran glass. 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 the working
fluid, and its temperature was controlled with a cooling coil
that removed the heat generated by the impeller, and thus
maintained both the temperature inside the vessel, as well as
the refractive index of the fluid in the vessel and trough con-
stant during the experiments.

The turbine was a four-bladed impeller of diameter D =
0.329 T, that is, 50 mm. The blade thickness was 0.9 mm and
all blade edges were square, that is, not rounded. The blade
height, W, was 0.264D (13.2 mm), and the blade pitch was
45°. The clearance between the bottom of the mixing vessel
and the middle of the impeller blades was C=T/3. The
working fluid was silicon oil of density 1,039 kg/m> and dy-
namic viscosity 0.0159 Pa-s. Most measurements were con-
ducted at a Reynolds number (Re = ND?/) of 7,300, which
corresponded to an impeller rotational speed of N = 2,672
rev/min (V;, =7 m/s). The impeller rotated in a clockwise
direction as viewed from above. LDA measurements were also
made at two other Re’s to establish that the results at differ-
ent rotational speeds were similar, as described later. The
origin of the coordinate system used is the center of the base
of the vessel. To allow comparisons with measurements made
in vessels of different sizes, all distances are normalized with
the vessel diameter T, and all locations are described in terms
of normalized axial (z/7), normalized radial (r/T), and tan-
gential (angle 6 with respect to the vessel wall) coordinates.
Measurements of all three velocity components were per-
formed in the 6 =0° plane, located half-way between two
baffles. The angular location of the measurement volume with
respect to the leading blade for the angle-resolved measure-
ments is expressed as the blade angle ¢: ¢ = 0° is the vertical
plane through the middle of the leading blade. An optical
shaft encoder that provided a marker pulse and a train of
1,000 pulses per revolution was coupled to the impeller shaft.
The pulses were input to the counter and 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 relative to the marker pulse,
the blade angle ¢ could be determined.
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Figure 1. Stirred vessel configuration and coordinate
system: (a) cross-sectional view; (b) plan
view.

A 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 effect of a lid on the flow in a stirred vessel
was previously investigated by Nouri and Whitelaw (1990b),
who concluded that the use of a lid only affects the flow in
the immediate vicinity of the lid-free surface and that the
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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 components (U,V, and W,
respectively); and of the corresponding turbulence levels (i,
v', and w', respectively), at 582 locations in the vicinity of the
impeller stream with a measurement location spacing of 1-2
mm and 629 locations in the bulk of the vessel with a spacing
of 4 mm. The finer measurement grid around the impeller
was selected in order to reveal in detail the structure of the
trailing vortices. In order to resolve the flow motion relative
to the rotating blade, the rotational velocity V, was sub-
tracted from the angle-resolved mean tangential velocities. V,
was defined as

27 Nr
v, =
60

(m/s), ¢}

where N is the impeller rotational speed in revolutions per
minute and r is the radial distance from the axis of the vessel
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 Vi, =mND/60
and are denoted by U/V;,, V/V,;,, and W/V,,, respectively,
for the axial, radial, and tangential components. The turbu-
lence level results were also normalized with V;, and are de-
noted by u'/Vyy,, v'/Vy, and w//V,, for the axial, radial, and
tangential components, respectively. Angle-resolved turbu-
lence kinetic energy results were obtained from the «', v/,

and w’ data using:

1
k=5(u’2+u’2+w’2). )

The turbulence kinetic energy results were normalized with
V.7, and the corresponding values are denoted by k/V,7,.

To facilitate interpretation of the results, the outline of the
blades, hub, and shaft is drawn to scale in all figures depict-
ing the results. In the figures depicting results in horizontal
(z) planes, the impeller should be considered to be rotating
clockwise, while in those depicting results in vertical (¢ or 6)
planes, the impelier should be considered to be moving out
of the plane of the paper toward the viewer. In order to aid
the interpretation of the results, a reference scale having the
magnitude of 0.4-0.5 V;, is drawn in each figure depicting
angle-resolved mean velocity vectors. Turbulence kinetic en-
ergy results are plotted in contour form.

