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Summary

This report provides the results of the small-scale (0.45-m-dkuneter tr@c) Flygt mixer
tests conducted at the ITT Flygt Corporation (Trumbull, Connecticut) laboratory in March 1998.
StalTfiom Pacific Northwest National Laboratory (PNNL), Oak Ridge National Laboratory, the
Savannah River Site, and ITT Flygt Corporation are conducting a joint mixer testing program to

evaluate the applicability of Flygt mixers to Savannah River Site Tank 19 waste retrieval and
waste retrieval in other U.S. Department of Energy waste tanks.

Stationary submerged jet mixers manufactured by ITT Flygt Corporation were tested in a
0.45-m- (1.543) diameter tank to evaluate their ability to mobilize cohesive sludge and maintain
rapidly settling solids in suspension. The data gathered in these small-scale tests will be
compared with similar tests conducted in 1.8-m- and 5.7-m-diameter tanks at PNNL (Powell et
al. 1999). This comparison will allow inferences to be drawn regarding the scale-up of Flygt
mixers over the range of cordigurations and waste simulants tested.

The principal objectives of the small-scale Flygt mixer tests were to measure the critical
fluid velocities required for sludge mobilization and particle suspension, to evaluate the
applicability of the Gladki (1997) method for predicting required mixer thrust and to provide
small-scale test results for comparison with larger-scale tests to observe the effects of scale-up.

The following key observations resulted from the analysis of the small-scale (Phase A)
data presented in this report.

● The average fluid velocities near the tank floor required to maintain 20x50-mesh zeolite
particles in motion on the tank floor are between 25 and 40 cm.k. Tank 19 at the
Savannah River Site is known to contain a significant quantity of 20x50-mesh zeolite.

● The zeolite suspension test results are consistent with the predictions of the Gladki (1997)
particle suspension model, which was developed by ITT Flygt staff using the same
mixers and tank that were used for the present study.

● The average wall shear stress required to mobilize about 80% of a cohesive sludge layer

in the 0.45-m tank was observed to be about 5% of the undisturbed sludge shear strength.
It is presently unknown whether a similar relationship holds in larger tanks.

The small-scale tests were not designed to be geometrically, dynamically, or
cinematically similar to the planned mixing in Tank 19, so these results cannot be used to
directly make predictions for Tank 19 mixing. The effects of scale-up on the mixing
requirements will be evaluated as pti of the Phase B Flygt mixer testing (Powell et al. 1999).

. . .
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Acronyms and Nomenclature

D
Dn
DOE
F
h.IIq
k
LDA
MSupcmale

iv

P
PNNL
PN

Q
r
SRS

U*
U(r#)
v

propeller diameter, m
nozzle diameter for submerged fluid jet, m
U.S. Department of Energy
axial mixer thrust, N
liquid level, m
mixer performance coefficient, 1/revolution
laser Doppler anemometer
mass of supernate before sludge mobilization commences, kg
mixer speed, S-*
axial hydraulic mixing power, W
Pacific Northwest National Laboratory
power per unit volume
total axial fluid flow rate born propeller exit, m3/s
radial distance Iiom centerline of submerged fluid jet, m
Savannah River Site
fill tank test facility at SRS
fluid exit velocity from nozzle, mh
local jet velocity, m/s
total fluid volume in tanlq m3
volume of sludge before sludge mobilization commences, m3

total volume of sludge and supernate, m3
average fluid velocity, m/s
peak fluid veloci@, rnls
fraction of sludge suspended in Equation (4.5), dimensionless
axial distance in Equation (4.4), m
fluid density, kg/m3
density of slurry when all sludge is mixed with supemate, kg/m3
density of slurry formed by mixing sludge with supemate, kg/m3
average wall shear stress, Pa
shear strength of sludge, Pa
dynamic yield stress of sludge, Pa
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1.0 Introduction

In the early 1980s two jet mixer pumps were used to dissolve and retrieve the saltcake in
Tank 19 at the Savannah River Site (SRS). Not all of the waste was removed during this
retrieval campaign, however, and roughly 125 m3 (33 kgal) of waste solids remain. The solids

are composed of sludge, zeolite, and salt. Btied on the topography of the solids heel in Tank 19,
it is suspected that the mixer pumps did not have sufficient power to maintain the fhster settling
solids in suspension or that the mixer pump jets pushed the larger, settled solids out beyond the
reach of the jets. “

Efforts are now being made to identi@ and design alternative waste retrieval techniques
for the Tank 19 waste. Shrouded axial propeller mixers manufactured by ITT Flygt Corporation
are one of the suggested alternatives. Staff from Pacific Northwest National Laborato~
(PNNL)$) Oak Ridge National Laboratory, SRS, and ITT Flygt Corporation are conducting a
joint mixer testing program to evaluate the applicability of Flygt mixers to Tank 19 waste
retrieval and waste retrieval in other U.S. Department of Energy (DOE) tanks. This test program
consists of three phases. The first phase involves small-scale mixer testing at the IIT Flygt
laboratory in Trumbull, Connecticut. The second phase involves larger-scale (about l/4-
geometrical scale) tests of Flygt mixers at PNNL. The third and final phase involves full-scale
mixer testing at SRS. Testing indifferent tank sizes is needed to evaluate and validate scaling
methods so that the results of the relatively inexpensive small-scale tests can be used to make
fi.dl-scale mixer performance predictions more cost effective.

Flygt mixers consist of an electrically powered propeller surrounded by a closefitting
shroud. Figure 1.1 shows a Flygt mixer mounted to a vertical mast (Flygt 1997). The 37-kW
(50-hp) mixers being considered for use in Tank 19 have a propelIer diameter of approximately
51 cm (20 in.) and operate at 860 rpm. The rapidly spinning propeller creates a turbulent fluid jet
with an average exit velocity approaching 6 rrds (see Figure 1.2) (Flygt 1997). Several of these
37-kW rniyers may be required to mix the waste in Tank 19.

This report is focused on the first phase of testing (Phase A tests conducted at ITT Flygt).
Phase A tests were pefiormed in a 0.45-m- (1.5-ft-) diameter tank using small Flygt mixers

(7.8-cm propeller diameter) positioned near the floor. The ability of these small Flygt mixers to
suspend rapidly ”settling particles and to mobilize simulated tank sludge was evaluated through
testing. The data from these tests are described in this report.

Section 2.0 of this report provides the key findings of the small-scale Flygt mixer tests.
Modifications to the tests outlined in the original test plan for this work are described in

faJPNNLis operated by Battelle for the U.S. Department of Energy under Contract
DE-AC06-76RL0 1830.
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Section 3.0. Section 4.0 presents the results from the small-scale Flygt mixer tests. Publications
referenced in this report are listed in Section 5.0. The Phase A Test Plan is provided in
Appendix A. Appendix B provides the mixer thrust data from all the tests. The sludge
mobilization test results are provided in Appendix C.

....-.

Figure 1.1. Flygt Mixer
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Figure 1.2. Flygt Mixer Jet Flow as Described by
ITT Flygt
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2.0 Conclusions

The key findings of the small-scale Flygt mixer tests are provided in this section. Some
of these findings may not apply in larger tanks, so these data must be applied carefidly when

making predictions for large tanks. Flygt mixer testing in larger tanks at PNNL and in a fhll-

scale tank at the SRS will be used to determine the applicability of these findings.

The principal objectives of the small-scale Flygt mixer tests were to measure the critical
fluid velocities required for sludge mobilization and particle suspension, to evaluate the
applicability of the Gladki (1997) method for predicting required mixer thrust, and to provide
small-scale test results for comparison with larger-scale tests to observe the effects of scale-up.

The tank profile and mixer orientation (i.e., stationary, horizontal mixers) were in the
same configuration as the prototype system, however, available resources did not allow
geometric, kinematic, and dynamic similitude to be achieved.

The results of these tests will be used in conjunction with the results from similar tests
using larger tanks and mixers (tank diameters of 1.8 and 5.7 m @?owellet al. 1999]) to evaluate
the effects of scaling and to aid in developing a methodology for predicting performance at fi.dl
scale.

2.1 Key Findings from Small-Scale Testing

The key findings from the small-scale tests are listed below. Until the results of the
larger-scale tests are knowrL the conclusions drawn from the small-scale tests should be viewed
as preliminary.

9 The average fluid velocities near the tank floor (1 cm above) required to maintain 20x50-
mesh zeolite particles in motion are between 25 and 40 crnk.. Measurements indicated
that slightly lower velocities are required to maintain 50x100-mesh zeolite in motion.

