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The flows generated in vessels stirred by two Rushton impellers were investigated in
two vessels of diameter (T) 100 and 294 mm with impellers of diameter D = T/3 using
flow visualization, power consumption, mixing time, and 360° ensemble-averaged and
I° angle-resolved LDA measurement techniques. The flows depended strongly on the
clearance of the lower impeller above the base of the vessel (C1), the separation be-
tween the impellers (C2), and the submergence (C3) of the upper impeller below the top
of the liquid column height (H). When these distances were varied, three stable and four
unstable flow patterns were observed. Comparisons between the two LDA techniques
showed that while the 360° ensemble-averaged measurements are useful for characteriz-
ing the overall flow structure and turbulence levels in the vessel, care must be exercised
when interpreting such data, since in the impeller region they include periodic variations
in the mean velocity in addition to the turbulent fluctuations. The trailing vortex struc-
ture and flow periodicity produced by the Rushton impellers is shown to decay signifi-
cantly within a cylindrical region of height 1.2D and radius 1.0D centered around the
middle of the vessel, when C1= C2 =T/3. The turbulence structure within this region is
anisotropic, while outside this region it might be considered mostly isotropic. The main
flow features scaled well between the vessels.

Introduction

The flowfields in agitated chemical reactors are very com-
plex, having a strongly three-dimensional character with vor-
tical structures that are not always well defined and high tur-
bulence levels in the vicinity of the impellers. When a config-
uration employing two or more impellers is adopted the flow
complexity is greatly increased, especially when a combina-
tion of impeller designs are used, each having its own flow
characteristics.

A large body of knowledge has been developed on the flow
in vessels stirred by a single Rushton impeller. This impeller
induces a strong radial discharge stream and is used for a
wide range of industrial processes. One of the earliest inves-
tigations into the flow generated by such impellers was car-
ried out by Sachs and Rushton (1954), who investigated the
flow characteristics of a single impeller configuration using a
photographic technique. They reported the presence of a
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strong radial discharge flow and a variation in the radial ve-
locity component with impeller blade angle (¢). Cutter (1966)
estimated that approximately 70% of the energy input to the
vessel was dissipated in the impeller region and the discharge
stream of a Rushton turbine, with the remainder of the en-
ergy being dissipated in the bulk flow of the vessel. The for-
mation of a trailing vortex pair behind each blade of a Rush-
ton impeller (shown in Figure 1) was first reported in detail
by van’t Riet and Smith (1973), who used a camera mounted
on a turntable beneath the vessel and rotating synchronously
with the impeller, to record the path of tracer particles in the
vicinity of the impeller blades. In a subsequent investigation
(van’t Riet and Smith (1975)) the axis of the trailing vortex
was determined for a range of Reynolds numbers (Re =
pND?/u). van’t Riet et al, (1976) reported that measurements
obtained in the impeller discharge stream could overestimate
the turbulence levels since such measurements can include
the variation in the mean velocity due to the passage of the
impeller blades, as well as the turbulent fluctuations. They
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Figure 1. Three-dimensional view of the trailing vortex
behind a blade of a Rushton impeller.

fluctuations. They used the term “pseudoturbulence” to de-
scribe this nonrandom variation.

More recently, a number of investigators have used laser-
Doppler anemometry (LDA) to investigate the flow regime in
vessels stirred by a single Rushton turbine since this tech-
nique is suitable for the investigation of highly vortical flows,
unlike hot-wire anemometry, which cannot resolve the flow
direction. Yianneskis et al. (1987) suggested dividing the flow
into two regions, namely the impeller region where the flow
is periodic and it is necessary to use time- or angle-resolved
measurements to describe the flow, and the bulk flow region
where ensemble-averaged measurement techniques are ap-
propriate. They also found that the inclination of the im-
peller stream was dependent on the clearance of the impeller
above the base of the vessel, and that 360° ensemble-averag-
ing techniques overpredicted the turbulence in the impeller
region by up to 400% due to the influence of the pseudotur-
bulence. Investigations by Calabrese and Stoots (1989), Wu
et al. (1989), Yianneskis and Whitelaw (1993), and Stoots and
Calabrese (1994) presented results that quantified the varia-
tion of the mean velocities with ¢ due to the passage of each
blade of a Rushton impeller and the associated trailing vor-
tex behind the blade.

Although 360° ensemble-averaged measurements include
the variation in the mean flow velocity due to the passage of
the impeller blades and the associated trailing vortex struc-
ture, they are useful since they give a general indication of
the mean velocity and turbulence distributions within the
stirred vessel. Also, such data provide information suitable
for the validation of computational fluid dynamics (CFD)
prediction methods, many of which at present do not account
for the flow periodicity associated with the passage of the
impeller blades as they treat the entire impeller region as a
rotating disk.

The flow structure in vessels agitated by dual-impeller con-
figurations is determined predominantly by the flow charac-
teristics of the impeller combinations employed and the de-
gree of interaction that occurs between the impeller streams.
Dual-impeller systems are frequently employed in mixing
practice and investigations reported to date have been con-
cermned primarily with large impeller clearances and separa-
tions, where there is little or no interaction between the flows
produced by individual impellers. Such studies have mainly
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concentrated on the power characteristics (see, for example,
Kuboi and Nienow, 1982). The separation distance between
the impellers determines the degree of interaction between
the impeller discharge streams. When a large separation is
employed, around one-half the vessel diameter, the impellers
are likely to act independently of each other, with very little
interaction occurring between their respective impeller
streams. However, when a small separation is used there is a
much greater degree of interaction between the discharge
flows of the impellers, resulting in complicated, and often un-
stable, flow patterns. Due to the inherent complexity of such
flowfields it has so far proved difficult to predict the charac-
teristics of mixing vessels operating with dual-impeller config-
urations with certainty. There is no published work known to
the authors dealing with the systematic determination of the
velocity and turbulence characteristics in configurations
where there is strong impeller interaction such as the dual-
Rushton study reported here.

