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Past research shows that for the same power per unit volume, flocculation per- 
formance vanes with tank size and impeller type. This study was perfomted to charac- 
terize effects of scale and impeller design on turbulence produced in the flocculation 
process. The study was performed with a Rushton turbine and an A310 foil impeller in 
three square tanks of 5-, 28- and 560-L uolume. Fluid velocities were measured using a 
dual-channel laser Doppler velocimeter with an enhanced burst spectrum analyzer. 
Flocculation tanks were operated at a constant average unit-mass energy-dissipatidn 
rate of 0.0016 m2/s3. The results show that the turbulence intensity and local turbulent 
energy-dissipation rate were higher for the Rushton turbine than for the A31 0 impeller. 
The turbulence intensity was found to increase with increasing tank size regardless of 
impeller type. The local turbulent energy dissipation rate decreased for the Rushton 
turbine and remained constant for the A310 impeller with increasing tank size. 

Introduction 
The purpose of flocculation is to physically transform 

smaller particles into larger aggregates (flocs) that will even- 
tually settle. Although Brownian motion, relative fluid mo- 
tion from laminar shear or turbulence, and differential sedi- 
mentation can all lead to particle collisions in many unit 
processes in potable water treatment (Weber, 1972; Pontius, 
1990), it is the fluid turbulence that controls the aggregation 
rate. As small particles become parts of larger aggregates, 
the flocs eventually reach sizes where the same relative fluid 
velocities that cause aggregation can also result in floc 
breakup. 

Since the relative fluid velocities in the flocculation system 
control both aggregation and deaggregation rates, it is natu- 
ral to imagine that changes in the levels of the velocity gradi- 
ents will shift the equilibrium floc-size distribution just as 
temperature will shift a reversible chemical reaction one way 
or another. In the Kolmogoroff equilibrium theory, relative 
fluid velocities in the viscous dissipation and inertial sub- 
ranges are both related to the turbulent unit mass-energy dis- 
sipation rate, E .  Therefore, when the average dissipation rate, 
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Z, in various turbulent mixing systems is held constant, floc- 
culation theory predicts the same equilibrium floc-size distri- 
bution. 

There are several possible problems with this theory. First, 
it is difficult to establish exactly the spatial average E for a 
turbulent mixing system. In most cases, we have estimated 
the average E in terms of the total power, P ,  dissipated in 
mixing, 

P - E = -  
p Vol ’ 

where p is the fluid density and Vol is the system volume. 
However, Tennekes and Lumley (1972) show that the total 
energy dissipated in a turbulent system is partitioned be- 
tween the direct dissipation rate (due to mean velocity gradi- 
ents) and the turbulent dissipation rate, E .  For high enough 
Reynolds numbers, the total dissipation rate is predicted to 
approach E .  There are, however, plenty of turbulent flows in 
which this may not be the case (Clark, 1985). Therefore, it is 
possible to imagine turbulent flocculation systems with the 
Same P ,  but with different average E .  
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Second, two flocculation systems with the same spatial av- 
erage might have very different spatial distributions of en- 
ergy dissipation rate and relative fluid velocities. It can be 
shown that the spatial average of the dissipation rates using 
Eq. 1 may not be the same as computing the global average 
of the local energy-dissipation rate when the heterogeneity of 
the turbulent field is considered (Clark, 1985). For example, 
if two different flocculation impellers consume the same 
amount of energy per unit time in the same size flocculation 
vessel but produce very different spatial distributions of E and 
velocity gradients, then the equilibrium floc-size distributions 
would likely vary in the two systems. This problem in floccu- 
lation theory has not really been addressed adequately. 

Another related problem is the variation in flocculation ki- 
netics with scale. Consider now a single flocculation impeller 
design and two geometrically identical flocculation systems of 
different size but operated at the same average unit-mass en- 
ergy-dissipation rate. Most flocculation kinetic schemes for- 
mulated in the past would predict no difference in the equi- 
librium floc-size distribution. As pointed out earlier, since 
most kinetic schemes do not consider spatial variations in dis- 
sipation rates and velocity gradients, then these theories will 
also not predict sensitivity to scale-related changes in the fluid 
mechanics. Some work in the emulsification area suggests that 
these scale-related changes may be significant. Konno et al. 
(1983) showed that the equilibrium drop-size distributions in 
different size vessels operated at the same unit-mass energy- 
dissipation rate are not equivalent, with larger breakup rates 
in larger vessels and a decrease in the average drop size with 
increasing system scale. 

