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Abstract

Velocity measurements have been conducted with constant temperature anemometry in three reactors, with diameters of 0.8, 1.88 and

2.09 m. Their impeller-to-tank-diameter ratios were 3, 2.47 and 3, and they were equipped with two three and four Rushton turbines.

Turbulence parameters, intensity, turbulent kinetic energy, local energy dissipation rate and energy spectra, were calculated from the

measured data. The turbulent kinetic energy was constant in the local ¯ow situation, when scaled with the square of the convective velocity.

This was independent of position, agitation rate and size of reactor, in the impeller zone. The energy spectra in the impeller zone were almost

constant when scaled with the local energy dissipation length, independent of position, agitation rate and size of reactor. The local energy

dissipation rate scaled with the cube of the convective velocity and impeller diameter. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Turbulence characteristics are of interest for the scale-up

of a reactor, since they affect the general mixing perfor-

mance as well as the mass transfer properties of a reactor.

The objective of this study was to compare the turbulence

characteristics of a tank of pilot size (diameter 0.8 m), with

those of two industrial reactors of different sizes and geo-

metries and under operating conditions in use in industrial

practice during fermentation.

Several studies on turbulence characteristics in turbine-

agitated tanks have been presented in the literature, but most

of the measurements have been conducted in small tanks of

bench scale, Dtank � 0.30 m, [1±9]. To our knowledge, no

liquid turbulence measurements have been made in indus-

trial reactors of the size as in this study, but some have been

carried out in pilot-sized units as seen below.

Local turbulent parameters are often scaled with a mod-

i®ed impeller tip speed, ndimp, or impeller tip speed, vtip, and

in earlier measurements presented by Ito [10], the turbulence

intensity used this scaling. They used a measuring method

based on an electrochemical reaction to measure the mass

transfer, by a multi-electrode probe. However, Ito et al.

carried out their experiments in a small tank (Dtank � 0.3 m).

Coustes and Couderc [11] used laser Doppler anemometry

(LDA) measurements in two reactors of similar geometry,

but with different sizes. Mean velocities and velocity ¯uc-

tuations were measured at two agitator rates in the smaller

tank and at one agitation rate in the larger tank. They stated

that the dimensionless pro®les of these parameters were

independent of agitation rate and their measurements scaled

with ndimp. In our previous measurements [12], neither the

mean velocity nor the turbulent intensity scaled with vtip to a

constant value.

Nishikawa [13] used CTA measurements to compare

three geometrically similar reactors with tank diameters

of 0.15 m, 0.30 m and 0.90 m. They concluded that energy

spectra could be scaled by the energy dissipation length, �f,

for measurements at geometrically similar positions. Kol-

mogorov's length, lK, and velocity, vK scales were also used

as scaling factors, but since the spectra resulted in wave-

numbers smaller than 1/lK, they do not scale the spectra.

Van der Molen and van Maanen [14], measured turbu-

lence velocities with LDA in turbine-agitated tanks with

diameters of 0.12, 0.29 and 0.90 m. They suggested a scaling

for the mean radial velocity which implies that radial

velocity normalized to impeller tip speed is only dependent

upon radial position and not on agitation rate or equipment
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size. They also found the wave number at the change of the

energy spectrum to be inversely proportional to the vessel

diameter, but did not scale their spectra with any local ¯ow

parameter.

Ogawe [15±17] have presented a suggestion for scaling of

the energy spectrum function in a different equipment,

based on pipe ¯ow measurements. They proposed a general

equation for the energy spectrum function for wide wave-

number ranges, where the spectra were scaled to a mean

wave number which was assumed to be proportional to the

size of the vessel. Based on the results of Ito [10], they

assumed that the ¯uctuation in the ¯ow was proportional to

ndimp. They used the global scale-up rule proposed by Leng

[18], where ndx
imp is assumed to be constant for reactors of

different sizes but similar geometries, and x depends on the

type of process. For dispersion processes characterized by

turbulent ¯ow, x � 0.67. This global rule was replaced by

the local characteristic u2dÿx
imp and the energy spectra were

scaled by this expression. Their conclusions were that scale-

up is successful if the volume scale-up ratio is less than 27

by keeping the turbulent kinetic energy constant, u2d0
imp, but

when the scale-up ratio is greater than 27, then x depends

upon the process. If the higher wavenumbers play a sig-

ni®cant role, then u2d
2=3
imp should be kept constant. If the

lower wavenumbers play a signi®cant role then u2dimp is

assumed to be constant.