Laser-Doppler anemometer and experimental techniques

The anemometer comprised a 100-mW monomode laser
diode, associated lenses, and a Bragg cell that provided a fre-
quency shift of 2 MHz between the two beams. The laser
light was transmitted with optical fibers to the optical system
consisting of a beam splitter, Bragg cell, fiber coupler, a set
of fiber optics, and an optical probe; the latter was mounted
on a frame that could be traversed in three orthogonal direc-
tions by means of stepper motors controlied with a computer
program. There was no displacement of the measurement
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volume due to refraction, as the refractive index of the glass
cylinder, baffles, blades, and trough was matched to that of
the working fluid at 21°C. The accuracy in traversing the op-
tical bench in the three directions was 0.1 mm. The bench
was aligned to the test section, and the plane of the beams
could be rotated so that they could be placed in either a ver-
tical or horizontal plane. The radial and tangential velocity
components were measured with the beams located in a hori-
zontal and the axial velocity component with the beams in a
vertical plane. The working fluid was seeded with titanium
dioxide particles of 3-um mean diameter. The backscattered
light produced when these particles crossed through the mea-
surement volume was focused onto the photomultiplier.

A frequency counter (TSI model 1980B) was used for the
LDA measurements. The signal from the photomultiplier was
filtered to remove low-frequency pedestal and high-frequency
noise and then amplified by a variable gain; the quality of the
signal was continously monitored with an oscilloscope. The
counter was interfaced with a PC. The interface was con-
trolled by a computer program to acquire data from the
counter as well as the arrival time/angle of the data. The
width of the measurement interval was set to enable acquisi-
tion of data between a specified 90° interval (i.c., between
two neighboring blades). For each measurement, 60,000 and
10,000 angle-resolved velocity data were collected over this
interval in the impeller vicinity and bulk flows, respectively.
The velocity data and their corresponding angles were then
saved on a disk file for off-line processing. The uncertainty in
aligning the marker pulse with the impeller blade was 0.36°.

There are a number of possible error sources in an LDA
system, and measurement uncertainties vary with location.
The variation of impeller speed was kept within + 30 rev/min
(1%). The accumulated errors in the mean and rms velocity
measurements have been estimated to be, on average, 1-3%
and 5-10% of Vy;,, respectively, with the higher errors ex-
pected in regions of steep velocity gradients.

Experimental Results and Discussion
Flow visualization

The flow patterns were observed with laser-sheet flow visu-
alization to determine qualitatively the mean flow structure
in the range 225 < Re < 7,500. All observations were made in
the 6 =0° plane, located half-way between two baffles. At
Re =225 the flow stream discharged from the impeller in a
primarily radial direction, with part of the flow recirculating
along the vessel bottom toward the impeller. The main flow
feature was a circulation loop formed by the impeller stream
that flowed up the vessel wall and then turned toward the
top of the impeller. A second, smaller circulation formed be-
low the impeller hub, which as Re was increased, extended at
times to the bottom of the impeller. At Re = 490-500 the
impeller discharge flow direction was unstable, varying from
radial to axial. The observed transition from radial to axial
flow compares favorably with the observations of Hockey
(1990), who reported a similar change at Re =490 in a 144-
mm vessel. At Re =1,100 the flow was primarily in the axial
direction and the main circulation loop extended in height to
reach as far as z/T = 0.5 above the impeller. This axial flow
reached the vessel bottom at around r/7 = 0.25 for Re > 1100.
The small secondary circulation decreased in size with in-
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Figure 2. Variation of normalized axial mean (U/Vﬁp)
and rms (u/V,;,) velocities with blade angle
(o) at z/T=0.23, r/T=0.164 for Reynolds
numbers of 2,700, 5,500, and 7,300.

creasing Re and by Re = 2300 it was less than 0.1 T in diame-
ter. For Re > 2300 the direction of the impeller discharge was
always very stable and the main circulation loop extended to
around 0.5-0.66 T from the vessel bottom.

In order to establish that the flow velocities scaled with
rotational speed for Re’s higher than that required for the
impeller flow direction to become primarily axial, especially
as it is normally expected that the lower limit for fully turbu-
lent flow is Re = 20,000, angle-resolved measurements were
made in a number of locations in the impeller stream and
bulk flow. Characteristic axial mean and rms velocity profiles
(normalized with V) obtained at z/7 =023 and r/T =
0.164, for Re = 2,700, 5,500, and 7,300, are shown in Figure 2.
It can be seen that both the normalized mean and rms pro-
files at the two higher Re’s are identical within 0.02 V;,, that
is, essentially within the precision of the instrument. The flow
visualization observations and LDA data just cited indicate
that the flow is turbulent and the flow pattern is primarily
axial for Re > 2,300.

