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Abstract

The effects of operational parameters such as vessel size, impeller design, diameter and blade number, Reynolds number (Re) and baffle
number on the flows and specifically the macro-instability (MI) phenomena in stirred vessels were studied. Laser anemometry and particle
image velocimetry techniques were employed to measure the mean flow and turbulence structures in vessels of diameters in the range
100–400 mm.

The data show that the characteristic frequency of the MIs,f′ = f/N, although constant for highRes, it exhibits higher value(s) over an
appreciable region in the vessel forRe< 17,500. The presence of the MI is shown to broaden the measured r.m.s. levels in the vessel by
up to 23%. Measurements of the tangential mean velocities near the vessel surface did not reveal any clear evidence of scaling of the flow
with impeller diameter, blade number, or the number of baffles. The implications of the results for an improved understanding and a more
accurate and quantitative characterisation of the flows in stirred tanks are discussed and assessed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mixing in chemical reactors is of immense importance
for the optimisation of process and vessel design and prod-
uct quality. It is responsible for dispersing and bringing
reactants into contact and can strongly affect the speed of
reactions. However, the complexity of mixing processes in
stirred vessels renders a quantitative description of the phe-
nomena involved rather difficult. Consequently, although
mixing in stirred tanks has been extensively studied in or-
der to elucidate the underlying physics of mass, momentum
and energy transport, understanding of turbulent mixing
is not yet complete. Considering also the strong impact
of turbulence on process results (Kresta[1]), its accurate
characterisation in stirred vessels is very important. The dif-
ficulty however, lies in the extreme complexity of the flow
in a stirred tank. As Kresta[1] has pointed out, classical
turbulence theories require three-dimensional instantaneous
measurements of a field that is stationary, fully isotropic and
in equilibrium. In reality, however, most stirred tank data
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comprise one-dimensional measurements of a field which is
quasi-stationary, anisotropic on the larger scales of motion
and locally isotropic over a limited range, fully turbulent
over a limited volume and which contains additional non-
random frequencies due to the blade passages. Each of these
characteristics requires careful consideration before accu-
rate quantification of the turbulence in the tank can be made.

One of the most important findings however, which fur-
ther complicates the study of turbulence characteristics,
is the existence of temporal mean flow variations, termed
macro-instabilities (MIs), that can result in a broadening of
the measured turbulence levels and therefore in erroneous
interpretation of the turbulence content of the flows. Know-
ledge of the causes and magnitude of macro-instabilities in
stirred tank reactors is very important since it may strongly
influence the time scale of a particular process, as if the
reaction time scale is shorter than that of the motions in-
volved, the process will be affected and it is then essential
to know what the related scales are.

Three different types of mean flow variation have been
identified, with different time scales. The first kind stems
primarily from changes in impeller clearance in single- or
spacing in multi-impeller systems (Kresta and Wood[2];
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Nomenclature

f macro-instability frequency (Hz)
f′ non-dimensional macro-instability

frequency,f′ = f/N
k turbulent kinetic energy (J/kg)
r, q, z cylindrical coordinates
u′

BPF r.m.s. fluctuation due to blade
passing (m/s)

u′
MI r.m.s. fluctuation due to

macro-instability (m/s)
u′

t total r.m.s. fluctuation (m/s)
u’, v’, w’ fluctuating velocity components (m/s)
x distance along circulation loop

trajectory (m)
C, D, H, T tank and impeller geometrical

parameters indicated inFig. 1 (m)
N rotational speed of the impeller (Hz)
Re Reynolds number,rND2/m
U, V, W mean velocity components (m/s)
Vtip impeller tip speed (reference velocity)

(m/s)

Greek symbols
µ liquid viscosity (Pa s)
ν kinematic viscosity (m2/s)
ρ density (kg/m3)
ω rotational speed (s−1)

Rutherford et al.[3], Montante et al.[4]), where depend-
ing on the clearance, an unstable state may be present with
different alternating flow patterns in evidence at different
times. A second flow variation phenomenon associated with
changes in impeller speed (N) and/or Reynolds number (Re)

B=T/10

C

H=T

T

D

Fig. 1. Schematic diagram of stirred vessel with Rushton impeller showing
main geometrical parameters.

has been observed in vessels stirred by pitched-blade tur-
bines (Hockey and Nouri[5]; Distelhoff et al.[6]). The third
type of macro-instability is manifested by a low-frequency
mean flow variation, the magnitude, frequency (f) and ori-
gins of which are not fully understood.

A large number of studies have been concerned with the
latter instability (Bruha et al.[7]; Montes et al.[8]; Myers
et al. [9]; Hasal et al.[10], Roussinova et al.[11,12]) in
an attempt to elucidate and quantify this phenomenon. In-
vestigations with different impeller and vessel geometries
have shown conclusively that mean flow instabilities are
present in stirred tank flows, but although there is some
agreement on the reported frequencies, the spread of thef′
(= f/N) values determined form the published data is signif-
icant, even for geometrically similar Rushton turbine (RT)
and pitched-blade turbines (PBT) (approximately 0.01–0.2).
In addition, although scaling off with impeller speedN has
been reported (Montes et al.[8], Roussinova et al.[12]) dif-
ferent f′ values have been found for lowRe flows (Bruha
et al. [13], Montes et al.[8]) and there is no consensus on
the influence of impeller design and/orReon f′. Recently,
Nikiforaki et al. [14] studied MIs in aT = 294 mm vessel
with a RT and a PBT ofD/T = 0.33 and found that forRe
> 20,000, a singlef′ value (0.015) was present for all oper-
ating conditions studied.