In this paper, results from measurements of turbulent

velocities in three different reactors are presented. The pilot-

scale is 0.8 m in diameter and equipped with two Rushton

turbines. The industrial reactors have diameters of 1.87 and

2.09 m and are equipped with three and four Rushton

impellers, respectively. Measurements were conducted with

constant temperature anemometry (CTA) with a split-®lm

probe, measuring in two dimensions simultaneously. The

local ¯ow parameters, mean velocities, convective velocity,

turbulent intensities, turbulent kinetic energy and energy

dissipation rate, as well as energy spectra, were calculated

from the measurements and scaled with appropriate para-

meters for each reactor.

2. Materials and methods

Measurements of turbulent velocities were performed in

three different reactors equipped with Rushton turbines of

standard geometry, W � dimp/5 and L � dimp/4. The geo-

metry of tank A, B and C is shown in Fig. 1(a), (b) and (c)

respectively, and the corresponding data are given in

Table 1. Experiments were carried out at the position of

the lower impeller in tanks A and B. In tank C, measure-

ments were conducted at the position of the third impeller.

In tanks A and C, the measurement positions were on the

centreline of the impeller, see Fig. 1(a) and (c). Due to

geometric restrictions, the measurement positions in tank B

were below the centreline (2z/W � ÿ0.5), see Fig. 1(b).

Micro®ltrated water was used as liquid and the tempera-

ture was kept constant, as required by the measuring

method. A plastic lid was used to cover the liquid surface

Fig. 1. View of (a) tank A showing probe holder, measuring positions and tank coordinates, (b) Tank B with probe holder position, and (c) Tank C with probe

holder position.
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in tank A to prevent surface aeration and the creation of

bubbles in the liquid. In reactors B and C, the liquid depth

above the measurement positions of the probe considerably

reduced the aeration phenomena. A lid was also used by

Nouri in Rutherford [9], where the former have shown that

the use of a lid only affects the ¯ow close to the lid/free

liquid surface, and the ¯ow velocities were almost identical

everywhere else in the vessel.

Turbulent velocities were measured with CTA using a

two-channel system (DISA CTA 56C17) and a split-®lm

probe especially designed for water (DANTEC R55). The

probe has a measuring length of 1.25 mm and a diameter of

0.200 mm. Instantaneous velocities were measured in two

directions simultaneously.

In tank A, the probe was inserted through the lid of the

reactor 308 from the baf¯e, (see Fig. 1(a)). The probe holder

was rotated until the split faced the direction of convective

¯ow, which was 458 from the radial tank direction. In tanks

B and C, the probe was inserted through the sampling ports

in the side of the tank. The baf¯es were positioned at 458
relative to the probe holder in tanks B and C. The probe was

located in the radial/axial (rtank, xtank) plane of the tank,

measuring velocities in the radial/tangential (rtank, �tank)

plane of the tank.

The instantaneous velocities were transformed into ¯ow

coordinates according to Fig. 2. Calibration was carried out

before and after measurements, using a special calibration

unit, to ensure that the measuring system was stable during

the measurements. Details concerning calibration are given

elsewhere [19].

Voltages from the two-channel system were connected to

an A/D converter with a sample-and-hold card, CIO-

AD16JR-AT (Computer Boards). Data were collected

simultaneously from the two ®lms and stored in compressed

form on the host computer, a PC 386. The sampling times

and sampling frequencies used are in Table 2.

For the calculation of autocorrelation of velocities, sub-

routines from the Numerical Recipes for Fortran [20], were

implemented in the programs using Fast Fourier Trans-

forms, FFT. The calculations were carried out on an IBM

RISC 6000 computer with 80 MB internal memory.

