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Abstract

To characterize intermittency phenomena in the impeller jet, digital particle image velocimetry (DPIV) was used to measure the
near-instantaneous flow fields in baffled, stirred reactor, equipped with a Rushton turbine (RT) impeller of large impeller and reactor
diameter ratio. From the transient velocity fields obtained by DPIV, characterized by a chaotic movement of the jet axis in a fan section
in the plane of laser sheet, effective intermittency phenomena in the impeller stream were identified for lower rotational speed. To gain
insight into the nature of the intermittency phenomena, the impeller discharge angle corresponding to the near-instantaneous velocity
field was calculated and its time series were constructed and analyzed via frequency count and power spectral density function (PSD).
The macro-instability (MI) behavior of the reactor was investigated and its presence in the bulk flow was verified via spectral analysis
of time series of the spatially averaged vorticity for lower rotational speed (namely 30, 60 and 120 min−1). Coherent spectral analysis
was introduced to determine the cause of the intermittency phenomenon in the impeller stream as well as the relationship between the
intermittency phenomenon and MI in the bulk flow. Results show that intermittency in the impeller stream is linearly related to MI in the
reactor. The influence of MI should not be neglected in study of impeller stream intermittency phenomena.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Stirred-tank reactors, mechanically agitated by one or
more impellers, are among the most widely used reactors
in chemical and allied industries. The rotation of impellers
generates extremely complex flow within the stirred ves-
sel. Therefore, understanding fluid dynamic characteristics
of the impeller discharge flow is essential for reliably design
and scale-up of stirred reactors.

Various experimental and numerical studies have been
done to characterize the complex fluid dynamics in the
impeller discharge region. According to the measurement
technique, these studies can be divided into two categories:
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RT, Rushton turbine
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angle-averaged and angle-resolved. For the angle-averaged
study, the flow fields in the impeller region were obtained by
averaging the instantaneous flow field over 360◦ of the im-
peller revolution. Most of those studies were carried out in
the 1980s[1,2] and were reviewed by Ranade and Joshi[3].
Later in 1990s, several attempts had been made to measure
angle-resolved flow characteristics in stirred tanks. Schaefer
et al. [4], Lee and Yianneskis[5] investigated turbulence
properties of the impeller stream induced by a RT impeller,
using laser Doppler velocimetry (LDV). Comprehensive
data of high spatial resolution were obtained through angle-
resolved and time-resolved LDV measurement. The nature
of the turbulence in the discharge stream was characterized.
LDV were essentially a single point technique to measure
the angle-averaged and angle-resolved flow characteristics.
Instantaneous measurements of large-scale structure around
rotating impeller blade are, therefore, impossible. Digi-
tal particle image velocimetry (DPIV), an instantaneous
multiple-point measurement technique, was used recently
to characterize flow structures near impeller blades.

Ranade et al.[6] studied the trailing vortices behind the
blades of a Rushton turbine by DPIV. Both angle-resolved
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Nomenclature

a blade width (m)
b blade height (m)
C clearance (m)
C(ω) coherent spectral function
D impeller diameter (m)
fMI macro-instability frequency (s−1)
f ′

MI non-dimensional macro-instability
frequency,f ′

MI = fMI /NI
h(ω) power spectral density function
H liquid height in reactor (m)
i, j index for radial and axial direction,

dimensionless
I, J total index number for radial and axial

direction, dimensionless
IN,M(ωk) the modified periodogram
k index for discrete set of frequencies
M length of time series after padding
n flow field number in the time series,

dimensionless
N total number of flow fields
NI impeller rotational speed (s−1)
Re impeller Reynolds number,NID

2/v

T reactor diameter (m)
ui,j,n, vi,j,n nth instantaneous velocity in the radial

and axial direction, respectively (m s−1)
ūd,v̄d spatially averaged radial and axial

velocity component in the impeller
region (m s−1)