The approach presented in this work was formulated
in order to elucidate the related phenomena and provide
insight into the characteristic frequencies and variation
of such instabilities for different stirred vessel config-
urations, in order to improve understanding of mixing
processes and thus process performance, particularly as
it has already been reported that such macro-instabilities
may affect solid-liquid mixing (as well as single-phase
blending) considerably (Bittorf and Kresta[15]). The work
presented here follows on from that of Nikiforaki et al.,
which was limited to nominally fully turbulent Reynolds
numbers and a single impeller diameter. In particular, the
present work offers improved understanding of the change
in f′ with Re that has not been addressed to date, pro-
vides evidence of the existence of MIs over a very large
range of vessel/impeller geometries, and aims to link the
precessional MIs with the tangential/swirling flow in the
vessels considered through detailed measurements of such
flows near the top of the vessel. In the present study, a
large range of experiments was carried out in vessels of
different sizes, with variousRes, impeller designs, clear-
ances, number of baffles and blades in an effort to eluci-
date the MI phenomena and particularly the variation of
f′ across a vessel for different Reynolds numbers, MI ef-
fects on the measured turbulence levels and to investigate
the mean flow motions obtained with different operational
parameters. In view of the large number of data obtained,
the substantial number of research questions stemming
from the lack of understanding of MI phenomena and
the need for economy of presentation, only a selection
of representative results is shown, in an effort to throw
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light into the issues discussed, suggest likely answers
where possible and identify areas for further study where
appropriate.

The experimental configurations and techniques em-
ployed are outlined inSection 2. Results obtained with
first the RT and then the PBT are presented inSection
3 and the temporal and spatial characteristics of the
observed mean velocity motions, macro-instability fre-
quencies and turbulence levels are discussed, taking into
account the findings of earlier investigations. In the fi-
nal section, a summary of the main conclusions drawn
from the work is provided, together with recommenda-
tions for future work to help elucidate further the observed
phenomena.

2. Stirred vessel configurations and experimental
procedures

The measurements reported in this paper were made
in two different laboratories using two laser-Doppler
anemometers, a particle image velocimeter and a range of
vessels, Rushton turbines and pitched-blade turbines. The
configurations studied are summarised inTable 1.

A characteristic diagram of the geometry of the 294 mm
vessel with the Rushton impeller is shown indicatively in
Fig. 1. Measurements in the 100 and 294 mm tanks were
obtained with de-ionised water as the working fluid, while
in the 400 mm tank with an oil of density 1021 kg/m3 and
viscosity 16.4 mPa s at 21◦C.

The two-dimensional PIV system employed for the
100 mm tank measurements is described in more detail by
Baldi et al.[16]. The sampling rate was selected so that the
Nyquist criterion was satisfied for all MI frequencies en-
countered, and the results of experiments with the highest
possible frequencies were confirmed through comparisons
with LDA data obtained at rates of 1–2 kHz. The LDA
system employed for the 294 mm tank measurements com-
prised a single-channel forward scatter anemometer with
a BSA processor. The measurement accuracy was 1–2%
for the mean velocity and 2–5% for the turbulence level
measurements.

Table 1
Stirred tank configurations investigated

T (mm) D/T Impeller design (no. blades) C/T No. baffles N (rev/min) Re (working fluid) Technique

100 0.33 RT (6) 0.5 4 878–2165 16,000–40,000 (water) PIV
294 0.33 RT (6) 0.33 4 100–350 16,000–56,000 (water) LDA
294 0.33 PBT (6, 60◦) 0.33 4 100–350 16,000–56,000 (water) LDA
400 0.225 RT (6) 0.33 4 613 5,100 (oil) LDA
400 0.33 RT (6) 0.33 4 300 5,400 (oil) LDA
400 0.45 RT (6) 0.33 4 150 5,000 (oil) LDA
400 0.65 RT (6) 0.33 4 85 6,000 (oil) LDA
400 0.33 RT (6) 0.33 2 250 4,500 (oil) LDA
400 0.33 RT (2) 0.33 4 300 5,400 (oil) LDA
400 0.33 RT (3) 0.33 4 300 5,400 (oil) LDA
400 0.33 RT (4) 0.33 4 300 5,400 (oil) LDA

Measurements in the 400 mm tank were obtained with
a backscatter single-component anemometer with a TSI
frequency counter. The working fluid (oil) for the mea-
surements in the 400 mm tank was selected to achieve
refractive-index matching with the test section walls and
thus ensure extensive and unimpeded optical access through-
out the flowfield. The measurement errors were around
2–3% for the mean velocity and 5% for the turbulence level
values. Detailed descriptions of the related apparatus and
measurement procedures are provided by Yu[17].

Most of the LDA results in the 294 mm vessel were ob-
tained with a free surface, but some data were also obtained
with a lid and confirmed that the phenomena studied were
not affected to any significant extent by the presence or
absence of the lid. For each measurement location, the
recording time of the instantaneous signal was about 15 min.
Experiments showed that the sampling time is important
to have an accurate description of macro-instabilities. Zhou
[18] reported that the sampling time must be long enough
to cover at least 80 blade passages, i.e. for a 6-blade im-
peller rotating at 250 rev/min, the sampling time should be
no less than 3.5 s. On the other hand, accurate study of a
low-frequency phenomenon in the flow, where, according
to the literature,f is of the order of 0.5 Hz, suggests a signal
sampling time significantly longer than those used in many
other LDA studies.

