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A PIV technique is used to analyze the local hydrodynamics generated by a Rushton
(turbine. Different types of motion coexist in the tank: the mean flow or global circula-

) ( )tion , the periodic fluctuations or trailing ®ortices induced by the blade rotation in the
( )impeller region, and the turbulent fluctuations that dissipate the kinetic energy . These

three kinds of motion can be estimated after experiments as soon as a triple decomposi-
tion of the ®elocity is performed. The mean ®elocity, the periodically induced stress, and
the Reynolds stress are analyzed in the agitated tank, close to the impeller. These data
are used for two purposes: to identify and quantify the transfer of kinetic energy between
mean flow, periodic flow, and turbulence; and to estimate the dissipation rate of turbu-

( )lent kinetic energy TKE from the balance of TKE, in which each term will be deri®ed
from experiments. Characteristics of turbulence are also presented and discussed.

Introduction

Stirred-tanks equipped with a Rushton turbine are mainly
used in industry, and a large amount of literature on this
equipment has been published over many years. However,
mixing mechanisms are not yet fully understood. The respec-
tive roles of global circulation, trailing vortices, and small-
scale turbulence on macromixing and micromixing is not so
clear. These different types of motion coexist in the tank: the

Ž .mean flow or global circulation , the periodic fluctuations
Ž .or trailing vortices induced by the blade rotation in the im-

Žpeller region, and the turbulent fluctuations that finally dis-
.sipate the kinetic energy .

The following points will be introduced and briefly re-
viewed. The experimental technique used to analyze the flow
field will be recalled. The main results obtained from global
studies will be listed. More detailed studies of local hydrody-
namics have been based on the decomposition of the velocity
fluctuations between turbulent and organized motions. Dif-
ferent decomposition techniques will be recalled. The main
results obtained after decomposition will be presented in
terms of kinetic energy of turbulence and kinetic energy of
organized motion. In addition, turbulence characteristics, in-
cluding length scales and the dissipation rate of turbulent ki-
netic energy, will be reviewed. The specific study of trailing
vortices is beyond the scope of this article.

Correspondence concerning this article should be addressed to A. Line.́

Experimental technique
Ž .Mavros 2001 reviewed the experimental techniques avail-

able for studying the flow patterns in stirred vessels: photo-
Ž .graphic technique Cutter, 1966 , hot-wire anemometry

Ž . ŽMujumbar et al., 1970 , laser-Doppler velocimetry Costes
and Couderc, 1988; Mahouast et al., 1989; Wu and Patterson,
1989; Kresta, 1991; Stoots and Calabrese, 1995; Lee and

. ŽYianneskis, 1998 , ultrasound Doppler velocimetry Bouillard
. Žet al., 2001 , and particule image velocimetry PIV; Hill et al.,

2000; Sheng et al., 2000; Escudie, 2001; Sharp and Adrian,´
.2001 . Such techniques were used to perform velocity mea-

surements in the case of the Rushton turbine. The present
work is based on the PIV technique that enables the mea-
surement of an instantaneous velocity field in a plane. The
main limitation of the technique is related to the spatial filter
induced by the image processing; this will be discussed in de-
tail. The size of the filter will be compared to the Taylor
microscale, in order to ensure that energetic fluctuations are
not filtered.

Main results obtained after global studies
The objectives of global studies were to determine the

global circulation in the tank. For example, the radial mean
Ž .velocity Table 1 was investigated in the jet of the impeller

ŽCutter, 1966; Mujumbar et al., 1970; Costes and Couderc,
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Table 1. Maximal Radial Mean Velocity at the Impeller Tip

Radial Component
U rU1 tip

Ž .Van der Molen and Van Maanen 1978 0.85
Ž .Yianneskis et al. 1987 0.7
Ž .Wu and Patterson 1989 0.78
Ž .Ranade and Joshi 1990 0.7

Ž .Stoots and Calabrese 1995 0.87
Ž .Lee and Yianneskis 1998 0.74

Present work 0.80

.1988 . At the same position in the tank, the ratio of the mean
velocity components, normalized by the velocity of the im-

Ž .peller tip U s� ND , was shown to be independent of thetip
Ž . Ž .impeller diameter D or the tank diameter Ts3D and of

Ž . Žthe agitator rotational speed N Cutter, 1966; Van der
Molen and van Maanen, 1978; Costes and Couderc, 1988;

.Wu and Patterson, 1989 .
Despite the use of a standard stirred-vessel configuration,

the results obtained by different authors can show significant
Ž .differences, as pointed out by Yianneskis 2000 . The source

of these inconsistencies can be attributed to a small differ-
ence in the stirred-vessel configuration. The presence of bolts,
used to fix the blades to the hub, for example, can affect the
mean flow and the trailing vortex structure. Moreover, the
thickness of the disk or impeller blades can influence signifi-

Žcantly the hydrodynamic characteristics Rutherford et al.,
.1996 . Keeping this observation in mind, our results will be

compared to these previous works.

Decomposition techniques
In the past, several techniques were used to separate the

velocity fluctuations due to the turbulence from the orga-
Žnized motion generated by the impeller-blade rotation and

.related to trailing vortices . Signal processing enables the or-
ganized motion to be extracted from the total fluctuations in
terms of temporal or spectral analysis:

� The velocity correlation function was shown to be com-
posed of a periodic component added to a random one
Ž .Mujumbar et al., 1970; Wu and Patterson, 1989

� The energy spectrum was shown to exhibit a classic shape,
with additional peaks related to the impeller frequency
ŽCutter, 1966; Van der Molen and Van Maanen, 1978; Costes

.and Couderc, 1988; Mahouast et al., 1989 .
These two techniques require high-frequency measure-

Ž .ment LDV, Hot-wire Anemometry , and cannot be applied
in the case of the PIV technique.

Since the organized motion is generated by the blades, a
synchronization of the data acquisition with the blade posi-
tion can be used to separate periodic and turbulent fluctua-

Žtions Van der Molen and Van Maanen, 1978; Yianneskis et
al., 1987; Yianneskis and Whitelaw, 1993; Stoots and Cal-

.abrese, 1995; Schaffer et al., 2000; Sharp and Adrian, 2001 .
Moreover, this technique enables the organized motion ve-
locity to be extracted for a given blade position relative to the
measurement plane: the trailing vortices can then be visual-
ized. This technique will be used in the present study. In or-
der to synchronize the acquisition, an encoder will be
mounted on the impeller shaft.

Turbulent kinetic energy and periodic motion kinetic energy
The turbulent kinetic energy and the organized motion ki-

netic energy can be obtained after the decomposition tech-
nique presented earlier. Kinetic energy is usually normalized

2 Ž .by U Cutter, 1966; Wu and Patterson, 1989 . In the im-tip
peller tip region, the kinetic energy of the organized motion

Ž .is significant Wu and Patterson, 1989; Mahouast et al., 1989 .
With increasing radial position, two main characteristics can
be pointed out: the organized motion kinetic energy de-
creases and the turbulent kinetic energy first increases and

Ž .then decreases. Van der Molen and Van Maanen 1978 sug-
gested that a link seems to exist between turbulence and
trailing vortices. Indeed, phase-averaged measurements show
that the turbulent kinetic energy is higher in the trailing vor-

Žtex region than elsewhere in the jet Lee and Yianneskis,
1998; Schaffer et al., 1997; Ranade et al., 2001; Sharp and

.Adrian, 2001 . However, the interaction is not yet clearly de-
fined. One of the objectives of the present work is to quantify
the energy transfer between trailing vortices and turbulence,
in order to improve the understanding.

Turbulence characteristics: Anisotropy and scales
In the turbulent regime, the fluid dynamic is characterized

by a wide range of length scales. Three kinds of scales can be
identified: the Kolmogorov scale, �, the Taylor microscale, �,
and the macrolength scale �.

In the energy-cascade theory, the smallest turbulent struc-
tures are called Kolmogorov scale, denoted by �. At this scale,
the turbulent kinetic energy is dissipated by molecular viscos-
ity. The scale � can be expressed in terms of the dissipation
rate of turbulent kinetic energy, � , and kinematic viscosity � ,
as follows

1r43�
�s 1Ž .ž /�

The Taylor microscale, �, has a size characterized by the
smallest energetic structures. In the case of isotropic turbu-
lence, the Taylor microscale can be expressed in terms of
dissipation rate of kinetic energy � and turbulent kinetic en-

Ž .ergy k Sharp and Adrian, 2001

�215�u 10� k(�s s 2Ž .(
� �

The macrolength scale, �, corresponds locally to the size of
the most energetic turbulent structure. The temporal

Ž .macroscale t can be estimated using the single-point mea-E
Žsurement technique. The Taylor hypothesis frozen turbu-

.lence can be used to calculate the spatial macroscale. One of
the advantages of the PIV technique is to directly determine
the macroscale, after spatial correlation of the turbulent

Ž .velocity field measured in a plane Bugay, 1998 . The
macroscale, �, was usually normalized with the impeller

Ž .width, w Costes and Couderc, 1989; Michelet, 1998 . How-
ever, turbulence is anisotropic, and macroscales are different
in the three directions of the Cartesian reference frame
Ž .Cutter, 1966; Wu and Patterson, 1989; Bugay, 1998 .