ūi,j,v̄i,j mean velocity in the radial and axial
direction, respectively (m s−1)

wi,j,n vorticity (s−1)
w̄n spatially averaged vorticity (s−1)
W baffle width (m)
WB modified Bartlett window function
x, y distance for radial and axial direction (m)

Greek letters
φ impeller discharge angle (rad)
ω frequency (rad s−1)
ωk discrete set of frequencies

and angle-averaged flow fields near the impeller blades were
obtained. The trailing vortices were further investigated
numerically using commercial CFD code, Fluent. A satis-
factory agreement was achieved among experimental data,
published data and numerical simulation. Sharp and Adrian
[7] studied the instantaneous flow structure in a region sur-
rounding the blade tip of a Rushton turbine mixer using
DPIV. The impeller stream jet and tip vortices in the tran-
sient flow fields were reported to be considerably unstable.
Similar jet flow instability was also recognized by Houcine
et al.[8], who investigated the feed stream jet intermittency
phenomenon in a continuous stirred-tank reactor via instan-

taneous digital laser induced fluorescence (LIF) measure-
ment. As will be discussed later in this work, the occurrence
of unsteadiness in the impeller region might be partly due
to the influence of large-scale flow instabilities in the bulk
flow. Those large-scale flow instabilities were first detected
by Winardi and Nagase[9] in a mixing vessel with a marine
propeller using flow visualization and LDV techniques, and
then identified as MI by Bruha et al.[10] using a mechanical
device, called “tornado meter”. Characterized by space and
time scale considerably exceeding the scales of turbulence
eddies, MI was reported to represent not only flow pattern
alternation but a significant influence on the mixing process
[11], the local heat[12] or mass fluxes and local gas or solid
holdup for two-phase flow[13]. Therefore, various experi-
mental studies had been carried out to gain understanding
of mechanisms of the MI formation and development as
well as its properties. At early stage, studies on MI were ob-
servational measurements, via flow visualization techniques
such as visual observation, high speed video tape recording
(VTR), video recording, LDV[9] and tuft flow visualization
[14]. Investigations of MI phenomena are effective with the
use of different tools in signal processing, particularly with
spectral analysis[15–17], proper orthogonal decomposition
(POD) [18], velocity decomposition technique[19] and
probability analysis[20]. The macro-instabilities in stirred
vessel were also investigated by Myers et al.[21] and Fan
et al. [20], via two-dimensional DPIV measurement. Large
eddy simulation (LES) was also implemented to provide
data throughout the tank at each instant time to investigate
large-scale chaotic structures in stirred tank[22–24], al-
though the work is computationally intensive and presently
not viable for design and development purposes.

The objective of this work is to characterize the inter-
mittency phenomenon in the impeller jet and to further in-
vestigate the influence of turbulent macro-instability on the
discharge stream. The transient two-dimensional velocity
fields of the vertical mid-plane between baffles, in baffled
stirred tank equipped with a Rushton turbine impeller, were
measured using DPIV. The discharge angle corresponding
to the near-instantaneous flow field was calculated. Time
series of the discharge angle was constructed and inves-
tigated via frequency count and spectral analysis, to gain
insight into the nature of the intermittency phenomenon in
the impeller stream. Macro-instability behavior of the re-
actor was investigated via spatially averaged vorticity. The
cause of the impeller stream intermittency phenomenon and
its relationship with MI in the bulk flow, were determined
by coherent spectral analysis.

2. Experimental

The DPIV apparatus used in this study is FlowMap 1500
system from Dantec Measurement Technology. The flow
was seeded with polyamid seeding particles of 20�m di-
ameter and of 1030 kg m−3 density. Up to 20 Hz pulsed
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Fig. 1. Stirred vessel configuration, impeller geometry and location of
experimental point (the impeller region is defined as area bordered by
the square and location of the points for study of MI are represented as
hollow circles).