Great care was exerted in the determination of the instabil-
ity frequencies obtained from the velocity-time recordings
with FFT and other techniques. The problems and pitfalls
involved in the identification of such frequencies have been
discussed in detail by Nikiforaki et al.[14] and are not re-
peated here. In particular, the frequency resolution, sampling
time and other processing and data acquisition parameters
may have important effects on the detected spectral peaks,
as does the spectral representation employed because loga-
rithmic plots tend to show the energy contained in low fre-
quency peaks spread out over a wide range and may lead to
underestimation of the importance of such low frequencies.
Consequently, all such results are presented here through
linear spectra plots extensively tested for sensitivity to the
aforementioned parameters. The frequency resolution em-
ployed in the FFT analysis varied from 0.006 to 0.018 Hz,
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to enable capturing accurately the lowest MI frequencies en-
countered, which were an order of magnitude higher. Sim-
ilarly, sampling times corresponding to up to 80 MI cycles
were employed in the measurements to ensure sufficient sta-
tistical representation of the phenomena studied.

Measurements were obtained in great detail (across the
flowfield, in steps of 1–4 mm) in the 400 mm refractive in-
dex matched vessel and in numerous locations around the
impeller and in the bulk flow in the 294 mm vessel. Flow vi-
sualisation results indicated that the instabilities were more
pronounced and more clearly defined with the Rushton im-
peller, and the region near the water surface was selected
for more extensive study to relate the LDA and visualisation
data. For economy of presentation, only characteristic re-
sults from the experiments made in the different size vessels,
with different impellers and working fluids are presented in
the following sections.

3. Results and discussion

3.1. Phase-resolved mean flow field with Rushton turbine

In order to facilitate the understanding of the macro-insta-
bility phenomena investigated and discussed in the follow-
ing text, it is instructive to consider first the phase-resolved
mean velocity distribution in a stirred vessel. The velocity
vector distribution in a vertical (r–z) plane located mid-way
between two baffles in theT = 400 mm vessel stirred by a
D = T/3 Rushton turbine atC = T/3 is shown inFig. 2. The
impeller rotational speed was 300 rev/min and the working
fluid was oil (Re = 5400). The length of each vector in-
dicates the velocity magnitude normalised byVtip and the
colour indicates the turbulence kinetic energy normalised
by V 2

tip, with colour values shown on the right of the
figure.

The double-loop mean flow pattern characteristic of this
configuration can be clearly seen, with higherk values in the
impeller stream, gradually decreasing with distance from the
blades. It is worth noting that at this relatively lowRe, the
normalisedk levels are similar to those obtained in earlier
works with higherRe of around 40,000 (see, for example
[4]). Forz/T> 0.8 velocity magnitudes are much smaller than
in the remainder of the vessel andk values are in general less
than 0.01V 2

tip. Earlier works with either a RT (Haam et al.
[19]) or a PBT (Montes et al.[8]) have shown that it is in this
region that the precessing motion of a swirling vortex that
is associated with the macro-instability phenomenon can be
more clearly discerned.

To illustrate the motion at az plane near the surface (z/T
= 0.75), the phase-resolved mean velocity vectors and the
correspondingk distribution shown by the vector colours
are presented inFig. 3. The impeller rotates in a clockwise
direction as viewed from the top of the vessel. The super-
imposed black lines have been drawn to help indicate the
mean flow motion in this plane. It can be seen that the flow

Fig. 2. Phase-resolved mean velocity vector and turbulence kinetic energy
distribution at a plane midway between two baffles. Rushton turbine,T
= 400 mm,C/T = 0.33, D/T = 0.33, N = 300 rev/min,Re= 5400.

is essentially unidirectional, with small vortices located be-
hind each baffle. The direction of the rotational motion is
from the vessel periphery and the baffles towards the region
above the impeller.

The last observation and the related flow visualisation
experiments concur with the observation of Guillard et al.
[20], albeit for a flow stirred by two RTs, that a coherent,
large scale structure may be present travelling towards the
centre of the tank in its upper part, before being entrained
by the flow created by the impeller.

3.2. Macro-instability frequencies with Rushton turbine

As the LDA data rate was higher with the forward-scatter
LDA system employed for the 294 mm tank measure-
ments, this set of data was used to extract most of the
information on MI frequency values. Extensive frequency
measurements across the 294 mm vessel with theD = T/3
RT located atC = T/3 showed clear peaks in the velocity
spectra atf′ around 0.02, with evidence of some harmon-
ics at higher values. Characteristic time-resolved velocity
variations and the corresponding spectra are shown in
Fig. 4 for N = 300 rev/min (Re = 48,000) and inFig. 5
for N = 200 rev/min (Re = 32,000). In both cases, cyclic
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Fig. 3. Phase-resolved mean velocity vector and turbulence kinetic en-
ergy distribution at the horizontal planez/T = 0.75. Rushton turbine,T
= 400 mm,C/T = 0.33, D/T = 0.33, N = 300 rev/min,Re= 5400.

variations are evident, although not easily discernable at
the time scale shown, in the velocity-time recordings. The
spectra, on the other hand, provide very clear evidence that
most of the macro-instability energy is concentrated in the
peaks corresponding tof′ = 0.015–0.02, with much smaller
peaks present at harmonic frequencies. Thesef′ values are
identical to those reported by Nikiforaki et al.[14].