● The zeolite suspension test results are consistent with previous particle suspension work

(Gladki 1990, 1997) in a 0.45-m tank using the same Flygt mixers with the exception that
at higher ptiicle concentrations less mixer thrust was required than is predicted by
Gladki (1997). This difference is likely due in part to the fact that Gladki used the
somewhat more demanding just-suspended criterion rather than the all-particles-in-
motion criterion, which was used for most of the Phase A testing.

● Sludge mobilization experiments revealed thaq for the mixer configuration tested, the
average wall shear stress required to achieve roughly 80°/0of the sludge mobilized was

2.1
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approximately 5 + 1.50/o(a)of the undisturbed sludge shear strength when the shear
strength was greater than or equal to 100 Pa. If more time is allowed for the erosion of
sludge, then the required shear stress will likely be less than about 5°Aof the undisturbed
shear strength, but the amount of potential decrease is unknown.

● The sludge mobilization data are consistent with the hypothesis that undisturbed shear
strength provides a more appropriate measure of sludge erosion resistance than does the
yield stress of the disrupted sample.

. The axial hydraulic power per unit slurry volume required to reach the all-particles-in-
motion criterion was typically between 150 and 200 W/m3 for the 20x50-mesh zeolite and
between about 80 and 140 W/m3 for the 50x100-mesh zeolite. Some uncertainty exists in
the basis for these power estimates. The actual axial power densities may have been
higher based on measurements made by Fahlgren and Tamrnelin (1992). If thetotal
hydraulic power (i.e., shaft power) is used in the calculations, the 20x50-mesh zeolite
required approximately 500 W/m3 to reach the all-particles-in-motion condition.

● At the end of the zeolite suspension tests, slurry was pumped from the tank while mixing
continued until the propeller blade was exposed. The suction tube was located 1 cm
above the tank floor. Between 45°/0and 70°Aof the zeolite was removed from the tank
using this technique. The applicability of these numbers to the retrieval of similar solids
from much larger tanks is currently unknown but will be evaluated as part of the testing
in larger tanks.

2.2 Predictions for Larger-Scale Mixing

The predictions provided below for mixing requirements in larger tanks are based on the
findings of the small-scale Flygt mixer tests. Significant differences exist between the predicted
numbers of mixers for zeolite suspension when different scale-up relationships are used. Further,
it is unknown whether the constant-wall-shear-stress approach is appropriate for predicting
sludge mobilization. These uncertainties will be addressed through testing in larger tanks at
PNNL and SRS. The predictions should all be viewed as preliminary until they are validated or
refuted by the larger-scale tests. The predictions for larger-scale Flygt mixing are as follows:

● The constant wall stress method for mixer sizing predicts that the 3-kW (4-hp) Model
4640 mixer, which is planned for use in PNNL’s 1.8-m tank, will need to produce
110 *25 N of thrust to meet the all-particles-in-motion criterion for a 1.5 vol% slurry of
20x50-mesh zeolite. This thrust corresponds to a mixer speed of roughly 315 + 30 rpm.

(alhdess otherwise noted, all uncertainty values in this report refer to the 95°/0confidence
interval for the mean value, which is computed based on the assumed Gaussian data scatter from
replicate measurements.
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● The constant power-per-unit-volume (l?/V) method predicts that the Model 4640 mixer
will need to run at 530 *25 rpm in the 1.8-m tank to achieve the predicted power density
of 150 to 200 W/m3, which is the power density range found to be required for the
1.5 VOIYOslurry of 20x50-mesh zeolite in Test 1. The power densities observed in the
small-scale tests might actually have been up to twice as high as those estimated based on
the mixer thrust data (see Section 4.1). Using mixer shaft power instead of just hydraulic

axial power leads to a predicted Model 4640 mixer speed of 625 rpm for 20x50-mesh
zeolhe in the 1.8-m tank.

b Constant-wall-shear-stress scaling predicts that two (1.9 * 0.4) modified 37-kW (50-hp)
Model 4680 Flygt mixers will be required to maintain all 20x50-mesh zeolite particles in
motion inside SRS Tank 19. Based on this esthpate and an allowance for experimental
and scale-up uncertainties, Flygt recommends that three Model 4680 mixers be used in
Tank 19.

● Constant-P/V scaling predicts that, in Tank 19, seven (6.4+ 0.9) Model 4680 mixers will
be required to achieve 175*25 W/m3, which is approximately the power density found
to be required to suspend the 20x50-mesh zeolite. The lack of geometric similarity
between the small-scale tests and the planned Tank 19 operation may lead to different
(higher or lower) power densities required at fh.11-scalethan were measured in the small-
scale tank, assuming that constant P/V scaling applies here.

● Assuming that constant average wall shear stress is the appropriate scale-up parameter for
sludge mobilization, and assuming that the required average wall shear stress is roughly
5% of the sludge shear strength, the number of 37-kW (50-hp) Model 4680 mixers
required to mobilize 80% of sludge with shear strengths of 100, 1000, and 2000 Pa shear

strengths is 1,6, and 12 (calculated values of 0.6,5.6, and 11.2) mixers, respectively.
Note that the small-scale test conducted using 2000 Pa sludge required less thrust than
predicted by the 5%-of-shear-strength relationship. These test data predict that only
69 Pa is required, which leads to a prediction of 7.5 mixers for mobilization of sludge at
full scale.

2.3 Issues for Larger-Scale Tests

Solids suspension and sludge mobilization tests will be conducted in larger-scale tanks
during Phase B (1.8- and 5.7-m tanks) and Phase C (25.9-m tank) of the Flygt mixer test
program. During these larger-scale tests, data will be collected that will ultimately lead to a
better understanding of the design requirements for Flygt mixer systems in SRS Tank 19 and
other DOE waste tanks.

The larger-scale tests will be designed to address specific issues related to both Flygt
mixer system scale-up and operation in large tanks like Tank 19. The key issues to be addressed
in later testing are briefly described below:
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● Scaling relationships will be evaluated to determine how best to predict the mixing

requirements in large tanks, such as SRS Tank 19. In particular, tie accuracy of the
constant-wail-shear-stress scaling method developed by Gladki (1997) will be evaluated.
The tests planned for Phase B should allow an assessment of Gladki’s scaling method as
well as other methods such as constant-power-per-unit-volume scaling.

● The effects of multiple mixers in the tank as well as the orientations of those mixers will
be examined in the larger-scale tests. Tests in a full-scale tank at SRS (Phase C) will be
used to evaluate mixer placement methods as well as the fluid velocities produced for a
given set of mixing conditions.

● Tests will also be performed to determine the fi-actionof solids that can be pumped from
the different size tanks during mixer operation. The goal is to determine how to best
maximize the quantity of solids recovered from the tank.
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3.0 Modifications Made to Test Plan

The experimental apparatus and procedures used to conduct the small-scale tests are
described in the test plan for this work provided in Appendix A. Modifications made to the tests
outlined in the original test plan are discussed in this section. Refer to Appendix A for a
complete description of the tests performed.

3.1 Zeolite Suspension Tests

The zeolite suspension tests (Tests 1A through IF and 2A through 2F) were conducted as
described in Appendix A with one exception. The test plan states that the mixer speed and thrust
would be recorded when all the particles met the just suspended criterion (i.e., when no particles
remain on the tank floor for more than one second). Early in the testing, it was decided that the
all-particles-in-motion criterion would be more appropriate because it is only necessary to move

the solids around the tank to eventually retrieve them; all the particles do not need to be Iifted
above the tank floor. This revised criterion is slightly less demanding because it allows paticles
to remain on the tank floor provided they are visibly moving or sliding on the tank floor or
remain motionless for less than one second.

Mixer thrust data were collected during these tests, but not all of these measured thrusts
were used in the data analysis because some of the data were suspect. A small screw on the
mixer support structure was found to have been biasing some of the thrust measurements low in
Test 2F and possibly in some of the earlier tests. See Section 4.1 for a complete discussion of .
how the mixer thrust data were analyzed. All the thrust data collected are given in Appendix B.

Particle size analysis of the zeolite used for the zeolite suspension tests verified that there
was no significant change in the zeolite particle size distribution during the tests. As testing
continued, some increasing cloudiness in the supemate was noted and attributed to degradation
of the zeolite particles fi-omrepeated collisions with the mixer blades. The particle size analyses
demonstrates that the size reduction of zeolite particles was not significant. The pre-test and
post-test particle size data for both the 20x50-mesh and 50x100-mesh zeolites are shown in
Figures 3.1 and 3.2, respectively. Two sieve analyses were performed for both the pre-test and
post-test samples.