Nd:Yag laser with a beam expanding lens was used to cre-
ate a light sheet of 10 mm thickness to illuminate the mea-
surement area. A Nikon Hisence CCD camera was placed
at the right angle to the light sheet to record images with
resolution of 1280× 604 pixels. The recorded images were
divided into interrogation area of 64×64 pixels with a 50%
overlap, resulting approximately 660 vectors for the entire
vessel. The average relative error for the near-instantaneous
velocity measurement was 0.625%.

The DPIV experiments were carried out in a cylindrical
Perspex vessel. The configuration of the reactor is shown in
Fig. 1. The reactor diameterT = 0.28 m, equipped with four
baffles (widthW = T/10, 90◦ apart) and filled with water
of a height up toH = T . The fluid is stirred by a four-blade
Rushton turbine (diameterD = T/2, blade heightb = D/5,
blade widtha = D/4). The impeller clearance,C, is fixed at
T/2. To minimize the effect of vessel curvature on the inter-
secting beams and thus on the optical distortion, the whole
reactor was submerged into a square glass tank, which was
filled with the same working fluids. The measurement area
was vertical mid-plane between adjacent baffles. In this ex-
periment, the density and viscosity of water are 998 kg m−3

and 1.0 mPa s, respectively and the impeller was driven at
the speed of 30, 60, 120 and 180 min−1, respectively.

In the study of MI via spectral analysis, the number of
sample data and the resulting sample time were impor-
tant parameters to guarantee measurement accuracy. The
increase of the total number of sample data and thus the
sample time will increase the measurement accuracy. How-
ever, this will raise running cost at the same time. To keep
the balance between measurement accuracy and running
cost, 1024 successive DPIV measurements were carried out
using a time delay of about 0.5 ms, resulting a measurement
period of approximately 8.8 min for a sampling rate 2 s−1.
Previous experiment showed that this sampling rate (2 s−1)
was fast enough to capture the fastest MI transient observed
in the present reactor[20].

3. Data processing

To identify and characterize flow instabilities in the
impeller region, after treatment of the near-instantaneous
velocity fields acquired from DPIV measurement were
performed. The data reprocessing procedure includes cal-
culation of time averaged velocity field, calculation of
inclination angle and the spatially averaged vorticity, con-
struction and subsequently spectral analysis of time series
of the inclination angle and the spatially averaged vorticity.

The time averaged velocity field was calculated inEq. (1),
whereu andv denote radial and axial velocity component,
respectively;i and j are position index in radial and axial
direction;n denotes thenth transient flow field in the time
series andN is the total number of near-instantaneous flow
fields obtained:

ūi,j = 1

N

N∑
n=1

ui,j,n, v̄i,j = 1

N

N∑
n=1

vi,j,n (1)

The inclination angle of the impeller discharge stream was
defined inEq. (2):

φ = arctan

(
v̄d

ūd

)
(2)

wherev̄d andūd denote the spatially averaged axial and ra-
dial velocity in the impeller region, respectively. The im-
peller region location is shown inFig. 1. This definition of
the inclination angle, via spatially averaged velocity, may
not precisely represent the actual deflection of flow direc-
tion, but will not significantly influence the final conclusion
we draw. As the main objective of the present work is to
study the large-scale flow structure, the instantaneous veloc-
ity field was filtered by a 5× 5 filter before calculation of
inclination angle, so as to average out noise from the small
turbulence eddies.