March 2003 Vol. 49, No. 3 AIChE Journal586



Table 2. Macrolength Scales in the Stream Jet

�rw

Ž . Ž .Cutter 1966 0.14��rw�0.2 tangential direction
Ž .0.25��rw�0.45 radial direction

Ž .Mujumbar et al. 1970 0.2 ��rw�0.5
Ž .Costes and Couderc 1988 �rwf0.5

Ž .Mahouast et al. 1989 0.48��rw�1.32
Ž . Ž .Wu and Patterson 1989 0.35��rw�0.50 radial direction

Ž .�rwf0.5 tangential direction
Ž .0.25��rw�0.4 vertical direction

Ž .Lee and Yianneskis 1998 0.1��rw�0.3
Ž .Michelet 1998 0.6��rw�1.2

The macroscales were shown to depend on radial and axial
Ž .locations in the tank Table 2 . In the impeller jet, the small-

est scales are located close to the impeller tip. With increas-
Žing radial position, the macroscale increases Mahouast et al.,

.1989; Wu and Patterson, 1989; Michelet, 1998 . Outside the
impeller zone, the order of magnitude of the macroscale was

Ž .shown to be Dr4.4 Costes and Couderc, 1988 or Dr4
Ž .Ranade and Joshi, 1990; Michelet, 1998 . These different
scales will be determined in the present work.

Dissipation rate of turbulent kinetic energy
The determination of the local dissipation rate of turbulent

kinetic energy, � , is important. However, the direct measure-
ment of � is very difficult, since it needs to capture precisely

Žthe smallest turbulent structures Saarentine and Piirto,
.2000 .

In the past, several methods were developed to estimate
the dissipation rate of turbulent kinetic energy:

� Kinetic energy balance term averaged over a control vol-
Žume Cutter, 1966; Wu and Patterson, 1989; Zhou and Kresta,
.1996a

� ŽIntegration of dissipation spectrum Okamota et al., 1981;
.Costes and Couderc, 1988

� Ž .Dimensional analysis Zhou and Kresta, 1996b

u�3

�s A 3Ž .
L

where A is a constant, u� is a turbulent velocity characteris-
tic, and L is a length-scale characteristic. The length scale,
L, can be taken as proportional to the impeller diameter,

Ž . ŽD: LsD Costes and Couderc, 1988 , LsDr2 Stoots and
. Ž .Calabrese, 1989 , LsDr10 Kresta and Wood, 1991 . In some

Ž .cases, L is the spatial macroscale � and is determined from
Žexperiments Cutter, 1966; Wu and Patterson, 1989; Bugay,

.1998 . However, this dimensional analysis assumes that the
turbulence is fully developed. Indeed, the time needed to ob-
tain fully developed turbulence can be defined as follows

L
4Ž .'kr3

Ž .In the stream jet of a Rushton turbine, Michelet 1998 esti-
Žmated the distance covered during this time as 0.6 D where

.D is the impeller diameter . Considering that the impeller

generates the turbulence, Eq. 3 cannot be used to estimate
the dissipation rate of turbulent kinetic energy, � .

� The dissipation rate of turbulent kinetic energy � can be
estimated from the balance equation of turbulent kinetic en-
ergy. In this case, most of the terms of the equation are cal-
culated from experiments and the dissipation rate can be de-
duced. The dissipation rate, � , was estimated in the case of a

Ž .shaped impeller Lightnin A310; Bugay et al., 2002 .
� Ž .Michelet 1998 estimated � directly using the two-point

measurement LDV technique.
� Ž .Sharp and Adrian 2001 derived � directly using the PIV

technique.
Most of the authors agree on the fact that 20% to 30% of

the energy transferred to the fluid by the impeller is dissi-
pated in the region of the impeller. In the present work, the
dissipation will be estimated from local balance of TKE.

Discussion
In the present study, the PIV technique is used to analyze

the local hydrodynamics generated by a Rushton turbine. Re-
Ž .cently, Sharp and Adrian 2001 published an article based

on similar experiments using the PIV technique to analyze
the small-scale flow structure around a Rushton turbine; in
their article, they focused on the direct estimation of the TKE
dissipation rate. In our case, the spatial resolution of the PIV
measurement being larger, the TKE dissipation rate cannot
be directly estimated. The data have to be processed differ-
ently. The estimation of the TKE dissipation rate is based on
the balance equation of TKE, in which each term is derived
from experiments. To achieve this balance, the different types
of kinetic energy will be analyzed and the importance of the
exchanges of kinetic energy between turbulence and trailing
vortices will be emphasized.

The different types of kinetic energy are basically related
to the different types of motion generated in the tank: the
mean flow, the periodic fluctuations induced around the im-
peller by the blade rotation, and the turbulent fluctuations.
The balances of these different types of kinetic energy will be
analyzed and their transfer will be discussed. Indeed, the bal-
ance equations of different types of kinetic energy were de-

Ž .rived by Reynolds and Hussain 1972 . The authors per-
formed a triple decomposition of the velocity in order to de-
termine turbulence in the presence of periodic flow. It will be
shown in the current article that many terms of these balance
equations can be estimated from experiments. Such balance
equations enable the terms that cannot be directly measured
to be estimated, namely, diffusion terms involving pressure
fluctuations or the dissipation rate of TKE.

Estimation of the terms involved in the balance equations
supposes the use of reliable data. Therefore, in the first step
of this study, the present data are validated after a compari-
son with previous experimental works. Once the data are val-
idated, data processing can be developed in order to under-
stand the exchange of energy between the different motions.

In the first part of this article, the principles of the PIV
technique are recalled. Then, the experimental setup is pre-
sented. The mean velocity field and the Reynolds stress com-
ponents are analyzed and validated in the case of the radially
agitated tank. These data are then used to estimate the dissi-
pation rate of TKE. The dissipation rate of TKE is deduced
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from the balance of TKE after precisely estimating transport,
dissipation, and transfer terms. The characteristic length
scales of turbulence are then analyzed.

Experimental Study
PIV technique

The principle of the PIV technique consists in acquiring
Ž .instantaneous two-dimensional 2-D velocity fields. The PIV

technique is based on the following steps:
� Seeding the fluid-flow volume under investigation with

small solid particles;
� Illuminating a slice of the flow field with a pulsing light

sheet in order to visualize particles location;
� Recording two images of the fluid flow with a short time

interval between them, using a digital CCD camera;
� Processing these images by dividing the complete image

into squared interrogation areas. In each 32-pixels wide in-
terrogation area, the cross-correlation technique enables the
most probable particle displacement to be calculated: given
the time delay between two successive images, the instanta-
neous velocity can be calculated. This technique is applied to
the complete image from the camera in order to get the in-
stantaneous velocity field.

The PIV system used was the commercial system acquired
from Dantec Measurement Technology. The system includes

Ž .a laser Mini Yag, 15 Hz, 30 mJ , a double-image recorder
Ž .camera Kodak Megaplus ES 1.0, 1008�1018 pixels , a dedi-

Ž .cated processor PIV 2000 , and the software. The processor
does all the calculations in real time. As the processor pro-
duces vector maps, they are displayed and optionally stored
by the software. The software also automatically generates all
the synchronization signals for system integration. The seed-
ing material is spherical hollow glass silvered particles from

Ž .Dantec densitys1.4, 10 �m� d �30 �m .p

Experimental apparatus
The apparatus used in this study consisted of a standard

Ž .cylindrical tank equipped with a Rushton turbine Figure 1 .
Ž .The cylindrical tank was made of glass 6 mm thick and had

a diameter Ts450 mm and a liquid height HsTs450 mm.
The cylindrical vessel was placed in a cubic tank filled with
tap water to minimize optical refraction. Four equally spaced

Ž .baffles made of glass width Bs45 mmsTr10 were fitted
along the internal surface of the vessel. The tank, filled with
tap water as the working fluid, was open at the top. The
Rushton turbine was of standard design with a diameter Ds
Tr3s150 mm. The clearance, C, was equal to the impeller
diameter and was measured between the bottom of the mix-
ing vessel and the impeller-disk plane. The blade height, w,
was 0.2 D. Both the blade thickness, t , and the disk thick-b
ness, t , are equal to 2 mm.d

The orientation of the Cartesian reference frame is plotted
Žin the Figure 1. X corresponds to the radial direction posi-1

.tive toward the tank wall , X the tangential direction, and2
Ž .X the vertical direction positive toward the tank top .3

Experiments were carried out at a single value of impeller
Žrotational speed Ns150 rpm. The Reynolds number Res

Ž 2. .ND r� is then equal to 56,250. The flow pattern is turbu-
lent. The pumping number is defined as

Figure 1. Tank geometry.

Qp
N s 5Ž .Q 3p ND

Ž .and is equal to 0.68 Roustan et al., 1999 and corresponds to
a pumping flow rate of 5.7 L � sy1. If the fluid is assumed to
flow radially through the surface of a cylinder described by

Žthe impeller tip with a diameter corresponding to the im-
peller diameter, D, and a height corresponding to the blade

.width, ws30 mm , the surface area is then equal to and Ss
� Dws0.014 m2 the mean velocity is 0.4 m � sy1.