One of the aims of the present investigation was to estab-
lish the lower impeller clearance and impeller separation val-
ues that resulted in stable flow patterns for a dual-Rushton
impeller configuration. Three stable and four unstable con-
figurations were identified, and the stable configurations were
investigated further using a combination of ensemble-aver-
aged and angle-resolved LDA measurements. For the stable
flow configurations the measured Power numbers, mixing
times and Flow numbers are presented and discussed. Plots
of the ensemble-averaged mean velocity vectors and contours
of the kinetic energy of turbulence are presented that show
the inclination of the impeller stream for the three configura-
tions, and provide a general indication of the turbulence lev-
els within the vessel. Contours of all three rms velocity com-
ponents are also shown for one of the stable flow configura-
tions, which was selected for further investigation since it re-
sulted in the lowest mixing-time and power-consumption val-
ues of the three stable flow patterns identified. A comparison
is conducted between the ensemble-averaged and angle-re-
solved measurements, and mean velocity vectors and con-
tours of turbulence level are plotted from the angle-resolved
LDA data. The position of the axis of the trailing vortex is
compared with that in single-impeller configurations deter-
mined in previous studies. Comparison of measurements ob-
tained in two vessels of 100-mm and 294-mm diameter is made
in order to assess scaling effects in the impeller vicinity.

The results presented provide important information on the
characteristics of dual-Rushton impeller configurations as
well as LDA data useful for the development of CFD predic-
tion methods. In addition, the anisotropy of the turbulence in
the impeller stream region is shown, and the region within
which the periodicity associated with the passage of the im-
peller blades is contained is defined.

Flow Configuration and Experimental Techniques
Flow and vessel configuration

The stirred reactors used in this study were standard con-
figuration cylindrical vessels with four equispaced wall-
mounted baffles of width 5=0.1T as shown in Figure 2,
where T is the internal vessel diameter, and the liquid col-
umn height is H = T. Most of the results presented here were
obtained in a vessel of diameter 7 =294 mm with a wall
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Figure 2. Stirred reactor configuration.
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thickness of 3 mm, while measurements were also performed
in a vesse! of diameter T = 100 mm with a wall thickness of 1
mm to investigate the effect of vessel scale, which is an im-
portant consideration for the design and performance of a
chemical plant.

Full dimensional similarity was achieved between the ves-
sels that were constructed from acrylic plastic (Plexiglas). The
design of both vessels incorporated a transparent acrylic base
to permit LDA measurements to be performed through ei-
ther the side wall or the base of the vessel. The cylindrical
mixing vessels were located inside square acrylic troughs filled
with distilled water in order to minimize the refraction of the
laser beams over the outer cylindrical surface of the vessel.
Both vessels could be rotated in situ to allow measurements
to be performed in different vertical planes.

The impellers used were of diameter (D) equal to one-third
of the vessel diameter with the hub of the impeller protrud-
ing above and below the impeller disk, and the blades of each
impeller were aligned in the same vertical planes, as shown
in Figure 2. All features of the impellers, such as the blade
height and disk diameter, were also scaled to achieve geo-
metric similarity between the vessels. The impeller blade and
disk thickness (¢) was 1.0 mm for the 100-mm-diameter tank
and 1.65 mm for the 294-mm tank. The effect of impeller
thickness ratio (¢/D) on the Power number, Flow number,
mixing time, mean velocities, and turbulence levels has been
investigated in detail by Rutherford et al. (1995) and Mah-
moudi (1994) for single and double Rushton impeller config-
urations and, although finite, it only affects the observation
made in this article regarding the scaling of the mean veloci-
ties near the impeller tip between the two vessels, as dis-
cussed in the corresponding section below.

The experiments were conducted at a Reynolds number
(Re) of 40,000, corresponding to an impeller rotational speed
of N'=250 rpm (V;, =128 m/s) in the 294-mm vessel, and
N=2,165 rpm (V;,=3.77 m/s) in the 7 =100-mm vessel.
Throughout the measurements the impeller speed was moni-
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tored using an optical shaft encoder coupled to the impeller
shaft, which allowed the impeller speed to be maintained to
within +0.5 rpm in the 294-mm-dia. vessel, and + 10 rpm in
the 100-mm-dia. vessel, respectively. The impeliers rotated in
a clockwise direction as viewed from above the vessel. A train
of 1,999 pulses and a marker pulse were provided per im-
peller revolution by the shaft encoder unit, which allowed the
instantaneous velocities to be logged according to their re-
spective angular position.

The origin of the coordinate system used is the center of
the base of the vessel with U, V, W, and «/, v/, w' referring to
the mean and rms velocities in the axial (z), radial (r), and
tangential () coordinate directions, respectively. Polar coor-
dinates r, ¢ are used to represent the location of the LDA
measuring volume with respect to the impeller blade pair
around which angle-resolved measurements were conducted.
For this purpose the center of a reference blade of the lower
Rushton impeller was aligned with the marker pulse of the
shaft encoder and assigned the impeller blade angle ¢ = 0",

A transparent acrylic lid was positioned at a height H equal
to the vessel diameter in the T =100-mm vessel, to prevent
the entrainment of air bubbles into the flow from the free
surface of the liquid, and to permit measurements to be per-
formed in a forward scatter arrangement with the beams en-
tering through the base of the vessel. Two mirrors were posi-
tioned on the upper surface of the lid, while the space above
the lid was filled with water to ensure that the mirrors were
submerged at all times. This arrangement allowed the scat-
tered light to be redirected through 90° by the mirrors and
collected using the photomultiplier. The effect of such a lid
on the flow in a stirred vessel has been reported previously
by Nouri and Whitelaw (1990), who conducted comparisons
between flows in vessels with and without lids. They con-
cluded that the use of a lid only affects the flow in the imme-
diate vicinity of the lid/liquid free surface, and the flow ve-
locities were almost identical elsewhere in the vessel.

The laser-Doppler anemometer and experimental methods

Visualization of the flow patterns was carried out using a
laser light sheet produced by a 2-W argon-ion laser and a
combination of cylindrical and biconvex lenses. Power num-
bers were measured by determining the torque exerted on
the shaft with two strain gauge bridges positioned on the shaft,
one between the impellers and one above the upper impeller.
The signals from the gauges were acquired and processed with
a telemetric system interfaced to a computer (Mahmoudi,
1994).

The LDA was operated in the dual-beam forward-scatter
mode, and made use of a 10-mW helium—neon laser. A fre-
quency shift was applied to the two first-order beams through
the use of a rotating diffraction grating, and each of the three
velocity components was measured separately at each loca-
tion. The scattered light was collected using a photomulti-
plier, and the Doppler signals were processed by a TSI model
1990 frequency counter interfaced to a computer.