Global parameters which refer to the operating conditions

in the tanks are the Reynolds impeller number, Reimp, and

the impeller tip speed, vtip (see Eq. (1) and Eq. (2)).

Re � d2
impn

v
(1)

vtip � �ndimp (2)

The operating parameters used for the three reactors are

given in Table 3.

2.1. Local scale-up parameters

The local turbulent parameters of main interest for scale-

up are the turbulent kinetic energy, q, and the local energy

dissipation scale, ". Turbulent kinetic energy is composed of

the mean of the ¯uctuations of the ¯ow, u2
i , in all three

directions of ¯ow, (see Eq. (3)). However, in the industrial

tanks B and C, the measurements were performed in the

radial/axial plane of the tank. Therefore, u2
2 was approxi-

mated to u2
3 as they are close to being equal [19] The same

Table 1

Configuration data for the three reactors

Tank A Tank B Tank C

Tank diameter, Dtank (m) 0.8 1.88 2.09

Tank-to-impeller diameter, Dtank/dimp 3 2.47 3

No. of impellers 2 3 4

Bottom clearance, Ca 0.425 0.3 0.5

Impeller spacing, �Ca 0.7 0.45 0.7

Liquid height, Hv
a 1.5 2.4 3.5

Liquid volume,VL (m3) 0.60 11.7 22

Baffle width, Ba 0.10 0.10 0.09

a Lengths are normalized with tank diameter, Dtank.

Fig. 2. Coordinate system for the split-film probe measuring in the radial/

tangential plane in the tank (x1 is the convective direction).

Table 2

Sampling times and sampling frequencies

Tank Sampling

time [s]

Sampling

frequency [kHz]

A 280 15

A 420 10

B 420 10

C 20 25

Table 3

Operating parameters for three tanks of different geometry

n [s] Reimp [ÿ]�10ÿ4 vtip [msÿ1]

Tank A 3.67 24.1 3.07

Tank B 1.08 57.9 2.59

1.33 71.3 3.18

1.70 90.9 4.06

Tank C 1.92 87.1 4.22

2.22 100.6 4.87
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approximation was applied for the measurements in tank A,

although measurements were performed in all three direc-

tions.

q � 1
2
�u2

1 � u2
2 � u2

3� (3)

The local energy dissipation was calculated from energy

spectra, using Kolmogorov's spectrum law Eq. (4). This

states that if the local Reynolds number, Re�, is large

enough, the local energy dissipation can be estimated from

the slope of the energy spectrum, since this part of the

spectrum represents the internal subrange of the wavenum-

bers, and local isotropy exists.

E�k� � A"2=3kÿ5=3 Re
3=4
� � 1 (4)

The coef®cient A was set to 0.47, as was done by Grant et al.

[21] for measurements in a tidal current. Other values: 0.53

for pipe ¯ow, and 0.55 and 0.53 for outer layers and inner

layers of shear ¯ow, have been reported in the literature [22].

The mean ¯uctuations, being the second moment of the

probability density function B(u), Eq. (5), can also be ex-

pressed as an energy spectrum, E(f) Eq. (6), where the

amplitudes of the ¯uctuations are a function of frequency

f, [23].

�2
u � �u2

i � �
Z 1
ÿ1

u2
i B�ui� dui (5)

u2
i �

Z
E1�f � df (6)

The energy spectrum can be converted into wavenumber

range, through Eqs. (7) and (8), using the convective velo-

city Uconv.

k � 2�f

Uconv

(7)

E1�k� � Uconv

2�
E1�f � (8)

The energy dissipation lengths, �f and �g, are calculated

from the Eulerian time scale, �E,i, which is estimated from

the autocorrelation function, RE,i, multiplied by the con-

vective velocity, (see Eqs. (9)±(11)).

