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The maximum turbulence energy dissipation rate per unit mass, €.,,, is an important
variable in dispersion systems, particularly for drop breakup and coalescence, and for
gas dispersion. The effect of tank geometry (number of baffles, impeller diameter, and
off-bottom clearance) on €., for four impellers (the Rushton turbine, RT; the pitched
blade turbine, PBT; the fluidfoil turbine, A310; and the high-efficiency turbine, HE3) is
examined. Mean and fluctuating velocity profiles close to the impellers were measured
in a cylindrical baffled tank using laser doppler velocimetry. Local and maximum turbu-
lence energy dissipation rates in the impeller region were estimated using € = Av’/L
with A =1 and L = D/10 for all four impellers. Factorial designs were used to test for
the effects of single geometric variables under widely varying conditions and interactions
between variables. Several factorial designs were used to ensure that real effects were
separated from effects that appeared as an artifact of the experimental design. Results
show that the tank geometry has a significant effect on e, primarily with respect to
variations in impeller diameter and interactions between the off-bottom clearance and
impeller diameter. For the same power input and tank geometry, the RT consistently
produces the largest €,.,, and/or €,,, scaled with N°D?.

Introduction

The power input per unit mass of fluid in an agitated tank
(€ = P/pV,) is not sufficient to completely define the charac-
teristics of the turbulence energy dissipation. According to
the length scale defined by Kolmogoroff, = (v3/)}", the
minimum length scale in a dispersion is determined by the
maximum turbulence energy dissipation rate per unit mass,
€maxs SO the local turbulence energy dissipation rate is criti-
cal. The minimum drop size in a dispersion of gas or liquid
will be determined by €_,,, since all the particles in the dis-
persion have a finite probability of passing through the posi-
tion where €., occurs. Most investigations of drop breakup
and gas dispersion, however, characterize €., by the power
input per unit mass &, and examine only one tank geometry.
Thus, the investigation of the effect of geometry on €,,, is
important for both improved fundamental understanding and
for practical applications.

Since the direct determination of the local turbulence en-
ergy dissipation rate € or €., by experiments is practically
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impossible, several methods of estimating the local dissipa-
tion have been applied to stirred tanks.

Cutter (1966) started with the Navier—Stokes equations and
derived the following equation relating e to three compo-
nents of the mean and fluctuating velocities:
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where K2 equals V' + V. + V, + v2 + v? + v With
Eq. 1 and data for the mean and fluctuating velocities mea-
sured by a photographic method in water agitated by a Rush-
ton turbine (RT), Cutter determined the local turbulence en-
ergy dissipation. He found that the values of the ratio ¢/€
vary from 0.25 in the bulk of the tank to 70 in the immediate
vicinity of the impeller. This shows a 270-fold difference be-
tween local turbulence energy dissipation rates in the tank.
Okamoto et al. (1981) used the integration of the one-
dimensional energy spectrum to calculate e. They measured
the mean and fluctuating velocities in the flow produced by
the RT in both the impeller stream and the bulk of both
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unbaffled and baffled tanks using a bot-film anemometer. In
the unbaffled tank the maximum value of the ratio ¢/€ was
11.3, near the tip of the impeller, and the minimum value was
0.21, in the bulk of the tank; in the baffled tank the maxi-
mum value of the ratio e/ was 6.50 (near the tip of the
impeller) and the minimum value was 0.16 (in the upper re-
gion of the tank). The difference between local turbulence
energy dissipation rates in this work was 54-fold for the un-
baffled case and 41-fold for the baffled case. This indicates
that the flow in a baffled tank is less inhomogeneous than the
flow in unbaffled tank.

Costes and Couderc (1988) measured the turbulent flow
produced by an RT using laser Doppler velocimetry (LDV).
They used energy spectrum analysis to determine the local
turbulence energy dissipation and found that near the im-
peller e/e =5~ 10, and in the bulk of the tank e/ =0.05~
0.07, values much lower than those reported by Cutter (1966)
and Okamoto et al. (1981). The difference between local tur-
bulence energy dissipation rates in the tank was approxi-
mately 100-fold.

Wu and Patterson (1989) also measured the turbulent flow
produced by an RT using LDV. They used € = A(g¥%/L.)
to estimate the local dissipation, in which g is the turbulent
kinetic energy and L, is a three-dimensional “resultant”
macro length scale. They only reported the values of e in the
impeller stream. The maximum value of the ratio €/e for their
work is about 22 near the tip of the impeller blades.

Considered together, these articles indicate large varia-
tions of €/ throughout the tank, with €_,, at least 10 times
the average value. There is substantial variation in the re-
ported results, which the results of this article show is partly
due to differences in the tank geometries used by the differ-
ent authors, and partly due to scaling with € instead of with
N3D? (see Kresta and Wood, 1993a).

No work has been published to date that investigates the
effect of tank geometry on the maximum turbulence energy
dissipation rate in stirred tanks. Research on the effect of
tank geometry on the local dissipation rate is limited to some
very specific correlations reported by Okamoto et al. (1981).
They reported the following correlation for the local turbu-
lence energy dissipation rates in the impeller stream ¢;, and
in the circulation region ¢_:

€ —138
— =7.8(D/T) exp(—2.46D/T)
€
& 0.90(D/T)""
€
(0.25 < D/T < 0.70). )

These equations account for the effect of impelier diameter
on e. Okamoto et al. (1981) also correlated Sato and cowork-
ers’ data to quantify the effects of impeller diameter and of
impeller blade width on e:
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where ¢ and ¢/, are constants, The value of ¢ was 0.85 for
the data with a six-bladed impeller and four baffle plates.
The value of ¢, was not given. In fact, Eq. 2 or Eq. 3 can
only be used to correlate the effect of the width of impeller
blades or impeller diameter on € for a single point, since the
locations of ¢; and e, were fixed. Measurements have shown
that e varies from point to point, especially in the region
around the impeller blades, so that any single measurement
of € cannot reliably represent the maximum, minimum, or
the average dissipation rate in a region. For example, if D/T
=1/2, equations give € = 5.93€, which is well below the max-
imum dissipation (11.3€) reported by the same authors, and
e.=042€, which is well above the minimum dissipation
(0.16%) in the upper region of the tank.