90° Ensemble-averaged mean velocity measurements

The mean velocity vector field in the 8 = 0° plane obtained
from 90° ensemble-averaged measurements is shown in Fig-
ure 3. The flow features from the flow visualization experi-
ments just described can be observed in the LDA results as
well: the nearly axial direction of the discharge flow immedi-
ately below the impeller, which becomes increasingly more
radial and reaches the bottom at around r/T = 0.25, the small
vortex below the hub that is around 0.1 T in diameter, and
the main circulation loop reaching z/T = 0.55-0.65. It can be
seen from this figure that the velocities near the top third of
the vessel are small, well below 0.05 V;,, while the ascending
flow along the cylinder wall has magnitudes of around 0.20
Viip- The velocities in the vortex below the hub are very small,
and this indicates that there may be problems with lifting
solids off the bottom in this area in solid-liquid systems.

The peak axial mean velocity, measured immediately be-
low the impeller near /T = 0.125, is around 0.45 V;;, in close
agreement with the value reported by Kresta and Wood
(1993a), while Armstrong and Ruszkowski (1987) reported the
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Figure 3. Ensemble-averaged mean velocity vectors in
the 6 =0° plane.

slightly higher value of 0.5 V. Kresta and Wood associated
this peak with the presence of the trailing vortices; this is,
broadly speaking, correct: the data presented below will show
that the vortex is centered around a radius of 0.16 T in that
region and that the maximum of the axial velocity is encoun-

tered at the edge of the vortex.

Angle-resolved mean velocity measurements and trailing
vortex structure

The ensemble-averaged measurements presented earlier
were calculated from angle-resolved LDA data averaged over
1° of impeller revolution. Extensive checks were made to es-
tablish the region around the impeller in which the periodic-
ity due to the crossing of the blades could be detected. It was
found that this periodicity was entirely contained within a
cylindrical region of radius equal to 0.23 T and height 0.39 T,
that is, extending from the axis of the vessel to r/7T =0.23
and over 0.07 < z/T < 0.46. Outside this region the mean ve-
locity variation with blade angle ¢ was free from periodic
fluctuations due to blade crossings. Within this region where
periodic flow was dominant, detailed measurements (in most
areas measurement locations were only 1 mm apart) were
made in order to resolve the trailing vortex structures previ-
ously identified through flow visualization by Tatterson and
coworkers. Measurements are presented below in terms of
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velocity vectors in both vertical (¢) planes, as well as in planes
inclined at 45° to a ¢ plane, and therefore parallel to the
inclination of the blades, in order to illustrate the trailing
vortices and their origins at the blade tips.

Angle-resolved mean velocity vectors (the resultant vectors
in vertical ¢ planes obtained from the measured axial and
radial velocity components) are presented in Figure 4a—Fig-
ure 4g for seven ¢ angles, 0° (and therefore 90° also), 2°, 8°,
30°, 45°, 60° (which can also be considered as —30° before
the blade) and 75° (—15°). Only the vectors measured in the
region 0 < r/T <0.20 and 0.16 < z/T < 0.40 are shown, as this
is the region around the blade tip where trailing vortex activ-
ity is evident. In this figure the blades must be considered as
moving out of the page toward the reader. The reader’s at-
tention is drawn to the fact that in Figure 4a~4g and espe-
cially Figure 4a~4c and 4f the blade cuts across the measure-
ment plane and as a result some of the vectors show the flow
in front and some behind the blade. In regions where the
blade crosses the corresponding plane in each figure, either
one or both velocity components could not be measured due
to the blade presence. The edges of the blades are shown in
all figures and a line has been drawn through the blade in

those figures where the blade is crossing the plane of mea-
surement (Figure 4a, 4b, 4c, and 4g) to indicate where the
blade is intersected by the corresponding ¢ plane. This line
is horizontal in Figure 4a (¢ = 0°) and inclined in Figures 4b,
4c, and 4g.

In the ¢ = 0° plane, Figure 4a, the flow around the blade
under consideration (which is termed the leading blade here-
after) is directed mainly outward at the top (behind the blade),
whereas that near the bottom (in front of the blade) is di-
rected inward, toward the axis. The trailing vortex is the cir-
culation centered around r/T = 0.155, z/T = 0.34; it is formed
by the interaction of the streams issuing from the top and
side of the blade and it is already developed and over 5 mm
in diameter. The circulatory motion centered around r/T =
0.16 and z/T = (.24 indicates the presence of the trailing
vortex from the preceding blade, which is still in evidence 90°
after that blade has crossed this plane.