One crude statistical measure of the equilibrium floc-size 
distribution has been the maximum floc size, dmu. It has been 
shown by investigators (Thomas, 1964; Parker et al., 1972; 
Francois, 1987; Sonntag and Russel, 1987; Tambo and Fran- 
cois, 1991; Kusters, 1991) that this steady-state maximum floc 
size is related to the average intensity of the turbulent fluid 
motion. While the complexity of this relationship varies with 
the investigator, all of the variations can be represented by 
the following equation: 

where C is a coefficient related to the strength of the floc 
particles, and n is the coefficient related to the breakup mode, 
the size of eddies that cause the disruption in either the iner- 
tial or the viscous subrange regime of turbulence, and the 
fractal dimension of the floc aggregate. Setting Z = constant, 
Eq. 2 would predict a maximum stable floc size regardless of 
tank size or impeller type. However, research done in floccu- 
lation scale-up by Oldshue and Mady (1978), Clark and 
Fiessinger (1991), and Clark et al. (1994) showed a degrada- 
tion in flocculation performance with increasing tank size with 
Z = constant. Other investigators have also found that for t 
= constant, the flocculation performance varies with impeller 
type (Drobny, 1963; Patwardham and Mirajgaonkar, 1970; 
Hanson and Cleasby, 1990 Clark et al., 1994; Sajjad and 
Cleasby, 1995). 

There is growing evidence that a more complex relation- 
ship exists between particle agglomeration/breakup and the 
turbulence generated by a mixing impeller in a flocculation 
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basin that cannot be fully described by Eq. 2. The inability of 
Eq. 2 to properly predict the flocculation performance may 
lie with the oversimplification of describing the three-dimen- 
sional nature of the turbulence with Z. To understand fully 
the relationship between agglomeration/breakup and turbu- 
lence, it is necessary to first characterize the turbulence in 
flocculators. 

The objective of this study is to characterize the turbulence 
produced in the flocculation process by a mixing impeller. 
Mean and turbulent velocities and turbulent energy-dissipa- 
tion rate were measured at several locations in square batch 
flocculators. The effect of changing the vessel size and im- 
peller type on the fluid-mechanics properties measured at the 
different locations in the vessel were evaluated. The study 
was performed with Rushton turbines and A310 fluid-foil im- 
pellers in three square tanks of 5- ,28- and 560-L volume. 

Experimental Methods 
Measurement of the fluid velocities in the flocculation tank 

was done using a dual-channel laser Doppler velocimeter 
(LDV). LDV involves the measurement of fluid velocities by 
detecting the Doppler frequency shift of laser light that has 
been scattered by small particles moving with the fluid at one 
particular point. The LDV measurements were conducted at 
points shown in Figure 1. Because the flocculation tanks have 
square cross sections, an equivalent circle diameter (TI was 
calculated based on the cross-sectional area of the square 
tank. The computation of T was necessary to determine an 
impeller diameter over tank diameter ratio ( D / T )  for the 
flocculation tanks. The LDV measurements were conducted 
for the Rushton and A310 fluid-foil impellers at a ( D / T )  ra- 
tio of 0.33. The Rushton turbines and A310 foil impellers 
used in this study were built by LIGHTNIN. Table 1 displays 
some characteristic dimensions of both impellers. The Rush- 
ton turbine is a high-shear, high-power radial-flow impeller. 
The A310 foil impeller is a low-shear, hydrodynamically 
smooth axial-flow impeller designed and developed by 
LIGHTNIN. The A310 foil impeller design is based on airfoil 
technology (Abbot and Von Doenhoff, 1959). The operating 
conditions listed in Table 2 were tested at each point. The 

I_ - 
Radial Flow Impeller 

~~ 

Axial Flow Impeller 
Figure 1. Location of LDV measurements for an axial 

(A31 0) and radial (Rushton) impeller. 
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Table 1. Characteristic Dimensions of the Rushton Turbine 
and A310 Foil Impeller 

Rushton Turbine A310 Foil Impeller 
~~ ~~~ 

Blade width: 0.2 D Tip chord angle: 22” 
Blade thickness: 0.016 D Width between leading and trailing edge 
Blade length 0.25 D 
Disc diameter: 0.68 D 
Disc thickness: 0.016 D Camber 
Hub diameter: 0.24 D 
Hub height: 0.14 D 

0.10 D at impeller tip 
0.15 D at hub 

0.05 D at impeller tip 
0.0 D at impeller tip 

NACA Specification: 5,510 

vessels were operated at E = 0.0016 mZ/s3. This E is a typical 
average dissipation rate found in flocculation processes. At 
these operating conditions, the impeller Reynolds number is 
on the order of lo4. This indicates that the flow regime dur- 
ing the flocculation process is turbulent. Measurement of the 
fluid velocities in the flocculation tanks were performed at 
LIGHTNIN in Rochester, New York. The Dantec type 60X 
two-color LDV, used at LIGHTNIN, allows measurement of 
two velocity components simultaneously. 