RE;i�t� � ui���ui�� ÿ t�
u2

i

(9)

1

�2
E

� ÿ 1

2

@2RE;i

@t

� �
(10)

�f � 2�g � Uconv�E;i (11)

In most measurements presented in the literature, the con-

vective velocity is reduced to the mean velocity in the local

¯ow situation, based on Taylor's hypothesis [1±3,10,13,14,

5,24,11]. Heskestad [25] proposed an extension of the

Taylor hypothesis where the ¯uctuations were also taken

into consideration, resulting in (Eq. (14)). This expression

was used by Okamoto [26] et al. (1981) and Wu and

Patterson [7], however, Okamoto [26] assumed isotropy

i.e. u2
1 � u2

2 � u2
3, while Wu and Patterson [7] measured

all three directions.

U2
conv � U2

1 � u2
1 � 2u2

2 � 2u2
3 (12)

Mean velocities, �Ui and turbulent intensities, Ii, were nor-

malized to the convective velocities or the tip speed, vtip, as

in Eq. (13) and Eq. (14).

Ii �
�����
u2

i

q
Uconv

(13)

Ii �
�����
u2

i

q
vtip

(14)

Fig. 3. Mean velocity �U1 (a) normalized to the tip speed, vtip, in the impeller zone. The dimensionless radial coordinate, 2r/dimp, is 1.0 at the impeller tip and

2.4 at the baffle for tanks A and C. For tank B, the coordinate is 1.97 at the baffle, (b) normalized to the convective velocity, Uconv, in the impeller zone.
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3. Results and discussion

In Fig. 3(a), mean velocities �U1 in the impeller stream, in

the convective direction, are shown normalized to the tip

speed. The impeller diameter, dimp, was chosen as the

scaling length of the radial dimensionless coordinate. As

expected, the ratios decrease with radial distance in all three

reactors. The ratios in the different positions are dependent

on the agitation rate, as shown by the measurements in tanks

B and C and presented earlier for tank A [12]. The decrease

in the mean velocity as a function of radial position seems to

be faster in tank B. This might be due to the measurement

position being below the centreline of the impeller. Surpris-

ingly, the values for tank B are in the same range as those of

the others, despite the fact that the measurements were made

below the centreline of the impeller. The different tank-to-

impeller ratios may cause this unexpected similarity. Pro-

®les in the literature show a clear decrease in the mean

velocity as a function of the position across the impeller

blade [7], see e.g. Wu and Patterson.

Another possible explanation of the larger normalized

mean velocities of tank B could be that the impeller spacing

is 0.45 compared with 0.7 for the other two reactors. This

means that the bulk zone volume is smaller in this reactor

than in tanks A and B. It is in the bulk zone that the ¯ow

loses its intensity, and if the ratio of this volume to the total

volume is lowered, then the ¯ow maintains its turbulent

properties to a greater extent.

In Fig. 3(b), the mean velocities �U1, normalized to the

convective velocity, Uconv, are shown. This results in a ratio
�U1=�Uconv of 0.62 � 0.05, independent of position. There is,

however, a trend for the mean value to decrease slightly with

radial position for the measurements in tank B. Here again,

the axial coordinate was below the centreline of the impel-

ler, which probably affected the magnitude of the mean

velocity. In tank A there is a slight increase in the ratio with

radial position. This was also observed in tank C, where the

measurement positions were comparable, both for some

radial positions and in the axial position (z � 0).There is

some scatter in the mean velocities of the measurements

made in tank C. This might be due to the shorter sampling

time in these measurements compared with those for tanks

A and B.

The effective velocity, Ueff, is the measured resultant

velocity of �U1 and �U3 and its magnitude is close to the

mean velocity in the convective direction, x1. In Fig. 4(a)

Fig. 4. The variation of short-time averages of the effective velocity, Ueff,st as a function of measuring time in (a) Tank A, (b) Tank B. Notice the long-term

variation in the continuous mean value.

Fig. 5. Autocorrelation for impeller zone and bulk zone for the convective

directions.
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and Fig. 4(b), short-time averages of the effective velocity,

Ueff, are represented by circles, each representing 32 000

data points. The lines represent a continuous mean, over

time, of these short-time averages (10 � 32 000 data points).