Two types of LDA measurements were performed in order
to characterize the flow structure within the vessels. The first
of these was ensemble-averaged measurements performed
over the entire revolution of the impellers. During the acqui-
sition of such data, the counter accepted all validated Doppler
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signals arriving over 360° of impeller revolution, and the mean
and rms velocities were calculated from the ensemble-aver-
aged values. The second was angle-resolved LDA measure-
ments, performed over 60° of impeller revolution by arrang-
ing the velocity measurements into 1° angular intervals, from
which the mean and rms velocities were calculated. During
these measurements the frequency counter would only accept
velocity data obtained during a specified 60° interval (be-
tween two neighboring impeller blades), over a number of
impeller revolutions. It has been established by Lee et al.
(1995) that providing a statistically appropriate number of
data are obtained per 1° interval, this method provides an
accurate picture of the flow structure within the vessel, since
the effect of the variation in the mean flow velocity due to
the flow periodicity is not included in the rms velocity mea-
surements, The number of data required per 1° interval de-
pends on the local turbulence intensity and was determined
to be at least 500 for most measurement locations.

All of the measurements reported here were performed in
the 6 = 0° plane located midway between two baffles, with all
three velocity components being measured with the beams
entering either through the base or sidewalls of the vessel,
except for the W and w’ measurements in the 294-mm vessel,
which were obtained by orientating the beams at +45° to the
O-direction, in the manner described by Yianneskis et al.
(1987). The position of the LDA measuring volume and the
change in the beam angle due to refraction at the vessel walls
was determined for each measurement location in coordi-
nates relative to the vessel axis using an iterative computer
program. Extensive checks were made to minimize the posi-
tional error through careful alignment with respect to the im-
peller-blade tip, and the entire optical system was mounted
on a traversing mechanism that allowed the measuring vol-
ume to be located within the vessel with an accuracy of 0.05
mm in the r and 6 directions and 0.1 mm in the z-direction.
In general the errors in the mean velocities were estimated to
be approximately 1% of the blade-tip velocity (V,;,), rising to
2-3% in regions of steep velocity gradients, while the errors
in the measured turbulent fluctuations are in the region of
5-10%.

Experimental Results and Discussion

The flow visualization experiments showed that the clear-
ance of the lower impeller from the base of the mixing vessel
(C1), the separation between the impellers (C2), the submer-
gence of the upper impeller below the fluid free surface (C3),
and the liquid column height (H) (see Figure 2) strongly af-
fected the overall flow structure in the vessel.

Three stable flow patterns were observed during the flow
visualization experiments with different lower impeller clear-
ance (C1), impeller separation (C2), and upper impeller sub-
mergence (C3) values and are shown in Figure 3. The so-
called “parallel flow” pattern of Figure 3a was observed with
an impeller clearance equal to 0.257, impeller separation
0.507, and upper impeller submergence of 0.257. It can be
seen that the Rushton impellers operate essentially indepen-
dently of one another with this configuration, each impeller
producing its own characteristic upper and lower ring vortex
leading to the formation of four stable ring vortices. In order
to maintdin this flow pattern it was found that C1 must be
greater than 0.207, and C2 must be greater than 0.385T.
Hence, a C3 value of less than 0.4157 is required to generate
this flow pattern.

When the impeller clearance and separation were each set
equal to T/3, the flow pattern of Figure 3b was produced. In
this case the Cl value must be kept above 0.17T and C2
must be less than 0.3857. This was termed “merging flow”
since the impeller streams follow an almost straight-line ori-
entation toward one another, and merge at an elevation mid-
way between the impellers to form two large ring vortices. A
similar flow structure has been reported in gassed mixing ves-
sels by Kuboi and Nienow (1982).

The third of the stable flow patterns was termed “diverg-
ing flow” since as a result of the low position of the lower
Rushton impeller the impeller stream follows a path toward
and impinges upon the base of the vessel, as shown in Figure
3c. This resulted in the lower Rushton impeller producing
one large ring vortex, while the upper Rushton impeller pro-
duced two well-defined ring vortices above and below the im-
peller disk. The diverging flow was observed with C1 = 0.15T,
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Figure 3. Stable flow patterns obtained in a dual-Rushton turbine stirred vessel.
{a) Parallel flow; (b) merging flow; {c) diverging flow.
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C2=0.50T, and C3=0.35T. This flow pattern was main-
tained so long as the separation C2 was greater than 0.3857
and the lower impeller clearance C1 was less than 0.157.

Combinations of C1 and C2 values other than those men-
tioned earlier resulted in unstable flow patterns alternating
between any two or all three of the parallel, merging, and
diverging regimes.

Power number, mixing time, and Flow number

Torque measurements were performed for all stable dual-
Rushton impeller configurations for a range of impeller rota-
tional speeds between N =100 and 250 rpm in the 294-mm-
diameter vessel. It was found that the mean value of the
Power numbers varied little with impeller speed. At the im-
pelier speed used in the present investigation (N = 250 rpm),
the highest total Power number (for both impellers) was ob-
tained with the parallel flow configuration (Po =10.0), the
diverging flow pattern had a slightly lower Power number (Po
=9.5), while the merging flow configuration yielded the low-
est value (Po =8.4). For comparison purposes, the corre-
sponding Power number measured with a single Rushton im-
peller of the same thickness, when an impeller clearance of
T/3 from the vessel base and a liquid column height H=T
was employed, was 5.4.

Mixing time measurements carried out using a conductivity
probe technique described in detail by Mahmoudi (1994)
showed the merging flow led to a mixing time lower by around
20% compared to the parallel and diverging flow patterns,
and that unstable flow patterns generally had the highest
mixing time values associated with them.

The ensemble-averaged radial mean velocity profiles near
the impeller tip at r/T = 0.173 were used to calculate the
Flow number Fl, from the 360° ensemble-averaged mean ve-
locity profile using relationships 1 and 2 below where Q is
the impeller pumping capacity, ¥ is the radial mean velocity
component, r and z are the radial and axial coordinates of
the measurement locations, and the integration limits A* and
— h* are defined as the points above and below the impeller
disk, respectively, where the radial mean velocity reaches
Zero:

h* —
= 2arVd. 1
Q f—h* wrVdz )
Fl=%. @

It was not practical to calculate F! for the merging and di-
verging flow patterns accurately due to the inclination of the
impeller streams. Howevet, with the parallel flow pattern, FI
for the upper impeller was 0.79, slightly higher than that for
the lower impeller (0.76). These Flow numbers compare well
with those obtained for single Rushton impellers with T/2
clearance by Cooper and Woolf (1968) and Stoots and Cal-
abrese (1994) and with 7/3 clearance by Yianneskis et al.
(1987), which were 0.8, 0.75, and 0.785, respectively, and are
within the limits of FI =0.75+0.15 for single Rushton im-
pellers recommended by Revill (1982). However, it is difficult
to distinguish between differences in FI due to the variation
in the impeller configuration from those associated with the
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Figure 4. Parallel flow 6=0° r-z plane 360° ensem-
ble-averaged mean velocity vectors: (C1=
0.257, C2=0.50T).

location and extent of the integrated radial velocity profiles
of previous studies.