The power number is defined as

P
N s 6Ž .P 3 5�N D

Ž .and is equal to 5.5 Roustan et al., 1999 . It corresponds to
2 3 Ž .power, Ps5.9 kg �m rs s5.9 W. The volume 	 of liquid

in the tank is 70 L. The power number corresponds to a vol-
ume average of the dissipation rate of kinetic energy equal to

P
2 3² :� s s0.11 m rs 7Ž .tan k

�	

Accuracy of data acquisition
The accuracy of the velocity measurements depends on dif-

ferent parameters such as the seeding concentration, the size
of the PIV measurement area, the time interval between two
laser slices, and the spatial resolution. Indeed, a compromise
has to be found between two opposing goals:

� The size of the measurement area should be as large as
possible in order to determine the velocity field in a large
domain;

� The spatial resolution should be small enough so that
any turbulent eddy that is too small to be measured has an
insignificant energy value.

Consequently, two preliminary tests were performed to
choose the best measurement area size:

� In the first experiment, data were obtained with a mea-
surement area of 60�60 mm2. Such a measurement domain
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is relatively large compared to the experiments of Sharp and
Ž .Adrian 2001 , and relatively small compared to the full size

of the tank. In fact, the measurement domain is restricted to
a region of the jet close to the impeller tip. This is the do-
main where the exchange of kinetic energy between orga-
nized motion and turbulence are the most significant. Using
the PIV technique, the domain is divided in an interrogation
area. The size of the 32-pixels-by-32-pixels interrogation area
is 2.2�2.2 mm2. Interrogation areas are not adjacent, but
50% overlapped. Hence, a vector is measured every 1.1 mm.

� In the second experiment, data were obtained with a
smaller measurement area of 30�30 mm2. Given similar ex-
perimental conditions, the size of the interrogation area is
1.1�1.1 mm2, and a vector is measured every 0.55 mm.

The results obtained after these two experiments, per-
formed in only one plane, are compared in terms of profiles
of the two components of the mean velocity vector and in
terms of the three components of the stress tensor. The verti-
cal profiles of both radial and axial components of the mean
velocity normalized with U are plotted at two radial posi-t i p

Ž .tions rrRs1.15 and rrRs1.45 in Figures 2a and 2b, re-
spectively. The mean velocity profiles obtained with the two
experiments are shown to be similar; thus, the accuracy of
the measurement of the mean velocity does not depend on
the size of these interrogation areas. The vertical profiles of
the sum of the two diagonal components of the Reynolds
stresses normalized with U 2 are plotted at the same radialt i p
positions in Figure 2c, and the profiles of the nondiagonal
component of the Reynolds stress are plotted in Figure 2d.
Once again, the profiles of Reynolds stresses do not depend
on the size of the interrogation area. This proves that the
larger measurement area does not significantly affect the to-
tal energy measured. Consequently, in the subsequent experi-
ments, the larger measurement area will be used to deter-
mine both the mean flow and turbulence characteristics.

Indeed, this result can be argued by evaluating the Taylor
Ž .microscale Eq. 2 . According to the experiments, the turbu-

lent kinetic energy, k, ranges between 0.1 and 0.15 m2� sy2

and its dissipation rate, � , ranges between 1.5 and 5 m2� sy3

in the region close to the impeller. The order of magnitude
of the Taylor microscale, �, then ranges between 0.45 and 1
mm. This order of magnitude corresponds to the spatial reso-
lution of the current experiments.

The seeding concentration was adjusted in order to have
between 5 and 10 particles in the interrogation region. The
time delay between laser flashes depends on local hydrody-
namics. For example, the size of the interrogation area is fixed
at 2.2 mm; the maximum radial velocity of the fluid in the
impeller jet being close to 2 mrs, a 0.2-ms time delay be-
tween laser flashes was chosen in this region, since it corre-
sponds to a particle displacement equal to 20% of the inter-

Ž .rogation area size Keane and Adrian, 1992 .

Accuracy of data processing
The statistical-average calculation was performed on a se-

ries of 1,000 instantaneous velocity fields. Statistical conver-
gence was checked on mean velocity, Reynolds stress compo-
nents and third-order moments of fluctuating velocity The
third-order moments of fluctuating velocity will be used to
estimate the diffusion terms. The evolutions of the cumula-

Figure 2. Vertical profile of mean velocity and turbulent
components for the two interrogation sizes.
Ž . ² : Ž .a Mean velocity at rrRs1.07: 
�
 U rU small size ,1 tip

² : Ž . ² : Ž .` U rU large size , 
� 
 U rU small size , �1 tip 3 tip
² : Ž . Ž . Ž .U rU large size ; b mean velocity at rrRs1.45; c di-1 tip

ŽŽ² �2: ² �2:. 2 .agonal component u q u rU of Reynolds tensor:1 3 tip
Ž . Ž .
�
 rrRs1.15 small size , ` rrRs1.15 large size , 
� 


Ž . Ž . Ž .rrRs1.45 small size , � rrRs1.45 large size ; d nondi-
Ž² � � : 2 .agonal component u u rU of Reynolds tensor: 
�
1 3 tip

Ž . Ž .rrRs1.15 small size , ` rrRs1.15 large size , 
� 
 rrRs
Ž . Ž .1.45 small size , � rrRs1.45 large size

tive average of the mean velocity, the second and the third
moment of fluctuating velocity, are plotted in Figures 3a
3c.
The curves correspond to two velocity components measured
at the fixed point rrRs1.33, 2 zrws1, angular positions20�.

Some vector measurements were considered to be spurious
by the processor. They correspond to displacement vectors in
the correlation plane, with peak heights that are rejected. In-
deed, the processor locates the highest and second highest
peak in the correlation plane. These two peaks are com-
pared; the highest peak must be 1.2 times larger than the
second one. If this is not the case, it means that there is too
much noise, and the vector is then rejected. In the
statistical-averaging procedure, these spurious vectors are ig-
nored and the statistical average is determined on a reduced
number of data, which takes the missing data into account. In
our experiments, raw data were used as instantaneous veloc-
ity fields, without filtering and without move-averaging vali-
dation.
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Figure 3. Statistical convergence.
Ž . ² : ² : Ž .a Mean velocity: U , � U ; b second moment:1 3

�2 � 2 � 3 � 3² : ² : Ž . ² : ² :u , � u , c third moment: u , � u .1 3 1 3

The reproducibility of the measurements has been con-
firmed, since measurements were performed in three perpen-
dicular planes in order to determine the three components of
the velocity and the six components of the stress tensors: a
first plane was necessary to measure U , U , a second plane1 2
was necessary to measure U , U , and a third plane was nec-1 3
essary to measure U , U . Hence, the data on instantaneous2 3
velocity components were systematically performed with two
different planes and their values were compared to validate
the measurements.

Measurement planes
The measurement plane is located in the region of the jet

induced by the Rushton turbine, in a vertical plane of sym-
metry of the tank. The vertical plane is a bisector plane rela-
tive to two baffles.

In this study, the three components of the velocity vector
and the six components of the stress tensor were measured.
Moreover, it is necessary to calculate the gradient of these
components in the three directions in the space. As a conse-
quence, three kinds of the PIV measurement planes were
performed:
Ž . Ž .1 A vertical ‘‘radial’’ plane Figure 4a in order to calcu-

late the components and their gradient in the X 
 X plane.1 3

Figure 4. Measurement planes.
Ž . Ž . Ž . Ža Vertical plane X y X ; b transversal planes X y1 3 2

. Ž . Ž .X ; c horizontal planes X y X .3 1 2

Ž . Ž .2 Nine vertical ‘‘tangential’’ planes Figure 4b in order
to calculate the components and their gradient in the X 
 X1 2
plane. Two successive planes are 5 mm apart.
Ž . Ž .3 Nine horizontal planes Figure 4c in order to calculate

the components and their gradient in the X 
 X plane. Two2 3
successive planes are also 5 mm apart.

Consequently, experimental data are available in a vertical
plane, with the radial location ranging between rrR of 1.06
and 1.6, and with normalized axial direction ranging between
2 zrw of y1.3 and 1.3. The impeller blade tip is situated at
the radius rrRs1, for axial position 2 zrw ranging between
y1 and 1.

Phase-a©erage treatment
Angle-resolved measurements are made in each plane in

order to determine the three components of the velocity vec-
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tor and the six components of the Reynolds stress tensor.
The region corresponding to the jet flow induced by the im-
peller is analyzed in detail. This choice is related to the anal-
ysis of different types of fluctuations induced by the impeller.