It can be seen in these ®gures that there appears to be a long-

term ¯uctuation in the effective velocity in tank B. This is

not explained by deviations in agitation rate, which was

�2 rpm. This phenomenon is more pronounced for larger

reactors and we suggest that it may be caused by interacting

large eddies in the bulk zone. Chapple and Kresta [27]

examined different reactor geometries with tuft visualisa-

tion, and they also found the circulation pattern to have a

time-varying nature which as we suggest must have the

same origin. The autocorrelation given for two positions

under the same conditions and in tank A also supports this

hypothesis. It is given in Fig. 5 and suggests a periodic

behaviour of the ¯ow.

The intensity, Ii, scaled with the convective velocity,

Uconv, is almost constant at one level for the convective

direction and at a lower level for the perpendicular direction,

see Fig. 6(a). In Fig. 6(b) and (c), vtip is used as a reference

velocity. The intensity, as expected, decreases with radial

position, both in the convective direction and in the per-

pendicular direction. This is in agreement with previous

measurements [7]. The magnitude of the ratios, however, is

higher in our measurements. In this study, the contribution

from the periodic pseudo-turbulence has not been subtracted

as by Wu and Patterson [7], but it is anyhow almost

negligible at these radial distances. As for the mean velocity,

we also noticed a dependency on agitation rate.

The value of turbulent kinetic energy as a function of

radial position are scaled to the square of the impeller tip

velocity is shown in Fig. 7(a). Tanks B and C, having

approximately equally sized impellers, are compared at

Fig. 6. (a) Turbulent intensities in the convective direction, I1 (filled symbols) and the perpendicular direction, I2 (open symbols) . Reference velocity is the

convective velocity, Uconv, (b) Turbulent intensities in the convective direction, I1. Reference velocity is the tip speed, vtip, and (c) Turbulent intensities in the

perpendicular direction, I2. Reference velocity is the tip speed, vtip.

102 E.S. Wernersson, C. TraÈgaÊrdh / Chemical Engineering Journal 72 (1999) 97±107



similar tip velocities. There is a decrease in the turbulent

kinetic velocity, which may be described by a log±linear

relationship, according to Eq. (15).

log
q

v2
tip

 !
� a

2r

dimp

� �
� F (15)

However, the measurements in tank B were performed

below the centreline in the impeller stream. A pro®le of

the turbulent kinetic energy, measured across the impeller

blade for tank A, is shown in Fig. 7(b). These results

indicate that the turbulent kinetic energy at the positions,

2z/W � � 0.5 W, may be approximated to 0.825 qmax.

Therefore, these values for tank B, comparable to a centre-

line position, are included in the ®gure together with the

measured data.

In Fig. 7(c), the turbulent kinetic energy measured in tank

A is compared with that in tank B. For these two cases, the

impeller sizes are different but the tip velocities are similar

and the slope of the decrease in the turbulent kinetic energy

is similar to the slope in Fig. 7(a). Finally, in Fig. 7(d), the

measurements in all three tanks are shown. They result in a

Fig. 7. (a) Comparison of turbulent kinetic energy, q, normalized to the tip speed, vtip, squared in two tanks with similar impeller diameter at similar tip

speed. The values presented for tank B are adjusted to the magnitude of the expected values at a centreline position, using the profile in Fig. 7 (b) (b) A

profile of turbulent kinetic energy, q/qmax, over the impeller blade in tank A (c) Comparison of turbulent kinetic energy, q, normalized to the tip speed, vtip,

squared in two tanks with different impeller diameter at similar tip speed. The values presented for tank B are adjusted to the magnitude of the expected

values at a centreline position, using the profile in Fig. 7 (b) (d) Comparison of turbulent kinetic energy, q, normalized to the tip speed, vtip, squared in three

tanks with different impeller diameters and different tip speed. The values presented for tank B are adjusted to the magnitude of the expected values at a

centreline position, using the profile in Fig. 7 (b).