Ensemble-averaged mean velocity vectors

Characteristic mean velocity vectors in the r-z plane are
presented in Figures 4 to 6 for the parallel, merging and di-
verging flow patterns, respectively. The vectors were plotted
from 360° ensemble-averaged LDA measurements of the ax-
ial and radial velocity components obtained in the 6=0°
plane midway between two baffles in the 7 = 294 mm vessel,
and normalized with respect to the impeller-blade-tip veloc-
ity (V,;,). The vector plots presented show the main flow fea-
tures and structures such as the orientation of the impeller
discharge stream and the ring vortices formed above and be-
low the impeller discs.

The parallel flow velocity vectors of Figure 4 clearly show
the presence of the four ring vortices described previously,
one above the upper Rushton impelier, two between the im-
pellers, and one below the lower impeller. The highest veloci-
ties were, of course, measured near the blade tip. The im-
peller streams are directed toward the vessel wall at a small
angle (3°-5°) to the horizontal, and the velocities in the rest
of the vessel are small in comparison with those in the im-
peller streams.

In contrast, with the merging flow arrangement (Figure 5),
the impeller streams are clearly inclined toward one another
and follow an essentially straight-line path until they merge
at an elevation approximately midway between the impellers.
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Figure 5. Merging flow 6 =0° r-z plane 360° ensem-
ble-averaged mean velocity vectors: (C1=
0.337, C2=10.33T).

The two large ring vortices observed during the flow visual-
ization experiments can be seen in the vector plot, and again
the velocities are much larger in the impeller stream region
than in the vessel bulk flow. However, the normalized veloci-
ties are generally smaller in the merging flow impeller stream
than was the case with the parallel flow configuration.

The most striking feature of the vectors plotted in Figure 6
for the diverging flow pattern is the orientation of the dis-
charge stream of the lower impeller toward the vessel base.
Again the highest velocities are found in the impeller stream
that impinges upon the vessel base to form the single-ring
vortex shown. The flow generated by the upper impeller seems
to be unaffected by the presence of the lower impeller since
the upper impeller stream is directed horizontally toward the
vessel wall, where it impinges to form two ring vortices. These
vortices are similar to, but larger than, those found in the
parallel flow. Marginally higher velocities than in parallel flow
are found in the upper impeller stream of the diverging flow.
Fluid is entrained into the upper Rushton impeller stream at
both the top and bottom edges of the impeller stream, while
entrainment into the lower impeller stream occurs primarily
from the upper edge of the lower impeller biades due to the
influence of the large ring vortex.

Ensemble-averaged turbulence kinetic energy distributions

Contour plots of the turbulence kinetic energy, k =4 (u?
+ 02 +w'?), normalized using the impeller-blade-tip veloc-
ity, (ic/I/‘iZ;,), are presented in Figures 7, 8, and 9 for the par-
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allel, merging and diverging flow patterns, respectively. As
with the velocity vectors plotted in Figures 4 to 6, these con-
tours were obtained from 360° ensemble-averaged LDA mea-
surements of the axial, radial and tangential velocity compo-
nents performed in the 6 = 0° plane in the 294-mm-diameter
vessel. From these figures a direct comparison of the levels of
turbulence kinetic energy generated with the three flow pat-
terns can be made. The orientation and strength of the im-
peller discharge streams are indicated by the highest turbu-
lence levels (above 0.04 Vtﬁ,) present in the impeller stream
region for all three flow patterns, which indicate the occur-
rence of vigorous mixing in these regions.

For the parallel flow pattern (Figure 7), it can be seen that
the lowest turbulence levels, up to 0.02 Vﬁzp, are found in the
vicinity of the vessel wall, near the base of the vessel, and
close to the free surface of the liquid. In these regions the
turbulent kinetic energy is at least eight times lower than the
levels found in the vicinity of the rotating impeliers. As ex-
pected from the vector plot for this flow pattern, shown in
Figure 4, the impeller streams are both directed horizontally
toward the vessel wall. In general, it was found that in the
vessel bulk flow, that is, in regions away from the impeller
streams, the parallel flow pattern resulted in the steepest gra-
dients of turbulence kinetic energy, with the diverging flow
pattern producing the smallest variation.

Comparing Figures 7 to 9, the merging flow pattern can be
seen to generate turbulence levels in the vessel bulk flow that
are typically 30% lower than those generated by the parallel
flow pattern, while the diverging flow produced the lowest
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Figure 6. Diverging flow 6 = 0° r-z plane 360° ensem-
ble-averaged mean velocity vectors: (C1=
0.157, C2 = 0.50T).
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Figure 7. Parallel flow 6=0° r-z plane 360° ensem-
ble-averaged contours of kinetic energy of
turbulence.

turbulence levels in regions away from the impeller streams.
Steep gradients of turbulent kinetic energy are found over
the entire region between the impellers in Figure 8 for the
merging flow pattern. As a consequence of the downward in-

T k/Vtip *
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Figure 8. Merging flow 6=0° r-z plane 360° ensem-
ble-averaged contours of kinetic energy of
turbulence.
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Figure 9. Diverging flow ¢ = 0° r-z plane 360° ensem-
ble-averaged contours of kinetic energy of
turbulence.

clination of the lower impeller stream, the diverging flow pat-
tern produced the highest turbulence levels beneath the lower
impeller, while the lowest turbulence levels were produced in
this region by the merging flow pattern.

The most uniform distribution of high levels of k through-
out the vessel was obtained with the parallel flow pattern.
However, in the upper part of the vessel close to the liquid
free surface the merging flow pattern produced the highest
levels of k, even though the parallel flow pattern had the
highest positioning of the upper impeller. A possible explana-
tion for the region of higher k above the upper Rushton im-
peller in Figure 8 is the presence of a precessing free vortex
around the impeller shaft, which has been described by Yian-
neskis et al. (1987).