In the experiments, data acquisitions must be synchronized
with the position of the impeller blades in order to perform
the triple decomposition. The Rushton turbine is a six-blade
impeller, the blades being equally spaced. As a consequence,
given 1� angle-resolved measurements, it is necessary to per-
form 60 planes to reconstruct the flow between two succes-
sive blades. An encoder, mounted on the impeller shaft, en-
ables the velocity-field measurement to be synchronized with
one of the six blades of the impeller. PIV provides instanta-
neous velocity fields in one plane. In turbulent flow, it is nec-

lkŽ .essary to decompose the instantaneous information U M,ti
in each k plane into the averaged velocity of the k plane
² kŽ .: � kŽ .U M,t and the turbulent fluctuation u M,t of the ki i
plane

lk ² k : � lkU M ,t s U M ,t qu M ,t 8Ž . Ž . Ž . Ž .i i i

As a consequence, the statistical average over a large number
Ž .of events n s1,000 enables the calculation in each k planee

of
� The average velocity of the k plane

n lke U M ,tŽ .ik² :U M ,t s 9Ž . Ž .Ýi nels1

� The turbulent velocity correlation of the k plane

n � lk � lke u M ,t u M ,tŽ . Ž .i j� k � k² :u M ,t u M ,t s 10Ž . Ž . Ž .Ýi j nels1

Ž .Considering the results of all the planes n s60 , the aver-p
age velocity of the flow and periodic fluctuation of each k
plane can be calculated thanks to the decomposition

k k² :U M ,t sU M ,t qu M ,t 11Ž . Ž . Ž . Ž .˜i i i

Thanks to the statistical average over n planes, it is possiblep
to determine the three major characteristics of the flow

� The mean velocity of the flow

n kp ² :U M ,tŽ .i
U M ,t s 12Ž . Ž .Ýi npks1

� The periodic tensor components

n k kp u M ,t u M ,tŽ . Ž .˜ ˜i j
u M ,t u M ,t s 13Ž . Ž . Ž .˜ ˜ Ýi j npks1

� The turbulent tensor components

n � k � kp ² :u M ,t u M ,tŽ . Ž .i j� �u M ,t u M ,t s 14Ž . Ž . Ž .Ýi j npks1

Figure 5. Divergence of the organized flow field.
k Ž � k �.� Value of 
� u rmax � u r� x averaged in the k plane; —˜ ˜i i

k Ž � k �.cumulative error of 
� u rmax � u r� x .˜ ˜i i

All of these different variables were determined experi-
mentally. In the first step in this study, the profiles of the
mean velocity, periodically induced, and the turbulence char-
acteristics will be presented and discussed. In particular, the
radial profile of TKE increases radially and then decreases.
In order to understand this behavior, the balance of the dif-

Žferent types of kinetic energy mean, periodic and turbulent
.ones will be analyzed in detail in the second step of this

study. The exchanges of kinetic energy between the mean
flow, the periodic motion, and the turbulence will be deter-
mined.

The reliability of the data resulting from the triple decom-
position can be assessed. The phase-average flow field is al-
most divergence free. Indeed, 
� uk has been evaluated from˜

Ž .experiments in each vertical k plane ks1, n . The value ofp
k Ž � k �.
� u rmax � u r� x averaged in the k plane is plotted in˜ ˜i i

Figure 5, and the cumulative error is also presented. The er-
ror is shown to be less than 3%.

Classical Results of Hydrodynamics Induced by a
Rushton Turbine
Mean flow

The averaged velocity field induced by the turbine in the
vertical plane is displayed in Figure 6. The radial jet gener-
ated by the impeller is not symmetrical, but is directed slightly

Župward. This result is in agreement with previous works Wu
and Patterson, 1989; Costes and Couderc, 1988; Derksen et

.al., 1998 : it is not surprising, since first, the impeller is not
Ž .symmetrically located CsTr3 , and second, the top of the

tank is a free surface, whereas the bottom is a wall.
The profiles of the mean radial, tangential, and axial veloc-

Ž .ities normalized with the impeller tip velocity U are plot-t i p
ted in the Figures 7a
7c at the impeller discharge boundary
Ž .rrRs1.07 . All velocity components are compared with re-

Žsults of earlier works Zhou and Kresta, 1996a; Wu and Pat-
.terson, 1989; Rutherford et al., 1996 . In Figure 7a, the two

profiles relative to Rutherford et al. correspond to different
Ž Ž .blade thicknesses t Rutherford et al. 1 : t rDs0.0082;b b

Ž . .Rutherford et al. 2 : t rDs0.0204 . In the present tank con-b
figuration t rD equals 0.0133.b

The flow pattern generated near the impeller tip is obvi-
ously a radial
tangential one. The radial velocity, U , and1
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Figure 6. Mean velocity field in a vertical plane near im-
peller tip.

tangential one, U , are maximal at the impeller tip and equal2
to 80% and 73% of the tip velocity, U , respectively. In thet i p
jet, with increasing radial distance, the tangential velocity U2

decreases more rapidly than the radial component U . The1

U rU ratio equals 1.1 close to the tip, at the radial position1 2
ŽrrRs1.07; it increases along the stream jet U r U s1.67 at1 2

.rrRs1.6 because of the baffle effect. The axial velocity com-
ponent U corresponds to the upward direction of the mean3
flow; its magnitude is much smaller than the other two.

The comparison of the different vertical profiles to previ-
ous data validates the present measurements. However, the
difficulty in comparing different data sets was mentioned by

Ž .Yanneskis 2000 : the fact of plotting the mean velocity and
Ž .vertical position relative to the impeller tip speed U andt i p

Ž .to the impeller height w is sufficient for comparing data
only if the stirred-tank geometries are exactly the same. In
practice, this is rarely the case, and a slight difference in blade
or disk thickness can affect both the mean flow and turbu-

Ž .lence distributions Rutherford et al., 1996; Yianneskis, 2000 .
Geometrical differences could explain the profile discrepan-
cies: the clearance and the impeller diameter for the data of

Ž . Ž .Zhou and Kresta 1996a CsDsTr2 , and the blade thick-
Ž .ness for the data of Rutherford et al. 1996 . For the radial

and axial velocity components, agreement with Wu and Pat-
terson’s data is especially good; a slight difference in baffle
characteristics may explain the difference observed for the

wtangential component unfortunately, no information on baf-
Ž . xfle geometry is reported in Wu and Patterson’s 1989 article .

Turbulence and periodic flow
Contours of turbulent kinetic energy, k, periodic kinetic

˜energy, k, and total fluctuating kinetic energy, k , normal-total
ized with U 2 , are plotted in Figures 8a, 8b and 8c, respec-tip
tively, in the vertical plane of the measurement. If a simple

ŽReynolds decomposition is performed in the tank without
.phase averaging , the total fluctuating kinetic energy is mea-

sured: this energy cannot be physically analyzed close to the
impeller blades, because random turbulent fluctuation and
periodic fluctuation induced by the blade are not distinguish-

able:

˜k skqk 15Ž .total

Ž .The total kinetic energy Figure 8c is high in the jet, in the
vicinity of the impeller. Up to a radial position of rrR equal
to 1.5, a homogeneous distribution occurs with values ranging
between 0.12 and 0.28. The value drops rapidly after this
point. The periodic kinetic energy is concentrated in the
vicinity of the impeller tip: the maximum level is 0.13 at rrR
s1.07, and only 0.02 at rrRs1.6. Indeed, in the region near
the impeller blade, the tangential velocities of the trailing
vortices are higher and the associated periodic energy is sig-
nificant. The trailing vortices vanish far from the impeller re-
gion. The radial variation in the turbulent kinetic energy is
more surprising. The intensity increases by a factor of 2 be-
tween the impeller tip and radial position rrRs1.4; further
away, the turbulent kinetic energy decays rapidly. The in-
crease in turbulent kinetic energy is significant and could be
related to the decrease in periodic kinetic energy in the same
region, the total fluctuating kinetic energy remaining rela-
tively constant. As a consequence, the kinetic energy ex-
change may exist between periodic and turbulent compo-
nents. A goal of this study was to identify and characterize
the kinetic energy exchange between mean, periodic, and tur-
bulent motions.

Vertical profiles of both turbulent and periodic kinetic en-
ergy components near the impeller tip are plotted in Figure
9. In order to validate the measurements, the results are
compared to data from previous works. A very good agree-

Ž .ment is found with Wu and Patterson’s 1989 experiments.
In the center of the tank, more than 80% of the total ki-

netic energy is periodic. It is, thus, essential to perform phase
averaging. In conclusion, the PIV technique and triple de-
composition enable the 3-D mean flow induced by the Rush-
ton turbine to be measured, along with all the components of
both the Reynolds tensor and periodic stress tensor. The pre-
sent data have been validated and are available to calculate
most of the terms of the kinetic energy balance of the mean,
turbulent, and periodic flow.

Triple Decomposition Technique and Results
Near the impeller, the velocities show different kinds of

fluctuation: some fluctuations are purely turbulent, while
others are induced by the periodic motion of the impeller
blades. These latter fluctuations do not behave like turbu-
lence and must be accounted for in a different way. In order
to account for periodic blade motion, a triple decomposition
must be performed

�U sUqu qu 16Ž .˜i i i i

where U is the instantaneous velocity, U is the averaged ve-i i
locity, u is the periodic fluctuation, and u� is the turbulent˜i i
fluctuation.

Ž .Reynolds and Hussain 1972 used this triple decomposi-
tion to establish the dynamical equations for the three mo-
tions. Starting with the Navier
Stokes equations, they ob-
tained the continuity and momentum equations for the mean
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Figure 7. Vertical profiles of normalized mean velocity at rrrrrrRs1.07.
Ž . Ž . Ž .
�
 Present work; � Zhou and Kresta 1996 ; ^ Wu and Patterson 1989 ; � Rutherford et al. 1996 t rDs 0.0082; � Rutherford et al.b

Ž . Ž . Ž . Ž .1996 t rDs 0.0204. a Radial velocity U rU ; b tangential velocity U rU ; c vertical velocity U rU .b 1 tip 2 tip 3 tip

March 2003 Vol. 49, No. 3AIChE Journal 593



Figure 8. Contour of normalized kinetic energy in a ver-
tical plane near impeller tip.
Ž . 2 Ž .a Turbulent kinetic energy krU ; b periodic kinetic en-tip

˜ 2 2Ž .ergy krU ; c fluctuating kinetic energy k rU .tip total tip

flow field

�Ui s0 17Ž .
� xi

� �2 �u u �u u�U �U 1 � p � U ˜ ˜i j i ji i iqu sy q� y y 18Ž .j 2� t � x � � x � x � x� xj i j jj

In comparison with the classic Reynolds equation, an addi-
Ž .tional term �u u r� x appears in Eq. 18. It involves the˜ ˜i j j

stresses u u induced by the organized motion generated by˜ ˜i j
the blades.