E.S. Wernersson, C. TraÈgaÊrdh / Chemical Engineering Journal 72 (1999) 97±107 103



slope similar to those in Fig. 7(a) and Fig. 7(c). These

results indicate two things: (1) the agitation rate in these

measurements does not affect the magnitude of the normal-

ized value of q signi®cantly, and (2) there is a general

decrease in the turbulent kinetic energy as a function of

radial position, which can be expressed by (Eq. (15)) for

reactors of different sizes. Rutherford [9] measured the

turbulent kinetic energy with LDA in tanks with diameters

of 0.100 and 0.294 m, with a dual-impeller con®guration.

They show contour plots of q=v2
tip, where the contours in the

impeller zone range over at least one decade, which is

comparable to our results. Zhou and Kresta [28] have made

LDA measurements of the turbulent kinetic energy in the

near impeller region and obtained a non-dimensional energy

level of 0.85 which agrees very well with extrapolated data

presented here.

The turbulent kinetic energies, normalized to the con-

vective velocity for all three tanks, are shown in Fig. 8. The

result of these measurements is a q=U2
conv ratio of

0.20 � 0.02. This means that the impeller ¯ow in reactors

of different sizes, at different positions and for different

operating conditions, can be scaled by a single value. (The

values for reactor B have not been adjusted to a centreline

position.)

In Fig. 9, the local energy dissipation rates scaled to the

convective velocities and the impeller diameters are shown.

For this parameter, a constant "dimp=U3
conv ratio of

0.32 � 0.11 is the result of the measurements in the three

reactors. The values are somewhat more scattered than those

for the turbulent kinetic energy, but the determination of the

energy dissipation rate is very sensitive to deviation from

ideal theoretical conditions for which it is developed.

The values of local energy dissipation rates, scaled to the

impeller tip speed and impeller diameter, are shown in

Fig. 10. As for the turbulent kinetic energy, the energy

dissipation rates are a function of radial position which

may be expressed by Eq. (15). The regression coef®cients

for the measurements in tank A and for the measurements in

both tanks A and C are given in the ®gure. Comparing these

results with those of Zhou and Kresta [29], they seem

somewhat higher. The non-dimensional energy dissipation

rate calculated by Zhou and Kresta is in the range of 0.42 in

Fig. 9. Local energy dissipation rates and the impeller diameter, "dimp,

normalized to the cube of the convective velocity, Uconv, for measurements

in the impeller zone in the three tanks. Mean ratio � 0.32 � 0.11.

Fig. 8. Turbulent kinetic energy, q, normalized to the convective velocity,

Uconv, squared for measurements in the impeller zone in the three tanks.

Mean ratio � 0.20 � 0.02.

Fig. 10. Local energy dissipation rates and the impeller diameter, "dimp,

normalized to the cube of the tip speed, vtip, for measurements in the

impeller zone in the three tanks. The local energy dissipation rate is then a

function of the radial position.
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the near impeller region and extrapolating these results to

the same position yields a value of 0.9. An explanation for

this discrepancy can be the different method used. Here,

the measurements in tank B are excluded from the slopes,

since the measuring point was below the centreline of the

impeller.

The hypothesis that the ¯ow characteristics can be rea-

sonably well scaled, independently of the reactor and posi-

tion, and independently of the agitation rate is also shown in

Fig. 11. Here, the spectra from reactors A, B and C are

scaled with the local ¯ow parameter, energy dissipation

length, �f. These spectra overlap, especially in the region of

high wavenumbers where the ¯ow becomes isotropic what-

ever the origin of the convective ¯ow. It is also in this

wavenumber region where the major part of the energy

dissipation takes place. We have previously shown for

reactor A that the spectra overlap when scaled with the

energy dissipation length, both in the impeller zone and in

the bulk zone [12]. We have also seen that the spectra in the

impeller zone for reactor B overlap, regardless of radial

position.

This con®rms the conclusion by Nishikawa [13], that

energy spectra scale with energy dissipation scale. Fig. 11

shows that this scaling is valid not only in tanks with

diameters of 0.15 < Dtank < 0.60 m, but also in pilot and

industrial sized tanks, 0.8 < Dtank < 2.09 m, and with tanks

of different geometries.