Although the 294 mm tank measurements were made for
high Revalues, it is interesting to consider the extent of the
flow that is fully turbulent under lowerReconditions. This
is important, as Bittorf and Kresta[15] have shown conclu-
sively that the extent of active circulation in stirred vessels,
even for nominally fully turbulentRevalues, is often lim-
ited to around two-thirds of the vessel volume; consequently,
nearer the top of the vessel laminar or transitional flow con-
ditions may prevail. For this reason, measurements obtained
atRe= 5400 in this vessel were compared with similar ones
obtained in theT = 294 mm with water as the working fluid
at Re= 48,000. In and around the impeller stream, both the
normalised mean velocities and turbulence level values were
similar, to within the precision of the measurements (<0.01
Vtip). Schäfer et al.[21] have also shown that the flow near
a pitched-blade turbine (PBT) is turbulent and dynamically
similar forRe> 5000. Far away from the impeller, however,
this level of scaling is not achieved, as will be discussed fur-

ther later, and it is likely that, in agreement with Bittorf and
Kresta, the flows there are not fully turbulent.

A question that should therefore be posed is whether
the characteristic frequency of the macro-instability varies
across a vessel if fully turbulent conditions are not present
throughout the vessel. This can be further complicated by the
fact that often more than one precessing vortex is present,
with different vortices generated at different instances and/or
originating from different baffles, as was observed in the
flow visualisation in the present work, especially for the flow
generated by a PBT.

In order to determine the spatial distribution off′ near
the top of the vessel, the PIV technique was selected.
The selection of a RT located atC/T = 0.5 was made,
as flow visualisation showed that the MI phenomenon is
more clearly in evidence at this higher clearance and the
associated precessing vortex motion is much better defined
than with lower clearances or with a PBT. Measurements
were made at a vertical plane located mid-way between
two baffles in the 100 mm vessel, forRe= 16,000–40,000.
Contours of thef′ distribution are shown forz/T = 0.85–1 in
Figs. 6(a)–(f).

It can be seen that at the lowestRe (16,000,Fig. 6 (a)),
f′ is around 0.015 over half of the area, but a large region
with f′ varying from 0.04–0.15 is present. It must be noted
that the interpolation used in the contour plot may result in
intermediate values off′ being displayed, but what cannot
be in doubt is the presence of highf′ values aroundr/T
= 0.15–0.2 across the region. AsReis increased to 17,500,
the region with highf′ values is substantially decreased (Fig.
6 (b)), and this region and the corresponding maximumf′
value recorded, become smaller with increasingRein Figs. 6
(c)–(e). For Re= 33,200 (Fig. 6 (e)), the vast majority of
the area shown exhibitsf′ values of around 0.01–0.02, while
for the highestRestudied, 40,000,Fig. 6(f), f′ = 0.01–0.02
with only a tiny area exhibiting values of 0.03–0.04. The PIV
results were confirmed byf′ measurements obtained with
LDA in the 294 mm tank with the RT atC/T = 0.5 that also
yieldedf′ = 0.015–0.02 atRe= 48,000 near the top as well
as in the remainder of the vessel. The above findings have
two important implications. First, although they confirm the
f′ value of 0.015 established by Nikiforaki et al.[14], they
also indicate a change in MI frequency with decreasingRe.
Second, they provide evidence that for the largerRes f′ scales
with vessel diameter for the 100 and 294 mm vessels studied
here.

3.3. Macro-instabilities with pitched-blade turbine

Measurements were also obtained with a PBT to establish
to what extent impeller design affected the macro-instability
phenomena. The selection of the RT for the work described
so far was made because the MI phenomena studied were
even more complex in the case of the PBT. With this im-
peller, a nearly random formation and break-up of the pre-
cessional vortical motions was observed, which resulted in
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Fig. 4. Rushton turbine,T = 294 mm,C/T = 0.33;z/T = 0.88,r/T = 0.11 andN = 200 rpm (a) radial velocity time recording; (b) frequency spectrum of (a).

a number of frequency peaks being exhibited by the spec-
tra, albeit all at harmonic frequencies of the lowest one.
For example, inFig. 7(a)the spectra of the velocity record-
ings for a speedN = 350 rev/min at the radial locationr/T
= 0.13 can be seen for three different axial positionsz/T
= 0.22, 0.27 and 0.4. They are all characterised by a pro-
nounced low-frequency peak atf = 0.1 Hz (f′ = 0.017) and
its harmonics which in general are less pronounced. When
a lower speed (150 rev/min) was used (Fig. 7(b)) the fre-
quency spectrum was shifted to the left with the pronounced
low-frequency peak corresponding tof′ = 0.015; the spectra
for lower speeds also had more defined peaks and fewer har-
monics compared to those for the higher speeds. Therefore,

no difference inf′ could be identified with theD/T = 0.33
RT and PBT cases.