This investigation focuses on the effects of one operating
variable (rotational speed N) and three geometric variables
(impeller diameter D, off-bottom clearance C, and number
of baffles N;) on the local rate of turbulence energy dissipa-
tion per unit mass, €, close to the impeller. The dissipation
was estimated using a simple method based on dimensional
analysis and the streamwise root-mean-square (RMS) veloc-
ity. Factorial designs and detailed statistical analysis were
used to determine the significant geometric variables and in-
teractions. Four impellers were studied: one radial flow im-
peller (the Rushton turbine (RT)); and three axial flow im-
pellers (the pitched-blade turbine (PBT), the fluidfoil turbine
(A310), and the modified pitched-blade turbine (HE3)).

The dimensional method used to estimate the local turbu-
lence energy dissipation for the flow in the impeller region
(around the impeller) and in the impeller discharge stream
was validated in Zhou and Kresta (1996) and compared with
several other methods in Kresta and Wood (1993a). Both ar-
ticles show good agreement between this simple estimate and
other more complex approaches, including those that remove
the “pseudoturbulent” component (e.g., Wu and Patterson,
1989). The reader is referred to the original articles for the
basis of the method, and the conditions under which it is
valid. The equation used for estimating e was

4)

with A =1 and L = D/10, where v is the streamwise compo-
nent of fluctuating velocity. For the RT, v is the radial RMS
velocity in the impeller discharge stream at the tip of im-
peller blades, while for the PBT, A310, and HE3, v is the
axial RMS velocity below the blades.

The effect of tank geometry on the maximum dissipation
was investigated using factorial designs of experiments. Fac-
torial designs are ideally suited to initial investigations such
as this one, where it is not initially clear which variables will
be important. They are based on the premise that not only
single variables may be important, but variables may interact
to produce magnified, or opposite, effects. Thus, an experi-
mental block based on a factorial design can give a more gen-
eral picture of the phenomenon of interest with a limited
number of experiments. However, because the data are lim-
ited, a very careful analysis of the results is required. The
variables must be chosen carefully if they are to reflect the
underlying physics, and the initial experimental design must
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often be modified and expanded to check conclusions, and to
test hypotheses obtained from the initial results. For this
study, three factorial designs were evolved, and the results
were analyzed using a combination of 95% confidence inter-
vals, normal probability plots, and a detailed examination of
the data.

Experimental Studies
LDA

A one-dimensional LDV was used in this study. Two beams
from an argon-ion laser passed the transmitting and focusing
optics to intersect and form a measuring volume within a
cylindrical, baffled tank, immersed in a square tank filled with
water to minimize optical distortion. All walls of both tanks
were made from Perspex. The two tanks were moved hori-
zontally using computer-controlled traverses, ‘and vertically
using a manual traverse. The rotational speed of the impeller
was measured using an optical tachometer. The receiving op-
tics were operated in a forward-scattering mode.

An Aerometrics Doppler signal analyzer (DSA) was used
to convert analog signals from the receiving optics into
Doppler frequencies and velocities. The DSA uses fre-
quency-domain burst detection to convert the analog signal
into instantaneous velocity measurements. The analog signal
was sampled at a rate between 2.5 and 10 MHz. Comparison
of the velocity measurements from three separate detectors,
based on this signal sampling rate, gave a data validation rate
2 99%.

For signal analysis based on burst detection, the frequency
of velocity measurement is closely tied to the particle arrival
rate, or the seeding density. For these experiments, the aver-
age frequency of velocity measurement was 1.2 kHz. Note
that since only time-averaged velocities are of interest here,
the velocity sampling rate does not affect the results and is
provided only for information. A sample size of 6,000 instan-
taneous velocity determinations was needed to give good re-
producibility of the mean and RMS velocities. Comparison of
the results with those obtained using a counterprocessor
(Kresta and Wood, 1993b) showed no measurable velocity
bias.

Geometry of the baffled tank and the impellers

The baffled tank is shown in Figure 1. Four vertical baffles
(width = 7/10) were equally spaced around the periphery of
the tank. The liquid depth, H, was equal to the tank diame-
ter (H = T). The off-bottom clearance, C, is defined as the
distance between the bottom of the tank and the center line
of the impeller blades. The origin of the cylindrical coordi-
nates is defined as the crosspoint of the shaft axis and the
line from a baffle to a baffle at the centerline of the impeller
blades. To prevent vortexing and the entry of air into the
system, a lid was installed on top of the baffles, and covered
with 5 em of water to seal the tank. This had no observable
effect on the measured velocities in the impeller region.

All four impellers were used in their standard configura-
tions. The four-bladed PBT had blades inclined at 45° to the
horizontal; the blade width of the PBT and RT was D/5; the
blade length of the RT was D/4; and the disk diameter of the
RT was 2/3D. The A310 was used as supplied by Lightnin’
Inc., and the HE3 was used as supplied by Chemineer.
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Figure 1. Stirred tank and the measuring traverses
(--+-) used to locate ¢,,,, for each of the four
impeliers.

Experimental designs

All of the experimental runs and experimental results are
summarized in Tables 1-4. For each impeller, three sets of
experiments were run. The first was used to verify the scaling
of e with N> The second was a factorial design in N;, D,
and C. The third was a modified factorial design using the
dimensionless off-bottom clearance C/D, instead of C.

Rotational Speed.  To test the effect of rotational speed on
€max» five different N’s (N1 to N5 in Tables 1 to 4) were
used in the same tank geometry for each of the four im-
pellers. One rotational speed (bold in Tables 1 to 4) was cho-
sen to match the power input used in the factorial designs.

Factorial Design in N;, D, and C. To examine the effects
of the three geometric variables on €,,,,, factorial designs with
three variables at two levels (designated +1 and —1) were
applied.