3.2 Fluid Velocity Tests

Fluid velocities were measured, as planne~ using a hot-film anemometer with clean
water in the tank (the anemometer will not operate with particles in the fluid). Hot-film probe
calibration measurements were performed both before and after the small-scale testing and no
significant differences were found. Figure 3.3 shows the probe calibration data.
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Figure 3.3. Hot-Film Anemometer Calibration

The hot-film probe calibration was separated into two regions for the purpose of the fluid
velocity data analysis. The data below 14 volts were fit with one set of parameters and the data
above 14 volts were fit with a second set. Fitting the data with a single set of parameters did not
result in a good fit of the data in the low velocity range. All voltages were corrected to a water
temperature of 15°C. The same temperature correction was applied to all of the Test 3 data
gathered in the small-scale tank.

The voltage output from the hot-film anemometer controller was sampled and recorded at
100 Hz by a computer-based data acquisition system. At each probe location and mixer speed
tested, between 3 and 5 scans of the temporal voltage daa each 10 seconds long, were recorded
at 100 Hz. These data were used to compute the average and peak fluid velocities for each scan.

Efforts were made to ensure that the probe was aligned with the predominant fluid flow
direction at each probe location in the tank. This task was difficul~ however, in locations where
the flow direction varied significantly because of turbulence.
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Velocity measurements were not made at all the probe locations specified in the test plan.
These measurements were quite time-consuming so a smaller set of probe locations was selected
for testing. The probe locations tested are described in Table 3.1 and Figure 3.4. The test plan
stated that velocity measurements would be petiormed only at the mixer speeds observed to be
required for selected zeolite suspension tests. Because the mixer speed could be adjusted without
difficulty and the fluid velocities reached steady-state quickly, fluid velocity measurements were
made at 1000, 1250, 1500, 1750, and, when possible, 2000 rpm. Liquid levels of 17.5 and
25.7 cm were tested using a single mixer positioned parallel to the O-to-180-degree tank diameter
but shifted to the left by 6.4 cm, as shown in Figure 3.4. The mixer propeller was located
18.4 cm from the O-degree edge of the tank, and the propeller axis was 5 cm above the tank floor.
This is the same mixer position that was used for all the tests where one mixer was used. When
the second mixer was employed, it was positioned so that the center of the propeller was located
10 cm radially from the tank center at 225 degrees. The propelier was angled so that it formed an
18-degree angle with the axis of the first mixer. When not in use, the second mixer was removed

Table 3.1. Hot-Film Anemometer Probe Locations

Probe
Test No. Probe Location Height

(cm>

3A I 90 degrees, 7.6 cm from tank wall, hli~= 17.5 cm I 1.0

3B
Aligned w/mixer axis, 6.4 cm from tank wall,
hliq= 17.5 cm

1.0

3C I 270 degrees, 6.4cmfiomttiwdl, hli,= 17.5 Cm I 1.0

Aligned w/mixer axis, 17.5 cm from tank wall measured
3E* along mixer axis, 8.6 cm from mixer propeller, 5.0

hli~= 17.5 cm

3F I 135 degrees, 2 cm horn tank wall, hlia= 17.5 cm I 1.0

3G I 135 degrees, 2 cm fi-omtank wall, hli~= 25.7 cm I 1.0

3H I 90 degrees, 7.6 cm from tank wall, hli~= 25.7 cm I 1.0

31 I 270 degrees, 6.4 cm from tank wall, hti~= 25.7 cm I 1.0

3J
Aligned w/mixer axis, 3.5 cm from tank wall,
h}i~= 25.7 cm

1.0

Aligned w/mixer axis, 17.5 cm from tank wall measured
3K along mixer axis, 8.6 cm from mixer propeller, 5.0

hli~= 25.7 cm

‘Test 3D was not performed

Probe
)irection
(deg.)

various

0,90

0

0

45

45

0

0

0

0
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from the tank. All of the water velocity measurements made in Test 3 were made using only a
single mixer. The second mixer, which is shown in Figure 3.4, was removed from the tank
during Test 3. The second mixer was used in some of the other tests and, when used, it was
positioned as shown in Figure 3.4.

3.3 Sludge Mobilization Tests

The sludge mobilization tests (Tests 4 through 8) were conducted as described in the test
plan except that not all of the tests were repeated because of time constraints. The tests
performed are described in Section 4.4. The only other deviation from the test plan for these
tests involved the target sludge properties for Test 4. The sludge simulants tested in Tests 4A
and 4B were likely weaker than the target of 50 Pa. Thk issue is discussed further in Section 4.4.
The data collected during Tests 4 through 8 are provided in Appendix C.
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c
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Velocity Measurement and Mixer Locations (Mixer #2 not used in
velocity measurement tests, but it was used in the position shown
for some of the other tests.)
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3.4 Test Apparatus Photographs

Figures 3.5 through 3.8 are photographs taken during the small-scale testing. These
pictures are included to provide a more complete description of the test apparatus than that
provided in the test plan in Appendix A.

Figure 3.5 is a close-up picture of the small-scale Flygt mixer. This mixer is a I/l O-scale
model of a F1ygt Model 4501 mixer. It has a 3-blade propeller with a diameter of 7.8 cm and a
pitch of 5.2 cm, which implies a blade angle of about 12 degrees.

No jet ring shroud was used on the small-scale mixer during the Phase A testing. The
full-scale mixers planned for Tank 19 have jet rings surrounding their propellers. The jet rings
improve the thrust and efficiency of the Flygt mixers. However, because the mixer thrust was
measured directly in the Phase A testing, the lack of a jet ring on the small-scale mixer is of little
consequence according to the mixer sizing approach described by Gladki (1997). Only the mixer
thrust data are used to make predictions using Gladki’s constant-wall-shear-stress method. The
mixer efficiency does not enter into the calculations.

Figure 3.6 shows the small-scale mixer operating in the 0.45-m tank. The tank contained
water and small plastic beads, which were used to obseme the liquid flow patterns.

Figure 3.7 shows a zeolite suspension test in progress. It is evident in the photograph that
the concentration of zeolite particles was significantly higher near the tank floor than near the
liquid surface. The picture in Figure 3.8 was taken a couple of seconds after the mixer was
activated for a sludge mobilization test. The mobilized solids are forming a slurry downstream
of the mixer propeller.

3.5. Tank Volume Measurements

All the tests were performed with the liquid level inside the tank adjusted to either
17.5 cm or 25.7 cm. With the mixer assembly removed, the mass of water required to fill the
tank to each of these two levels was measured, To reach the 17.5-cm liquid level, a total of
28.14 kg of water at 15°C was required. This mass corresponds to a volume of 28.17 L, which
implies an average tank diameter of 45.32 cm. To reach the 25.7-cm liquid level, a total of
41.30 kg of 15°C water was required. This mass, which has a volume of 41.34 L, implies an
average tank diameter of 45,26 cm. An average tank diameter of 45.3 cm was used for data
analysis.
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Figure 3.5. Small-Scale Flygt Mixer
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4.0 Results and Analysis

The results from the small-scale Flygt mixer tests are presented in this section. It must be
stressed that the data given in this section do not necessarily imply that similar pefiormance will
be attained in larger-scale tanks. The question of scale-up will be addressed through testing in
larger tanks.

In general, the small-scale test results were consistent with expectations. The zeolite
suspension tests, for example, demonstrated that Gladki’s (1997) correlation for solids
suspension applies well to zeolite solids in a 0.45-m-diameter tank. While this result is
encouraging, it is not surprising given that the correlation was developed using identical mixers
in tanks of equal and smaller sizes. The fluid velocities required to maintain zeolite particles in
suspension (or in motion) were also found to be consistent with expectations based on
correlations that predict erosion velocities for cohesionless solids.

4.1 Mixer Thrust Data

A load cell was used to measure the axial thrust produced by the small-scale Flygt mixer.
Thrust data were gathered during all tests. Mixer thrust is a key mixer performance parameter
used by Flygt to predict the mixing requirements for solids suspension in larger tanks (see
Section 4.6).

For the data analysis, a subset of the mixer thrust vs. rotations per minute (rpm) data were
fit to the mixer thrust af%nity law. A subset of the data rather than all the data was used because
some of the mixer thrust data gathered on the fist day of testing were likely erroneous. This
assertion is based on the fact that many of the thrust measurements taken on the frost day of
testing were significantly lower than those observed during later tests at the same mixer speeds.
During the last zeolite suspension test conducted on the first day of testing (Test 2F), it was
noticed that an adjustment screw on the mixer support structure was restricting the movement of
the mixer against the load cell. The mixer was operating at 2000 rpm and thrust readings of 6.10
N and 6.15 N were recorded. The adjustment screw was then removed to ensure the screw no
“longer interfered with the thrust measurements. Subsequent thrust measurements made
immediately after the screw was removed yielded 9.1 N, 9.0 N, and 9.1 Nat 2000 rpm. Clearly
the adjustment screw was biasing the thrust measurements low durhig part of Test 2F. This
screw may also have affected some of the earlier tests as well, but it is unknown to what extent
they were affected.