Ž .Reynolds and Hussain 1972 obtained a kinetic energy
balance between the three components of the total kinetic
energy, as follows:

� Kinetic energy of mean flow

� 1 � 1 1 � P Ui � �U U qU U U sy y yu u yu u˜ ˜Ž .i i j i i i j i jž / ž /� t 2 � x 2 � � xj i

1 2 3 4Ž . Ž . Ž . Ž .

�U�U � � �U ji i� �y U yu u yu u q� U q˜ ˜Ž .i i j i j i ž /� x � x � x � x � xj j j j i

5 6Ž . Ž .

�U �U� �U �Uj ji iy q q 19Ž .ž / ž /2 � x � x � x � xj i j i

7Ž .

Ž . Ž . Ž . Ž . Ž .where 1 is accumulation, 2 transport, 3 , 5 , and 6 dif-
Ž . Ž .fusion, 4 transfer, and 7 dissipation.

� Kinetic energy of organized flow

� 1 � 1 1 � 1
2u u qU u sy u pq �u u˜ ˜ ˜ ˜ ˜ ˜ ˜i i j i j i iž / ž / ž /� t 2 � x 2 � � x 2j j

1 2 3Ž . Ž . Ž .

� u�U � u � � u ˜˜ ˜ ji i i� �² :q yu u y y u u q� u q˜ ˜ ˜Ž .i j i j iž / ž /� x � x � x � x � xj j j j i

4 5 6Ž . Ž . Ž .

� u � u� � u � u˜ ˜˜ ˜j ji iy q q 20Ž .ž / ž /2 � x � x � x � xj i j i

7Ž .

Ž . Ž . Ž . Ž .where 1 is accumulation, 2 transport, 3 and 6 diffusion,
Ž . Ž . Ž .4 and 5 transfer, 7 dissipation.

� Kinetic energy of turbulence

� 1 � 1 1 � 1
� � � � � � � �u u qU u u sy u p q �u ui i j i i j i iž / ž / ž /� t 2 � x 2 � � x 2j j

1 2 3Ž . Ž . Ž .

�U � u � 1˜i i� � � � � �² :q yu u q y u u qu u u˜Ž .i j i j j i j¦ ;ž /� x � x � x 2j j j

4 5 6Ž . Ž . Ž .
� � �� � �� u � u � u� � u � � u � uj j ji i iq� u q y q q˜i ž / ž / ž /� x � x � x 2 � x � x � x � xž /j j i j i j i

7 8Ž . Ž .
21Ž .

Ž . Ž . Ž . Ž . Ž .where 1 is accumulation, 2 transport, 3 , 6 and 7 diffu-
Ž . Ž . Ž .sion, 4 and 5 transfer, and 8 dissipation.

March 2003 Vol. 49, No. 3 AIChE Journal594



Figure 9. Vertical profile of normalized turbulent and periodic kinetic energy components at rrrrrrRs1.07.
Ž .Turbulent kinetic energy: 
�
 present work, --�-- Wu and Patterson 1989 ; periodic kinetic energy: 
�
 present work, --^-- Wu and

�2 � 2 � 22 2 2 2 2 2 2Ž . Ž . Ž . Ž .Patterson 1989 . a Axial component: u rU and u rU ; b tangential component: u rU and u rU ; c axial component: u rU˜ ˜1 tip 1 tip 2 tip 2 tip 3 tip
2 2 2 2 2˜Ž .and u rU ; d kinetics energy components: k rU and krU .˜3 tip tip tip
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The terms appearing in the equations represent transport,
diffusion, viscous dissipation rate, and transfer of kinetic en-
ergy between the three motions. Indeed, three terms of ex-
change of kinetic energy appear as an energy ‘‘sink’’ or an
energy ‘‘source’’

� Kinetic energy transfer between mean and turbulent mo-
Ž .tion Tmt :

�Ui� �Tmts Tmt syu u 22Ž .Ý Ý i j i j � x ji j

� Kinetic energy transfer between mean and organized
Ž .motion Tmo

�Ui
Tmos Tmo syu u 23Ž .˜ ˜ÝÝ i j i j � x ji j

� Kinetic energy transfer between organized and turbulent
Ž .motion Tot

� u � u˜ ˜i i� �² :Tots Tot s y u u s y r , 24Ž .Ý Ý i j i j i jž / ž /� x � xj ji j

where

� � � �² :r s u u yu u 25Ž .i j i j i j

The estimation of these three terms involves the measure-
ment of the six components of the tensors of turbulent stresses

� �Ž . Ž .u u and organized stresses u u .˜ ˜i j i j
PIV investigations enable a majority of the terms that ap-

pear in the kinetic energy balance equations to be calculated.
In the case of the balance of mean and organized flow, the

w Ž .diffusion terms due to pressure stresses respectively 1r�
Ž . Ž .Ž .Ž .x� PUr� x and 1r� �r� x u p can be estimated by a bal-˜ ˜i i j j
ance equation. The dissipation rate of turbulent kinetic en-
ergy

� �� �� u � u� � u � uj ji iq qž / ž /2 � x � x � x � xž /j i j i

cannot be obtained directly with the PIV measurements un-
der the present experimental conditions. As previously men-
tioned, spatial resolution of the interrogation area is not fine
enough and could filter the Kolmogorov scale of turbulence
Ž .Michelet, 1998 . Assuming that the diffusion term of turbu-

� �wŽ .Ž .xlent pressure is negligible 1r� �p u r� x , the dissipationj i
rate of turbulent kinetic energy can be estimated from Eq.
21. In this work, the dimensionless form is used to present
data. Transfer terms, transport, diffusion, and dissipation are
normalized with N 3D2.

Kinetic energy transfers between mean, organized, and
turbulent motion

The three kinetic energy transfer terms between the three
motions have been expressed in Eqs. 22 to 24. Even though
their expressions are different, each term is a product of:

� A gradient of velocity � u r� x of the mean or organizedi j
motion;

� A stress term u u of organized or turbulent motion.i j
Moreover, each global transfer term is made up of nine com-
ponents

3 3 � ui
u u 26Ž .Ý Ý i j � x jis1 js1

The objective is to quantify these terms of transfer between
the three motions in a region close to the impeller in order to
understand their origin. The calculation of the gradients �r� x j
is based on a second-order discretization scheme. This tech-
nique is performed in each measurement plane at a spatial
resolution of 1.25 mm.

Kinetic Energy Transfers Between Mean and Turbulent Mo-
( )tion Tmt . The transfer of kinetic energy from the mean

flow to the turbulence is commonly known as a production
term of turbulence in a classic Reynolds decomposition. Fig-
ure 10a shows the distribution of the kinetic energy exchange
in a vertical plane.

In the impeller-stream jet, the main characteristic is that
the kinetic energy is exchanged from the mean motion to the
turbulent one. Two regions of high transfer occur above and
below the jet axis. The maximum magnitude is about 14 and
is located at a radial position close to rrRs1.3.

Kinetic Energy Transfers Between Mean and Organized Mo-
( )tion Tmo . Figure 10b shows the distribution of kinetic en-

Ž .ergy transfer Tmo between the mean and organized mo-
tions in the vertical plane. Its expression is based on the stress
of organized flow u u and the gradient of the mean velocity˜ ˜i j

�Ur� x . This kinetic energy exchange is clearly positive ini j
the impeller jet. Consequently, kinetic energy is transferred
from the mean motion to the organized one.

Ž .Near the impeller tip rrRs1.07 , the Tmo transfer has a
Ž .high value, close to 14; futher from the blades rrR�1.4 , the

magnitude of this transfer is smaller and does not exceed 1.5.
This characteristic can be easily understood: the stresses of
organized motion and the organized kinetic energy are signif-
icant in the impeller vicinity and decrease as radial distance
increases. It can be assumed that the majority of the energy
exchange takes place in the impeller region, due to high val-
ues of organized stresses u u . In fact, the trailing vortices are˜ ˜i j
much more coherent near the blade, with large organized ve-

Ž .locity components u .˜i
Kinetic Energy Transfers Between Organized and Turbulent

( )Motion Tot . The expression of kinetic energy transfer be-
tween organized and turbulent motions is basically different
from previous transfers. The Tot term involves:

�
� �² :r , the difference between the phase u u and timei j i j

� �average u u of the turbulent Reynolds stress;i j
� Ž� u r� x , the gradient of the organized velocity trailing˜i j

.vortices .
Ž .The product of these two components expressed by Tot is

then time averaged to obtain the global transfer term Tot.
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Figure 10. Distribution of the kinetic energy transfers
normalized with N3D2 in the vertical plane.
Ž . Ž .a Transfer between mean and turbulent motions TmT ;
Ž . Ž .b transfer between mean and organized motions Tmo ;
Ž . Ž .c transfer between organized and turbulent motions Tot .