The laser head is mounted on a computer-controlled 
traversing mechanism that allows the user to conduct a com- 
plete scan of the flocculation tank. The measurements are 
collected via backscattering, with both receiving and trans- 
mitting optics in the same module. Data acquisition and pre- 
processing of the particle velocity information are done using 
a DANTEC Burst Spectrum Analyzer (BSA). Computation 
of the mean velocity, rms fluctuating velocity, and turbulent 
energy-dissipation rate per unit mass are all done using a 
Fortran program implemented on a Hewlett-Packard 715/75 
workstation. 

The sizes of the LDV measuring volume diameter and 
length are 143 p m  and 2.28 mm, respectively. A frequency 
shift of 40 MHz is used to determine the proper direction of 
the velocity vector at the measurement point. The fluid in the 
stirred tank was seeded with alumina particles with a mean 
particle size of 8 pm. The alumina particles were chosen be- 
cause of alumina’s high refractive index. With a maximum 
allowable error of lo%, an 8-pm alumina particle in water 
will follow fluctuations (Lagrangian) in the flow up to 16.5 
kHz (Goldstein, 1983). An unbiased mean velocity and turbu- 
lent fluctuating velocity were computed by weighting each 
measurement with the burst time. Four thousand and ninety- 
six points were used to calculate the unbiased mean and tur- 
bulent fluctuating velocities. 

The particle arrival times or the time a particle enters the 
measuring volume is random. The algorithm used to compute 
the autocorrelations and power spectra requires that the data 
input be equispaced in time. Therefore, a time trace of the 
4,096 velocity measurements must be reconstructed. Typically, 
the velocity time trace is reconstructed using a simple sam- 
ple-and-hold technique. The problem with this technique is 
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Figure 2. Coordinate transformation of the mean flow. 

that the holding procedure masks the high-frequency infor- 
mation (Adrian and Yao, 1987). In order to increase the range 
of frequency from the fluctuating velocity data, Adrian and 
Yao (1987) recommend that better interpolation schemes such 
as linear or quadratic splines be used to reconstruct the ve- 
locity time trace. In this research, a linear interpolation 
scheme was used between particle arrival times. The power 
spectrum and the autocorrelation were computed by per- 
forming a fast Fourier transform (FFT) on the reconstructed 
data. 

Computation of Resultant Fluctuating Velocity and 
Turbulent Energy-Dissipation Rate 

Taylor (1938) first determined how to measure a character- 
istic size of the energy-containing eddies using the autocorre- 
lation curve. An eddy is a large group of fluid particles that 
move laterally and longitudinally in the fluid flow. By using 
the autocorrelation curve, Taylor assumed that the eddy 
passed the point of measurement with the speed of the mean 
velocity (i.e., Taylor’s frozen-field hypothesis). His experi- 
ments were conducted in a channel where the mean flow was 
primarily in one coordinate direction. In the flocculation tank, 
the mean flow will not be strictly in one coordinate direction. 
It will generally retain all three components of velocity. 

Table 2. Operating Conditions for Each Impellerflank Configuration, Z = 1.60 X 10 -3 m7s3  

T = 5 L  T = 2 8 L  T=557L 
D = 2.5 in. (64 mm) D = 4.5 in. (114 mm) D = 12.8 in. (325 mm) 

Impeller Type N (rev/min) N (rev/min) N (rev/min) 
Rushton turbine 84.32 56.22 26.68 
A310 fluid foil 173.9 115.94 55.02 
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In order to properly compute the integral length scale in 
the direction of the mean flow assuming Taylor's frozen-field 
hypothesis, a coordinate transformation can be done (Figure 
2 ) .  As a result of a coordinate transformation, the mean flow 
will be in one direction in the new coordinate system. Once 
the mean flow is in one direction, the integral length scale (a 
characteristic size of the energy-containing eddy) can be eas- 
ily computed along this direction. 

Using Figure 2 as a guide, the new unit vectors e,", e f ,  ef ,  
are computed in terms of the original unit vectors e,, e l ,  e,: 

In essence, the two coordinate systems are related by an or- 
thogonal tensor or transformation tensor, Q, shown as: 

Qrr Qtr Qzr 

Qrz Qrz Qzz 

To convert a velocity vector in the old coordinate system of 
the form 

to the new coordinate system of the form 

we simply multiply the old velocity vector by the transforma- 
tion tensor Q: 

Qrr Qtr Qzr [ z] = [ Qrr Qrt Q z r ] [  :] 
Qrz Qtz Qzz e' e 

Now, in the new coordinate system, we want the resultant 
velocity vector to exist only in one direction. As shown in 
Figure 2, the resultant velocity vector is arbitrarily chosen to 
be nonzero in the e: direction only. Therefore, the resultant 
velocity vector in the new coordinate system is described as 
follows: 

where 
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where err, Q t r ,  and Qzr are also known as direction cosines. 
The next step is to compute the autocorrelation function of 
the turbulent velocity fluctuation in the radial direction in 
this new coordinate system. If we assume that: 

where represents the mean velocity component in new 
coordinate system and u,! represents the turbulent fluctua- 
tion velocity component in new coordinate system, then the 
correlation function, u " ( t )  u"(t + T ) ,  is defined by the follow- 
ing equation: 