Some of the thrust measurements made on the first day of testing might also have been
biased low due to misalignment of the load cell with the steel rod transmitting the force from the
mixer assembly to the load cell. The steel rod became misaligned whenever the mixer assembly
was lifted vertically out of the tank. In some cases, the misalignment was noticed and corrected
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before testing resumed, but it is not certain that this correction was made in all cases on the frost
day of testing. After the first day, care was taken to ensure good alignment of the load cell and to
periodically verify the calibration of the load cell. Further, the adjustment screw mentioned
above was no longer present after the first day of testing. Therefore, none of the thrust data
collected during the first day of testing were used. Instead, the thrust data collected on
subsequent test days were used to forma correlation between thrust and mixer speed. This
correlation was used for all data analyses.

The thrust vs. mixer speed data used for data analysis are shown in Figure 4.1. Data from
Test 3 (water only) through Test 8 (kaolin sludge mobilization) are included in Figure 4.1.
Thrust data from tests where two mixers were used are not included in Figure 4.1 because the
second mixer was positioned to induce a recirculating flow inside the tank and the drag fi-om this
swirling flow biased the mixer thrust measurements low. Thrust data for the repeat zeolite
suspension tests conducted on the second day of testing (i.e., Tests 1A, lB, and 1C) are also
included in Figure 4.1. The good agreement between the correlation and the zeolite data from
the second day of testing provides further evidence that the relatively low thrust measurements
observed on the first day of testing were in error. All the mixer thrust data collected during the
tests are provided in Appendix B.

The mixer thrust data were fit to the thrust affinity law equation, which is derived based
on an assumed average velocity distribution exiting the propeller blades$l The equations for the
mixer flow (Q), thrust (I), and power (P) affhity laws derived in this manner are

Q . ~kND3
12

F = ~pk2N2D4
32

p. ~pk3N3D5

where p = fluid density, kg/m3
k = empirical constant, l/revolution
N = mixer rotation speed, l/second
D = propeller diameter, m

(4.1)

(4.2)

(4.3)

fa)lle fluid velocity is assumed to vary linearly from zero at the propeller centerline to
JcNDat the propeller tip.
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Using the thrust afhity law ~quation (4.2)], the data in Figure 4.1 are used to determine
a value fork. For the Figure 4.1 datzqk is found to be 1.37. If the assumed velocity distribution
is reasonable,.this same k can be used to predict the flow (Q) and axial hydraulic power (P) from
the small-scale mixer. It is worth noting that a k of 2.42 is consistent with the flow, thrust, and
power affhity law constants given in the 37-kW (50-hp) Model 4680 mixer test report (Flygt
1998).

Fahlgren andTammelin(1992) used a laser Doppler anemometer (LDA) system to
measure the fluid velocity distributions produced by a small Flygt mixer impeller identical to the
one used in the present study. The average velocity very near the mixer discharge was found to
be near zero at the propeller centerline, but between about 25% to 80% of the propeller radius the
fluid velocity was nearly constant. Beyond 80% of the propeller radius, the velocity drops
rapidly to zero. This velocity distribution is quite different from the one assumed in the
derivation of Equations (4.1) through (4.3).

To evaluate whether the LDA-determined velocity distribution gives results consistent
with Equations (4. 1) through (4.3), the thrust data given by Fahlgren and Tammelin were fit to
Equation (4.2) and k for their mixer was found to be 1.55$) Using this value fork, Equations
(4. 1) and (4.3) were used to estimate the axial vohunetric flow rate (Q) and axial hydraulic power

(P) at 1200 rpm, which is the mixer speed used for the LDA measurements. The flow rate was
estimated to be 3850 ems/s and the axial power was estimated to be 1.7 W.

These predictions were then compared with the data given by Fa.hlgren and Tammelin.
The actual value of Q at 1200 rpm was found by integrating the LDA velocity data immediately
downstream of the propeller. This calculation gave a flow rate of 3760 cmJ/s, which is in
excellent agreement with the Q estimate based on Equation (4.1) using k = 1.55, that was, as
noted previously, determined from the mixer thrust data at 1200 rpm.

Fahlgren andTammelin(1992) computed the kinetic energy flux (power) across the
mixer discharge surface by integrating the temporal fluid velocity data in both the axial and
an=dar directions. The mixer power was estimated to be 3.1 W based on root-mean-square
velocities and 3.5 W based on the integrated temporal dat~ which likely provides abetter
measure of the true time-averaged kinetic energy flux. These values are roughly two times
greater than that predicted by Equation (4.3) using k = 1.55. Part of this difference is that
Equation (4.3) addresses only the axial power and not the angular power. Fahlgren and

@The k for the Fahlgren and Tammelin mixer (1.55) is higher than that found for the
mixer used in the present study (1.37). This discrepancy is attributed to the Fahlgren and
Tammelin mixer being positioned well away from the tank floor whereas our mixer was
positioned with the blade tips about 1 cm above the tank floor. The presence of the floor restricts
the flow of fluid into the propeller intake region.
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Tamrnelin (1992) do not report the relative fractions of axial and angular power found by their
computations, but when the reported average velocities in the axial direction are integrated, the
axiaI hydraulic power is estimated to be 2.6 W at 1200 rpm. The mixer shaft power at 1200 rpm
was reported to be 3.8 W.

The 2.6-W estimate is roughly 1.5 times the 1.7 W estimated based on the mixer power
affinity law ~quation (4.3)] using k = 1.55. This difference implies that the axial hydraulic
power in the tests .described in this report may actually be greater than those estimated by
Equation (4.3) using k= 1.37, which was determined by the thrust vs. mixer speed curve
(Figure 4.1). For the mixer power calculations presented in this repo~ it has been assumed that
the power predicted by Equation (4.3) (and k = 1.37) is accurate. It should be noted, however,
that the actual mixer power may have been larger, perhaps by a factor of 1.5 to 2.0. This issue
will be investigated fbrther in Phases B and C of this test program.

4.2 Fluid Velocity Measurements

The hot-film anemometer was used to make fluid velocity measurements at the probe
locations shown in Table 3.1 and Figure 3.4. For each probe location, several (3 to 5) 10-second-
long scans of the probe voltage were taken at 100 Hz and recorded using the computer-based
data acquisition system.

The average velocity (va~) during each 10-second scan was computed. The va~values
from each scan were then averaged and the sample standard deviation and Student’s

t-Distribution was used to estimate the 95% confidence interval for the mean Vag

The peak velocities during each 10-second scan were also averaged to provide a measure
of the highest velocities experienced by each point. Because interest exists in the fluid velocities
required to keep solids from remaining motionless on the tank floor for more than one second,
the peak velocities for each second of data collected were also computed. The ten l-second peak
velocities from each scan were averaged and their respective 95°/0confidence intervals
computed. ~

The VOP10-second peak, and l-second peak velocity data are presented in Table 4.1 and
Figures 4.2 though 4.21.

Section 4.3 describes the use of fluid velocity data to predict the critical suspension
velocities for zeolite particles.

Fahlgren and Tarnmelin (1992) measured the centerline fluid velocities of an identical
small-scale Flygt mixer roughly 8.5 cm downstream fi-omthe propeller, which is the same
distance used for Tests 3E and 3K. They report a centerline average velocity of 90 ends at a
mixer speed of 1200 rpm. This value falls within the range of velocities measured at 1250 rpm
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Table 4.1. Hot-Film hemometer Velocity Data

Mixer
95% c1

lo-sac.
95% cl

l-six l-sac, I-see. I-Sec.
Test No. Speed

95°h Cl 95% c1
(%7s)

V peak Vpeaka Vpaakb
95% cl 95% c1

(Ul!A) (cm/s) (Ca-llfs) V peak c

(rPm) (al-h)
(Can/s) (cmIs)

Vpaakd
(a-Ids) (CanLs) (ml?.) (anIs) (an/a)