To characterize the asymmetry of flow circulation in the
measurement plane, spatially averaged vorticity correspond-
ing to thenth velocity field,w̄n, was introduced and defined
as follows,Eq. (3):

w̄n = 1

I × J

I∑
i=1

J∑
j=1

wi,j,n (3)

wherewi,j,n denotesZ-component of thenth vorticity for
point i, j corresponding to thenth velocity field.wi,j,n can
be calculated from discrete velocity fields using finite dif-
ference approximations of the derivatives,Eq. (4). Sensitive
to the overall flow alternation in the bulk flow, the spatially
averaged vorticity can be used to investigate the MI phe-
nomena, which was verified by Myers et al.[21]:

wi,j,n = ∂vi,j,n

∂x
− ∂ui,j,n

∂y
(4)

The time series of the inclination angle and the spatially
averaged vorticity were constructed by performing the same



28 J. Fan et al. / Chemical Engineering Journal 102 (2004) 25–33

calculation over all the 1024 sequential near-instantaneous
velocity fields. As will be seen inFig. 4, the signal looks
so random that it is difficult to extract any information
from the time series. In present work, the power spectral
density functionh(ω), calculated using the discrete Fourier
transform after applying a modified Bartlett window (with a
window parameter of 50), was introduced to investigate the
behavior of MI,Eq. (5). These algorithms were described
in detail by Priestley[25]:

h(ω) = 2π

M

M/2∑
k=−M/2

IN,M(ωk)WB(ω − ωk) (5)

To investigate relationship between intermittency in the
impeller stream and the macro-instability in the bulk flow,
coherent spectrum functionC(ω) (at frequencyω) was
introduced and defined asEq. (6),

C12(ω) = h12(ω)

{h11(ω)h22(ω)}1/2
(6)

where series 1 and 2 denote time records of the spatially av-
eraged vorticity and inclination angle, respectively;h11(ω)
andh22(ω) are the non-normalized auto-spectrum for series
1 and 2, respectively, andh12(ω) is the non-normalized
cross-spectrum between series 1 and 2. The definition of
h12(ω) is similar to that ofh11(ω) and h22(ω), and is de-
scribed in detail by Priestley[25].

All computations were computer-programmed and per-
formed on a Fortran 90 platform. Detailed information can
be found in a book written by Press et al.[26].

4. Results and discussion

4.1. Flow pattern instability

The time-averaged velocity field in the vertical mid-plane
between adjacent baffles, obtained by averaging the sequen-
tial 1024 DPIV measurement, is illustrated inFig. 2. An ap-
parent symmetric double loop flow pattern is observed. The
jet flow coming off the impeller blades streams towards the
wall and is divided into two flows under the influence of
the vessel wall: one flow downwards along the wall, to the
bottom of the vessel, then back to the impeller region. The
others rise along the wall, to the top of the vessel and back to
the impeller region, forming a symmetric double loop. Sim-
ilar flow patterns have been reported by Costes and Couderc
[27].

Generally, such a double circulation loop pattern was
thought to fill the entire vessel. In contrast to this simple
picture, flow fields in a stirred tank are rather complex and
unstable. The randomly captured near-instantaneous flow
fields are presented inFig. 3. The instantaneous flow fields,
substantially complex and stochastic, are different to the
mean velocity field. Conventional double loop flow pattern

Fig. 2. Mean velocity field of vertical mid-plane between adjacent baffles
(D/T = 0.5, C/T = 0.5, NI = 30 min−1, Re= 9780).

is scarcely observed, rather, a large-scale unstable circula-
tion pattern dominates the entire tank. These large-scale flow
instabilities have been recognized by many scholars, includ-
ing Winardi and Nagase[9] who identified flow instabilities
via high speed VTR, Chapple and Kresta[14] via tuft flow
visualization, and Montes et al.[15] via flow visualization
technique. DPIV technique can eliminate personal errors and
inaccuracy due to its high resolution and capacity to capture
time varying flow fields.

To study flow pattern instability, vorticity was introduced
to characterize the rotation of fluid elements. As seen in
Fig. 3(c) and (d), the discharge flow, which turns upwards
under the influence of vessel wall, rotates counterclockwise,
and therefore gives a positive vorticity. Conversely, the dis-
charge stream, which flows downwards, rotates clockwise
and gives a negative vorticity. For the measurement plane,
the vorticity was further spatially averaged to characterize
the asymmetry of the transient flow fields.Fig. 3(a) shows
a near-instantaneous velocity field with a negative spatially
averaged vorticity, where large region of negative vorticity
in the lower part of the measurement plane dominates the
small region of positive vorticity in the upper part. For a
near-instantaneous velocity field, where large region of pos-
itive vorticity in the upper part of the measurement plane
dominates the small region of negative vorticity in the lower
part (Fig. 3(b)), the spatially averaged vorticity is positive.
The near-instantaneous flow field is nearly symmetric while
the spatially averaged vorticity is approximately zero.