The number of baffles, N, and impeller diameter, D, are
two of the most important geometric variables in the study of
mixing. Two alternatives are used in the literature for the
off-bottom clearance: C or C/D. For the first factorial de-
sign, C was chosen as a geometric variable. Thus the first set
of experiments used the three geometric variables N;, D, and
C (Runs 1 to 8 in Tables 1 to 4). N; is either 4 (+1) or 2
(=1); D is either T/2 (+1) or T/4(—1); and C is either T/2
(+1) or T/4 (—1).

Factorial Design in N;, D, and C/D.  Analysis of the exper-
imental data in the first factorial design indicated that a mod-
ified design was needed. This modified design was then car-
ried out with the variables N, D, and C/D (Runs 3 to 10 in
Tables 1 to 4). When C/D was chosen as a geometric vari-
able, C/D was either 1 (+1) or 0.5 (~1).

In summary, there are two sets of experiments for factorial
designs: the first is based on Ny, D, and C; the second on
Ny, D, and C/D. Each has three variables at two levels. The
number of experimental runs for each factorial design is 8:
2X2x%2. In the third factorial design, the second set of data
was rescaled from constant power input (N3D? = constant),
to constant dissipation (N>D? = constant) and reanalyzed.
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Table 1. Experimental Design and Results: PBT

D C
N, +T/2 +T/2 ¢/D

+4 07/3 01/3 +1 N Re g €max €max

Run -2 ~ T/4 - T/ -1/2 rpm *10-4 m¥s’ m%/s3 N3D?
1 + - + 1,133 6.69 0.652 515 213
2 - - + 1,133 6.69 0.652 56.2 232
3 + - - + 1,133 6.69 0.652 43.2 1.78
4 - - - + 1,133 6.69 0.652 48.2 1.99
5 + + + + 357 8.43 0.652 12.0 3.94
6 - + + + 357 8.43 0.652 10.5 347
7 + + - - 357 8.43 0.652 10.1 3.32
8 - + - - 357 8.43 0.652 9.46 3.12
9 + - - 1,133 6.69 0.652 77.6 3.20
10 - - - 1,133 6.69 0.652 69.1 2.85

Varying Rotational Speed
N-1 + 0 0 357 3.75 0.086 3.34 247
N-2 + 0 0 480 5.04 0.209 711 2.36
N-3 + 0 0 580 6.09 0.368 15.1 2.62
N-4 + 0 0 701 7.36 0.652 238 233
N-5 + 0 0 800 8.40 0.966 371 2.44
For each of the experimental runs, Tables 1 to 4 list the Results

combinations of variables, the values of the Reynolds num-
ber, the power input per unit mass €, €_,,, and €, made
dimensionless with N>D? Scaling of the local dissipation with
N3D? is based on the fact that e is proportional to v3/D
(from reduction of the time-averaged equations of turbulence
(Kresta and Wood, 1991)) and v « ND, so € is proportional
to N3D?,

The power input used for calculating € was computed us-
ing the power number (N,) for each impeller. For the tank
geometries used in this study, the power numbers for the four
impellers are: 5.4 for the RT; 1.35 for the PBT; 0.30 for the
A310; 0.25 for the HE3 with D/T =1/2; and 0.30 for the
HE3 with D/T =1/4. The power numbers for the HE3 were
supplied by Chemineer Inc.; the power number for the A310
was supplied by Lightnin’; and the power numbers for the
PBT and the RT were averaged from data published by pre-
vious investigators.

Determination of the location of the maximum dissipation

According to Eq. 4, €,,, appears at the same position as
the maximum fluctuating velocity. In order to avoid locating
the position of €, arbitrarily, all three fluctuating velocities
were measured on traverses in both the impeller regions and
the bulk of the tank (Figure 1). The radial traverse just below
and just above the impeller blades are both 2 mm away from
the impeller blades. The axial traverse near the tip of im-
peller blades is 3 mm away from the impeller tip. From these
measurements, several conclusions were drawn.

The maximum fluctuating velocity is v, for the three axial
flow impellers (the PBT, A310, and HE3), and it always oc-
curs just below the impeller blades. Figures 2a and 2b show
radial profiles of v, for the PBT and A310, respectively. The
line with z = ~10.5 mm in Figure 2a represents the radial
traverse 2 mm below the impeller blades (the projected blade

Table 2. Experimental Design and Results: A310

D C
N; +0.550T + T/2 ¢/D
+4 00.475T 0T/3 +1 N Re & €max €ma
Run -2 - 03507 - T/ ~-1/2 pm *10-4 m?/s® m?/’ N3D?
1 + - + 1,068 124 0.652 30.2 0.758
2 - + 1,068 124 0.652 28.1 0.706
3 + - - + 1,068. 124 0.652 259 0.652
4 - - - + 1,068. 24 0.652 209 0.526
5 + + + + 503 14.4 0.652 12,5 1.22
6 - + + + 503 14.4 0.652 11.6 1.13
7 + + - - 503 14.4 0.652 8.43 0.821
8 - + - - 503 14.4 0.652 8.16 0.795
9 + - 1,068 124 0.652 26.1 0.655
10 - - - 1,068 124 0.652 18.6 0.467
Varying Rotational Speed
N-1 + 0 0 430 9.17 0.196 4.69 0.979
N-2 + 0 0 503 10.7 0.313 7.36 0.961
N-3 + 0 0 570 12.2 0.456 109 0.976
N-4 + 0 0 642 13.7 0.652 15.2 0.952
N-5 + 0 0 720 153 0919 21.7 0.967
AIChE Journal September 1996 Vol. 42, No. 9 2479