3A 1000 13.4 2.1 23.8 2.7 20 2.3 19.7 1.7 19.1 i .3

1250 14.3 2.7 24.4 12 23.4 3.4 28 3.8 23.6 3.2

15.00 16,1 2.1 423 4.2 31.1 4.1 29.1 4.5 30.3 4 31.9 4.5

i 750 20.3 15.3 52.6 12.2 45.1 6.7 42.8 5 30.7 7.7

20W 20.0 0.7 59.1 8.5 45 7 45.7 9.5 44.2 5.6 43.2 7.5

3B 1000 9.8 3.8 62.2 31.8 26.1 9.2 42 15.4 30.4 12.6

1250 17.9 2.8 56.8 10 47.5 9.6 46.8 8.5 38.5 9.4 46 11.6

1500 20.8 41 72.4 25 52.6 9.5 47.2 8.7 54.9 14

1750 25.6 6.5 107.6 19.8 65 19.5 66.8 10.2 70 12 76.4 14.7

2000

3C 1000 16.6 2.5 36.4 1.7 29.9 6 32.7 2.7 32.7 3.5

1250 23.3 4.5 632 8.9 42.5 5.6 47.7 8.1 51.5 6.8 44.8 7

1500 32.2 3.3 73,9 2.4 61.5 6 62.6 4.6 59.8 5.2 62.5 5.5

1750 15.0 3.4 86 5.9 77.2 7.1 72.4 6 70 6.8 71 9.9

2000

3E 1000 54.9 6.9 140 25 129 11.9 126 7.9 120 5.6

1250 82 12 191 40 162 10.4 170 13.4

1500 114 13.3 235.6 26 205 12 220 14 220 12

1750 130 24 278 59.5 254 10 240 11.1 268 14

2000

3F 1000 8.3 2.8 15 5.1 13.4 1.9 13.4 1.4 10.8 1.14

1250 12.5 1.5 243 4.4 20.2 2.35 17.8 1.7 20.4 2.7

1500 20.6 3.4 35.9 3.2 28.1 3.3 31.1 2.8 27 3.5

1750 21.7 11 45.5 24.2 26 6.4 40.5 4.6 33.3 3.9

2000

3G 1000 9.1 2.3 58 18.6 26.9 11 24.6 13.5 31.4 9.6 22.5 8.6

1250 11.9 3.6 73.1 10.8 42.3 13 45 14 38 15

1500 232 3.7 100.2 23.5 70.5 9.4 71.1 10.1 63.4 13.4 83 13.6

1750 29.2 4.5 126 21 98 15 88 13 88 12 85.5 10.5

2000 37.6 2.1 151.5 16 114 12.9 108 19 109 20 107 13

3H 1000 14.7 2.3 40 22 29 3.6 36 7.2 28 3

1250 19.0 1.7 75.8 51 41.6 8 53 12.3 65 20.4 39 5.7

150il 30.2 4.4 125 63 98 25 87 20 51 6.4 101 28

1750 34.2 3.5 16a 51 84 16 96 25 139 32 94 30

2000 44 18 197 41 156 27 167 26 112 36 105 24

31 1000 12.8 2.6 28 10.6 18.8 3 22.9 3.3 22.1 3.7

1250 10.3 1.8 ?4.8 4.4 18.8 4.6 23 3.9 21 5 23 6.6

15W 16.0 3.0 45.7 14 30 4.5 31 5.8 3s 7.4 27 4.6

1750 18.0 4.5 54 17 43 8.5 32 8.7 37 6.6 33 6.4

2000 31.8 17 89.4 18 42 12.5 72 11 74 14 61 12

3J 1000 20.9 2.2 74 22 48 8 47.6 6 52 14

1250 26.9 3.1 90 16 66.5 9 61 7.9 65 10 61 15

1500 35.2 2.0 107 20 63 7.9 89 6 87 13 87 14

1750 3fY.9 5.7 117 13 82 14 95 11 88 13.5 89 14

2000 39.3 2.4 140 22 98 11 103 13 113 22 111 12

3K 1000 46.6 8.4 15$ 15 120 19 114 21 121 21 116 24

1250 61 19 193 28 174 28 154 13 165 20 133 33

1500 60 24 244 25 172 34 168 33 203 17 180 32

1750 125 2.6 290 30 243 17 241 22 253 15 263 22

2000 123 61 337 19 303 26 221 55 290 5 291 20
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in Tests 3E and 3K. The centerline fluid velocity predictions fork= 1.55 are also shown in
Figure 4.22. The k= 1.55 line compares well with the centerline fluid velocity data collected

the present test program.

in

The vo~data agree reasonably well with expectations based on the mixer flow affinity
law @quation (4.1)] and on measurements made by Fahlgren and Tarnmelin (1992). Using k =
1.37 in Equation (4.1) and then dividing the computed flow by the mixer jet cross-sectional area
(7cD2/4)gives an estimate of the average fluid velocity downstream of the propeller. As shown in
Figure 4.22, these estimates compare well with the fluid velocity measurements made at the
mixer centerline (i.e., Tests 3E and 3K). A linear fit of the velocity data gives k = 1.44* 0.22.

4.3 Zeolite Suspension Tests

As discussed earlier, the-mixer thrust data from selected tests were correlated with mixer
speed (units of revolutions per second are used for mixer speed in all correlations). This
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correlation, given in Figure 4.1, was used to quanti~ the thrust needed to maintain zeolite solids
in suspension. A small adjustment, described below, was made for the increased density of the
slurry.

It was assumed that the zeolite solids were well mixed with the tank supernate and the
density of this mixture was used when making the mixer thrust estimates. It is known, however,
that the zeolite concentration was greater near the tank floor than near the liquid surface, so the
actual slurry densities were likely higher. The density effect, however, is unlikely to be
significant. For the highest zeolite concentration tested (6 VOI.YO),the average bulk density is ~
estimated at 1040 kg/m3. Assuming that all of the zeolite were concentrated in the lower half of
the tank, the estimated density only increases by about 4V0to 1080 kg/m3. This increase is
relatively small compared with the other experimental uncertainties. Because a defensible basis
for selecting a density correction was not apparent, it was decided that the average bulk density
would be used. Thus, the actual mixer thrust values may have been slightly higher than those
used for data analysis.

For each set of experimental conditions (i.e., particle size, particle concentration, and
liquid level), Gladki’s (1997) solids suspension prediction model was used to estimate the mixer
thrust required to reach the just-suspended criterion. Predictions were made using the low,
midpoint (50 WtO/Opassing), and high zeolite particle sizes (see Figures 3.1 and 3.2). Thus, three
mixer thrust and average wall shear stress predictions were made for each test. The mixer thrust
a.flinity law [@quation (4.2)] with k = 1.37 was used to relate mixer speed to mixer thrust in the
calculations required for Gladki’s model.

In general, the required mixer thrusts and average wall shear stresses fell within the

predictions from Gladki’s model. In many cases, the actual mixer thrust required was somewhat
lower than expected from Gladki’s model, but this result is likely due to the fact that a less
demanding all-particles-in-motion criterion was used for this testing. Gladki’s previous work
used a slightly more demanding just-suspended mixing criterion. This difference may also
account for the small effect of solids concentration observed in the present testing while Gladki’s
model implies that the required wall stress should increase with the square root of solids
concentration.

The predictions from Gladki’s model and the actual mixer speed, thrust, and average wall
shear stress data are given in Tables 4.2 and 4.3.

Equation (4.3) was used (with k= 1.37) to estimate the axial hydraulic P/Vat each of the
mixer speeds listed in Tables 4.2 and 4.3. As noted in Section 4.1, there is some concern that
Equation (4.3) might underpredict the axial mixer power by a factor of 1.5 to 2.0. Thus, the PiV
values given in Tables 4.2 and 4.3 should be taken as lower-bound estimates. Whether the P/V
estimates can be improved is being investigated. If mixer shaft power (rather than axial
hydraulic power) is used, then all the P/V values given in Tables 4.2 and 4.3 must be multiplied
by a factor of approximately three.
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Table 4.2. Results from 20x50-Mesll Zeolite SuspI
I

sion Tests

Predicted/Calculated Quantities

Predicted Wall Stress Estimated
for Three Particle Sizes

(Pa) Ratio
0.3 mm 0.7 mm 0.85 mm (W/m3)

~

LESolids
Cone.

Test No.
(VOLVO)

1A 0.015

lB 0.011

lC 0,015

lD 0.060

lE 0.043

IF 0,060

Measured Quantities

~

Avg.
Wall
Stress
(Pa)

27.0
13.4
19.6

(cm) I I (rpm) I (IN)
1

1
1
1

2410” 11,1
1700 5,5
2052 8,0

17.5

1
1
1

2450”
2150
2100

11,4
8,8
8,4

241
162
152

21.6
16.7
15.9

25.010.8 21,325.7

183
132
132
170
154
154

18.0
14.5
14.5
17.2
16.1
16.3

1
1
1
1
1
1

2230
2000
2000
2180
2110
2126

9.5
7.6
7.6
9,1
8,5
8.6

11.8 22.6 26.525,7

21.5
21.5
22,5
19.0 .

15.3 I 26.9 I 31.0
168
168

2
2
1
1

1500 8.8
1500 8,8
2170 9.2
2000 7,8

17.5
17,9 29.7 34.0

254
199

14.9 26,4 30.6
151
151

20.0
20.0

17.2 29.0 I 33.2
165
16525.7

2 1700 I 11,3
2 1700 11.3

21.5
21.5

* Note that these readings correspond to the mixer speed needed to maintain all particlesoff the tank floor rather thanjust ensuring that all
particles are in motion on the tank floor as was used for all other tests.
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Table 4.3. Results from 50x100-Mesh Zeolite Suspension Tests.