3.4. Effect of macro-instabilities on turbulence levels with
pitched blade turbine

As mentioned earlier, the mean flow variation stemming
from the macro-instabilities may result in broadening of the
measured turbulence levels, if it is not accounted for. This
effect has similarities to the broadening resulting from the
periodicity of the flow near the impeller blades identified
previously by Yianneskis et al.[22]. In order to quantify
the amount of broadening of turbulence levels that might be
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Fig. 5. Rushton turbine,T = 294 mm,C/T = 0.33;z/T = 0.92,r/T = 0.11 andN = 300 rpm (a) radial velocity time recording; (b) frequency spectrum of (a).

expected, the LDA data was analysed to compare the tur-
bulence levels obtained as ensemble-averages over 360◦ of
revolutionu′

t with the corresponding values when the blade
passage frequency (BPF) contributionu′

BPF and the cor-
responding macro-instability contributionu′

t are subtracted
based on the following velocity decomposition of the instan-
taneous velocity:

U = Ū + u + uBPF + uMI

whereU is the instantaneous velocity,Ū is the time-averaged
(mean) velocity,u is the randomly fluctuating component
of the velocity,uBPF is the regular periodic component due
to the blade passages anduMI is the macro-instability com-

ponent. Results obtained only with the PBT are shown in
this section, for brevity and as the trends with the RT were
similar.

Frequencies related to the blade passages were well de-
fined and consisted of the frequency of the blade passage
(fBP), the shaft rotational frequency (fs = fBP/6), higher har-
monics and linear combinations of these frequencies (in ac-
cordance with the findings of Kovács et al.[23]), as can be
seen in the velocity recording shown inFig. 8, taken atz/T
= 0.27,r/T = 0.13 for a speedN = 350 rev/min.

Hockey[24], experimenting with the same impeller and
vessel geometry, attempted to quantify the effect of the
periodic nature of the mean flow on the 360◦ r.m.s. value
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Fig. 6. Contours of the distribution of the non-dimensional macro-instability frequencyf′ for the Rushton turbine,C/T = 0.5, T = 100 mm, water. (a)Re
= 16,000; (b)Re= 17,500; (c)Re= 20,000; (d)Re= 26,600; (e)Re= 33,200; (f)Re= 40,000.

or total r.m.s. level. Performing ensemble averaged mea-
surements over 360◦ and over 1.08◦ intervals of impeller
rotation, he estimated both the random r.m.s. velocity and
the r.m.s. of the periodic component, but did not separate
the MI contribution. Hockey showed that the effect of the

periodic component varied depending on the position and
on the component of velocity. In particular, the effect of the
periodicity on the total r.m.s. values of the axial and tangen-
tial components was found to be relatively small, increasing
the random r.m.s. values by about 0.03Vtip. Specifically,
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Fig. 7. Pitched-blade turbine,T = 294 mm,C/T = 0.33, r/T = 0.13, z/T = 0.22, 0.27 and 0.40. Frequency spectra of instantaneous velocity recordings
for: (a) N = 350 rpm; and (b)N = 150 rpm.

measurements of the axial velocity component below the
impeller (z/T = 0.28) showed that forr/T = 0.06–0.17, there
was a 2–12% difference between the total r.m.s. velocity
(measured with respect to the tank) and the r.m.s. velocity
measured with respect to the impeller. Similar results were
obtained in the present work. For the radial component,
however, the r.m.s. values due to the periodic mean flow
increased the total r.m.s. values by up to 0.13Vtip or more
than 50% of the random value. For all velocity components
though, the r.m.s. due to the periodic mean flow was nearly
zero for radial locationsr/T > 0.17, and did not affect the
total r.m.s. values outside the impeller stream.

Kresta and Wood [2], experimenting with a 45◦
pitched-blade turbine, used a notch filter to remove the blade

passage frequency from the integral of the autocorrelation
function and reported no difference on the value of the in-
tegral time scale. A notch filter was also considered at first
for this work to eliminate the macro-instability frequency,
however, due to the fact that the MI does not occur at a sin-
gle/discrete frequency, the width and the sharpness of the
filter can have a strong impact on the results (Grgic[25]).
For this reason, a moving window averaging technique was
considered instead, and applied to the signal from which
blade passage effects had been already removed.

This smoothing technique used short time averages
in the time domain to smooth the signal and isolate
the macro-instability, and has already been employed by
Roussinova et al.[11] with a satisfactory degree of suc-
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Fig. 8. Pitched-blade turbine,T = 294 mm, C/T = 0.33, r/T = 0.13, z/T = 0.27. Frequency spectrum of instantaneous axial velocity recording forN
= 350 rpm.

cess. The parameters of the smoothing technique that
needed to be adjusted were the length of the window
and the number of repetitions of the smoothing process.
The smoothing was considered to be complete when the
low-frequency variation of the macro-instability was recov-
ered without the presence of any higher frequency fluctua-
tions.

The smoothed low-frequency MI signal was then sub-
tracted from the filtered signal, and the r.m.s. of the dif-
ference represented the portion of the total r.m.s. that was
due to the real turbulence (u′

t − u′
BPF − u′

MI ). It should be
carefully noted thatu′

t − u′
BPF − u′

MI denotes not a sim-
ple subtraction, but a proper decomposition of the r.m.s.
values.

In order to quantify the broadening of the r.m.s. velocity
due to the macro-instabilities the percent error due to the
long time scale MI was defined in accordance with Roussi-

Table 2
Mean velocity and turbulence level results for PBT atz/T = 0.27

r/T V u′
t u′

MI u′
t − u′

MI u′
t − u′

BPF − u′
MI %εMI %ε(MI+ BPF)

0.06 0.771 0.271 0.147 0.221 0.219 22.74 24
0.13 0.769 0.457 0.210 0.385 0.379 18.53 20.43
0.17 0.251 0.322 0.085 0.305 0.278 6 16.88
0.20 0.227 0.204 0.064 0.188 0.188 8 8
0.25 0.192 0.144 0.057 0.126 0.126 13.8 13.8
0.3 0.140 0.140 0.062 0.116 0.116 20 20
0.35 0.048 0.154 0.065 0.130 0.130 18.7 18.7
0.40 −0.140 0.162 0.067 0.138 0.138 17.3 17.3

nova et al.[11] as

%εMI = u′
t − (u′

t − u′
MI )