Figure 10c gives the distribution of Tot in the vertical plane.
In the impeller jet, its value is positive with a magnitude close
to Tmt. A large amount of kinetic energy is transfered from
the organized motion to the turbulent one. This quantifica-
tion can easily explain the increase in turbulent kinetic en-
ergy and the decrease in organized kinetic energy in the jet
of a Rushton turbine; the kinetic energy of organized motion
is then a ‘‘source’’ of turbulence.

The transfer between organized and turbulent flow should
Ž .be considered without time averaging Tot in order to be

Ž .related to the organized structure trailing vortex . The term
Tot is plotted in a vertical plane for two angular positions of

the blade relative to the measurement plane: Figures 11a and
11b correspond, respectively, to angular positions of 25� and
35� behind the blade. The velocity field of the organized flow
enables the location of the trailing vortices to be visualized
Ž .Figures 11c and 11d . The transfer of kinetic energy between
organized and turbulent flows is located in a region close to
the trailing vortices. Indeed, the magnitude of the gradient
� u r� x is high in a vortex zone and the Reynolds stresses˜i j
Ž . Žand r are spatially correlated to the trailing vortices Leei j
and Yianneskis, 1998; Sharp and Adrian, 2001; Escudie,́

.2001 . The maximum local value of Tot reaches 40; it is four
Ž .times the value of the time-averaged transfer Tot . The loca-

tions of trailing vortices are the main regions of the kinetic
energy transfer. As a consequence, if the local dissipation rate
of turbulent kinetic energy is examined inside the trailing
vortices, it could be higher than the dissipation rate usually
calculated after time averaging.

Now that the transfers of kinetic energy have been quanti-
fied, the balance equation of the kinetic energy of mean flow,
organized structure, and turbulence can be analyzed in de-
tail.

Kinetic energy balances
Ž .Reynolds and Hussain 1972 derived the kinetic energy

balance equations for the three types of the kinetic energy.
The goal of this study was to estimate each term of these
equations.

Kinetic Energy Balance of Mean Motion. The kinetic en-
ergy balance of the mean flow is presented in the Eq. 19 and
can be simplified as follows

DissipationsyDiffusion-transfer Tmtytransfer Tmo

y transport 27Ž .

The experimental data bank enables all the terms to be cal-
culated, except the diffusion induced by the pressure

1 � P UiÝž /� � xii

Since it is the only term that cannot be measured, it will be
deduced from the balance equation.

Vertical profiles of the five terms presented in the Eq. 19
Ž .are plotted in Figure 12 close to the impeller tip rrRs1.07

and at rrRs1.6. The viscous dissipation of the kinetic energy
of the mean flow is calculated directly from the mean velocity
gradient: this term is negligible. The transport of mean ki-
netic energy by the mean flow is the main term. Its sign is
negative with a maximum value close to y60 at rrRs1.07;
the kinetic energy carried into this zone is larger than the
kinetic energy carried out, since the mean motion transfers
kinetic energy both to organized and turbulent flows. The
kinetic energy balance of mean motion can be simplified as
follows

0fyDiffusion-transfer Tmtytransfer Tmoytransport

27aŽ .
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Kinetic Energy Balance of Organized Motion. The kinetic
Ž .energy balance equation of organized motion Eq. 20 can be

simplified as follows

Dissipationsydiffusionqtransfer Tmo-transfer Tot

ytransport 28Ž .

The two kinds of kinetic energy transfer are separated be-
cause of their opposite signs in the equation. The diffusion
induced by the organized pressure stresses

1 �
u p˜ ˜Ý jž /� � x jj

is the only term of Eq. 31 that cannot be measured; it will be
estimated after balance. Figure 13 plots vertical profiles of

the five terms presented in Eq. 28 for rrRs1.07 and for rrR
s1.6. The viscous dissipation of organized flow is estimated
after experiments and is negligible; its order of magnitude is
the same as that of the dissipation of mean flow. Near the
impeller tip, the other terms reach significant values. How-
ever, at the radial position rrRs1.6, Figure 13b shows an
equilibrium between the transport of kinetic energy of orga-
nized motion and the transfer of kinetic energy from the or-
ganized flow to a turbulent one: the organized motion is a
‘‘source’’ of turbulence

Transfer Totqtransportf0 28aŽ .

Kinetic Energy Balance of Turbulent Motion. One of the
objectives of the article is to quantify the dissipation rate of

Figure 11. Comparison between the Tot transfer level and the trailing vortices position at two angular positions.
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .a Normalized Tot 25� ; b normalized Tot 35� ; c velocity field of organized flow 25� ; d velocity field of organized flow 35� .
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Figure 12. Terms of the kinetic energy balance of mean
motion normalized with N3D2.

`
 Transfer Tmt ; 
�
 transfer Tmo; 
� 
 transport;

Ž .
^
 diffusion; 
�
 dissipation. a Vertical profile at rrR
Ž .s1.07; b vertical profile at rrRs1.6.

turbulent kinetic energy. Most of the terms that compose the
Ž .kinetic energy balance of turbulent motion Eq. 21 �trans-

port, diffusion, dissipation, and transfer�can be evaluated.
The pressure velocity correlation term cannot be calculated
from PIV data. If we considered the transport equation of
each one of the diagonal components of the Reynolds stress
tensor, the pressure velocity correlation would be very impor-
tant, since it controls the redistribution of TKE; since we
consider the balance of TKE, we can refer to results from

Ždirect numerical simulation in the pipe flow Eggels et al.,
.1994 . The authors mention that in the budget of TKE, the

pressure
velocity gradient term consists only in the
pressure-diffusion term and is of minor importance. The dif-

Figure 13. Terms of the kinetic energy balance of orga-
nized motion normalized with N3D2.

�
 Transfer Tmo; 
`
 transfer Tot; 
� 
 transport;

Ž .
^
 diffusion; 
�
 dissipation. a Vertical profile at rrR
Ž .s1.07; b vertical profile at rrRs1.6.

Figure 14. Terms of the kinetic energy balance of turbu-
lent motion normalized with N3D2.

�
 Transfer TmT ; 
`
 transfer Tot; 
� 
 transport;

Ž .
^
 diffusion; 
�
 dissipation. a Vertical profile at rrR
Ž .s1.2; b vertical profile at rrRs1.47.

fusion term generated by turbulent pressure stresses then will
be assumed to be negligible. The viscous dissipation of turbu-
lent kinetic energy then can be estimated as follows

Dissipationsydiffusionqtransfer Tmtqtransfer Tot

ytransport. 29Ž .

Figures 14a and 14b presents a vertical profile of the five
terms of Eq. 29, at the radial position rrRs1.2 and rrRs
1.47. The transport of turbulent kinetic energy by the mean
flow is significant in the impeller jet. From the impeller tip to
the radial position rrRs1.5, this term is positive with a value
close to 10 near the jet axis; the mean flow carries the turbu-

Ž .lent kinetic energy out of this region. Escudie 2001 showed´
Ž Ž . .that the transport in the radial direction U �r� x rk is the1 1

main term. Indeed, there is a radial mean velocity in the jet,
and the turbulent kinetic energy increases strongly up to the
radial position rrRf1.4. The transfer term results from the
exchange of kinetic energy from mean to organized motions.
It can be considered as a ‘‘source term’’ of turbulent kinetic
energy.

Figure 15 shows the spatial distribution of the viscous dissi-
pation rate,� , of the turbulent kinetic energy estimated in the
vertical plane. The values of � are higher inside the jet of the
impeller than outside. Their magnitudes increase up to a ra-
dial position rrRs1.4 and then decrease. Assuming that the
baffles located at the wall do not affect the hydrodynamic
near the impeller zone, the power dissipated in the fluid vol-

Ž .ume P can be calculated as follows�

rq� r
P s � 2� r� drdh 30Ž .H H�

H r

Thus, we estimate that 15% of the energy generated by the
Rushton turbine is dissipated in the volume of measurement
Ž .1.07F rrRF1.6, 120 mmF X F180 mm .3
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Figure 15. Viscous dissipation � of turbulent kinetic en-
ergy normalized with N3D2 in the vertical
plane.

Turbulent Scales
Three kinds of turbulent length-scales can be estimated.

The previous estimation of the dissipation rate of turbulent
Ž .kinetic energy will be used. Both the Kolmogrov scale �

Ž .and the Taylor microscale � are calculated with Eqs. 1 and
Ž .2, respectively. The macrolength scale � can be estimated

directly from cross-correlation of turbulent velocity fields.

( ) ( )Kolmogro© scale � and Taylor microscale �

Ž . Ž .The Kolmogrov scale � and Taylor microscale � are
plotted in the Figures 16a and 16b, respectively, in the verti-
cal plane of the measurement.

The Kolmogrov scale ranges from 20 �m to 40 �m in the
jet; it increases to 100 �m outside the jet. The Taylor mi-
croscale lies between 500 �m and 1 mm in the jet, and it
reaches a maximal value of 3 mm outside the jet. This order
of magnitude is coherent with the spatial resolution of the
PIV technique.