The vectors in Figure 4b at ¢ = 2° give a good indication
of the rapid development of the trailing vortex behind the
leading blade: the vortex center is now found at a lower ele-
vation. It is interesting to note that there is some evidence of
circulation stemming from the vortex from the preceding
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Figure 4. Angle-resolved mean velocity vectors in the vicinity of the impeller blade in seven ¢ planes: (a) ¢ =0°; (b)
$=2° (c) ¢=8° (d) ¢=30° (Continued on next page.)
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Figure 4. Angle-resolved mean velocity vectors in the
vicinity of the impeller blade in seven ¢
planes: (e) ¢ =45 (f) $=60% (g) $=75".

blade, which is centered around r/T = 0.164 and z/T = 0.24.
The different directions of the flows over the front (lower
part, inward) and back (upper part, outward) of the blade
can also be seen in this plane, as in the following one, ¢ = 8°
(Figure 4c).

The trailing vortex movement is best traced by the motion
of its center, which moves down with increasing ¢, following
a path of nearly constant radius (similar to the blade radius).
It is located at /T = 0.16, z/T = 0.30 at ¢ = 30° (Figure 4d)
and remains at essentially the same radius, following a helical
path with increasing ¢. The vortex axis is inclined at 20° to
the horizontal: Figures 4e-4g illustrate this change of loca-
tion with blade angle and is discussed further below. There-
fore what is seen in the ¢ planes presented here is an in-
clined cross section of the vortex: however, as the radius of
the center varies only a little with ¢, and the inclination an-
gle is small, Figure 4a—4g provide a good representation of
the trailing vortex development.

It is interesting to follow the development of the trailing
vortex from the preceding blade at ¢ = 30° (or 120° after the
preceding blade) and 45° {or 135°). There is little evidence of
the preceding blade vortex at the latter angle, and the results
showed that each vortex persists for around 130°-140° behind
the corresponding blade before it is merged with the turbu-
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lent bulk flow in the vessel. As can be seen in Figure 4g, the
vectors at ¢ = 75° (or —15° before the following blade) also
indicate the flow over the top of the blade at z/T = 0.36 as
the inclined blade approaches the measurement plane.

The cross section of the trailing vortex is oval and the vor-
tex core increases in size with distance from the blade, as

discussed below. The circumferential velocity at the vortex

edge decreases approximately linearly with ¢ from around
0.55 V;;,, at ¢ =15° (not shown) to 0.35 V;, at ¢ =120°. Ali
et al. (1981) estimated the vortex circumferential velocities
for the PBT to be around 0.25 V;;, for all rotational speeds
studied, whereas they were nearly equal to ¥, for the Rush-
ton-impeller. The fact that the vortex circumferential velocity

is a constant fraction of V};, is in agreement with the work of

van’t Riet and Smith (1975) for Rushton turbine trailing vor-
tices. It is worth noting, however, that the detailed Rushton
trailing vortex measurements with LDA by Yianneskis et al.
(1987) have showed that in planes perpendicular to the trail-
ing vortex axis the circumferential velocities did not exceed
0.5 V,, at around 10° behind the blade. The differences be-
tween both the present data and those of Yianneskis et al.

and the flow visualization estimates of Ali et al. and van’t

Riet and Smith just given may stem partly from varying defi-
nitions of the vortex edge, and so on, but clearly the visual-
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ization estimates can provide only approximate values. The
convected axial velocity of the vortex may be estimated from
the tip speed and the angle of the vortices with respect to the
horizontal plane (V;, sin 20°= 0.34 V). This value is similar
to that estimated by Ali et al. (0.3 V;,) for Re = 115,000

The resultant axial and radial mean velocity vectors in four
planes inclined at 45°to the 6 = 0° vertical plane are shown in
Figure 5a-5d: the blade is located at ¢ angles of 80° (i.e.,
— 10° before the blade), 0°, 4°, and 15°, respectively. Interpre-
tation of the flow patterns shown and comparisons with the
vectors in vertical (&) planes should be made with care due
to the strongly 3-D nature of the vortical flow around the
blade, and as the vector locations, except for those at the
central part of the region shown, do not coincide with those
at the corresponding ¢ planes in Figure 4. The blade should
be considered to move into the plane of the paper in these
figures.