(u′
t − u′

MI )
× 100% (1)

The error varies from 6–23% as it can be seen inTable 2,
in agreement with[11] who reported a 7–30% difference,
and is on average around 15% across ther/T locations
considered. The broadening of the turbulence levels is
generally more pronounced, around 20%, in the impeller
stream and in radial locations with low turbulence levels
like r/T > 0.25. To quantify the broadening of the r.m.s.
velocity due to the combined effect of macro-instabilities
and periodic component the percentage error was defined
as

%ε(MI+BPF) = u′
t − (u′

t − u′
BPFu

′
MI )

(u′
t − u′

BPFu
′
MI )

× 100% (2)
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Table 3
Mean velocity and turbulence level results for PBT along the main circulation loop

x/T V u′
t u′

MI u′
t − u′

MI u′
t − u′

BPF − u′
MI %εMI %ε(MI+ BPF)

0.025 1.012 0.311 0.107 0.285 0.261 10 19
0.075 0.737 0.380 0.139 0.344 0.322 10.5 18.15
0.23 0.419 0.285 0.085 0.266 0.266 7.2 7.2
0.45 −0.123 0.157 0.057 0.140 0.140 12.5 12.5
0.58 −0.140 0.162 0.067 0.138 0.138 17.38 17.38
0.93 0.443 0.131 0.061 0.110 0.102 19 29.31

and accounted for an error of 8–24% in the characterisation
of real turbulence (Table 2).

However, as the above results refer to a profile that crosses
both the impeller stream and the upflowing stream near the
wall, it is more appropriate to ascertain the correspond-
ing variation along the PBT circulation loop. Measurements
were therefore made along the centreline of the circulation
loop, i.e. along a curved trajectory (denoted asx) starting
below the impeller and following the path of the mean flow
to the top of the impeller. The total error in turbulence esti-
mation varies from 7–30% along the circulation loop and is
more pronounced in regions close to the impeller (Table 3),
while the corresponding error due to the MI contribution is
around 7–19%.

The above results indicate clearly that the broadening of
the measured r.m.s. levels can be as high as 20% in some lo-
cations due to the macro-instability contribution alone, and
up to 30% when both the MI and the blade passing fre-
quency contributions are included. Predictions of the flows
should therefore take into account such broadening and al-
though this may not be relevant for RANS predictions, the
exclusion of such effects and of their importance for mixing
process reported by Guillard et al.[26] and others will not
be accounted for.

The preceding sections have indicated three important
findings. First, the determination off′ values must be made
with great care and comparisons between the turbulence
content of different flows should only be made if appro-
priate time-resolved recordings have been made to enable
the removal of the BPF and MI contributions to the mea-
sured r.m.s. values. This necessitates the acquisition of long
recordings at high data rates and careful spectral analysis,
which should be undertaken in future work for a range of
vessel and impeller geometries. Second, the MI phenomenon
and the correspondingf′ values are affected by theReof the
flow, especially near the top of the vessel and this must be
taken into account, especially as the volume above a cer-
tain elevation in stirred tanks is not actively involved in the
mean circulation, even though there is exchange between
this volume and the rest of the tank due to MIs in the flow
field (Bruha et al.[7], Bittorf and Kresta[15]). The PIV
data presented showed that indeedf′ values are affected in
that region and only for the highestRes a singlef′ value is
found. Importantly, such highRevalues may not be reached
in many vessels in practice without significant air entrain-

ment from the free surface. Third, in view of the possible
differences in flow regime and/or extent of active circulation
in a stirred tank, the distribution of mean velocities near the
top of the tank may affect the circulation of the precessing
vortex and thus thef′ values obtained. This is considered
further in the following section.

3.5. Effect of impeller diameter, number of blades and
number of baffles on mean flow with Rushton turbine

The findings of previous studies (e.g. Haam et al.[19]),
as well as the flow visualisation observations carried out in
this work, have provided evidence that the MI phenomenon
is associated with a precessing vortex near the surface and
is affected by interactions with the flow emerging from the
baffles. Guillard et al.[20] have also argued that it is rea-
sonable that the vortex is unstable in time and in space due
to the sharp variations in pressure and inertia forces near the
baffle, while Chapple and Kresta[27] have shown that the
near-baffle region of the tank is characterised by strong flow
direction instabilities. The most characteristic mean velocity
component in respect to the above considerations is the tan-
gential one and if its distribution for different vessel/impeller
characteristics near the surface scales withVtip, or equiva-
lently N, then it might be expected that the frequency of the
MI does as well. To investigate this, the tangential velocities
with different numbers of blades, baffles and impeller di-
ameters were examined in that region in the 400 mm vessel
system in which changes of vessel internals could be readily
achieved. However,f′ measurements were not obtained due
to data rate limitations and they should be studied in future
work. Instead, scaling rules between the recorded veloci-
ties and the number of baffles, blades and impeller diameter
were sought through measurement of the precessing vortex
velocities, most pronounced near the top of the vessel, via
the acquisition of mean tangential component data in that
region. The rationale for this part of the work was the lin-
earity betweenf andN in stirred tanks established by Niki-
foraki et al. [14] for higher Res and the expectation from
work in simpler configurations (for example by Vladimirov
et al.[28]) that precession frequencies in general scale with
rotational speed. The Rushton turbine was selected in pref-
erence to a PBT for this part of the work, as the flowfields
with different impeller sizes, etc. are likely to be more sim-
ilar, whereas the discharge angle for a PBT changes with
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Re (Hockey and Nouri[5]) and D/T (Bittorf and Kresta
[15]).