The 360° ensemble-averaged velocity vectors and turbu-
lence level plots presented indicate that varying the impeller
separation and clearance in dual-impeller configurations can
lead to a significant alteration in the local macromixing and
micromixing characteristics. The three flow patterns provide
potentially useful mean flow and turbulence distributions:
parallel flow to achieve higher turbulence levels and more
uniform blending in the bulk of the vessel away from the im-
peller streams, merging flow for locally intensive mixing in
the middle of the vessel, and diverging flow for suspension of
solids deposited on the bottom of the vessel. However, the
merging flow pattern should be preferable for overall blend-
ing performance, due to the 20% lower mixing time recorded
for this configuration.

Ensemble-averaged rms velocity distributions

Since the merging flow pattern led to the lowest power
consumption and mixing time of the three stable flow config-
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urations, it was selected for further investigation. The axial,
radial, and tangential rms velocity components (u/Vy,,
U/Vip» W/Vyp) are shown in normalized contour form in Fig-
ures 10a to 10c, respectively. As with the velocity vectors and
contours of k already presented, these contours were plotted
from 360° ensemble-averaged LDA data obtained in the 6§ =
0° plane.

High turbulence levels are found in the impeller stream
region, and the inclination of the impeller stream observed
for the merging flow pattern in Figure 8 is evident in all three
rms velocity distributions. In the vicinity of the impellers rms
levels exceeding 0.320 V,, arc generated in the impeller
stream. It can be seen that the radial and tangential rms ve-
locity components have similar values, between 0.13 and 0.15
Vip at the point where the upper and lower impeller streams
merge, while the axial values at this location are significantly
higher, around 0.21-0.23 V..

The bulk flow radial and tangential rms velocity distribu-
tions display a number of similarities such as relatively high
values (0.11-0.13 ¥;,) in the vicinity of the impeller shaft,
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while lower values are found close to the vessel wall
(0.07-0.09 V,;,). The opposite trend is found with the axial
rms velocity, which displays significantly lower values in the
vicinity of the impeller shaft than either the radial or tangen-
tial components. Below the lower impeller the radial rms ve-
locity was found to be the highest, with the axial rms velocity
being the lowest. Differences are also evident in the rms ve-
locities in the region between the impellers. The presence of
the local area of higher k evident near the fluid surface in
Figure 8 is also evident in the tangential rms velocity distri-
bution of Figure 10c, as might be expected since the free
surface vortex is likely to have a strong tangential (swirl) ve-
locity.

The rms velocity contour plots presented indicate that the
turbulence structure in the stirred vessel is in general
anisotropic, especially in the vicinity of the rotating impellers,
in agreement with the findings of Yianneskis et al. (1987) for
the flow generated by a single Rushton impeller. This obser-
vation can have important consequences for CFD flow pre-
dictions that employ the standard k-e model to represent the
turbulent processes. The formulation of the model makes use
of the same eddy viscosity v, for the three components of the
Reynolds stress, that is «’, v/, and w’, and therefore there is
an implicit assumption of locally isotropic turbulence (Abbot
and Basco, 1989). As the data clearly show that &, v', and w’
can vary significantly in parts of the flow, the use of Reynolds
stress turbulence models that do not assume local isotropy
might be expected to yield more accurate predictions.

Comparison of ensemble-averaged and angle-resolved
measurements

It has been previously stated that although 360° ensemble-
averaged LDA measurements can provide useful information
on the overall flow structure and levels of turbulence in a
stirred vessel, such measurements cannot account for the
variation in the mean velocity resulting from the passage of
the impeller blades and the associated trailing vortices. In
order to assess the effect of this, 1° angle-resolved LDA mea-
surements, which show the periodic variation of the mean
velocity, are compared with 360° ensemble-averaged LDA
measurements in Figure 11 for the merging flow configura-
tion. The results were obtained at three radial locations: r =
0.1787, r=0.218T, and r =0.347T, and an elevation z =
0.33T corresponding to the midsection of the lower Rushton
impeller. These positions were chosen so that the first one
was located in the middle, the second near the boundary, and
the third outside the inclined impeller stream.

The 1° angle-resolved mean velocity variation shown in
Figure 11a shows clear evidence of the trailing vortex struc-
ture in the vicinity of the impeller blade, since the change in
sign of the radial mean velocity is indicative of the presence
of the vortex (Yianneskis and Whitelaw, 1993). The ensem-
ble-averaged mean velocity at this location, indicated by the
lower dashed line, clearly does not account for the strong
periodic nature of the flow, as ¥’ varies from around 0.8 m/s
near the leading blade (¢ < 10°) to around 0.1 m/s at ¢ = 40°.

Ensemble-averaging over 360° leads to an overestimation
of the rms velocity in comparison with the 1° angle-resolved
rms values over part of the 60° interval. Near the leading and
trailing blades (Figure 11a), the ensemble-averaged and an-
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Figure 11. Comparison of 1° angle-resolved mean and
rms radial velocity variations with 360° en-
semble-averaged mean and rms radial veloc-
ities for a dual-Rushton merging flow config-
uration in the T = 294 mm vessel.

(a) r=0.178T, z=0.33T. (b) r=0.218T, z=033T. (c) r
=0.347T, z=0.33T.

gle-resolved v values are similar, but elsewhere they vary sig-
nificantly: the angle-resolved values are around 70% higher
at ¢ =20° and 70% lower at ¢ = 50°. It must be noted that
in some locations in the impeller stream differences were
larger, with ensemble-averaged values up to four times the
angle-resolved ones, in agreement with the findings of Yian-
neskis and Whitelaw (1993). This overestimation of the tur-
bulence levels is attributed to the influence of the blade pas-
sages and associated trailing vortices at this location, as 360°
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ensemble-averaged measurements include the mean flow
variation or pseudoturbulence, in addition to the actual tur-
bulent fluctuations.

Comparing Figures 11a—1lc, it can be seen that the trailing
vortex structure that is clearly evident at r = 0.178T has dis-
sipated by r = 0.218T (Figure 11b) where only a small degree
of periodicity is present in the mean velocity profile. No peri-
odicity at all is evident at r = 0.347T (Figure 11c). In addi-
tion, the disparity between the ensemble-averaged and
angle-resolved rms velocities present at r = 0.178T becomes
very small by r = 0.2187, and is virtually zero by r = 0.347T.
The mean velocities at this elevation are very small, as ex-
pected from the velocity vectors presented for this configura-
tion (Figure 5).