Table 3. Experimental Design and Results: HE3

D c
N; +T/2 + 172 c/D
+4 071/3 07/3 +1 N Re G €max €nax
Run -2 - TA ~ T/4 - 1/2 rpm *10~4 m%/> m?s° N3D?
1 + - + 1,694 10.0 0.484 70.6 0.871
2 - - + 1,694 10.0 0.484 86.8 1.07
3 + - - + 1,694 10.0 0.484 65.6 0.810
4 - - - + 1,694 10.0 0.484 0.7 0.996
5 + + + + 567 134 0.484 13.1 1.08
6 - + + + 567 134 0.484 15.1 1.24
7 + + - - 567 134 0.484 6.73 0.554
8 - + - - 567 13.4 0.484 7.53 0.620
9 + - - 1,694 10.0 0.484 59.2 0.731
10 - - - 1,694 10.0 0.484 53.8 0.664
Varying Rotational Speed
N-1 + 0 0 861 9.04 0.259 24.4 1.29
N-2 + 0 0 961 10.1 0.360 35.2 1.34
N-3 + 0 0 1,061 111 0.484 48.1 136
N-4 + 0 0 1,161 122 0.634 587 127
N-5 + 0 0 1,261 132 0.812 74.3 12§

width, W, is 17.0 mm, half of W, is 8.5 mm) and the maxi-
mum v, always appears on this traverse. The same is true for
the A310, but note that two clear peaks occur on the traverse
where the maximum v, appears. Experimental results showed
that for axial flow impellers the maximum fluctuating velocity
is the axial fluctuating velocity for all 15 runs examined, al-
though in the impeller region, the radial and tangential fluc-
tuating velocities are nearly the same as the axial fluctuating
velocity (Zhou and Kresta, 1996).

For the radial flow impeller (RT), the maximum v, always
appears at the tip of impeller blades, and the maximum fluc-
tuating velocity is v, (with the exception of run 3, where the
maximum component was u,). In this article only the effects
of geometric variables on the maximum dissipation calculated
with the radial fluctuating velocity are considered. Figure 2c
shows the axial profiles of v, for the RT at the two radii of
63 mm and 87 mm. From Figure 2c, the maximum v, appears

at r =63 mm, but the profiles of v, decay slowly in the im-
peller discharge stream. Thus the maximum turbulence en-
ergy dissipation is approximately constant in this region.

As stated earlier, the work reported in this article is pri-
marily an investigation of the effect of geometry on €_,,. To
be sure that the location of the traverse containing e, is
independent of geometry, the effect of geometry on the loca-
tion of this traverse was investigated. It was found that the
traverse on which ,, is found is independent of clearance,
impelier diameter, and number of baffles.

With the locations of the maximum fluctuating velocities
and thus €, determined, streamwise velocity measurements
were performed on a single traverse to find €_,,. For the
PBT, A310, and HE3, the axial fluctuating velocity was mea-
sured on a radial traverse 2 mm below the impeller blades;
for the RT, the radial fluctuating velocity was measured on
an axial traverse 3 mm away from the tip of the RT blades.

Table 4. Experimental Design and Results: RT

D C
N; + T/2 + T/2 C/D

+4 07/3 0T/3 +1 N Re & €max €max

Run -2 — T/ ~T/4 -1/2 rpm *10™ * m?/° m?s° N3D?

1 + - + 714 4.22 0.652 59.1 9.75
2 - + 714 422 0.652 81.7 13.5
3 + - - + 714 4.22 0.652 89.8 14.8
4 - -~ - + 714 4.22 0.652 84.3 13.9
5 + + + + 225 5.31 0.652 13.5 17.1
6 - + + + 225 5.31 0.652 942 12.4
7 + + - - 225 5.31 0.652 15.1 19.9
8 - + - - 225 5.31 0.652 13.8 18.1
9 + - - 714 4,22 0.652 74.6 123
10 - - - 714 4.22 0.652 74.6 12.3

Varying Rotational Speed
N-1 + 0 0 225 2.36 0.086 410 121
N-2 + 0 0 300 3.15 0.204 9.73 12.2
N-3 + 0 0 370 3.88 0.382 17.8 11.8
N-4 + 0 0 442 4.64 0.652 314 12.3
N-5 + 0 0 510 5.35 1.00 48.4 123
2480 September 1996 Vol. 42, No. 9 AIChE Journal
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Figure 2. Velocity profiles used to iocate ¢,,,.
(a) PBT; radial profiles of v,; Ny=4, D=T/2,C=T/3, N
=400 rpm. (b) A310; radial profiles of v,; Ny=4, D=
0.5507, C =T/3, N = 652 rpm. {¢) RT; axial profiles of v,;
Ny=4,D=T1/2,C=T/3, N=221 tpm.
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The velocity was measured at 3-mm intervals. In the figures
that follow, the dimensionless variables (2r/D and 2z/W) are
used.

Effect of rotational speed on €

max

If the flow is fully turbulent, the fluctuating velocities scale
exactly with the tip speed of an impeller for a constant tank
geometry. Thus, from Eq. 4, € should be proportional to N3,
This is supported by the experimental results of this work.
Profiles of the scaled e for five different N’s are shown in
Figures 3a to 3d for the PBT, A310, HE3, and RT, respec-
tively. The five profiles of the scaled e overlap in all four
figures, as do the five scaled ¢,,,,. Note that this close agree-
ment appears even though the experimental error in the ve-
locity measurements has been cubed. These results confirm
that e, is proportional to N> when the geometry and scale
are constant. Two peaks are clearly shown for the A310. Ex-
perimental results show that this double peak appears con-
sistently for the A310, regardless of the geometry used.

Range of variation in scaled €

max

Different impellers create different flow fields. It is impor-
tant to know how the impeller style and tank geometry affect
€nax Decause of its importance in determining process re-
sults. Figure 4 compares the scaled e, for all 60 experi-
ments. The RT runs were arranged in order of increasing
values of the scaled e,,,. Runs for the PBT, A310, and HE3
were arranged to match the RT geometry. Serial numbers
2-6 on cach of the four lines represent the five runs with
different rotational speeds and the same geometry.

The values of the scaled ¢, for the RT, ranging from
9.75 to 19.9, are much larger than for the three axial flow
impellers, none of which exceed 4. The values of the scaled
€max for the A310 and the HE3 follow each other closely over
changes in tank geometry. The magnitude of the scaled e,
shows the same trend as the power number: the impellers
with larger power numbers generate larger scaled e,,. This
is to be expected, since N was set for each run based on a
constant power input.