Measured Quantities Predicted/Calculated Quantities

Solids Liquid Number Required Total Avg. . Predicted Wall Stress Estimated
Cone. Level of Mixer Mixer Wall for 3 Particle Sizes P/v

Test No. Mixers Speed Thrust Stress (Pa) Ratio .
(vol.%) (cm) (rPm) (N) (Pa) 0.15 mm 0.25 mm 0.3 mm (W/m3)

1 1500 4.3 10.5 83
2A 0.015 17.5 1 1510 4.3 10.6 6.7 8.5 11,0 83

1 1600 4.9 11.9 99

2B O.O11 25.7
1 1800 6.2 11.8

6.6 8.3 10.8
96

1 1800 6.2 11.8 96

2C 0.015 25,7
1 1700 5.5 10.5

7.4 9.2 11.8
81

1 1750 5.8 11.1 88

2D 0.060 17.5
1 1750 6.0 14.7

13.7 15.3 17.9
133

1 1750 6.0 14.7 133

2E 0,043 25.7
1 1942 7.3 13.9

13.1 14,7 17.4
122

1 1925 7.2 13.6 119

2F 0.060 25,7
1 2000 7.8 14.9

17.0 18.2 20.6
135

1 2000 7.8 14.9 135



Comparing the mixer speeds required to meet the all-particles-in-motion criterion with
the fluid velocity vs. mixer speed data given in Section 4.2 Ieads to the conclusion that average
fluid velocities of approximately 25 to 40 cm/s are required to maintain 20x50-mesh zeolite
particles in motion everywhere on the tank floor. In most cases, mixer speeds of about 2000 to
2200 rpm were required to effect 20x50-mesh zeolite suspension. Fluid velocity tests 3A and 3H
were conducted with the hot-film anemometer probe positioned 1 cm above the tahk floor in the
region where the last particles to be suspended were observed in Tests 1 and 2. Figures 4.2 and
4.14 show that in the circa 2100 rpm range, the v~~values range from about 25 to 40 cm/s.

Data from Tests 3F and 3G are also consistent with these estimates. In Tests 3F and 3G,
the hot-film probe was positioned in the other region of the tank where solids tended to remain
settled. Figure 4.12 shows fluid velocities in the 30 to 40 ctis range for a mixer speed in the
2100 rpm range. Extrapolating the Figure 4.10 data also implies velocities in this range.

A similar comparison of mixer speeds and fluid velocities for the 50x100-mesh zeolite
reveals that the required \’elocities range from about 17 to 50 cn-ds. Because the 50x100-mesh
zeolite particles are smaller than the 20x50-mesh particles, the required velocities are expected to
be somewhat lower, but the data do not permit an accurate determination of how much lower the
suspension velocities are for the 50x100-mesh zeolite.

.

The range of fluid velocities found necessary for suspending the 20x50-mesh zeolite is
consistent with those expected based on a simplified analysis of mixer pump effectiveness in
SRS Tank 19. In 1980 and 1981 two Bingham-Wilkunette 112-kW (150-hp) mixer pumps were
operated in Tank 19. Following salt retrieval operations, an hourglass-shaped pile of remaining
salt, sludge, and zeoiite particles was observed to span the tank. Each mixer pump had
effectively cleaned the tank floor out to a distance of about 9 m (30 ft) from the pump nozzles.
The mixer pump nozzles were 3.8 cm (1.5 in.) in diameter and produced submerged fluid jets
with exit velocities of about 30.5 m/s (100 fVs). Turbulent submerged fluid jets decay according
to a relationship of the form (Tuve 1953):

where U(r,z) =
u-. =
Dn =
r =

z =

UOD~

[ [)12

U(r,z) = 6 — exp –22.5 ~
z z

local jet velocity, m/s

nozzle exit velocity, mk
nozzle diameter, m
radial position measured from the jet centerline, m
downstream distance measured from the nozzle exit, m

(4.4)
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Using Equation (4.4), the mixer pump jet velocities in the region near the residual Tank 19 solids
are estimated to have been approximately 25 ends (0.8 ft/s).faJ The actual velocities near the
Tank 19 solids were possibly somewhat higher than this estimate due to the tendency of the
mixer pump jets to attach to the tank floor because of the Coanda effect. The effects of the tank
floor and the sludge bank on the jet flow pattern make this simplified velocity estimate highly
uncertain. This estimated velocity, however, is in reasonable agreement with the results of this
study (i.e., required velocities are 25 to 40 cm/s) considering the uncertainties in the Tank 19
waste properties and in the applicability of Equation (4.4) to a jet confined within a tank
impinging on a sludge bank.

4.4 Sludge Mobilization Tests

The results for the sludge mobilization tests are shown in Table 4.4. For each test, the
measured slurry density was used to compute the weight fraction of sludge mobilized as a
function of time and applied average wall shear stress.@JThe equation used for this calculation is

where p~lm =
M=supcrnatc

x .

P$nd =
v=tunk

v=s[ud~e

M v+ x ( Pjhal tanksupernate - Msupemate)

Psluny =
v

tank - (] ‘x) ‘sludge

measured slurry density, kg/m3
mass of initial supernate (water), kg
weight fraction of sludge suspended, dimensionless
slurry density at 100°/0sludge suspension, kg/m3
total volume of sludge and supernate, m3
initial sludge volume, m3

(4.5)

The average wall shear stress (Q required to result in 80% and 95% of the sludge
mobilized was estimated from a plot of WtO/Osludge mobilized vs. applied average wall shear
stress for each test. These data are given in Table 4.4. Copies of the spreadsheets used to
produce Table 4.4 and Figures 4.23 and 4.24 are given in Appendix C.

Some uncertainty exists in the sludge simulant properties for Tests 4A and 4B. In Tests
4A and 4B, the target shear strength (~,) and yield stress (-rY)were both 50 Pa. A 43.5 wt%

@JInTank 19, the nozzle centerline was located 1.37 m (54 in.) above the tank floor. A jet
. expansion angle of 20 degrees was assumed when using the correlation in Tuve (1953). The
estimated jet velocity applies to a downstream distance (x) of 9 m (30 ft) and a radial position of
1.37 m. The effects of the tank floor, walls, and the sludge bank were ignored in this calculation.

(bJFordefinitions of sludge, supernate, slurry,
shear strength, refer to Section 3.1 in Appendix A.

average wall shear stress, yield stress, and
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TabIe 4.4. Sludge Mobilization Test Results

TOfor 80% TOfor 9570 Yield Stress Shear Strength

Test No. ” Mobilized Mobilized (TO80%)/t,
(Pa) (Pa) (2) (i%a)

4A 4.8 12.2 7< TY<50 7< T,<50 0.1 to 0.7

4B <9.5 <9.5 = 2.4 = 2.4 < 4.()

0.095 to
5A 9.5 to 15 15 100 100

0.15

5B 4.7 < 7.5 100 100 0.047

6 50 >50 100 800 0.063 I

7 69 >69 150 2000 0.035

8 ~ 4.7 4.7 to 7.4 10 10 <0.47

Notes: Tois the average wall shear stress, which equals total mixer thrust divided by wetted area.
ZYis the sludge dynamic yield stress and ~, is the vane shear strength (see Appendix A)

kaolin clay slurry was prepared for these tests. Previous testing showed that this concentration of
kaolin has a shear strength and disturbed yield stress of 50 Pa. In Test 4A, the kaoIin slurry was
poured into the tank with the layer of water supemate already in place. ‘Ilk procedure resulted
in some unknown degree of mixing between the sludge sirrmlant and the water. The sludge
strength was likely decreased to some unknown extent. Judging by the thickness of the sludge
layer just prior to testing (3 cm), the average weight percent solids throughout the layer is
estimated to have been 31.7 wtYo. Previous testing has shown that a kaolin slurry with this
concentration has a yield stress of about 7 Pa. It is likely, however, that the fraction of sludge
nearest the tank floor had a concentration greater than 31.7 wtYobut less than or equal to
43.5 wt~o.

Test 4B was performed by letting the fully mixed slurry from Test 4A settle to forma
layer roughly 3.8 cm thick. The average kaolin concentration in this slurry layer is estimated at
26 wtVO.The yield stress of a 26 wt’Yokaolin slurry is approximately 2.4 Pa. Again, there may
have been a significant vertical concentration gradient through the”sh.urylayer, so the yield stress
of the simulant nearest the floor was probably higher than 2.4 Pa.