LDA measurements were made in the 400 mm vessel
stirred by a RT (D/T = 0.33,C/T = 0.33) with both 2 and
4 baffles. These can be seen inFig. 9 where the normalised
ensemble-averaged tangential mean velocity profiles atz/T
= 0.95 are shown. It can be seen that with 2 baffles the nor-
malised velocities are higher. Although the normalised ve-
locities aroundr/T = 0.1 nearly double with the decrease in
baffling, there is no evidence of scaling with the number of
baffles across the entire profile. A region characterised by
W= C/r is evident for the 2-baffle case for 0.1< r/T < 0.2,
but the corresponding profile is much more uniform for the
4-baffle case. Clearly, higher velocities (and a more intense
surface vortex) might be expected with fewer baffles, but
the lack of scaling between the two profiles indicates that
the change in flow pattern involves more complex processes
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Fig. 10. Ensemble-averaged tangential mean velocity profiles near the top of the vessel with 2, 3, 4 and 6 blades. Rushton turbine,T = 400 mm,C/T
= 0.33, D/T= 0.33, z/T = 0.95, Re= 5400.

than a simple increase in rotational velocity with a decreas-
ing number of baffles. Consequently, more extensive study
of both the effect ofReand baffle number on thef′ values
and precessional velocities is necessary to understand the
associated flow mechanisms affecting MIs.

In order to investigate whether the number of RT blades
affected the measured tangential velocities, LDA measure-
ments were made with RTs with 2, 3, 4 and 6 blades in
the 400 mm vessel atRe= 5000–6000, again atz/T = 0.95.
The normalised tangential velocities shown inFig. 10again
did not scale with tip speed but in general increased with
blade number. The increase in tangential velocity near the
vessel surface with a reduction of baffling or an increase in
blades is reasonable and might be expected. However, once
more the lack of scaling prevents drawing any firm conclu-
sions on the effect of such parameters on precessional veloc-
ities and it should be ascertained whether these influence the
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macroinstability phenomena. Any explanation should take
into account the possible generation of different number of
precessing vortices when the baffle and/or blade number are
altered. These issues are considered further below.

The effect of RT diameter on the mean velocities was stud-
ied through measurements obtained in the 400 mm vessel at
Re= 5000–6000 with impellers ofD/T = 0.225, 0.33, 0.45
and 0.65. A variation of velocities with different impeller di-
ameters has been observed previously by Nouri et al.[29] for
Re= 8000–48,000, but their findings were primarily con-
cerned with the region near the impeller, where scaling was
possible for turbulentRes, provided that normalised spatial
coordinates were employed to account for the different im-
peller sizes. The present data, shown inFig. 11for the four
diameter impellers again forz/T = 0.95, do not scale with
Vtip. An increase of the normalised velocity with diameter
is evident, but this is not proportional toD/T.

The results presented earlier in this section have shown
no clear evidence of scaling of normalised velocities with
the vessel/impeller internal changes studied. This might be
considered contrary to expectations and it is worthwhile ex-
amining possible reasons for the lack of scaling of the tan-
gential velocities with rotational speed or blade tip speed.
Although, as shown for example by Yianneskis et al.[22],
the flow near a rotating impeller can be analysed by sub-
tracting from the local time or phase-averaged tangential ve-
locities the forced vortex component (i.e.W = wr), in any
system driven by a rotating body, the flow away from that
body in the tangential direction is akin to an irrotational vor-
tex (Massey[30]), i.e. W = C/r. Consequently, near the top
of the vessel, the local time-averaged velocities should be
the resultant of the observed precessing vortex and the local
“irrotational vortex” flow. It is this resultant that the present
tangential velocity profiles show and, as they do not scale
with N, this may be caused by the strength of the “irrotational
vortex” flow varying with geometrical parameters such as

baffle and blade number, whereas the precessing vortex com-
ponent may indeed scale withN, or vice versa. This should
be ascertained in future work through time-resolved mea-
surements in the vicinity of the free surface. Importantly, it
should also be established whether more than one vortex is
present for different baffle/blade number cases, as it has only
been assumed so far that a single vortex is present, based on
from the standard configuration observations of Haam et al.
[19] and Yianneskis et al.[22].

In addition, for all three parameters (baffle, blade num-
ber and impeller size), the findings may be complicated fur-
ther by the fact that locally the flow may be predominantly
transitional. Consequently, this result, in conjunction with
the corresponding of Bittorf and Kresta[15] on the extent
of turbulent flow in stirred tanks, indicates that, at least for
the lowRecases in the RT-stirred vessels studied, the flows
away from the impeller blades may be affected by the lo-
cally not fully turbulent flow regime. An important corollary
of these observations is that scaling in stirred tanks may be
far more complex than a simple comparison of normalised
mean and/or r.m.s. velocities may indicate, and that any such
comparisons should be made with extreme care.