Effect of tank geometry on €,

The experimental runs designed to study the effect of tank
geometry on ¢,,, were based on three factorial designs for
each of the four impellers. These experiments are summa-
rized in Tables 1 to 4. For each set of experiments, there are
three main variables (N;, D, and C or C/D) and four possi-
ble interactions between these variables (Nf—D, N,-C,
D-C, and Nf—D—C; or N;-D, N;~C/D, D-C/D, and
Nf~D—C/D); therefore there are seven possible geometric
effects.

Effects of these geometric variables on €,,, are estimated
using the method of Box et al. (1978). Factorial designs will
not be reviewed in detail here, but the method of calculating
the effects of variables is explained. By denoting two levels of
each variable with +1 representing the higher level and —1
representing the lower level, the effect of a variable on €g,,
scaled with N3D? (namely, €y, scatea iD the equation below)
can be calculated using the following expression:
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Figure 3. Validation of the scaling of ¢ with N3, N,=4, C=T/3.
() PBT; D =T/3, 22/W, = ~1.35. (b) A310; D = 0475T, 22/W, = ~ 1.30. (c) HE3; D = T/3, 2z/W, = — 1.46. (d) RT;
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_ Z:lt’emax ,scaled

i 4 ’ (5)
where ¥ means to take the sum of all eight runs, and /; is the
product of the levels for variable or interaction i. For exam-
ple, in run 1 for the first factorial design in Tables 1 to 4, the
number of baffles, N, (variable 1), and the off-bottom clear-
ance, C (variable 3), were both at the + 1 level; the impeller
diameter, D (variable 2), was at the —1 level. Thus the levels
of the main effects for Ny, C, and D are +1, +1, and -1,
respectively; the level of the interaction between Ne—-C, L3,
is +1. Similarly, /,,, 1,3, and ;53 are all —1. €5 caleq 1S the
scaled €, of the corresponding run. In this way, the three
main effects and the four interactions were calculated one by
one, The method used to calculate the geometric effects on
€max Was similar. The results are summarized in Tables 5, 6
and 7.
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Note that all experiments in the three factorial designs have
a constant power input per unit mass. € was 0.652 m?/s°® for
the PBT, A310, and RT, while € was 0.484 m?/43 for the
HE3. The HE3 € was lower than the € used for the PBT,
A310, and RT due to limitations on the rotational speed set
by operational stability and prevention of the suction of air
bubbles. Because the scaling with N> was shown to be exact,
this difference in experimental conditions did not preclude
comparisons between impellers.

Criteria used to evaluate the statistical significance of the
effects

The effect of a variable on e, can either be a true effect
resulting from the variable, or can be caused by chance oc-
currences. It is necessary to analyze the statistical signifi-
cance of the geometric effects on ¢, to distinguish whether

Vol. 42, No. 9 AIChE Journal
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Figure 4. Comparison of the scaled ¢
ments.

The RT data were arranged in the order of increasing
€ma/N°D?. Runs for the PBT, A310, and HE3 were ar-
ranged to match the RT geometry with the same serial num-
ber.

for all experi-

max

the effects are caused by chance occurrences or are real ef-
fects. Three criteria were used to assess the significance of
effects: the 95% confidence interval (or estimated experi-
mental error), normal probability plots, and a detailed evalu-
ation of the data.

Ninety-five Percent Confidence Interval, or Estimated Experi-
mental Error. The effects of geometric variables on e,,,, may
be partly attributed to experimental errors in the velocity
measurements. Separation of the real effects from the experi-
mental errors is critical to accurate statistical analysis. The
experimental errors were quantified by a 95% confidence in-
terval using the data at five different rotational speeds and
the same geometry (runs N1 to NS5). Given that the five
scaled e, for five different rotational speeds with the same
geometry should be equal, the differences between them may
be attributed to experimental errors. Thus the mean value of
the five scaled ¢,,, and the sample standard deviation can
be computed for each of the four impellers. The 95% confi-
dence interval (95% C.1.) for each of the impellers was deter-
mined by assuming a ¢-distribution with four degrees of free-

Table 5. Calculated Effects of Geometric Variables and
Interactions on €,,,,/N>D? for the Factorial Design Based
on Ny, D, and C*

Variable or Interaction Effect on the Scaled ¢,

Impeller PBT A310 HE3 RT
N, 1.35 0.30 025~030 54
Power input per unit mass 0.652 0.652 0.484 0.652

Average of €,,,/N°D?  2.78 0.826 0.906 14.9
Main effects

Number of baffles, N,  0.0350  0.0735 —-0.154 0.963

Impeller diameter, D 1.38 0.331 —0.0623 3.84

Clearance, C 0.445 0.255 0.321 —3.54
Two-factor interactions

N XD 0.300 -—0.0155 0.0383 2.39

1\4 XC 0.0400 —0.00250 -0.0283 -—0.388

DxC 0.0400 0.112 0.254 -0.813
Three-factor interaction

NyxXDXC 0.095 0.0345 —-0.0218 1.94

*Scaling of N for constant power input.
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Table 6. Calculated Effects of Geometric Variables and
Interactions on €,,,,/N>D? for the Factorial Design Based
on N;, D, and C/D*

Variable or Interaction Effect on the Scaled €

max

Impeller PBT A310 HE3 RT
N, 1.35 030 025~030 54
Power input per unit mass  0.652  0.652 0.484 0.652
Average of €,,,/N>D? 2.96 0.783 0.837 15.1
Main effects

Number of baffles, Ny 0202  0.108 -0.088 1.87

Impeller diameter, D 1.01 0.417 0.074 3.58
Ratio of clearance to

diameter, C/D ~0.328  0.198 0.390 —1.08
Two-factor interactions

N; XD 0.133 —-0.050 —0.028 1.38

I\é X C/D -0.072 -0.001 -0087 -0.925

DxC/D 0813  0.170 0.185 -3.18
Three-factor interaction

Ny X DXC/D 0208 0020 -—-0.038 0.525

*Scaling of N for constant power input.

dom. The calculated results are listed in the upper portion of
Table 8. Effects that fall outside the 95% C.I. cannot be at-
tributed entirely to experimental error. Note that the A310
impeller produces a more stable flow field and its velocity
measurement has a correspondingly good reproducibility. This
is reflected by an extremely small standard deviation.