The mean square of the velocity fluctuation in the radial di- 
rection in the new coordinate system is defined by the follow- 
ing equation: 

where 

a,' =mean square velocity fluctuation, old coordinate system, in 

orz =mean square velocity fluctuation, old coordinate system, in 

a: =mean square velocity fluctuation, old coordinate system, in 

(0;")' =mean square velocity fluctuation, new coordinate system, in 

radial direction 

tangential direction 

axial direction 

radial direction 

The autocorrelation coefficient of the velocity fluctuation 
in the radial direction in the new coordinate system is now 
defined by the following equation: 

The integral length scale is then determined by integrating 
the preceding autocorrelation coefficient in the new coordi- 
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neglected in the computation of the resultant rms value. The 
LDV system was not set up to compute the Reynolds shear 
stresses (i.e., for i f j )  used in Eq. 6. In order to prop- 
erly compute the Reynolds shear stresses, each data point in 
the velocity time trace for each direction must be sampled at 
the same time. This was not possible with the LDV system 
used. 

In general. the error in approximating the resultant rms 
value using Eq. 6 without the Reynolds shear stress is highest 
where the turbulent flow is anisotropic and lowest where the 
flow is isotropic. Studies done in shear layers where the tur- 
bulence is anisotropic have shown the following relationship 
(Hudson, 1993): 

where u, represents the rms fluctuating velocity in the i di- 
rection a, represents the rms fluctuating velocity in the j 
direction. In isotropic turbulence the constant 0.45 goes down 
to 0.1. 

Ito et al. (1974, 1975) did some three-dimensional mea- 
surements of the velocity in a stirred tank with a Rushton 
turbine using a spherical electrode probe. Along with mea- 
suring the mean velocity and the rms fluctuating velocity, Ito 
et al. (1974, 1975) also measured the Reynolds shear stresses. 
They found that in the impeller discharge region, the magni- 
tude of the Reynolds shear stress was about 25 - to 50% of the 
mean square fluctuating velocity (i.e., G= 0%:). This value 
occurred closest to the impeller tip. However, away from the 
impeller tip and in the bulk region, the magnitude of the 
Reynolds shear stress was about 0 to 5% of the mean square 
fluctuating velocity. 

Another important problem with leaving out the Reynolds 
shear stresses from Eqs. 5-8 is in the usage of Eq. 9 to calcu- 
late the local energy dissipation rate. Recall that in order to 
use Eq. 9. the local turbulent Reynolds number must be suffi- 
ciently large. By leaving out the Reynolds shear stresses in 
the calculation of the turbulence intensity and length scales 
in the impeller discharge region, the local turbulent Reynolds 
number may not be large enough to compute the energy dis- 
sipation rate from dimensional analysis. So to assure that Eq. 
9 could be used in the impeller discharge region, the local 
Reynolds number was computed for both the Rushton tur- 
bine and A310 foil impeller. The local Reynolds number was 
calculated using the local turbulence intensity and the char- 
acteristic integral length scale of the energy-containing ed- 
dies (Hinze, 1975). Table 3 displays the average local turbu- 
lent Reynolds number in the impeller discharge region of the 
Rushton turbine for the three different tank sizes. As Table 3 
suggests, the 1Kdl turbulent Reynolds number is on the order 
of lo3, which is high enough to use Eq. 9 (Tennekes and 
Lumley, 1972; Hinze, 1975). The same order of magnitude 
was found for the local turbulent Reynolds number in the 
impeller discharge region of the foil impeller. 

Clearly, the results from Ito et al. (1974, 1975) and Hudson 
(1993) suggest that leaving out the Reynolds shear stress can 
impact the accuracy of Eq. 6 only near the impeller blade tip. 
Also the high values of the local turbulent Reynolds number 
in Table 3 indicate that leaving out the Reynolds shear stress 
does not affect the use of Eq. 9 for calculating the local tur- 
bulent-energy dissipation rate. In the bulk region, the contri- 
bution of the Reynolds shear stress is negligible. The beauty 
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Table 3. Average Local Turbulent Reynolds for the Rushton 
Turbine in the Impeller Discharge Region 

r/R T = 5 L  T = 2 8 L  T = 560 L 
1.1 4,610 5,915 8,079 
1.444 4,469 8,366 11,817 
1.778 3,546 4,805 7,271 
2.222 2,557 4,628 8,344 

of Eq. 6 is that far the first time, it provides a simple way to 
compute the resultant rms fluctuating velocity in the direc- 
tion of the mean flow in stirred tanks. This method is also 
more consistent with Taylor’s frozen-field hypothesis than the 
previous methods used for calculating the turbulence in 
stirred tanks. However, the accuracy of using Eq. 6 to com- 
pute the rms fluctuating velocity in the direction of the mean 
flow in the impeller discharge zone would be improved by the 
addition of these Reynolds shear stresses. 