( )Macrolength scale �

Since the PIV gives instantaneous velocity fields in a plane,
it is possible to determine spatial cross-correlations of the
turbulent velocities. Spatial-velocity correlation functions can
be defined as follows

� �u M u MqdXŽ . Ž .i j k
R M ,dX s 31Ž .Ž .i j k

� 2 � 2' 'u M u MqdXŽ . Ž .i j k

The indices i and j are related to the velocity components,
the component i taken at the reference position, the compo-
nent j taken at a different location in the direction k. From
these functions, a large number of integral turbulent length
scales can be determined in the following form

q�
� s R M ,dX dX 32Ž .Ž .Hi jk i j k k

0

Figure 16. Turbulent scales in the vertical plane of mea-
surement.
Ž . Ž . Ž . Ž .a Kolmogrov scale � ; b Taylor microscale � .

The longitudinal integral scale � corresponds to the charac-f
Žteristic length scale of the energy containing eddies Hinze,

.1959 . Since the turbulence is not homogeneous and not
isotropic, the integral scales � , � , and � are differ-111 222 333
ent. Moreover, near the impeller zone, spatial-velocity corre-
lation functions must be calculated from phase-average data,
because the turbulence characteristics depend on the angular
position of the blade relative to the measurement plane. Es-

Ž . kcudie 2001 shows that the integral scales � vary enor-´ iii
mously between two successive blades.

At a measurement point, the average integral scale � isiii
calculated as follows

N kp � iii
� s 33Ž .Ýiii Npks1

ŽThe averaged macrolength scale � is defined by Hinze, 1959;
.Wu and Patterson, 1989

2 2 2'�s � q � q � 34Ž .Ž . Ž . Ž .111 222 333
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Figure 17. Vertical profiles of averaged macrolength
scale � for three radial positions.
--�-- rrRs1.07; --^-- rrRs1.2; --�-- rrRs1.33.

Figure 17 presents vertical profiles of � at three radial
Žpositions in the impeller jet. Near the impeller tip rrRs

.1.07 , in the projection of the blade height, the macrolength
scale, �, ranges between 0.45w and 0.55w. This length is the
characteristic value of the radial jet that generates the
macroturbulent eddies. When the radial position increases,
the magnitude of � increases to 0.7w at rrRs1.33. For ex-

Ž .ample, between the positions rrRs1.07 and 1.2 40 mm , the
Ž .turbulent macrostructures vary from 0.05w 1.5 mm to 0.15w

Ž .5 mm . Also, � increases linearly above and below the stream
jet region. These results are in agreement with previous

Ž .works: Costes and Couderc 1988 , �s0.45w; Mahouast et
Ž . Ž .al. 1989 , 0.48���1.32; Michelet 1998 , 0.6���1.2.

However, in the present work, the macro length-scale, �, is
calculated directly from turbulent velocity fields, without any
assumptions. This technique takes into account the turbu-
lence anisotropy and the fact that the turbulence characteris-
tic depends on the blade position in the vicinity of the im-
peller.

As previously mentioned, the usual way to estimate the dis-
sipation rate of turbulent kinetic energy is based on dimen-
sional analysis

k3r2

�s A 35Ž .
�

with As1. Since the dissipation rate of TKE has been esti-
mated, the validity of this correlation can be tested. Starting
from the phase-averaged data in the k-plane relative to the

Figure 18. Vertical profiles of � normalized with N3D2

for two radial positions.
Estimated from � turbulent kinetic energy balance, � di-

Ž . Ž .mensional analysis. a rrRs1.2; b rrRs1.33.

blade position, it is possible to calculate the phase-averaged
² :k Ž k.dissipation � from the macrolength scale � and the

² :kturbulent kinetic energy k , as follows

² :k3r2kk² :� s 36Ž .k² :�

Thus, the averaged dissipation � was estimated by

Np k² :�
�s 37Ž .Ý Npks1

The vertical profiles of � are plotted in Figures 18a and
Ž .18b for the radial positions rrRs1.2 and 1.33 . In the jet

Ž .region, the correlation Eq. 35 relating � to the macrolength
scale overestimates the dissipation rate. Indeed, the dimen-
sional analysis assumes that the turbulence is fully developed;
in this case, an equilibrium occurs between the dissipation

Žrate and the production transfer between mean and turbu-
.lent motion . This condition is not verified in the case of the

radial jet of the Rushton turbine. The analysis of kinetic en-
ergy balances of turbulent motion has shown that two addi-
tional terms are significant in this region: the transport and
the kinetic energy transfer from organized to turbulent mo-
tion.

Outside the jet, there is good agreement between the two
estimations of the dissipation rate of TKE. Indeed, in these
regions, the transport term and the transfer from organized
to turbulent motion are lower.

Summary and Conclusion
In the first part of this article, the principles of the PIV

technique were recalled. The experimental setup was pre-
sented. The apparatus used in this study consists of a stan-
dard cylindrical tank equipped with a Rushton turbine. Ex-
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periments were carried out at a single value of impeller rota-
tional speed, Ns150 rpm. The accuracy of the data acquisi-
tion and processing was assessed. A data bank has been de-
veloped. It consists of the three components of the velocity

Žvector and the six components of the stress tensors turbulent
.and organized motions that are available in a vertical plane

between rrR of 1.06 and 1.6, and between X of 130 mm and3
170 mm. Resolved angle measurements were made. The
Rushton turbine is a six-bladed impeller with equally spaced
blades. As a consequence, given 1-deg angle-resolved mea-
surements, it was necessary to perform 60 planes to recon-
struct the flow between two successive blades.

The mean velocity field and the Reynolds stress compo-
nents were analyzed and validated. The turbulent kinetic en-
ergy increases by a factor of 2 between the impeller tip and
radial position, rrRs1.4; further away, the turbulent kinetic
energy decays rapidly. This turbulent kinetic energy increase
is significant and is related to the decrease in periodic kinetic
energy in the same region. As a consequence, the kinetic en-
ergy transfer between periodic and turbulent components was
analyzed.

In the impeller stream jet, the main characteristic is that
the kinetic energy is exchanged from the mean motion to the
turbulent and organized ones. A significant amount of kinetic
energy is transferred from the organized motion to the turbu-
lent one. The transfer of kinetic energy between organized
and turbulent flows is located in a region close to the trailing
vortices. Once the transfer of kinetic energy had been quanti-
fied, the balance equation of kinetic energy of the mean flow,
organized structure, and turbulence was analyzed in detail.

Concerning the kinetic energy of the mean flow, the vis-
cous dissipation was calculated directly from the mean veloc-
ity gradient and found to be negligible. The transport of mean
kinetic energy by the mean flow is the main term. Its sign is
negative, and the kinetic energy carried into this zone is larger
than the kinetic energy carried out, since the mean motion
transfers kinetic energy both to organized and turbulent flows.

Concerning the organized flow, the viscous dissipation was
estimated from experiments and was negligible. Near the im-
peller tip, the other terms of the kinetic energy balance reach
significant values. However, at the larger radial position, an
equilibrium between the transport and the transfer of kinetic
energy from organized flow to a turbulent one was observed.

Concerning the turbulence, the diffusion term generated
by turbulent pressure stresses cannot be calculated from the
PIV data and has been assumed to be negligible. The viscous
dissipation of TKE was then estimated from the TKE bal-
ance equation. The transport of TKE by the mean flow is
significant in the impeller jet. This term is positive, and the
mean flow carries the TKE outside this region. Different
transfers result from the exchange of kinetic energy from both
the mean and organized motions to turbulence. They can be
considered as ‘‘source terms’’ of TKE. It was estimated that
15% of the energy generated by the Rushton turbine is dissi-
pated in the volume of measurement.

Three kinds of turbulent length-scales were then esti-
Ž . Ž .mated: the Kolmogrov scale � , the Taylor microscale �

Ž .and the macrolength scale � . The Kolmogrov scale ranges
between 20 and 40 �m in the stream jet; it increases to 100
�m outside the jet. The Taylor microscale is between 500
�m and 1 mm in the jet, and it reaches a maximal value of 3

mm outside the jet. This order of magnitude is coherent with
the spatial resolution of the PIV technique. Near the im-
peller tip, the macrolength scale � ranges between 0.45w and
0.55w. This length is the characteristic value of the radial jet
that generates the macroturbulent eddies. When the radial
distance increases, the magnitude of � increases to 0.7w at
rrRs1.33. Moreover, � increases linearly above and below
the stream jet region.
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Notation
Bsbaffle width, m
Csimpeller clearance, m
Dsimpeller diameter, m
d sseeding particle diameter, mp
Hsliquid height in the tank, m
ksturbulent kinetic energy, m2rs2

˜ 2 2ksorganized kinetic energy, m rs
k stotal fluctuating kinetic energy, m2rs2

total
Nsrotational speed, revrs
n sacquisition number per measurement planee
n splane number between two successive bladesp
N spower numberP

N spumping numberQ p

Pspower input, W
Q spumping flow rate, m3rsp
ResReynolds number

Tstank diameter, m
t sblade thickness, mb
t sdisk thickness, md
t stemporal macroscale, sE

Tmoskinetic energy transfer between mean and organized
motion, m2rs3

Tmtskinetic energy transfer between mean and turbulent
motion, m2rs3

Totsaveraged kinetic energy transfer between organized and
turbulent motion, m2rs3

U,usvelocity component, mrs
U stip velocity, mrstip

² kŽ .:U M,t sphase averaged velocity in the k plane, mrsi
kŽ .u M,t sorganized periodic velocity in the k plane, mrs˜i

wsimpeller width, m
X saxial distance, m3

Greek letters
	 stank volume, m3

�sdissipation rate of turbulent kinetic energy, m2rs3

�sKolmogrov scale, m
�sTaylor microscale, m
�smacrolength scale, m
� skinematic viscosity, m2rs
�sfluid density, kgrm3

Literature Cited
Bouillard, J., B. Alban, P. Jacques, and C. Xuereb, ‘‘Liquid Flow

Velocity Measurements in a Stirred Tank by Ultra-Sound Doppler
Ž .Velocimetry,’’ Chem. Eng. Sci., 56, 747 2001 .