In relation to the above, the relation betweenRe and
extent of laminar/turbulent flow in a stirred vessel is not
well established for different scales. The present work in-
dicated that, at least in terms off′, a change occurs atRe
around 16,000–20,000 and this change is essentially com-
pleted whenRehas reached 40,000. Hasal et al.[10] reported
f′ values of 0.06 forRe= 75,000, and 0.09 forRe= 750 and
1200, in a vessel stirred by a PBT. Although a value ofRe
> 20,000 is normally cited for turbulent flow in a tank, the
manner of transition to turbulent flow appears rather com-
plex and poorly understood. For example, Kemoun et al.
[31] have found a linear increase in the r.m.s. levels forRe
> 260 in an oil-filled tank and in the shear stresses levels
for Re> 30,000 in a water-filled system. Montes et al.[8]
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found a sudden increase in normalised r.m.s. levels forRe
> 500, while Schäfer et al.[21] found that with a PBT tur-
bulence levels scaled withN for Re> 5000. Clearly, a more
thorough assessment of the state of the flows is needed.

The flows in stirred tanks are rather more complex, but
some insight can be provided by the findings of Vladimirov
et al.[28] who studied the effect of various geometrical pa-
rameters on precessing structures in simple rotating flows.
Vladimirov et al. found that for a wide range of flows driven
by rotating bodies of different shapes precessing structures
were present, whose precession rate was linearly related to
the rotational speed. Thef′ in their propeller-driven flow was
proportional to their parameter equivalent to the presentD/T
when the latter assumed values greater than 0.1. Although di-
rect comparisons are clearly not possible, their work and the
substantial efforts made to date to understand MI phenom-
ena in stirred vessels, may point to the potential benefits that
a carefully planned sequence of experiments in less complex
geometries could provide for an improved understanding of
such instabilities. The precessional MI is a true flow insta-
bility that is encountered in most, if not all, swirling flows,
albeit to different extent and/or with different magnitudes;
indeed the precessing vortex core may travel in the same
or the opposite direction to that of the flow rotation, or be
stationary for some flow conditions (Vladimirov et al.[28]).

In addition, the present work has shown, in agreement
with Montes et al.[8], that studying lower Reynolds num-
bers should help bridge a gap in the understanding and pro-
vide a more complete description of the MI phenomena and
hence quantify their importance for related mixing process
applications. Further work with different impeller diameters,
which should also encompass low Reynolds numbers and
simpler geometries, is necessary before a more unified un-
derstanding of macro-instabilities can be achieved. In partic-
ular, as an overview of the results of[12,14] in stirred tanks
and of[28] in simpler geometries indicates that impeller di-
ameter may have an effect on the MI frequencies generated
by precessional motions, it would be interesting to confirm
this and quantify such a dependence off′ on D/T, while the
results of both[12,14]have both shown no effect ofC/T on
f′ for the geometries studied, and therefore impeller clear-
ance can be expected to have little effect. The experiments
of [12] have also shown that fluid density and viscosity have
no noticeable effect onf′ and it would be useful to exam-
ine the influence of these properties for differentD/T im-
pellers. The results show conclusively that the characteristic
frequencies of MIs, and consequently the time scales over
which they may affect mixing and reaction phenomena, de-
pend on impeller rotational speed and not on the geometry
or fluid properties and that althoughf′ assumes different val-
ues at low and high Re ranges, the change off′ that takes
place over intermediate Re values deserves further investi-
gation to enable harnessing such instabilities for optimisa-
tion of process design. There is clearly much research still
needed to fully characterise and understand macroinstabil-
ties in stirred tanks.

4. Concluding remarks

The LDA and PIV measurements reported here for dif-
ferent impeller and tank geometries have sought to improve
understanding of macro-instability phenomena. The associ-
ated mechanism is rather complex, especially for the PBT,
and an effort was made to provide answers or pose ques-
tions for future research, as appropriate. The large-scale
motions in a stirred vessel are strongly affected by the MI
and its effect on the mixing process can be significant, as
r.m.s. levels, for example, may be broadened by up to 20%.
This could have important implications for reaction yield
in stirred tank systems, although exact quantification of the
effect of MIs is fraught with difficulties; there is little work
in this area but it should be noted that Houcine et al.[32]
have indicated that feed stream intermittency is present in
continuous stirred tank reactors which may be influenced
by macro-instabilities: they identified intermittencies with
periods of a few seconds that might affect macro- and
meso-mixing.

Importantly, althoughf′ was constant throughout the ves-
sel at the highestRevalues, increasingly larger regions of
higherf′ were detected asRewas reduced, and this may stem
from the limited extent of turbulent flow across the vessel,
which has been previously reported by Bittorf and Kresta
[15]. In such cases, even when the mean velocities and tur-
bulence levels scale well with blade tip speed near the im-
peller, perfect scaling is not found away from the blades.
Measurements for lowRenear the liquid surface with dif-
ferent impeller diameters, number of baffles and number of
blades showed no simple scaling of the tangential mean ve-
locity with blade tip speed. This may influence the preces-
sional motion of the MI and should be investigated further
to help establish scaling rules.

Care should therefore be exerted when extrapolating
results from low to highRe flows, especially as it may
be unlikely that fully turbulent flow conditions can be
achieved in many vessels before significant air entrainment
from the free surface, with all the associated complicating
influences, commences. The preceding considerations for
the region near the top of the vessels may also apply to
multiple-impeller tanks, when the impeller spacing is rela-
tively large and the circulation loops do not interact, as for
example, in the “parallel” flow of Rutherford et al.[3] with
two Rushton impellers.

Suitably-designed experiments in stirred vessels with low
Reynolds numbers, different impeller diameters and simpler
geometries should help throw light into the complex phe-
nomena involved.
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