Fig. 4 shows time series of the spatially averaged vor-
ticity. The signal is rather random and stochastic, with the
values fluctuating between−0.2 and 0.2 s−1. This indicates
the presence of dominant asymmetric circulation flow, with
direction and strength of rotation changing with time. The
agreement of the spatially averaged vorticity with the tran-
sient velocity fields verifies the use of the spatially averaged
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Fig. 3. Near-instantaneous velocity fields showing inclination of the impeller discharge stream (a) and (c) at time 32.5 s having a discharge angle of−34◦
and a spatially averaged vorticity of−0.06 s−1, (b) and (d) at time 57.0 s having a discharge angle of 6◦ and a spatially averaged vorticity of 0.03 s−1

(D/T = 0.5, C/T = 0.5, NI = 30 min−1, Re= 9780).

Fig. 4. Time series of the spatially averaged vorticity.

vorticity to characterize flow macro-instability in a stirred
tank, which had also been successfully implemented by My-
ers et al.[21] in their study of MI with a pitched-blade tur-
bine (PBT) tank.

To further investigate time records of the spatially aver-
aged vorticity, the power spectral density (PSD) estimate
at frequency 0–1.0 s−1 was calculated (Fig. 5). For a rota-
tional speed of 30 min−1, a well-defined peak can be found
at frequency 0.11 s−1. To make sure that this dominant fre-
quency is corresponding to MI, time records of axial and
radial velocity at several points were investigated via spec-
tral analysis (location of those points was shown as hollow
circles in Fig. 1). A well-defined peak can be observed at
the same frequency (0.11 s−1) for all the PSD spectra stud-
ied. Owing to the fact that these low-frequency fluctuations
in the vorticity signal is similar to MI found by many au-
thors[10,15,17,21,24], these fluctuations can be taken as the
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Fig. 5. Power spectral density of the time record of the spatially averaged
vorticity showing macro-instability phenomenon.

signature of existence of MI phenomena. To study the vari-
ation of fMI with NI , MI behavior at 60, 120 and 180 min−1

were also studied. Results show that dominant frequencies
corresponding to MI can be observed for lower rotational
speed (namely 30, 60 and 120 min−1). When we study PSD
spectra for 180 min−1, the spectra looks more random and
stochastic, with many poorly defined peaks. PSD spectra of
the axial and radial velocity signal also revealed none pro-
nounced frequencies corresponding to MI. The variation of
fMI with NI was investigated and plotted inFig. 6. For the
present study, the non-dimensional MI frequencyf ′

MI gives
0.22. Those findings were different with those reported by
Nikiforaki et al.[17] and Montes et al.[15], but similar to the
results reported by Roussinova et al.[24]. Nikiforaki et al.
[17] found thatf ′

MI keeps in the range of 0.015–0.02 for
their PBT/RT study. Compared with that of Nikiforaki et al.
[17], Montes et al.[15] got a value a little higher (0.06) for
their study with PBT tank. Roussinova et al.[24] reported
that the dimensionless frequency of MI remains constant at
0.186 for their study of PBT tank with impeller diameter
D = T/2. The discrepancy between those studies may be
partly due to the influence of impeller-to-tank diameter ratio

Fig. 6. Comparison of the MI frequency variation with impeller speed
obtained in different studies.

and impeller type. The PBT/RT impellers used by Montes
et al. [15] and Nikiforaki et al.[17] have a impeller-to-tank
diameter ratio (D/T) of 0.33, while for the present work and
work of Roussinova et al.[24] the ratio is 0.5. The dis-
agreement of MI frequency between different studies was
also addressed and further investigated by Nikiforaki et al.
[17], who reported that the total measurement time and log-
arithmic analytical method may also affect the selection of
appropriate frequency corresponding to MI. Although many
works had been done in the literature to characterize MI in
stirred reactor, the origin and nature of MI are still not well
understood and a more detailed investigation of MI behavior
is necessary for further study[17].