In the course of measuring the rms fluctuating velocity near 
the impeller tip, a periodic velocity component was found due 
to the pumping action of the impeller. This periodic velocity 
has the ability to inflate the value of the rms fluctuating ve- 
locity and cause “pseudoturbulence.” Clearly, the periodic 
velocity is not a turbulent quantity and must be removed in 
order to compute the true rms fluctuating velocity. In this 
study, a digital Butterworth band-pass filter (Beauchamp and 
Yuen, 1979) was used to remove the specific frequencies of 
the periodic velocities. These frequencies were found to coin- 
cide with the blade passage frequency and its harmonics. 

Figure 5A and 5B display the results of the resultant rms 
turbulent fluctuating velocity for the Rushton turbine in three 
square tanks. These results seem to indicate that when the 
rms fluctuating velocity is normalized by the impeller tip 
speed, the rms fluctuating velocity does not depend on the 
tank size. However, it is clear that the rms fluctuating veloc- 
ity is a function of the location of measurement in the square 
tank. Figure 5A shows that the rms fluctuating velocity is 
about 8 to 10% of the impeller tip speed in the bulk region 
below the impeller. Figure 5B, however, shows that the rms 
fluctuating velocity is about 10 to 20% of the impeller tip 
speed in the impeller discharge region. 

Figure 5C displays the resultant rms turbulent fluctuating 
velocities for the A310 foil impeller in three square tanks. 
These results also indicate that when the rms fluctuating ve- 
locity is normalized by the impeller tip speed, the rms value 
does not depend on the tank size. It only depends on the 
location of the measurement in the square tank. In Figure 
5C, the rms fluctuating velocity is about 6 to 8% of the im- 
peller tip speed below the foil-impeller discharge region. The 
results for the rms fluctuating velocity indicate that there is a 
difference between the Rushton turbine and the A310 foil 
impeller. Clearly, Figures SA, 5B, and 5C suggest that for the 
same power per unit volume, the intensity of turbulence for 
the Rushton turbine is higher than for the A310, particularly 
in the impeller discharge zone. While the turbulence inten- 
sity is also higher in the bulk region of the tank for the Rush- 
ton than for the A310, the difference is not as great. 

Turbulent energy-dissipation rate 
The turbulent energy-dissipation rate per unit mass was 

computed using Eq. 9. Figures 6A and 6B display the results 
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Figure 5. Resultant RMS turbulent fluctuating velocity in the direction of the mean flow. 
(A) Rushton turbine below the impeller centerline; (B) Rushton turbine in the impeller discharge region; (C) A310 foil impeller below the 
impeller centerline. 
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of the energy-dissipation rate for the Rushton turbine at T = 5 
L, T = 28 L, and T = 560 L. In these figure parts, the local 
energy-dissipation rate is normalized by the average energy- 
dissipation rate in the tank. Figures 6A and 6B show that at 
the locations measured, the local energy-dissipation rate de- 
creases with increasing tank size. The average local energy- 
dissipation rate in the bulk region of the tank is about 81%, 
54%, and 35% of the tank average energy-dissipation rate for 
T = 5 L, T = 28 L, and T = 560 L, respectively. In the im- 
peller region, the average local energy-dissipation rate is 
about 12.5 times, 7.6 times, and 3.5 times the tank average 
energy-dissipation rate. 
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Figure 6C displays the local energy-dissipation rate for the 
A310 foil impeller at T = 5 L, T = 28 L, and T = 560 L. The 
results for the local energy-dissipation rate for the foil im- 
peller do not show a clear difference between the tank sizes 
like the Rushton turbine results. In the impeller region, the 
local energy-dissipation rate is about 1.55 times, 1.43 times, 
and 1.66 times the tank average energy-dissipation rate for 
T = 5  L, T =28 L, and T =560 L, respectively. In the bulk 
region, these values are 75, 66 and 68%. 

These results seem to indicate that for the A310 foil im- 
peller, the local energy dissipation is not very sensitive to tank 
size. However, for the Rushton turbine, the local energy- 
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Figure 6. Turbulent energy dissipation rate. 

(A) Rushton turbine below the impeller centerline; (B) Rushton turbine in the impeller discharge zone; ( C )  A310 foil impeller below the 
impeller centerline. 
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dissipation rate is sensitive to tank size, as seen by the results 
in Figures 6A and 6B. Clearly, these results show that for the 
same power per unit volume, the local energy-dissipation rate 
produced by the Rushton turbine is much higher in the im- 
peller discharge region than the local energy-dissipation rate 
produced in the impeller discharge zone of the A310 foil im- 
peller. 