Attempts to correct turbulence values have been made, for
example, by Mujumdar et al. (1970), who measured velocities
in a vessel with a single Rushton impeller and air as the
working fluid with a hot-wire anemometer. An autocorrela-
tion technique was used to correct the measured turbulence
intensities (I = v//V’) for flow periodicity, and it was stated
that the 7 values corrected in such a manner provided a more
accurate indication of the microscopic turbulence structure
in the impeller stream region than uncorrected values.

In the impeller vicinity a large correction was shown to be
implemented, with corrected values being consistently lower
than uncorrected ones. Differences between corrected and
uncorrected values decreased with increasing distance from
the blade tip, which was attributed to the associated reduc-
tion in flow periodicity, and the two values were shown to
converge at locations far from the blades.

A similar comparison was conducted in the present study
between turbulence intensities calculated from the 360° en-
semble-averaged (akin to the “uncorrected” data of Mujum-
dar et al.) and 1° angle resolved (“corrected”) measurements
at two ¢ angles for measurement locations situated in the
impeller stream. The results are presented in Figure 12. Due
to the inclination of the impeller stream, I values are plotted
against d, the distance from the midsection of the lower im-
peller tip along the inclined stream, that is,

d=y(r—r*+(z—2)°, )

(%) 250

360°c.a. Q
h
200 \“ l‘ . 1°ar. ¢ =15° a
A
.\ 1°ar. ¢ =45° L

1 T T T
000 005 0.10 0.15 020 025 030
aT

Figure 12. Comparison of relative turbulence intensi-
ties calculated from 360° ensemble-aver-
aged and 1° angle-resolved LDA measure-
ments in the impeller stream region.
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where r and z are the radial and axial coordinates of the
measurement location in the inclined impeller stream, and ro
and z, are the coordinates of the middle of the lower im-
peller blade tip, that is, r, = 0.165T and z, = 0.337.

It can be seen that in contrast with the findings of Mujum-
dar et al, the data that show the periodic variation of the
mean velocity (1° angle resolved) are not always lower than
those that do not show this variation (360° ensemble-aver-
aged). The angle-resolved turbulence intensity variations are
similar in character for both of the ¢ angles presented; how-
ever, the variation of 7 is larger for ¢ = 45°. The data indi-
cate clearly that it may not be appropriate to correct mea-
surements for the effect of flow periodicity in the manner
suggested by Mujumdar et al..

At around d/T =0.20-0.30 the three sets of results are
very similar, indicating that the periodicity has decayed al-
most entirely. The single Rushton impeller work of Stoots
and Calabrese (1994) showed the periodicity of the mean flow
to decay with increasing distance from the impeller, dissipat-
ing entirely at radii larger than 0.85D, that is, 0.35D from the
blade tip. The present results (both the turbulence intensity
profiles of Figure 12 and the corresponding mean velocity
variations that are not presented here) indicate that the peri-
odicity in the inclined impeller stream turbulence intensity
dissipates after around 0.27 (0.6D) from the blade tip. This
difference with the single impeller findings may be due to the
stronger rotational flow induced by the two-impeller system,
resulting in the periodic structures maintaining their identity
in the inclined impeller stream longer. However, as will be
shown below, the trailing vortex axis is more curved due to
the stronger rotation and as a result the periodicity is con-
tained within a smaller radius in the merging flow configura-
tion.

Although other periodic motions occur in stirred vessels
that may result in the obvious differences between the 1° an-
gle-resolved and 360° ensemble-averaged mean and rms ve-
locity distributions, such as the free surface vortex precessing
around the impeller shaft, the blade crossings and associated
trailing vortices might be expected to be the main reason for
these differences.

Predictions of the flow that treat the impeller as a rotating
disk, rather than as individual rotating blades, can only be
assessed against ensemble-averaged data, as the variation of
velocities and turbulence levels with ¢ near the impeller is
not accounted for. However, as ensemble-averaged turbu-
lence level data also include the variation in the mean veloc-
ity with impeller revolution, predicted k values will invari-
ably be lower than measured ones, as this variation is not
included in the modeling. Therefore, the accuracy of such
predictions in regions away from the impeller can be im-
proved if the impeller region is excluded from the calcula-
tion. This region where flow periodicity is dominant is de-
fined in the penultimate section below.

Angle-resolved mean velocity vectors and scaling effects

In order to characterize the effect of vessel size on the flow
and turbulence characteristics of a stirred vessel operating
with two Rushton impellers arranged in the merging flow
configuration, 1° angle-resolved LDA measurements were
performed in both vessels (T =100 mm and 7 =294 mm).
Figure 13 shows the flow structure measured around the lower
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impeller within an area extending radially from the lower im-
peller tip to r = 0.357, and axially from the midsection of the
lower impeller disk to an elevation midway between the im-
pellers. These vectors were plotted from 1° angle-resolved
LDA measurements of the axial and radial velocity compo-
nents normalized with ¥;,, and are shown for each vessel in
Figure 13 in the r-z planes at ¢ =15° and ¢ = 45° behind the
leading blade.

By comparing Figures 13a and 13b for ¢ =15° in the T =
294-mm and 100-mm vessels respectively, it can be seen that
the flowfields are generally similar. Both the flow due to the
blade passage and the inclination of the impeller discharge
flow at approximately 45° to the horizontal can be identified.
These features can also be seen in Figures 13c and 13d for
¢ = 45°. The development of the flow with blade angle can
also be observed in Figure 13, especially in the vicinity of the
blade tip where the trailing vortex is evident in Figures 13c
and 13d. It should be noted that at ¢ = 15° some of the vec-
tors close to the impeller tip are almost vertical, due to the
proximity of the center of the trailing vortex to the impeller
blade tip at this ¢ angle. As ¢ increases, the vortex strength
is reduced and its center is displaced radially and axially away
from the impeller tip.

In general, agreement between the normalized velocity
vectors in the two vessels is good, since the main flow fea-
tures are essentially the same and the center of the trailing
vortex is located at approximately z =0.39T at ¢ =45 in
both instances. Also, the inclination and strength of the im-
peller stream is similar in both vessels, although differences
in the direction of the impeller stream can be observed in the
immediate vicinity of the blade. van der Molen and van Maa-
nen (1978) reported an increase in normalized velocity with
vessel size in vessels of similar diameter to those used in the
present study. In the results presented here, the normalized
velocity vectors are slightly larger for the 294-mm vessel; this
has been established, however, to be due to the smaller thick-
ness of the impeller used in the larger vessel (Rutherford et
al., 1995) and it is not likely to be related to the vessel size.