4.2. Intermittency phenomena in the impeller
discharge stream

When we observe flow in the impeller region, the jet os-
cillates in the plane of the laser sheet. When the circulation
flow in the lower part of the reactor is energetic enough,
the impeller discharge stream is entrained downwards and
backs to reinforce the circulation flow. This yields a nega-
tive discharge angle (Fig. 3(a)). When the circulation flow
in the upper part of the reactor is more powerful, the im-
peller discharge steam is entrained upwards, yielding a pos-
itive discharge angle (Fig. 3(b)). While the circulation flow
in the lower part counterbalances that in the upper part, the
stream jet axis is almost horizontal, giving a discharge angle
close to zero.

The impeller discharge angle, as defined inEq. (2), was
calculated and its time series was constructed. The results
were presented inFig. 7. As observed in the instantaneous
velocity fields, the discharge angle was not fixed at zero.
It fluctuated dramatically with time, with some fluctuations
exceeding the range of−50◦ to 50◦. Because the randomly
fluctuating signal makes it difficult to extract information
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Fig. 7. Time series of the inclination angle of impeller discharge stream.

from the time series, the frequency count was used to de-
scribe statistic characteristics of the time records. The dis-
tribution and frequency of the inclination angle is presented
in Fig. 8, with the step increment for the inclination angle
equal to 10◦. The plot of the frequency count versus the
discharge angle obeys the normal distribution law, with ap-
proximately 50% of the total count falling between−20◦
to 25◦ and 90% between−50◦ to 55◦. This gives evidence
of the presence of effective intermittency characterized by a
chaotic movement of the jet axis in a fan section in the plane
of laser sheet, with the upper and lower bound 50◦ from the
horizontal line.

4.3. Relationship between the impeller stream
intermittency and MI in the bulk flow

In order to further investigate random fluctuations of the
discharge angle, power spectral density estimated at fre-
quency between 0 and 1.0 s−1 was calculated and presented

Fig. 8. Distribution of the inclination angle of the impeller stream for
8.5 min or 1024 counts (D/T = 0.5, C/T = 0.5, NI = 30 min−1,
Re= 9780).

Fig. 9. Power spectral density of the time record of the inclination angle
(D/T = 0.5, C/T = 0.5, NI = 30 min−1, Re= 9780).

in Fig. 9. Compared with PSD of the spatially averaged vor-
ticity, the PSD of the inclination angle looks more stochas-
tic. However, a dominant frequency can still be observed at
frequency of 0.11 s−1, indicating the presence of harmonic
fluctuations with occurrence frequency of 0.11 s−1. This
dominant frequency is at the same location as the frequency
of MI ( fMI ) in the PSD of the spatially averaged vorticity.
We can deduce that the impeller discharge stream is subject
to the influence of flow macro-instabilities in the reactor and
the dominant harmonic fluctuation of the discharge angle
is due to MI. In order to verify this deduction, relationship
between the time series of the spatially averaged vorticity
and the discharge angle was studied via coherent spectrum,
which will be discussed later in detail. It is interesting to
note the dominant frequency (0.5 s−1) is equal to the im-
peller frequency in the present work (for a rotation speed
of 30 min−1). The maximum possible interpretation of this
frequency is the impeller passage effect, which is different
to Myers et al.[21] who reported that blade passage did not
strongly influence flow instabilities in a PBT tank and Fan
et al. [20] who found that the blade passage effect did not
influence PSD of the vorticity. However, this is not contra-
dictory, since the conclusion drawn by Myers et al.[21] and
Fan et al.[20] is applied to the bulk flow. From these results,
we can conclude that although the blade passage effect may
not be significant in the bulk flow, it cannot be neglected for
the study of flow dynamics and properties in the impeller
region.