4. Conclusions

Turbulent velocity measurements were carried out with

CTA in a tank of pilot size and in two industrial tanks.

Despite the mechanical constraints that the existing indus-

trial production units implied related to possibilities in

doing whatever measurements wherever wanted, it was still

possible to obtain satisfactory data in view of the objectives

of the work.

The convective velocity is a scaling parameter of the ¯ow.

Using vtip as a scaling parameter relates the measured

parameters to the geometry of the system. The turbulent

quantities, q and ", can approximately be estimated in the

impeller zone, for reactors over a large range of sizes and

different geometries under relevant operating conditions

from the data presented.

The ratio of bulk zone volume to impeller zone volume

in¯uences the convective and the turbulent ¯ow pattern in

the impeller zone. The convective ¯ow is probably affected

by interacting large eddies in the bulk zone, resulting in

time-varying characteristics of the mean ¯ow. The turbulent

part of the ¯ow is seen to remain high in intensity.

The energy spectra show that the ¯ow has an isotropic

character in the high wavenumber range, where the slope is

proportional to kÿ5/3, according to Kolmogorov's law of

local isotropy. It can also be seen that the ¯ow has a long-

term periodic ¯uctuation character, shown by the shape of

the autocorrelation function, the behaviour of the short-time

averages of the effective velocity, combined with the large

amplitude of the energy spectra in the low wavenumber

region. This is more pronounced in the larger industrial tank.

In the impeller zone, neither the size of the tank nor the

differences in geometry in¯uenced the ¯ow parameters

when they were scaled by local ¯ow parameters. On the

other hand, the magnitudes of the turbulence parameters are

determined by the size of the tank and the impeller.

5. Notation

A (±) coefficient

a (±) coefficient

B (m) baffle width

B(u) (±) probability density function,

PDP

C (m) bottom clearance

�C (m) impeller spacing

dimp (m) impeller diameter

Dtank (m) tank diameter

E1(f) (m2 sÿ2) one-dimensional frequency

spectrum

E1(k) (m3 sÿ3) one-dimensional wavenumber

spectrum

f (sÿ1) frequency

F (±) factor

Hv (±) liquid height compared with

tank diameter

Ii (±) turbulence intensity

k (mÿ1) wavenumber

L (m) length of the impeller blade

lK (m) Kolmogorov's length scale

Fig. 11. Energy spectra for the three tanks, in the impeller zone, scaled

with the dissipation length �f.
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n (sÿ1) agitation rate

ndimp (m sÿ1) modified tip velocity

q (m2 sÿ2) turbulent kinetic energy

qmax (m2 sÿ2) maximum turbulent kinetic

energy

rtank, xtank, �tank (±) radial, axial and tangential

tank coordinates

RE,i (±) autocorrelation function

Reimp (±) Reynolds number for impeller

Re� (±) Reynolds number for energy

dissipation scale

t (s) time
�Ui (m sÿ1) ensemble time average of

mean velocity i � 1,2,3
�Uconv (m sÿ1) convective velocity
�Ueff (m sÿ1) effective velocity, (U1(t)2 �

U2(t)2)1/2

�Ueff (m sÿ1) ensemble time average of Ueff

�Ueff;st (m sÿ1) short-time average of Ueff

xprobe, yprobe

zprobe

(±) probe coordinates

u2
i (m2 sÿ2) ensemble average of velocity

fluctuations, i � 1,2,3

vtip (m sÿ1) impeller tip velocity

VL (m3) liquid volume

W (m) blade width

x (±) factor

z (±) axial coordinate across impel-

ler blade, z � 0 at the centre

of the blade

Greek letters

" (m2 sÿ3) energy dissipation rate

�f, �g (m) energy dissipation length

scales, Taylor's microscale

�E (s) Eulerian time scale

� (8) angle for calibration

� (m2 sÿ1) kinematic viscosity

�2
u (±) variance
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