Trailing vortex axis

The location of the mean axis of the trailing vortex gener-
ated by the lower Rushton impeller is plotted in Figure 14.
This figure shows the axis in the r-6 plane as viewed from
above the tank, with the impeller rotating in a clockwise di-
rection as indicated. For comparative purposes the trailing
vortex axes determined previously by van’t Riet et al. (1975),
Yianneskis et al. (1987), and Stoots and Calabrese (1994) for
single Rushton impeller configurations are also shown.

van’t Riet et al. utilized a photographic technique to find
the location of the axis by determining the locations where a
velocity component perpendicular to the axis was zero. Since
the axis of the trailing vortex was reported to be essentially
horizontal for a single Rushton impeller system, the axial ve-
locity component was most suitable. It should be noted, how-
ever, that Stoots and Calabrese (1994) found the axis of the
trailing vortex to be 8° to 10° to the horizontal. The investiga-
tions of Yianneskis et al. and Stoots and Calabrese deter-
mined the vortex axis from angle-resolved LDA mean veloc-
ity data. The discrepancies between the vortex axis presented
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van't Riet et al (1975)

Yianneskis Stoots and

et al (1987)  Cqlabrese(1994)

Present study
dual-Rushton
impeller

Y =

Figure 14. Comparison of the axis of the trailing vortex
shed from the lower impeller in a dual-Rush-
ton merging flow configuration with that for
a single Rushton configuration, as viewed
from above the vessel in the r-6 plane
(clockwise impeller rotation).

in these three investigations were attributed by Stoots and
Calabrese to differences between various system characteris-
tics, such as the impeller geometry, the clearance of the im-
peller from the base of the vessel, and the impeller rotational
speed.

The vortex axis for the present study was also determined
from the locations where the mean axial velocity component
was zero. This was employed as an approximation since it is
not possible to determine the velocity component that is zero
in a plane perpendicular to the axis of the trailing vortex, due
to the inclination of the impeller streams. It can be seen from
Figure 14 that the center of the trailing vortex produced by
the lower Rushton impeller does not extend as far into the
vessel as for a single impeller configuration. The vortex axis
presented by Yianneskis et al. extended to r = 0.23T (¢ =
60°), while with the dual impeller configuration of the vortex
center only extends to r = 0.195T (¢ = 55°); this is attributed
to the stronger rotational velocities and the impeller stream
inclination, as mentioned earlier.

Angle-resolved turbulence level and kinetic energy
distributions

Characteristic r-z plane contours of radial rms velocity ob-
tained from 1° angle-resolved LDA measurements performed
in the T = 294-mm and 100-mm vessels are presented in Fig-
ure 15. The 1° angle-resolved LDA data obtained in the 7 =
100-mm vessel was used to plot the contours of turbulent ki-
netic energy shown in Figure 16. As in Figure 13, these fig-
ures show the flow structure around the lower impeller, in
this case for ¢ ranging from 0° to 45°. All v/ and k values
have again been normalized with V;;, and V[izp, respectively.
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Figure 15. Normalized # = 0° r-z plane 1° angle-re-
solved radial rms velocity contours around
the lower impeller for a dual-Rushton merg-
ing flow configuration at a number of blade
angles in the vessels studied.

(@) T=29 mm, ¢=0°(b) T =299 mm, ¢ =15, (c) T =
294 mm, ¢ = 30°, (d) T = 294 mm, ¢ = 45°, (c) T = 100 mm,
¢ = 45°.

Comparing Figures 15a~15d the formation and develop-
ment of the trailing vortex is indicated by the region of the
highest rms velocity level (greater than 0.32 V;;,) expanding
in area and moving radially and axially away from the center
of the impeller tip with increasing ¢. In Figure 15a (¢ = 0°),
this region is small, approximately 0.0057 in diameter, and
located between the impeller tip and 0.175T at the impeller
midsection elevation, while by ¢ = 45° (Figure 15d) it is ap-
proximately 0.047 in diameter, and is situated between r =
0.19T and 0.23T radially and z =0.357 and 0.397 axially. It
must be noted that the near-circular region of 0.23-0.32 level
in Figure 15a centered around r/T = 0.23 is associated with
the trailing vortex generated by the preceding blade.

In the results presented the region of highest rms velocities
is largest in Figure 15c for the impeller blade angle ¢ = 30°.
The equivalent 360° ensemble-averaged contours presented

in Figure 10b show the region of highest rms velocities to
extend into the vessel from the impeller tip to approximately
0.22T radially, in contrast with the contours presented in
Figures 15a—15d which show the outer extent of this region
to vary between 0.175T (¢ =0°) and 0.237 (¢ = 45°). The
orientation of the impeller stream at approximately 45° to the
horizontal is again evident in Figures 15a-15d, in good
agreement with the 360° ensemble-averaged results.

The r-z plane contours of v/Vy;, at ¢ =45° are shown in
Figure 15e for the T = 100-mm vessel. Comparison of Figures
15d and 15e shows that the turbulence distributions in the
two vessels display similar characteristics. The rms velocity
levels are generally similar in both vessels, although there is
some discrepancy between the locations and magnitude of
the regions of highest rms velocity. The maximum value can
be seen to extend over a larger area in the 7 = 100-mm vessel
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Figure 16. Normalized 0 =0° r-z plane 1° angle-resolved contours of kinetic energy of turbulence around the lower
impeller for a dual-Rushton merging fiow configuration at a number of blade angles in the T=100 mm

vessel.
(a) ¢ =0° (b) ¢ =15° (c) ¢ = 30°, (d) ¢ = 45°.

(Figure 15¢). However, in general the main flow features such
as the turbulence levels near the blade and near the bound-
aries of the measurement region scale well between the two
vessels.