The flow in front of the blade (Figure 5a) is essentially
akin to a boundary layer with no evidence of a recirculation.
The flow is directed outward over the top part and inward

0.36 ¢ =80
2T |
0.34 }
0.32 }

0.30}

(a)
o=0

(b)

0.36 »=4

)
=15

Figure 5. Angle-resolved mean velocity vectors near the
blade in four planes inclined at 45° to the hori-
zontal plane.

Each of these planes intersects the following ¢ plane at
midblade: (a) ¢ =80° (—10%); (b) ¢ =0 (c) ¢ =4°; and
(d) ¢=15°
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over the lower part of the blade. Immediately behind the
blade (Figure 5b), the vectors indicate the interaction of the
fluid streams from the side and top edges of the blade, which
in this plane start to produce the vortical motion, as indi-
cated by the clockwise rotation evident from the vectors. It
should be noted that, although the blade surface is actually
located at ¢ = (°, it was possible to obtain results in this plane
due to the finite size of the ¢ angle interval over which the
measurements are made.

The formation of the trailing vortex is more evident in Fig-
ure 5¢, when the blade is at ¢ = 4°. The flow is unidirectional
over three-quarters of the blade-swept area, as in the previ-
ous two figures. The vortex center is located at midblade and
a radius of around r/T = 0.151-0.158. With the blade at ¢ =
15° (Figure 5d), the vortical motion is centered close to the
lower tip of the blade and at a similar radial distance. The
change of the flow direction under the blade (inward, i.e.,
toward the axis at ¢ = 80°, outward at ¢ = 0°, and vertically
downward at ¢ = 15°) is noteworthy and similar to the obser-
vations of Hockey and Nouri (1996) for a 6-bladed 60° PBT.

The results in these 45° inclined planes indicate that the
flow both immediately in front and behind the blade has
magnitudes of around 0.5 V.. This is in agreement with the
observation of Tatterson et al. (1980) that velocities in front
and back of the blade are approximately the same, but their
value of 0.25 V;;, was based on visualization observations and
is probably an underestimation. In addition, there is no evi-
dence of a second small and weak circulation at the upper tip
of the blade, as inferred by Kresta and Wood (1993a) from
their tuft flow visualization. The present data show clearly
that the circulation near the upper blade tip is part of a sin-
gle trailing vortex.

The trailing vortex is of spiral shape and is formed primar-
ily by the interaction of the flow along the blade edge from
the lower (upstream) surface in front of the blade that moves
away from the vessel axis at the blade edge and that over the
upper (downstream) surface behind the blade that moves to-
ward the vessel axis (see, for example, Figure 5a and 5d, re-
spectively). These flow motions produce the characteristic he-
lical vortex pattern encountered at the tips of wings of finite
span with positive lift (Duncan et al., 1970).

As mentioned earlier, the inclination of the helical axis to
the horizontal is 20°. This angle is similar to those reported
by Ali et al. (13°-18° at different Re’s), but is should be noted
that they measured the vertical angle between the horizontal
and the top edge of the vortex, which will invariably be smaller
than the angle formed by the axis, as the vortex diameter
varies with distance from the blade. However, they quoted
standard deviations of 22-25% in the values determined from
their flow visualization tests and do not provide actual vortex
sizes so that the axis inclination can be estimated. In addi-
tion, the variation of the angle of the axis to the horizontal
(y) with Re was estimated from the present results (Re =
7,300) and those of Ali et al. (Re = 115,000~240,000); it was
found to be approximately linear (correlation coefficient of
curve fit = 0.982) and is given in radians by

v=0.36-5.29X10""Re. 3)

The normalized coordinates of the vortex axis (z/7,r/T)
vary with ¢ in the manner shown in Figure 6a. The radial
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Figure 6. (a) Variation of the normalized coordinates r/T, z/T of the vortex axis with blade angle ¢; (b) variation of
the vortex radius normalized with distance from the blade along the vortex axis (r*/d’) with blade angle ¢;
(c) isosurface of vorticity at the edge of the trailing vortex behind an impeller blade.