Discussion 
The results from the LDV experiments indicate that main- 

taining constant average power per unit volume (z = constant) 
between different tank sizes or different impeller types does 
not translate to constant spatial distribution of the local tur- 
bulent flow properties. When Z was kept constant, the rms 
fluctuating velocity was found not to depend on tank size 
when it was normalized by impeller tip speed. However, by 
maintaining Z = constant, dimensional analysis predicts that 
the impeller tip speed increases with tank size as: 

where 
TS =tip speed 
T =tank side dimension 

subscript 1 =large tank 
subscript s =small tank 

(10) 

In the results section, the LDV experimental results (Figure 
5) showed that the rms fluctuating velocity was proportional 
to the tip speed: 

(11) 

Substituting Eq. 10 in Eq. 11, the rms value is related to the 
tank dimension as 

(12) 

Therefore, maintaining Z = constant caused the rms fluctuat- 
ing velocity to increase with tank size. Also, the spatial distri- 
bution of the dimensionless rms fluctuating velocity was much 
different between the Rushton turbine and the A310 foil ‘im- 
peller, particularly in the impeller discharge zone. For Z = 
constant, the dimensionless rms fluctuating velocities or tur- 
bulence intensities were lower for the A310 foil impeller than 
for the Rushton turbine (Figure 5). The differences in the 
rms fluctuating velocity between the Rushton turbine and the 
A310 impeller are consistent with the turbulence results for 
the A310 impeller and the Rushton turbine reported by 
Weetman and Oldshue (1988). Part of Weetman and Old- 
shue’s (1988) report showed a velocity time trace at the im- 
peller outlet for the Rushton turbine and the A310 foil im- 
peller. Their velocity time-trace results showed that the 
Rushton turbine produces a higher peak-to-peak fluctuating 
velocity component than the A310 foil impeller. This indi- 
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cates that the turbulence generated by the Rushton turbine is 
greater than the turbulence produced by the A310 impeller. 

Although the turbulent fluctuating velocities were found to 
increase with increasing tank size, the local turbulent 
energy-dissipation rate behaved quite differently. At the be- 
ginning of this research, the authors expected the local en- 
ergy-dissipation rate to remain constant with increasing tank 
size since the power per unit volume was kept constant with 
increasing tank size (Le., Z = constant). Given constant power 
per unit volume for all three vessels, the spectral energy 
transfer from the large-scale eddies to the small-scale eddies 
should remain constant. Therefore, the energy dissipated at 
the small-scale eddies to heat should be the same regardless 
of the tank size when Z = constant. 

For the Rushton turbine, however, the local energy-dis- 
sipation rate was found to decrease with increasing tank size 
as 

where 

x = -0.70 between 5-L and 28-L-tank bulk region 
x = - 0.44 between 28-L and 560-L-tank bulk region 
x = -0.85 between 5-L and 28-L-tank impeller region 
1: = - 0.78 between 28-L and 560-L-tank impeller region 

This decreasing trend of the local energy-dissipation rate with 
increasing tank size does not seem consistent with maintain- 
ing constant power per unit volume with tank size. On the 
cmtrary, for the A310 foil impeller, the local energy-dissipa- 
tion rate did not show any clear sensitivity to tank size. This 
constant energy-dissipation rate with increasing tank size is 
expected since the impeller power per unit volume has been 
kept constant. One possible reason for a decreasing local en- 
ergy-dissipation rate with increasing tank size for the Rush- 
ton turbine might be due to the influence of the trailing vor- 
tices on the small-scale eddies. 

Van’t Riet and Smith (1975) have shown that a significant 
portion of the turbulent kinetic energy produced by the 
Rushton turbine is in the form of trailing vortices. This au- 
thor speculates that as the tank size increases with Z = 
constant, the contribution of the energy transformed from the 
trailing vortices to the small-scale eddies decreases with in- 
creasing tank size. This reduction in energy transfer from the 
trailing vortices to the small-scale eddies with tank size might 
be due to either a change in the location of the vortex axis or 
due to a decrease in the rate of vortex production. 

Yianneskis et al. (1987) showed that for the same Reynolds 
number region studied by Van’t Riet and Smith (1975) (i.e., 
5 X lo3 < Re < 9 X lo4), the location of the trailing vortex axis 
was found to be closer to the Rushton turbine blade tip for a 
larger impeller diameter. Results of Yianneskis et al. (1987) 
suggest that if the vortex axis is closer to the impeller, there 
would be less interaction between the trailing vortices and 
the flow regime in the impeller discharge region and the bulk 
region with increasing tank size. Consequently, the energy 
transferred from these vortices down to the small-scale ed- 
dies would decrease in these regions. 