Some of the data given in Table 4.4 are plotted in Figures 4.23 and 4.24. Fi=me 4.23
shows the effect of simukmt shear strength (undisturbed) on the average whll shezu stress
required to reach roughIy 80°/0of the sludge mobilized. It appears that the required wall shear
stress is roughly 5°Aof the sludge simulant shear strength (seethe right-most column in Table
4.4). This estimate is very rough, however, because so few data points are present. It is also not
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clear that the ratio of wall shear stress to shear strength will be constant as tank size is increased.
The relationship between applied wall shear stress and sludge simukmt strength will be
investigated further through testing in larger tanks.

Figure 4.24 shows the effect of disturbed sinmlant yield stress on the average wall shear
stress required to mobilize 80% of ‘tie sludge. A comparison of the data points Ii-emTests 5A
and 5B with Test 6 (all tests were at 100 Pa yield stress) shows that the disturbed shnulant yield
stress does not provide as good a measure of sludge mobilization resistance as does the
undisturbed strength (i.e., shear strength). This conclusion is consistent with previous sludge
mobilization testing at PNNL (Powell et al. 1995) and the soil science literature pertaining to
cohesive soil erosion (Graf 1971).

It is worth noting that the mixer speed required to reach a specified fraction of mobilized
sludge is likely somewhat slower than that measured in our testing. By allowing more time at a
given mixer speed it would be expected that a Iarger amount of sludge would be mobiIized than
was measured. The magnitude of this increase, however, is not known.

4.5 Pump-Down Tests

At the end of several of the zeolite suspension tests, the zeolite slurry was pumped from
the ta.rdcthrough a piece of 1.5-cm-inside-diameter tubing oriented vertically with the suction end
located roughly 1 cm from the tank floor. At the conclusion of Test lF, slurry was pumped from
the tank at approximately 170 cm3/swhile mixer operation continued at 1500 rpm (until the
liquid level dropped below about 15 cm). In this testj roughly half the zeolite solids were
removed born the tank. At the conclusion of Test 2F a sirndar test was performed, akhough in
this test mixer operation was continued at a reduced speed until the propeller became exposed.
In this test, roughly two-thirds of the zeolite solids were pumped from the tank.

It is not yet clear whether similar solids fractions might be pumped from the tank in tests
at larger scales. The potential similari~ of these pump-down tests to the fi.dl-scale operation has
not yet been assessed.

4.6 Predictions for Mid-Scale and Full-Scale Mixing

Based on the small-scale test results, it is possible to make several predictions for mixer
performance in the mid-scale tanks at PNNL and the fill-scale tanks (both the TNX test tank and
Tank 19) at SRS. The reader is cautioned, however, to not place much credence in these
predictions at this time, especially since the Phase A test tank was so small. Tests in a single
tank size cannot usually be used to assess various scale-up methodologies. Therefore, it is
currently unclear how to best scale up the data from the small tank tests to make predictions at
larger scale. Further, the small-scale mixer propeller is considerably larger than that needed to
ensure geometric similarity of the small-scale mixing system with those at larger scale. The
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small-scale mixer propeller diameter was 7.8 cm whereas a geometrically scaled mixer similar to
that planned for fill-scale use would have a propeller diameter of only 0.9 cm. Geometric
similarity of mixing systems is usually maintained when developing scaling relationships. TMs
approach was not practical for the current test program.

One fiu-t.hercomplication is the ratio of liquid level to tank diameter. In the Tank 19
application, the ratio of liquid level to tank diameter is about 0.076. To avoid vortex formation

and to keep the small-scale mixer propeller filly submerged, it was necessary to run the tests at
liquid level to tank diameter ratios of 0.39 and higher.

Using the data from Test 1 (20x50 mesh zeolite suspension) and the constant-wall-shear-
stress scaling method recommended by Flygt, it is possible to predict the mixing intensity that
will be required to meet the all-particles-in-motion criterion in PNNL’s 1.8-m-diameter tank. In
Test 1A (i.e., 1.5-vo1%solids, 17.5-cm liquid level), a wall shear stress of about 16.5+ 3.5 Pa
was found to effect particle suspension. To obtain this same wall shear stress in the 1.8-m tank
(at scaled liquid level and the same p~icle concentration), a total mixer thrust of 110 +25 N
will be required. According to data provided by Flygt, the Model 4640 mixer planned for use in
the 1.8-m tank produces 810 N of thrust at 860 rpm. This thrust implies a k in Equation (4.2) of
1.49. Using this value in Equation (4.2), it is found that a mixer speed of 315 * 30 rpm will be
required to maintain the solids in motion in the 1.8-m tank. Thus, constant-wall-shear-stress
scaling predicts that the required mixer speed will be between 285 and 345 rpm.

For comparison, consider the predictions of constant-P/V scaling. The power densities
required to meet the particle motion criterion for Test 1 were in the range of 150 to 200 W/m3, or
perhaps higher. Using k= 1.49 in Equation (4.3) to predict the Model 4640 mixer power, it is
found that mixer speeds between 550 and 600 rpm are required to reach these power densities.
At 330 rpm, P/V is only about 35 W/m3, so the results of the tests in the 1.8-m tank should allow
us to assess whether constant-wall-shear-stress, constant-P/V, or some other scaling methodology
is most appropriate for scaling between the 0.45-m and the 1.8-m tanks. Testing in the 1.8-m
tank will be advantageous because the mixer propeller diameter and liquid level can be set to be
almost geometrically similar to small-scale Tests 1A, lB, and lC.

Similar predictions can be made for full-scale implementation of Flygt mixers, but these
predictions are even less reliable than those made above for the 1.8-m tank. These predictions
ae provided below for information only. Future testing will be used to refine these predictions
and improve their defensibility.

Constant-wall-shear-stress scaling for zeolite suspension similar to Test 1 implies that an
average wall shear stress of 16.5 + 3.5 Pa will be needed in Tank 19. The wetted surface area
inside Tank 19 is approximately 690 m2, so the total thrust required is 11,400 * 2400 N. Each
modified Model 4680 mixer with inlet screen produces roughly 6160 N of thrust (Flyg-t 1998), so
the required number of mixers is two (1.9+ 0.4).
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Constant-P/V scaling implies a greater number of mixers are required at fi,dl scale.(a)
Fitting the Model 4680 mixer thrust data reported by Flygt (1998).gives k = 2.42. Using this
value in Equation (4.3), it is predicted that each of the Model 4680 mixers produces 28 kW of
axial hydraulic power at full speed. To reach the power densi~ range measured in Test 1 (i.e.,
150 to 200 W/m3), a total power input of 180 *25 kW is required. This power implies that seven
(6.4 + 0.9) Model 4680 mixers will be required in Tank 19 to achieve the same level of particle
suspension as was observed during the small-scale tests. Again, this prediction is only true if
constant-PN scaling applies. It should be noted that these estimates are uncertain in that the
axial power of the small-scale mixer may have been a factor of 1.5 to 2.0 higher than given in
Table 4.2. If so, the number of mixers required increases proportionally to something between 8
and 15 mixers. Also, the Tank 19 liquid-level-to-tank-diameter ratio is significantly lower than

that tested in the small-scale tank. The required P/V will likely increase as this ratio decreases
(Myers et al. 1994), so the mixiig power required at fill scale maybe higher yet.

The significant differences in predictions between different scaling methods demonstrates
the importance of determining the correct scaling relationships so that the fidl-scale mixing
system can be defensibly designed. These scaling issues will be addressed through testing in
larger-scale tanks at PNNL and SRS.

An additional set of predictions can be made if it is assumed, as discussed in Section 4.4,
that the average wall shear stress required to mobilize 80% of the tank sludge is roughly 5V0of
the undisturbed sludge strength. Sludge strengths in the range of 100, 1000, and 2000 Pa are not
unreasonable estimates for typical tank sludge strengths. These values imply required average
wail shear stresses of 5, 50, and 100 Pa. For SRS Tank 19, the wetted stiace area inside the
tank is about 690 m2. To attain these target wall shear stresses, total mixer thrusts of about
3,450,34,500, and 69,000 N are required. Because each Model 4680 mixer produces roughly
6160 N of thrust, the number of mixers required in these three cases are predicted to be 1,6, and
12 (calculated values are 0.6,5.6, and 11.2). The assumption that the required average wall shear
stress is 5% of the undisturbed sludge strength is speculative at this point and will be investigated
further in larger-scale tests. It should be noted that the test data showed that only 69 Pa was
required to reach 80% mobilized for the 2000 Pa shear stren.d sludge, rather than 100 Pa as
predicted by the 5% assumption. If these data are used instead of the 5% assumption, then the
predicted number of mixers for a 2000 Pa sludge is reduced to 7.5.