distance of the center is practically constant: r/T =0.16
(within +0.005 T) along the entire vortex path. The axis is
found at lower axial locations with increasing ¢: the varia-
tion of z/T with ¢ is approximately linear (correlation coef-
ficient is 0.997) and can be described, again within +0.005 T,
by

z/T = 0.335-0.054¢, (4)

where ¢ is in radians.
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Albeit that the vortex axis is inclined to the horizontal, the
vortex center location can be accurately determined from the
velocity vectors in ¢ planes due to the density of the mea-
surement grid and the relatively small inclination angle. It is
more difficult, however, to determine the variation of the
vortex core radius with ¢ from the velocity vectors, and at-
tempts were made to find the core radius from contours of
the vorticity ({) in ¢ planes, given by
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The inclination of the vortex axis, the oval shape of the
vortex, and the three-dimensionality of the flow make this
task more onerous than determining the vortex axis, and the
following observations therefore involve some approxima-
tions. The development of the vortex radius with ¢, normal-
ized by the distance from the blade along the vortex axis, d', is
shown in Figure 6b. The trailing edge of the blade is located
at ¢ =12°, where d’ = 5.3 mm. The normalized radius can be
approximated (correlation coefficient of curve fit = 0.999) by

r*/d =025¢7°7, (6)

where ¢ is in radians. The maximum vortex diameter is ap-
proximately 0.3 D. Ali et al. observed that the diameter of
the vortex was smallest behind the trailing edge of the blade
and expanded linearly with distance from the trailing edge of
the blade as more fluid entrained into the vortex. The vortex
diameter was estimated as 0.25-0.33 of the distance from the
blade tip for all speeds studied, and the shape and size of the
vortices remained fairly consistent for all the observations.
Figure 6b and Eq. 6 indicate that r*/d’ is around 0.50-0.66
(i.e., the vortex diameter is 0.25-0.33 of the distance from the
blade) only for 15° < ¢ < 30°, whereas it is higher for lower ¢
and lower for higher ¢ values, respectively.

A representation of the extent of the trailing vortex is given
by the vorticity contours shown in Figure 6¢, for which loca-
tions where ¢ =330 s™' were defined as the edge of the vor-
tex. It can be seen that the vortex extends to around 135°
behind a blade, and vorticity originates at the side and upper
tips of the blade.

RMS velocities and kinetic energy of turbulence

Contours of the turbulence kinetic energy obtained from
data ensemble-averaged over 90° of revolution in the 6 = 0°
plane are shown in Figure 7. These contour values include
the mean flow variation contribution due to the periodicity of
the flow. The highest k/ Vﬁzp levels, around 0.04-0.085 k/Vﬁzp,
are located in the region 0.20 < z/T < 0.36 and 0.12 < r/T <
0.21 and are associated with the presence of the trailing vor-
tices. The k/Vﬁzp values in the bulk flow above and to the
side of the impeller do not exceed in general 0.015, while
below the blade, for r/T < 0.2, they are around 0.02-0.04.

These values may be compared with those of Kresta and
Wood (1993b), but only approximately, as these authors used
a D=T/2 PBT at a clearance of C =T/4. They reported a
peak value of k/Vﬁzp of around 0.1 at the impeller discharge
and values of around 0.023 in the region between the im-
peller stream and the axis of the vessel. The latter value is
akin to those in similar regions in the present work, but the
former is 18% higher than the peak k/Vuzp value of 0.085
mentioned earlier. This difference may stem partly from the
difference in impeller clearance and diameter. In addition,
Kresta and Wood’s values are based on 360° ensemble-aver-
ages, and there may be some broadening due to blade-to-
blade variations: such variations are expected to be very small
in the present vessel, as the shaft was attached to a bearing
in the vessel bottom and therefore shaft/impeller wobble
(which may lead to blade-to-blade variations) was minimized.

Comparison of the k/Vtizp contours of Figure 7 with the
corresponding ones in Figure 8, which are drawn from the
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Figure 7. Contours of the normalized kinetic energy of
turbulence (k/V,?p), ensemble-averaged over
90° of revolution, in the 0 =0° plane.