Normal Probability Plots. When the calculated effects
given in Tables 5 and 6 are plotted on normal probability
plots, the effects that are randomly distributed are expected
to fall on a straight line. Box et al. (1978) state that if the
seven effects (main effects and interactions) occur simply as
the result of random variation about a fixed mean, and the
changes in levels of the variables have no real effect on the
scaled e,,,,, then the seven effects are roughly normal and dis-
tributed about zero. Thus, when normal probability plots are
used, effects that do not fall on a straight line may be consid-
ered significant.

Detailed Evaluation of Experimental Data. Using the 95%
C.1. and normal probability plots as guides, the differences
between experimental runs were evaluated in detail. This last

Table 7. Calculated Effects of Geometric Variables and
Interactions on €,,,, for the Factorial Design Based
on N;, and D, and C/D*

Variable or Interaction Effect on €,
Impeller PBT  A310 HE3 RT
N, 1.35 030 025~030 54
Power input per unit mass  0.652  0.652  0.652 0.652
Average of €,,, 8.97 8.04 12.6 11.4
Main effects
Number of baffles, N, 0.614 1.10 -1.36 142
Impeller diameter, D 3.06 4.28 3.40 273
Ratio of clearance to
diameter, C/D —-0992 2.03 6.11 —-0.817
Two-factor interactions
N, XD 0402 —0507 —-0.544 1.04
I\/f X C/D —-0.219  0.005 -1.27 -0.702
DXxC/D 2.463 1.74 3.31 -2.41
Three-factor interaction
Ny XDXC/D 0.629 0323 —-0454 0.399
*emax fOT the 16 cases with small D were divided by (Dy/D,)? to give

scaling for constant e,,,.

September 1996 Vol. 42, No. 9 2483



Table 8. Nine

-five Percent Confidence Intervals Calculated

from €,,./N>D? Values for the Five Runs with Varying N

Impeller Mean Std. Dev. 95% C.I.
PBT 2.44 0.114 0.316
A310 4.967 0.011 0.031
HE3 1.30 0.047 0.133

RT 12.1 0.207 0.575

Ninety-five Percent Confidence Intervals Calculated

from e,,, Values for the Five Runs with Varying N
Impeller Mean Std. Dev. 95% C.L
PBT 7.41 0.345 0.957
A310 9.93 0.113 0.314
HE3 15.8 0.577 1.60
RT 9.22 0.157 0.437

Discussion of significant effects

Three factorial designs are discussed here: the first is based
on the variables Ny, D, and C with constant power input or
€; the second on N, D, and C/D, again with constant power
input; and the third on the N, D, and C/D design rescaled
to a basis of constant ¢,,,. While some significant differ-
ences are apparent between the first and second factorial de-
signs, none appear between the second and third when the
results are rescaled. The conclusions drawn are based not
only on the statistical analysis, but on the overall behavior of
the flow field, and on the combined results of the three facto-
rial designs.

First Factorial Design: Ny, D, and C, Scaling Based on Con-

step is crucial for determining the physical meaning behind
the statistical analysis, and for evaluating the validity of the
experimental design.

In the final analysis, only effects that meet all three criteria
can be considered significant.
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The 95% confidence intervals and normal prob-

ability plots for the first factorial design are shown in Figures
5a to 5d. Figures 6a to 6d show the full details of all eight
experimental traverses for each of the four impellers. To aid
the interpretation of these figures, the runs are grouped into
two sets of four based on impeller diameter. Symbols of the
same shape are used for the same off-bottom clearance, with
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Figure 5. Normal probability plots of the effects of geometric variables on ¢, ,/N3D? showing the 95% confidence
interval around zero effect for the factorial design based on N,, D, and C.

(a) PBT; (b} A310; (¢) HE3; (d) RT.
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Figure 6. Profiles of ¢ N°D? showing the details of the experimental results for the factorial design based on N;, D,

and C.
(a) PBT; (b) A310; (c) HE3; (d) RT.

the filled symbols used for runs with four baffles and the open
symbols used for runs with two baffles. Combining analysis of
the two sets of figures, the following observations are made:

1. For the PBT, the 95% confidence interval, normal prob-
ability plot, and details of the data all lead to the same con-
clusion; the impeller diameter is the only variable that has a
significant effect on the magnitude of ¢,,,. While the off-
bottom clearance effect is slightly greater than the 95% con-
fidence interval, it falls close to the regression line, and has a
very small effect on the experimental traverses.

2. For the A310 and the HE3, the variability is much
smaller, and conclusions drawn from the 95% confidence in-
terval and the normal probability plot are less definitive. They

AIChE Journal September 1996

must be combined with the experimental data before conclu-
sions are drawn. The A310 shows a dependence on D and C
(eqax decreases with decreasing C for both impeller diame-
ters). The HE3 data show similar overall trends to the A310,
but the significant variables are C and the interaction be-
tween C and D. Note that the €, values for the D=T/4
impeller are much larger for the HE3 (thus the lack of de-
pendence on D), and that e,,, decreases with decreasing C
only for the D =T/2 impeller (leading to both the depend-
ence on C and on the interaction between C and D).

3. Although the variation in €,,,, is very large for the RT,
no conclusions can be drawn from the results of this factorial
design. The 95% confidence interval indicates that all vari-
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Figure 7. Normal probability plots of the effects of geometric variables on ¢,,,/N*D? showing the 95% confidence
interval around zero effect for the factorial design based on N,, D, and C/D.

(a) PBT; (b) A310; (c) HE 3; (d) RT.

ables are significant (with the exception of the interaction 13,
between N, and C) while the normal probability plot indi-
cates that none are significant, and the experimental data
show no clear trends. This observation led to a reevaluation
of the experimental design.

4, An overall examination of the experimental data shows
clear shifts in the D = T/2 traverses with changes in C (par-
ticularly for the A310 and HE3 impellers), while the D = T/4
traverses are almost identical for all three axial impellers.
Kresta and Wood (1993b) reported that the flow field gener-
ated by the PBT depends on the dimensionless off-bottom
clearance, C/D, not on the absolute value of C. A transition
between two flow patterns occurs at C/D = 0.6. The C/D val-
ues for the D =T/2 impeller (1.0 and 0.5) bracket this value,
while the C/D values for the D = T/4 impeller (2.0 and 1.0)

2486 September 1996

are both well above the transition point. A new factorial de-
sign was implemented, which uses C/D instead of C, with
values of 1.0 and 0.5 for all impellers. This required only two
additional runs for each impeller (Tables 1 to 4).