The normalized contours of turbulent kinetic energy pre-
sented in Figures 16a—16d for the measurements performed
in the T = 100-mm vessel also show the inclination of the im-
peller stream and the development of the trailing vortex
structure with increasing impeller blade angle noted previ-
ously. The highest k level (greater than 0.16V7) that signi-
fies the presence of the trailing vortex is evident in Figures
16b and 16c. The formation of the trailing vortex associated
with the passage of the impeller blades is represented in Fig-
ure 16b (¢ = 15°) by the highest level of k spreading outward
from the impeller tip. This region of high turbulence energy
increases in size with increasing impeller blade angle, gradu-
ally moving outward both axially and radially, as expected
from the rms velocity contours for the 294-mm vessel (Figure
15). The large region of high k£ shown in Figure 16a for ¢ = 0°
is associated with the remains of the trailing vortex generated
by the previous blade crossing. By comparing the results of
Figures 13 and 15, it may be concluded that in general flow
features such as the trailing vortex structure and turbulence
levels scale well between the two vessels studied.
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It should be noted that the angle-resolved (Figure 16) and
ensemble-averaged k distributions (Figure 8) are similar at
some ¢ angles but not at others. For example, the highest &
region (0.08—0.16I/ﬁ2p) extends radially from 0.19-0.247 at ¢
= 0° in Figure 16a, whereas in Figure 8 the highest k region
is that where k is greater than 0.16Vti2p and it reaches from
the blade tip (0.1657) to 0.217. Conversely, the k contours at
¢ =15° and 30° are more similar to the ensemble-averaged
contours, The reason for this is explained below.

Lee et al. (1995) obtained time-resolved LDA measure-
ments in vessels identical to those used in the present study
that showed that the velocity realizations were not evenly dis-
tributed over the 60° interval between two successive im-
peller blades. This was due to the existence of a strong corre-
lation between the proportion of data obtained and the im-
peller blade angle, that is, there was a significant variation of
the data rate with ¢, with over 50% of the velocity realiza-
tions recorded occurring within the first 20° of impeller revo-
lution. Hence, it is most likely that 360° ensemble-averaged
measurements are most similar to 1° angle-resolved measure-
ments obtained at small blade angles because of the higher
concentration of data acquired at these angles. This bias ef-
fect results also in profiles of ensemble-averaged mean veloc-
ity exhibiting higher values than the equivalent angle-re-
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solved mean velocity profiles. Hence, since the impeller
pumping capacity (Q) is calculated from the mean velocity
profiles, @ and Flow numbers determined from 360° ensem-
ble-averaged mean velocities may be biased toward higher
values (Rutherford et al., 1995).

An interesting feature apparent from Figures 15 and 16 is
that the respective sets of trailing vortices generated by the
upper and lower impellers do not seem to interact with one
another. The merging flow pattern is formed by the impeller
streams being directed at 45° toward one another due to the
proximity of the impellers, but the regions of high k associ-
ated with the trailing vortices indicate that the trailing vortex
axes do not extend above z = 0.40T (Figure 16a). The influ-
ence of the trailing vortex structure has dissipated signifi-
cantly by r=030T (approximately 1.6 times the impeller
blade length) from the center of the vessel, and z =0.12T
above the lower impeller mid-section (approximately 1.7 times
the impeller biade height). This is in agreement with the find-
ings of an earlier study by two of the authors (Lee and Yian-
neskis, 1994) in which a cylindrical region of radius 1.0D and
height 1.2 D centered in the middle of the vessel was defined,
within which most of the flow periodicity associated with the
passage of individual impeller blades would be confined. The
vortex axis determined earlier for the merging flow configu-
ration is in agreement with the observation that the trailing
vortex structure is contained within a smaller radial distance
for a dual-Rushton merging flow configuration than is typical
with a single impeller system. This is most likely due to the
characteristic inclination of the impeller streams and the
strong rotational flow induced by the proximity of the im-
pellers, which lead to a smaller radial spread of the impeller
streams than is typical of a single impeller system.

Comparisons of the three turbulent velocity components
have shown the turbulence inside this periodic region to be
anisotropic (&' # v/ #w’). The main consequence of this is
that, since many CFD techniques currently use turbulence
models based on the assumption of an isotropic flowfield, such
models may lead to inaccurate prediction of the levels of k.
A number of flow modelers, such as Issa and Gosman (1981),
have reported discrepancies between experimental data and
predictions obtained from numerical schemes employing the
k-e turbulence model. This model is based on an implicit as-
sumption of local isotropy in the turbulence, and is widely
used for the prediction of flowfields in stirred vessels. Tatter-
son (1991) suggested that of the predictions reported that
employed the k-e model, those that made use of a three-di-
mensional nonisotropic version of the model provided the
most realistic simulation of the flowfield. Further, Bakker
(1992) presented results that showed the k-e model to under-
predict turbulence levels in the impeller stream, where the
flow has been shown to be anisotropic in the present study,
for a vessel agitated by a single Rushton impeller.

The measurements presented in this article suggest that
the accuracy of flow predictions in the region near the im-
pellers affected by flow periodicity can be improved by mod-
eling the passage of individual blades in a rotating frame of
reference with a nonisotropic turbulence model and assessed
against angle-resolved data. Outside the region of flow peri-
odicity, ensemble-averaged values and a stationary frame of
reference are more appropriate and the assumption of
isotropy may be sufficient. Finally, other flow motions, such
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as the free surface vortex, that are present in the flows affect
the mean velocity and turbulence-level distributions and
should be accounted for in the modeling.

Conclusions

Three stable flow patterns generated by two Rushton im-
pellers operating in a stirred vessel have been investigated
using a combination of 360° ensemble-averaged and 1°
angle-resolved LDA measurements. The 360° ensemble-aver-
aged measurements have been shown to be useful for charac-
terizing the general flow and turbulence characteristics for
these stable flow configurations. However, by comparing the
two measurement techniques it has also been shown that care
must be exercised when interpreting 360° ensemble-averaged
data, since in the vicinity of the impellers they may include
the periodic fluctuations of the mean velocity introduced by
the blade crossings.

Further, the trailing vortex structure produced by the
Rushton impellers has been shown to diminish significantly
within a region of height 1.0D and diameter 1.2 D around the
center of the vessel. Through LDA measurements of all three
turbulent velocity components it was established that the tur-
bulence within this region is mostly anisotropic, while outside
of this region, in the vessel bulk flow, the turbulence might
be considered to be mostly isotropic.

In addition, the effect of vessel scale has been studied and
it was found that in general the main flow features such as
the impeller stream inclination and turbulence levels scaled
well between the two vessels.
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Notation

U,V,W =axial, radial, and tangential instantaneous velocities, m/s
u =dynamic viscosity of the fluid, N-s/m?
p =density of the fluid, kg/m>
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