Contour values as for Figure 8.

angle-resolved values in the ¢ = 45° plane, that is, obtained
as ensemble-averages over 1° of revolution, indicates clearly
the broadening of the & levels due to the periodic contribu-
tion. The highest k/Vﬁzp values in Figure 8 are found in the
region where the trailing vortex was identified in the vector
plots presented earlier (Figure 4e), and they are around 0.058.
The overestimation of the maximum k/Vﬁzp values in the 90°
ensemble-averages of Figure 7 is therefore around 50%. In
addition, the region of high k/V,,—ZI, is considerably smaller
than that shown by the 90° averaged values, approximately 8
mm in diameter and similar to the area where a distinct cir-
culation could be observed in the vector plot of Figure 4e.
Hockey and Nouri (1996) also observed that the ensemble-
averaged rms values were up to two times higher than the
corresponding angle-resolved values, due to the contribution
of the mean flow variation included in the former, and that
these differences became negligible at distances of two blade
heights below the impeller and radii greater than 0.55 of the
impeller radius. Conversely, in some locations near the blades
and in some blade angles the ensemble-averaged values un-
derestimate the levels of turbulence, for example, at r/T =
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Figure 8. Contours of the angle-resolved normalized ki-
netic energy of turbulence (k/V;%,) in the ¢ =
45° plane.

0.15 and z/T = 0.20 (compare Figures 7 and 8). This under-
estimation is of similar magnitude to the overestimation men-
tioned before and is also important for the proper characteri-
zation of turbulence in the vessel.

Contours of angle-resolved k/Vﬁzp are shown in various
planes below, as they give a very good indication of the ex-
tent of vortical and turbulent activity in stirred vessels (see,
e.g., Rutherford et al., 1996a) and give important information
as to where in the vessel mixing is likely to be achieved faster
and therefore where insertion of reactants, and so forth,
should be made.

The contours of k/Vtizp in two cylindrical planes at r/T =
0.164 and 0.177 are shown in Figures 9a and 9b, respectively.
The high k/ Vtizp contours (0.03-0.06) indicate clearly the high
turbulence associated with the evolution of the trailing vortex
behind the blade. Regions with the highest values of k/V;Z at
r/T =0.164 are observed to trail the upper and lower tips of
the blade as shown in Figure 9a). Upstream of the blade the
k values are over 10 times lower than inside the vortex, while
1.5 blade widths below the lower tip they are 3 times lower.
The contours at r/T = 0.177 (Figure 9b) indicate that the vor-
tex dissipates rapidly with radial distance and the high k/Vtizp
core has descreased significantly over a radial distance of only
0.02T.

Projection of the k/V,7, contours in this cylindrical plane
onto a flat surface (not shown for brevity) enabled the confir-
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Figure 9. Contours of the angle-resolved normalized ki-
netic energy of turbulence (KV;3,): (a) in the
r/T=0.164 plane; and (b) in the r/T=0.177
plane.

Contour values as for Figure 8.

mation of the inclination of the vortex axis (20°), and the vor-
tex, as evidence by high k/ Vﬁzp values, persisted for 135°, that
is, up to 45° behind the following blade. Another good indica-
tion of the extent of the vortices is given by the k/Vu-zp con-
tours in the z/T = 0.29 horizontal plane shown in Figure 10.
These contours show high k/Vﬁzp values at the lower tip of
the blade, which extend to the following blade and over a
horizontal area that is, at its maximum, 0.135 T wide.

A good indication of the generation and decay of turbu-
lence in the vortices can be provided by comparing the maxi-
mum k/Vn-zp value inside the vortex with the corresponding

value at its edge. The development of these values with blade
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Figure 10. Contours of the angle-resolved normalized
kinetic energy of turbulence (k/VZ) in the
2/T=0.29 plane (contour values as for Fig-
ure 8).

angle ¢ along the vortex path is shown in Figure 11. It can be
clearly seen that the maximum k/Vﬁzp increases with ¢ (to
0.077) at 60° and subsequently decreases until 150°, while the
k/Vtizp values at the vortex edge are considerably lower and
increase from 0.01 near the blade to 0.03 at 150°, where they
are nearly identical with the maximum k/VﬁZp values. After
150°, both values decrease sharply. This finding is important,
as it indicates that the intense turbulence energy generated
in the vortices is contained within a relatively small region
and dissipates rapidly; this energy could be harnessed to aid
mixing but the location(s) of the insertion of reactants, feed
pipes, and so forth, must be selected with care to ensure uti-
lization of these high levels of turbulence.

Isotropy of the turbulence

In order to ascertain whether the turbulence, especially in
the impeller discharge, is isotropic, the distributions of the
three turbulence levels throughout the measurement region

0.15
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—_— 0.1 [ Maximum
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Figure 11, Variation of the maximum and vortex-edge
values of k/V;3, with blade angle ¢.
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were compared. Anisotropic turbulence was previously mea-
sured in the impeller streams issuing from Rushton impellers
(Rutherford et al. 1996a), and it is well known that CFD pre-
dictions of the flows in stirred vessels may underestimate
considerably the levels of k in the impeller stream, while CFD
methods with turbulence models, which include anisotropic
eddy viscosity formulations, perform better (Lee et al., 1996;
Rutherford et al., 1996a,b).