Vol. 43, No. 2 335 



It is also possible that the increase or decrease in the inter- 
action between the trailing vortices and the flow regime might 
be due to the number of vortices produced per unit time. If 
we assume that a trailing vortex is produced each time a blade 
passes a specific point, then we can conclude that the fre- 
quency of vortex production is equal to the blade passage 
frequency. Since the blade passage frequency decreases with 
increasing tank size when t =constant, we can expect the 
frequency of vortex production to also decrease with increas- 
ing tank size. Therefore, the energy transferred from these 
vortices down to the small-scale eddies would also decrease 
with tank size. Since there are no significant trailing vortices 
found for the A310 foil impeller due to its hydrodynamic 
shape and smooth leading edge, the energy dissipated at the 
small-scale eddy size was not a function of tank size. 

The LDV experimental results seem to suggest that if there 
is an increase in floc breakup with increasing tank size, then 
the explanation may lie with how the turbulent fluctuating 
velocity influences floc breakup, and not with the turbulent 
energy-dissipation rate. The LDV experimental results have 
shown a clear increase in turbulent fluctuating velocity with 
tank size. However, the LDV results also showed either a 
decrease in the local energy-dissipation rate with increasing 
tank size for the Rushton turbine or no change in local en- 
ergy-dissipation rate with tank size for the foil impeller when 
Z = constant. This decrease or constant trend in the local en- 
ergy-dissipation rate cannot explain the poorer flocculation 
performance found by other investigators (Oldshue and Mady, 
1978; Clark and Fiessinger, 1991; Clark et al., 1994). 

Implication of Experimental Results on 
Flocculation Performance 

Several experiments have been done by previous investiga- 
tors that showed that an inverse relationship exists between 
the maximum stable floc-size developed during the floccula- 
tion process and F. However, experiments done by Oldshue 
and Mady (1978), Clark and Fiessinger (19911, and Clark et 
al. (1994) have shown that maintaining 2 = constant with in- 
creasing tank size or different impeller types does not pro- 
duce similar flocculation performance. In fact, all three re- 
ports indicate a tendency for the flocculation performance to 
decrease with increasing tank size. 

This decrease in flocculation performance is probably due 
to an increase in the breakup of floc particles with increasing 
tank size rather than a decrease in the agglomeration of floc 
particles. Researchers know that the breakup of floc particles 
ultimately determines the performance of the flocculation 
process since there is experimental evidence of a maximum 
stable floc size. The maximum stable floc size occurs when 
the agglomeration rate is balanced by the breakup rate of the 
floc particle. Researchers continue to use Eq. 2 to predict the 
maximum stable floc size, given F. However, Eq. 2 cannot 
explain the shift to a lower maximum stable floc size due to 
increasing the vessel size when t = constant. A lower maxi- 
mum stable floc size indicates an increase in the flocculation 
breakup rate. Therefore, something must have changed in the 
fluid mechanics to cause a change in the breakup rate of the 
floc particles even with F = constant. 

The results of the LDV experiments suggests that by main- 
taining ? = constant, the rms turbulent fluctuating velocity 
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increased with increasing tank size regardless of impeller type. 
Those same experiments also indicate that for the Rushton 
turbine, the local energy-dissipation rate decreases with in- 
creasing tank size, and for the A310 foil impeller, the dissipa- 
tion rate remains the same. These results seem to indicate 
that if floc breakage is increasing with tank size, it could be 
due to the difference between the turbulent fluctuating veloc- 
ities across the aggregate diameter and not the local energy- 
dissipation rate. 

Some researchers may argue that the difference between 
the turbulent fluctuating velocities across the aggregate di- 
ameter and the local energy-dissipation rate are related to 
each other if local isotropic conditions exist (Delichatsios and 
Probstein, 1975; Tambo and Watanabe, 1979; Glasgow and 
Hsu, 1979; Kusters, 1991). Batchelor (19531, Tennekes and 
Lumley (19721, and Hinze (1973) mentioned that when the 
Reynolds number is large, the small-scale structure of turbu- 
lence tends to be independent of any orientation effects in- 
troduced by the large-scale motion. Therefore, local isotropy 
at the small scale can be assumed. At these small scales of 
motion, the length scales and velocity scales can be uniquely 
defined by the energy-dissipation rate in the inertial sub- 
range and by both the kinematic viscosity and the energy-dis- 
sipation rate below the Kolmogoroff microscale. 