Second Factorial Design: Ny, D, and C/D, Scaling Based on
Constant P/V;. The 95% confidence intervals and normal
probability plots for the second factorial design are shown in
Figures 7a to 7d. Combining these figures with the full exper-
imental traverses shown in Figures 8a to 8d, the following
observations are made:

1. Based on an examination of the D =T/4 traverses in
Figure 8, the change in design was justified. Distinct shifts in
the position and magnitude of e,,, are now evident for the
PBT, A310, and RT. For the HE3 impeller, the order and
magnitude of ¢, values has changed; the decrease in e,

Vol. 42, No. 9 AIChE Journal
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Figure 8. Profiles of ¢ N*D? showing the details of the experimental results for the factorial design based on N;, D

and C/D.
(a) PBT; (b) A310; (c) HE3; (d) RT.

with decreasing C/D is roughly four times that observed with
the variable C.

2. Returning to the analysis of individual effects, the PBT
again shows the impeller diameter as the most significant ef-
fect, with the addition of the interaction between D and C/D
(due to the additional experimental information). All three
evaluation criteria (95% confidence interval, normal proba-
bility plot, and experimental traverses) are met.

3. The A310 and HE3 again show the smallest variability.
Combining information from all three criteria, the impeller
diameter remains the most important variable for the A310.
The effect of C/D is large for the D = T/2 impeller, but much
smaller for the D =T/4 impeller. This gives rise to the two
smaller effects of C/D, and the interaction of D with C/D,

AIChE Journal September 1996

160

~&—Nf=4,C/D=1 ——Nf=4,C/D=0.5 —— Nf=4,C/D=1 —0—Nr‘=4,C/‘D=051

140 }» —o-Nf=2,C/D=1 —o—Nf=2,C/D=0.5 —=&—Nf=2,C/D=1 —e~-Nf=2,C/D=0.5

g/N°D?

00 02 04 06 08 10 12
/D

149002 0.6 1.0 1.4

()

25.00

2250 4 |—®—Nf=4,C/D=1 ——Nf~4, C/D=0.5 —&—Nf=4, C/D=1 —e—Nf=4, C/D=0.5

—0-Nf=2, C/D=1 ——Nf=2, C/D=0.5 —4—Nf=2, (/D=1 —e—~NFf2, C/D=0.5

20.00 +
’ D=T/4
17.50 +
15.00 +

12.50 +

&/N’D?

0.00 + T T r T
1.0 0.75 05 025 00-025 -05-0.75 -1.0

22/W

d

10 05 00 05 -1.0 -15

both of which fall outside the 95% confidence interval, but
on the regression line. Similarly, the HE3 maintains the off-
bottom clearance, now in the form of C/D, as the largest
effect. The interaction between D and C/D can now be ne-
glected due to the reordering of the D=T/4 data as dis-
cussed previously in (1).

4. The RT results now offer some clear conclusions. The
diameter is the most important variable, followed by the in-
teraction between D and C/D. Although the effect of C/D
alone falls off the regression line and is somewhat larger than
the 95% confidence limit, the experimental data show that it
interacts strongly with D rather than providing a consistent
effect when it is the only variable that is changed.

5. Both the first and second factorial designs indicate a
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dependence on D beyond the dependence on D? predicted
by theory. This observed dependence may be due to either
real interactions between the impeller and the tank walls, or
due to the scaling of N to maintain a constant power input
(or &), as opposed to scaling to maintain a constant e.

Third Factorial Design: N;, D, and C/D, Scaling Based on
Constant €. For the first two factorial designs, all rotational
speeds were scaled to maintain the same power input per
unit mass. Thus when the impeller diameter D changed from
D,=T/2 to D,=T/4, the rotational speed N was changed
according to the formula:

5
N23=N13(—) . ®

When N is scaled based on constant e, however, the rota-
tional speed N is adjusted according to:

2
N - N;(_) | @

Since €,,,, « N° for a given impeller diameter D, the differ-
ence between the two methods of scaling is exactly (D,/D,)>.
In our case, (D,/D,)? is 8 for the PBT, HE3, and RT, and
3.88 for the A310. Dividing the D = T/4 results by these fac-
tors changes the scaling to a basis of constant e, or more
specifically, €,,,.

In order to compare the unscaled e,,, between the four
impellers directly, the HE3 results were multiplied by a fac-
tor of 1.35 (i.e., 0.652/0.484) to correct for the smaller power
input used for this impeller.

The two scaling methods are compared in Figure 9. The
eight cases for each impeller are grouped into two sets of
four based on impeller diameter. Runs for the RT were ar-
ranged in order of increasing e_,., and runs for the PBT,
A310, and HE3 were arranged to match the RT geometry.
On the right half of Figure 9, the four upper lines (solid sym-
bols) represent the four runs scaled based on constant power
input; the four lower lines (open symbols) represent the same
four runs scaled for constant €. Scaling for constant e gives
much less variability in the results.

Since scaling with constant e gives more constant absolute
values of €,,, the factorial analysis of effects of geometry on
€max Was repeated for scaling with constant e. All results were
adjusted as for Figure 9, and the effects recalculated.

The experimental errors were again quantified by a 95%
confidence interval using the data at five different rotational
speeds and the same geometry (runs N1 to N5). Because the
absolute values of e, are used here, the €., values with
five different rotational speeds cannot be used directly to cal-
culate the 95% confidence interval. For the third factorial
design, the €, at five different rotational speeds were first
scaled with the appropriate value of N3D?, then multiplied
by N7D? to adjust the five e,,, to the case of D,=T/2 for
the PBT, HE3, and RT or D, =0.550T for the A310. The
calculated 95% confidence intervals for the four impellers are
listed in the lower portion of Table 8.
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Figure 9. Comparison of scaling based on constant
power (closed symbols) vs. scaling based on
constant ¢, (open symbols) when the im-
peller diameter is changed from D=7/2 to D
=T/4.