Fig. 10 illustrates the coherent spectrum between time
series of the spatially averaged vorticity and the inclina-
tion angle. When the frequency is greater than 0.2 s−1, the
coherent spectrums are more stochastic, with many weak
pulsation waves, which indicate that the two series are not
intensively linear coupled. Even at the impeller frequency of
0.5 s−1, the two series have a coherency estimate of approx-
imately 0.06, which gives a proof that the impeller passage
effect does not significantly influence PSD of the spatially
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Fig. 10. Coherent spectrum between the time series of the spatially
averaged vorticity and the inclination angle (D/T = 0.5, C/T = 0.5,
NI = 30 min−1, Re= 9780).

averaged vorticity despite that it has vital influence on the
impeller discharge stream. At the frequency of 0.11 s−1,
the coherent spectrum shows a well-defined peak of 0.48,
indicating that there is a fairly strong linear relationship
between those two series. Explicitly, the intermittency in
the impeller stream is linearly related to the large-scale
low-frequency flow instability in the reactor and the occur-
rence of intermittency phenomena is partly due to MI in the
reactor. When we study impeller stream intermittency for
a rotation speed of 60 min−1, similar result can be found.
For higher rotational speed of 180 min−1, the PSD spectra
of the inclination angle series became more random, which
made this analytical method inapplicable.

Similar feedstream jet intermittency phenomena in a con-
tinuous stirred-tank reactor were also studied by Houcine
et al. [8], who identified the existence of feedstream jet
intermittency phenomena and investigated the relationship
between occurrence of intermittency and local charac-
teristics of fluid flow. Their work mainly focuses on the
dimensionless correlations characterizing intermittency oc-
currence. Results of the present work indicated that MI
might have rather strong influence on the intermittency be-
havior of jet stream, therefore should not be neglected in
study of impeller stream intermittency phenomena.

5. Conclusion

Based on the study of hydrodynamic instability by digital
particle image velocimetry (DPIV), the intermittency phe-
nomenon in the impeller stream jet and its relationship to
macro-instability in the bulk flow have been described for
rotational speed of 30, 60, 120 and 180 min−1, respectively.
From the near-instantaneous flow fields using DPIV, effec-
tive intermittency in the impeller stream was identified for
lower rotational speed (30 and 60 min−1). The impeller dis-

charge angle was calculated and its time series were con-
structed. The frequency count of the angle fluctuations shows
that the relationship between the frequency count and the
inclination angle obeys the normal distribution law, with ap-
proximately 50% of the total fluctuations falling between
the range of−20◦ to 25◦ and 90% falling between−50◦
to 55◦. A harmonic process, corresponding to MI, was ver-
ified by spectral analysis of the random fluctuations of the
discharge angle. Also in the PSD of the discharge angle,
impeller passage effect manifests itself as a dominant fre-
quency. Impeller passage effect cannot be neglected for the
study of flow dynamic and properties in the impeller region
although the blade passage effect may be not significant in
the bulk flow.

Power spectral density of time series of the spatially
averaged vorticity shows well defined peaks corresponding
to MI for lower rotational speed (30, 60 and 120 min−1).
The dimensionless frequencyf ′

MI for the present work
gives 0.22, which is different to those reported in the lit-
erature. The disagreement may be partly due to the differ-
ence in impeller-to-tank diameter ratio and impeller type
used.

By means of coherent spectral analysis, the intermittency
phenomenon in the impeller stream was found to be linearly
related to macro-instability in the bulk flow. Therefore in-
fluence of MI should not be neglected in future study of
impeller stream intermittency phenomena.
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