In developing the relationship between maximum floc size 
and Z, researchers assumed that the dynamics of agglomera- 
tion and breakup of particles occur at scales of motion in the 
universal equilibrium range. If agglomeration and breakup of 
particles occurred at these scales, then the resulting particle- 
size distribution should not be a function of the flocculator 
geometry. The effects of flocculator geometry such as tank 
size, impeller type, and tank shape only influence the largc 
scales of motion. However, if breakup occurred at scales 
where the flow regime is anisotropic or at scales outside the 
universal equilibrium range, then the maximum floc size can- 
not be uniquely described by 2 and can be influenced by floc- 
culator geometry. 

Based on data from emulsification experiments, Konno et 
al. (1983) and Chang et al. (1981) displayed photographic evi- 
dence that a large portion of the oil droplets was broken be- 
hind the Rushton turbine blade. The breaking drops ap- 
peared to follow the outward flow along the impeller blade. 
This regularity in the direction of drop elongation would in- 
dicate that breakup occurred in the anisotropic turbulent re- 
gion. Experimental and modeling results presented by Konno 
et al. (1983) and Chang et al. (1981) suggest that the rms 
turbulent fluctuating velocities in regions where the flow 
regime is anisotropic could be important in the breakup of 
floc particles. Therefore, an increase in the rms fluctuating 
velocity with increasing tank size, as shown in this study, could 
explain why investigators have seen a degradation in floccula- 
tion performance with increasing tank size. 

If the rms turbulent fluctuating velocity in the impeller dis- 
charge zone is important in the breakup of floc particles, then 
the correct scale-up law may depend more on impeller tip 
speed than t, since the results from this study clearly show 
that the rms turbulent fluctuating velocity is proportional to 
the impeller tip speed. Some investigators (Oldshue and 
Trussell, 1991) may argue that for geometrically similar tanks 
and impellers, it is not possible to keep all tank properties 
(i.e., power, power per unit volume, impeller rpm, diameter, 
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tip speed, Reynolds number, Froude number, Weber num- 
ber) constant upon scale-up with one of these parameters held 
constant. However, not all tank properties are important to 
the agglomeration and breakup of floc particles. It is possible 
that only certain properties may influence the breakup rate 
more adversely than others. 

There is no question that the turbulent fluctuating veloci- 
ties are important to the agglomeration and breakup of floc 
particles during the flocculation process. The issue seems to 
be whether the turbulent fluctuating velocity in the flow 
regime where the power is dissipated into heat is critical to 
both the agglomeration and breakup of floc particles. If the 
fluctuating velocities at the smallest scale of turbulence were 
the controlling factor, then engineers should be able to main- 
tain the same rate agglomeration and breakup of floc parti- 
cles by keeping the power per unit volume constant to the 
flocculator. 

Clearly, past research results for flocculation in different 
tank sizes and with different impeller types does not support 
this theory. It is possible, however, that the turbulent fluctu- 
ating velocities at larger scales of turbulence may be impor- 
tant to the breakup of these floc particles. Although the mag- 
nitude of these fluctuating velocities at these larger scales of 
turbulence are harder to predict theoretically, the results from 
this study suggest that by adjusting the impeller tip speed, 
engineers could adjust the level of the large-scale turbulence. 
Hence from this study, it is likely that the breakup rate in the 
flocculation process can be manipulated by simply adjusting 
the impeller tip speed. 

Conclusions 
Results of the fluid mechanics generated in a square tank 

with a Rushton turbine or an A310 foil impeller for Z =  
constant have demonstrated the following: 

The mean velocities and rms turbulent fluctuating veloci- 
ties are proportional to the impeller tip speed. 

The dimensionless rms turbulent fluctuating velocity is 
lower for the A310 fluid-foil impeller than for the Rushton 
turbine. 

The rrns turbulent fluctuating velocity has been shown to 
increase with tank size as D”. This was true regardless of 
impeller type. 

The local energy-dissipation rate for the Rushton tur- 
bine was found to decrease with increasing tank size as D-”, 
where 
x = 0.70 in bulk region between T = 5 L and T = 28 L 
x =0.44 in bulk region between T = 28 L and T = 560 L 
x = 0.85 in impeller region between T = 5 L and T = 28 L 
x =0.78 in impeller region between T = 28 L and T = 560 L 

The local energy-dissipation rate for the A310 fluid-foil 
impeller did not vary with tank size. 

The local energy-dissipation rate in the impeller dis- 
charge zone of the A310 foil impeller was found to be much 
lower than the local energy-dissipation rate produced in the 
impeller discharge zone of the Rushton turbine. 
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Notation - 
u p ,  = radial-tangential Reynolds shear stress, m2/s2 
u,u, = radial-axial Reynolds shear stress, m2/s2 
u p ,  = axial-tangential Reynolds shear stress, m2/s2 

- 
- 

V =resultant mean velocity, m/s 
V =instantaneous velocity, m/s 

t3ij = Kronecker delta 
a, p, y =direction cosine angles 

p =dynamic viscosity, kg/m+s 
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