The turbulence levels of the axial and tangential compo-
nents were compared with the radial component to quantify
the degree of isotropy/anisotropy of the turbulence in the
vicinity of the impeller. It should be noted, however, that al-
though both the /0" and w'/v" values may vary considerably
in the impeller stream, there are large values of /v’ and
especially w'/v” in locations where the turbulence levels are
somewhat similar, This is due to the relative magnitudes of
the turbulence levels: for example, for w'=0.02 m/s and o'
=0.01 m/s, 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 normal-
ized by Vyp, that is, [u' —0'1/V,;, and |w ~0'1/V,;,. When
these values tend to zero, ¥’ — v’ and w’ — v’ and the turbu-
lence may be considered isotropic.

Contours of {u'—v'|V;, in the ¢ =45° plane are shown
in Figure 12. Regions of locally high values (0.1-0.15) of |u’
— U'{ V4, can be observed below and near the impelier blade.
Most other flow regions have values of |u' —v'|/V, be-
tween 0.00 and 0.06. In these regions, the turbulence can be
considered to be isotropic. Similarly, locally high values of
Iw" —v" |V, were also found near the blade.

Hockey and Nouri (1996) also measured anisotropic turbu-
lence levels in the impeller stream. Kresta and Wood (1993b)
found that in the impeller discharge of their vessel the three
rms velocity components differed by 25-50% and concluded
that local isotropy may be assumed. The present findings as
well as those of Hockey and Nouri indicate that the approxi-
mation of isotropic turbulence in the impeller stream may
not be appropriate and CFD modeling of the flows might
have to take this into account.

Figure 12. Contours of |u’ —v/V,,, in the ¢ =45° plane.
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Concluding Remarks

LDA results obtained in a 152-mm-diameter vessel have
been presented, and the flow field and turbulence structure
produced by a 4-bladed 45° PBT have been described in de-
tail. The LDA data presented provide the only quantitative
results available on the extent, magnitude, velocity, and tur-
bulence distribution of the trailing vortices produced by
pitched-blade impeliers.

The flow in the vessel includes essentially a main circula-
tion ring vortex of low turbulence, a smaller ring vortex circu-
lation on the bottom near the axis, and a trailing vortex
formed around each blade. The size, shape, and location of
the vortices are compared with the results of earlier flow vi-
sualization studies. A single trailing vortex is formed behind
each blade from the interaction of the fluid streams issuing
from the side, upper, and lower edges of the blade. The cir-
cumferential velocity in the vortex decays almost linearly with
distance from the blade. The velocities in the vortex are
around 0.5 Vi, near the blade. The vortex diameter increases
with the distance from the blade. Near the blade, the vortex
occupies almost a fifth of the blade radial width. The vortex
axis is inclined at 20° to the horizontal and its radius (as iden-
tified from iso-vorticity contours) is essentially constant over
the 130°-140° over which the vortex can be distinguished.

The levels of turbulence energy outside the vortices are
around an order of magnitude lower than inside: the vortices
provide the primary source of turbulence generation in the
vessel, but are dissipated into the bulk flow 135° behind and
1.5 blade widths below each blade. Knowledge of the vortex
location and size could prove to be most beneficial for effi-
cient blending of fluids with such impellers: mixing times
could be significantly reduced if the trailing vortices are used
for the location of feed streams, and so on. The concentrated
high turbulence levels generated close to the impeller in the
vortices could therefore be exploited for the optimization of
blending operations, and knowledge of the effect of the vor-
tices on the concentration field is urgently required, which
should, together with the present work, prove useful for mix-
ing process design.

The measurements presented herein provide the most
comprehensive data set of the mean flow and turbulence field
in a vessel stirred by an axial-flow impeller reported to date
and should also prove very useful for the validation of future
CFD predictions of the flow.
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Notation

D =impeller diameter, m
r =radial coordinate: distance from the axis of the vessel, m
r* =trailing vortex radius, m
T =vessel diameter, m
Vi, =impeller tip speed (=7 ND/60), m/s
z = axial coordinate of the measurement volume, m
v =kinematic viscosity of fluid, m*/s
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