´Bugay, S., ‘‘Analyse Locale des Echelles Caracteristiques du Melange:´ ´
Application de la Technique P.I.V. aux Cuves Agitees,’’ These de´ `
Doctorat de l’Institut National des Sciences Appliquees, Toulouse,´

Ž .France 1998 .
Bugay, S., R. Escudie, and A. Line, ‘‘Experimental Analysis of Mean´ ´

Flow and Turbulence Structure in Agitated Tank Based on PIV
Ž . Ž .Technique with Axial Impeller,’’ AIChE J., 48 3 , 463 2002 .

March 2003 Vol. 49, No. 3 AIChE Journal602



Costes, J., and J. P. Couderc, ‘‘Influence of the Size of the Units: I.
Ž .Mean Flow and Turbulence,’’ Chem. Eng. Sci., 43, 2751 1988 .

Cutter, L. A., ‘‘Flow and Turbulence in a Stirred Tank,’’ AIChE J.,
Ž .12, 35 1966 .

Derksen, J. J., M. S. Doelman, and H. E. A. Van Den Akker,
‘‘Three-Dimensional LDA Measurements in the Impeller Region

Ž .of a Turbulently Stirred Tank,’’ Exp. Fluids, 27, 522 1999 .
Eggels, J. G., F. Unger, J. Westerweel, R. J. Adrian, R. Friedrich,

and F. T. M. Nieuwstadt, ‘‘Fully Developed Turbulent Pipe Flow:
A Comparison Between Direct Numerical Simulation and Experi-

Ž .ment,’’ J. Fluid Mech., 268, 175 1994 .
Escudie, R., ‘‘Structure Locale de l’Hydrodynamique Generee par´ ´ ´ ´

une Turbine de Rushton,’’ These de Doctorat de l’Institut National`
Ž .des Sciences Appliquees, Toulouse, France 2001 .´

Hill, D. F., K. V. Sharp, and R. J. Adrian, ‘‘Stereoscopic Particule
Image Velocimetry Measurements of the Flow Around a Rushton

Ž .Turbine,’’ Exp. Fluids, 29, 478 2000 .
Keane, R. D., and R. J. Adrian, ‘‘Theory of Cross-Correlation Analy-

Ž .sis of P.I.V. Images,’’ Appl. Sci. Res., 49, 191 1992 .
Kresta, S. M., ‘‘Characterisation Measurement and Prediction of the

Turbulent Flow in Stirred Tanks,’’ PhD Thesis, McMaster Univ.,
Ž .Hamilton, Ont., Canada 1991 .

Kresta, S. M., and P. E. Wood, ‘‘Prediction of the Three-Dimen-
Ž .sional Turbulent Flow in Stirred Tanks,’’ AIChE J., 37 3 , 448

Ž .1991 .
Lee, K. C., and M. Yianneskis, ‘‘Turbulence Properties of the Im-

Ž .peller Stream of a Rushton Turbine,’’ AIChE J., 44, 13 1998 .
Mahouast, M., G. Cognet, and R. David, ‘‘Two-Component LDV

Ž .Measurements in a Stirred Tank,’’ AIChE J., 35, 1770 1989 .
Mavros, P., ‘‘Flow Visualisation in Stirred Vessels�A Review of Ex-

Ž .perimental Techniques,’’ Trans. Inst. Chem. Eng., 79, 113 2001 .
Michelet, S., ‘‘Turbulence et Dissipation au Sein d’un Reacteur Agite´ ´

par une Turbine Rushton�Velocimetrie Laser Doppler a Deux´ ´ `
Volumes de Mesure,’’ These de Doctorat de l’Institut National`

Ž .Polytechnique de Lorraine, Nancy, France 1998 .
Mujumbar, A. S., B. Huang, D. Wolf, M. E. Weber, and W. S. M.

Douglas, ‘‘Turbulence Parameters in a Stirred Tank,’’Can. J. Chem.
Ž .Eng., 48, 475 1970 .

Okamota, Y., M. Nishikawa, and K. Hashimoto, ‘‘Energy Dissipation
Rate Distribution in Mixing Vessels and Its Effects on Liquid-
Liquid Dispersions and Solid-Liquid Mass Transfer,’’ Int. Chem.

Ž .Eng., 21, 88 1981 .
Ranade, V. R., and J. B. Joshi, ‘‘Flow Generated by a Disc Turbine:

Ž .Part I: Experimental,’’ Trans. Inst. Chem. Eng., 68, 63 1990 .
Ranade, V. R., M. Perrard, N. Le Sauze, C. Xuereb, and J. Bertrand,

‘‘Trailing Vortices of Rushton Turbine: PIV Measurements and
CFD Simulations with Snapshot Approach,’’ Trans. Inst. Chem.

Ž . Ž .Eng., 79 Part A , 3 2001 .
Reynolds, W. C., and A. K. M. F. Hussain, ‘‘The Mechanics of an

Organized Wave in Turbulent Shear Flow. Part 3. Theoretical

Models and Comparisons with Experiments,’’ J. Fluid Mech., 54
Ž . Ž .Part 2 , 263 1972 .

Roustan, M., J.-C. Pharamond, and A. Line, Techniques de l’Ingenieur,´ ´
traite Genie des procedes. Agitation, Melanges, Techniques de´ ´ ´ ´ ´

Ž .l’Ingenieur, Paris 1999 .´
Rutherford, K., M. S. Mahmoudi, K. C. Lee, and M. Yianneskis,

‘‘The Influence of Rushton Impeller Blade and Disk Thickness on
the Mixing Characteristics of the Stirred Vessels,’’ Trans. Inst.

Ž .Chem. Eng., 74, 369 1996 .
Saarentine, P., and M. Piirto, ‘‘Turbulent Kinetic Energy Dissipation

Ž .Rate from PIV Velocity Vectors Fields,’’ Exp. Fluids, 300 2000 .
Schaffer, M., J. Yu, B. Geneger, and F. Durst, ‘‘Turbulence Genera-

tion by Different Types of Impellers,’’ Proc. 10th European Conf.
Ž .on Mixing, Delft, The Netherlands, p. 9 2000 .

Schaffer, M., M. Hofken, and F. Durst, ‘‘Detailed LDV Measure-
ments for the Visualisation of the Flow Field Within a Stirred-Tank
Reactor Equipped with a Rushton Turbine,’’ Trans. Inst. Chem.

Ž .Eng., 75, 729 1997 .
Sharp, K. V., and R. J. Adrian, ‘‘PIV Study of Small-Scale Flow

Ž .Structure Around a Rushton Turbine,’’ AIChE J., 47, 766 2001 .
Sheng, J., H. Meng, and R. O. Fox, ‘‘A Large Eddy PIV Method for

Turbulence Dissipation Rate Estimation,’’ Chem. Eng. Sci., 55, 4423
Ž .2000 .

Stoots, C., and R. V. Calabrese, ‘‘Mean Velocity Field Relative to a
Ž .Rushton Turbine Blade,’’ AIChE J., 41, 1 1995 .

Van der Molen, K., and H. R. E. Van Maanen, ‘‘Laser-Doppler
Measurements of the Turbulent Flow in Stirred Vessels to Estab-

Ž .lish Scaling Rules,’’ Chem. Eng. Sci., 33, 1161 1978
Wu, H., and G. K. Patterson, ‘‘Laser-Doppler Measurements of Tur-

bulent Flow Parameters in a Stirred Mixer,’’ Chem. Eng. Sci., 44,
Ž .2207 1989 .

Yianneskis, M., ‘‘Trailing Vortex, Mean Flow and Turbulence Modi-
fication Through Impeller Blade Design in a Stirred Reactor,’’ Proc.

Ž .Euro. Conf. on Mixing, Delft, The Netherlands, p. 1 2000 .
Yianneskis, M., Z. Popiolek, and J. H. Whitelaw, ‘‘An Experimental

Study of the Steady and Unsteady Flow Characteristics of Stirred
Ž .Reactors,’’ J. Fluid Mech., 175, 537 1987 .

Yianneskis, M., and J. H. Whitelaw, ‘‘On the Structure of the Trail-
ing Vortices Around Rushton Turbine Blades,’’ Trans. Inst. Chem.

Ž .Eng., 71, 543 1993 .
Zhou, G., and S. M. Kresta, ‘‘Distribution of Energy Between Con-

vective and Turbulent Flow for Three Frequently Used Impellers,’’
Ž .Trans. Inst. Chem. Eng., 74, 379 1996a .

Zhou, G., and S. M. Kresta, ‘‘Impact of the Geometry on the Maxi-
mum Turbulence Energy Dissipation Rate for Impellers,’’ AIChE

Ž .J., 42, 2476 1996b .

Manuscript recei®ed Mar. 29, 2002, and re®ision recei®ed Sept. 12, 2002.

March 2003 Vol. 49, No. 3AIChE Journal 603