The resulting normal probability plots are shown in Fig-
ures 10a to 10d. From these figure parts, the following obser-
vations are made:

1. Comparison of Figures 10a to 10d with Figures 7a to 7d
shows no change in the results for the PBT, A310, and RT.
For these three impellers, D is the dominant effect. Thus the
statistical analysis of the geometric effects on the scaled ¢,
for the PBT, A310, and RT based on constant power input is
also true if the scaling of N is based on holding e constant.
The effect of D is due to interactions between the impeller
and the tank walls, not due to the choice of scaling.

2. For the HE3, C/D dominated the variation in scaled
€nax fOr the first two factorial designs. The normal probabil-
ity plot for the HE3 shows a larger effect of D and of the
interaction between D and C/D with the rescaled data. This
makes the observations for the HE3 more consistent with the
observations for the other three impellers. Note that the HE3
was the only impeller for which the off-bottom clearance was
the dominant effect in the first two factorial designs.

Summary

Three forms of factorial design have been used to evaluate
the effect of tank geometry on the maximum dissipation, €y,,.
The first design used the variables Ny, D, and C, but gave
unclear results for the RT. Since previous investigations
showed that the flow field depends on the ratio C/D for the
PBT, the experimental design was modified to use the vari-
ables N;, D, and C/D. This second factorial design provided
better results for all four impellers. Finally, in the third facto-
rial design, the results were rescaled to a basis of constant
€nmax (instead of constant power input) to verify the conclu-
sions. Three criteria were used throughout to evaluate the
significance of each geometric variable: the 95% confidence
interval, a normal probability plot, and detailed examination
of the experimental traverses. Taking the resuits of all three
factorial designs together, several important conclusions can
be drawn about the effect of tank geometry on e,,,:
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Figure 10. Normal probability plots of the effects of geometric variables on ¢,,,, showing the 95% confidence inter-
val around zero effect for the factorial design based on N,, D, and C/D.

(a) PBT; €, for the four cases with D = T/4 were divided by 8. (b) A310; €, for the four cases with D = 0.375T were divided by 3.88.
(c) HE3; ¢, for the four cases with D = T/4 were divided by 8. (d) RT; €, for the four cases with D = T/4 were divided by 8.

1. The effect of impeller diameter on e€,,, is larger than
the scaling with D? predicted by theory. This can only be
due to interactions between the impeller and the tank walls;
put another way, significant changes in the turbulent flow field
occur when the D/T ratio is changed.

2. The off-bottom clearance is also an important variable,
which is best quantified by its dimensionless form, C/D. It
may appear as an independent variable, or in the form of
interactions with the impeller diameter, depending on the
impeller used. This means that the off-bottom clearance and
impeller diameter cannot be independently considered.

3. The number of baffles, Ny, has no significant effect on
€nax» €ither as an independent variable, or in the form of
interactions with other geometric variables. This is true for
all four impellers, and all three factorial designs.
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4. To maintain a roughly constant e, scale-up, which is
not geometrically exact, should be based on D?, not on D°.
This is the scaling predicted from theory, not constant P/V;
(equivalently constant power per unit mass, or average dissi-
pation), which is commonly used in the literature.

Conclusions

This article represents the first extensive analysis of the
effect of tank geometry on the maximum rate of dissipation
of turbulence kinetic energy, €,,. Three axial impellers (the
PBT, A310, and HE3) and one radial impeller (the RT) were
studied. These impellers represent the full spectrum of im-
pellers currently used for turbulent mixing in industry. Three
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geometric variables were considered: the number of baffles,
the impeller diameter, and the impeller off-bottom clearance.

The local dissipation was estimated from the streamwise
RMS velocity fluctuations using € = A(v3/L), where 4=1.0
and L= D/10 for all four impellers. The dissipation was
shown to scale exactly with N? for the case where the tank
geometry is held constant. The maximum dissipation was lo-
cated on the traverse immediately below the impeller for the
three axial impellers, and on the traverse at the tip of the
impeller blades for the RT. '

Comparison of the scaled e, values for all geometries
considered shows significant variation between the results
both when constant power input per unit volume (P/Vy) is
used as the scaling criterion, and when €, is scaled with
N>D2 The dominant variable was shown to be the impeller
diameter. This effect is in addition to the expected scaling
with D2, Substantial dependence on the off-bottom clear-
ance was also demonstrated. This dependence can be most
accurately observed when the dimensionless clearance, C/D,
is used as the experimental variable. The off-bottom clear-
ance often interacts strongly with the impeller diameter, and
thus should not be considered as an independent variable.
The number of baffles had no significant effect on the €,,,
either as an independent variable, or in interactions with
other geometric variables. The same effects of geometric
variables were observed when the results were rescaled based
on maintaining a constant dissipation.

The results of this work show that the maximum local dissi-
pation is larger for impellers with a larger power number. In
addition to the dependence on power number, there is a sub-
stantial effect of tank geometry on the value of €_,,. In fu-
ture, experimental work that depends on ¢_,, should be de-
signed to examine the effects of D/T, C/D, and interactions
between the two variables on the results. Scale-up of stirred
tanks should consider €_,, as well as P/Vy, particularly in
cases where the type of impeller and/or the tank geometry
are to be changed. The results contained in this work provide
some guidance as to when these effects will be most impor-
tant, and what values of €_,, can be expected for some stan-
dard impellers and tank configurations.
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Notation

e; =effect i
P =power transferred to the fluid in the tank by an impeller,
kg m%/s°
__ Re=Reynolds number, ND*v
V,, V,, V, =radial, axial, and tangential mean velocities, respectively,
m/s
v, Uy, vy =radial, axial, and tangential turbulent fluctuations, respec-
tively, m/s :
vy =tangential RMS velocity, m/s
V7 =volume of fluid in the tank, m*
v =kinematic viscosity, m?/s
p =Tfluid density, kg/m>

Subscript

# =tangential direction
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