(aJConstant-P/Vscaling, when strictly applied, presumes the same number of

geometrically scaled mixers in both the scaled test and the prototype. Using constant-P/V
scaling to predict the number of mixers required for the prototype (Ml scale) is an extension of
what is usually meant by constant-P~ scaling. A detailed discussion of the application of
constant-P/V scaling to the FIygt mixer test data is provided in Section 5.0 of Powell et al.
(1999).
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Appendix A
Phase A Test Plan

Before the small-scale tests commenced, a test plan was prepared to document the

planned tests and to provide procedural guidance during testing. The document describing the
test plan is provided in this appendix. The tests were performed as described except for the
modifications discussed in Section 3.0 of this report.
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1.0 Introduction

In the early 1980s two jet mixer pumps were used to dissolve and retrieve the saltcake in
Tank 19 at the Savannah River Site (SRS). Not all of the waste was removed during this
retrieval campaign, however, and roughly 125 m3 (33 kgal) of waste solids remain. The solids
are composed of sludge, zeolite, and salt. Based on the topography of the solids heel in Tank 19,
it is suspected that the mixer pumps did not have sufficient power to maintain the fmter settling
solids in suspension or that the mixer pump jets pushed the larger, settled solids out beyond the
reach of the jets.

Efforts are now being made to identi~ and design alternative waste retrieval techniques
for the Tank 19 waste. Shrouded axial propeller mixers manufactured by ITT Flygt Corporation
are one of the suggested alternatives. Staff from Pacific Northwest National Laboratory
(PNNL)$) Oak Ridge National Laboratory, SRS, and ITT Flygt Corporation are conducting a
joint mixer testing program to evaluate the applicability of Flygt mixers to Tank 19 waste
retrieval and waste retrieval in other U.S. Department of Energy (DOE) tanks. This test program
consists of three phases. The first phase involves small-scale mixer testing at the ITT Flygt
laboratory in Trumbull, Connecticut. The second phase involves larger-scale (about l/4-
geometrical scale) tests of Flygt mixers by PNNL. The third and final phase involves fbll-scale
mixer testing at SRS. Testing indifferent tank sizes is needed to evaluate and validate scaIing
methods so that the results of the relatively inexpensive small-scale tests can be used to make

full-scale mixer performance predictions morecosteffective.

Flygt mixers consist of an electrically powered propeller surrounded by a close-fitting
shroud. Figure 1.1 shows a Flygt mixer mounted to a vertical mast (ITT Flygt Corporation
1997). The 37-kW (50-hp) mixer being considered for use in Tank 19 has a propeller diameter
of approximately51 cm (20 in.) and operates at 860 rpm. The rapidly spinning propeller creates
a turbulent fluid jet with an average exit velocity approaching 6 nds (see Figure 1.2) (ITT Flygt
Corporation 1997). Several of these 37 kW mixers may be required to mix the waste in Tank 19.

This test plan is focused on the first phase of testing (i.e., that conducted at Flygt), though
general descriptions of the second and third phases are also given. Phase one tests will be
performed in a 0.46-m- (1.5-ft-) diameter (or smaller, if necessary) tank using small Flygt mixers
positioned near the floor. The mixers will discharge a horizontal fluid jet of supemate into a
layer of simulated sludge. Effectiveness of the Flygt mixer for sludge mobilization will be
measured by the extent to which the sludge simukmt is mobtiized. ParticIe suspension tests will
be performed to determine the mixing intensity needed to suspend zeolite particles and to
compare the data with previous testing of Flygt mixers for solids suspension (Gladki 1997).

tajPNNLis operated by Battelle for the U.S. Department of Energy under Contract
DE-AC06-76RL0 1830.
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Figure l.1. Flygt Mixer

Figure l.2. Flygt Mixer Jet Flowas Described by ITT
Flygt Corporation
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2.0 Scope and Objectives

Testing of Flygt mixers will proceed in three sequential phases. The principal objective
of the tests is to determine whether Flygt mixers can be used to successfully mix the waste heel
in SRS Tank 19. Another objective of this work is the development of predictive capabilities for
Flygt mixers in U.S. Department of Energy (DOE) waste tanks so their effectiveness can be
predicted for future applications. To answer these questions, several issues must be addressed
using a combination of small-scale testing, analysis, and then larger- and fidl-scale tests. The
scope and objectives of each phase of this test program are dkcussed in this section. Emphasis is
placed on the Phase A tests because future test plans will be prepared to describe the Phase B and
C tests.

2.1 Phase A Tests at ITT F1ygt Corporation

Oneormore small Flygt mixers (7.8-cm propeller diameter) will be used inside a
0.46-cm-diameter tardd’) to mobilize and mix several different waste simukmts. Each sirnukmt
will be tested two times and the results averaged. Sirnulants for cohesive tank sludge and for the
less cohesive zeolite particles will be tested in addition to a single test using only water. Sludge
simulant compositions are chosen to yield a range of sludge strengths that reflect those of the
Savannah River Site (SRS) and other tank wastes. The zeolite particles that will be tested are
similar to the particles known to be inside SRS Tank 19.

The zeolite slurry tests will be used to determine whether resuspension of zeolite particles
follows the solids suspension prediction methodology outlined by Gladki (1997) and described in
Section 3.2 of this appendix. The cohesive sludge resuspension tests will indicate the
relationship between average wall stress and the stress required to induce sludge mobilization
(i.e., critical shear stress). Finally, the water-only test will be used to determine the fluid
velocities near the tank floor under the flow conditions used for the zeolite suspension tests.

The small-scale Flygt mixer test results will be used to help interpret and analyze the data
collected in the larger-scale tests. In particular, the applicability of different scaling relationships
(e.g., constant-wall-shear-stress scaling) will be evaluated by comparing the petiormance of
Flygt mixers in the small-scale tanks with that observed in larger tanks.

Seven different waste sirnukmts will be tested at small scale. Two sets of tests will be
performed using mixtures of zeolite particles with water. One zeolite simukmt will be in the 20-
to 50-mesh size range (0.3 to 0.85 mm), which reportedly is the size range of the Linde AW-500

(aIsocalIedIE95) zeolite originally pIaced in Tank 19. The second zeolite sirnukmt will be in the

faJForsome tests, a smaller tank maybe used if the 7.8-cm Flygt mixers provide
insufficient mixing intensity in the 0.46-cm-diameter tank.
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50- to 10O-mesh size range (O.15 to 0.3 mm) to determine the effect of the smaller particle size
on the required mixing intensity. Ii is speculated that the Tank 19 zeolite particles may have
broken down to a size range smaller than 20-to 50-mesh as a result of long-term exposure to
caustic liquid.(a)

In addition to the two zeolite simukmts, five cohesive sludge simulants will be tested.
The yield stresses and shear strenghs of these simukmts were selected to cover a wide range so
the test results can potentially be applied to a wide range of’DOE waste tanks.

The scope and objectives for the small-scale Flygt mixer tests are summarized in
Table 2.1. The tests will not necessarily be petiormed in the order shown.

Table 2.1. Phase 1 Scoue and Objectives

ETest
No.

1

2

3

4

5

6

7

8

ScopeDescription

2 tests using 20x50 zeolite particles
of varying concentration in 0.46-cm
tank

2 tests using 50xl 00 zeolite particles
of varying concentration in 0.46-cm

Test using water under same mixer
conditions as found in Tests 1 and 2

2 tests using kaolin clay sludge
q = 50 Pa, ~Y= 50 Pa

2 tests using kaolin clay sludge
-r,= 100 P~TY= 100 Pa

2 tests using kaolinlplaster sludge
~,=800P~rY=100Pa

2 tests using kaolin/plaster sludge
q = 2000 P% ~Y= 150 Pa

2 tests using kaolin clay sludge
_r~=l OP~zY= lOPa

A .

Test Objective

Determine average wall stress required to
mix and maintain solids in suspension

Determine average wall stress required to
mix and maintain solids in suspension

Determine sedimentation and erosion
velocities present in Tests 1 and 2

Determine relationship between critical
shear stress and average wall stress

Determine relationship between critical
shear stress and average wall stress

Determine relationship between critical
shear stress and average wall stress

Determine relationship between critical
shear stress and average wall stress

Determine relationship between critical
shear stress and average wall stress

faJFowler J R and R.M. Wallace. December 2, 1980. CRC Zeolite in N/P Waste.9 ..>
DPST-80-488, Memorandum to M.J. Plodinec.
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2.2 Phase B Tests at PNNL

PNNL will conduct the second phase of Flygt mixer testing. Flygt mixers will be tested
in a 1.9-m- a.dor an 5.7-m-diameter tank containing simulated Tank 19 solids. The simulant
properties and test conditions will be adjusted so that the test results can be used to evaluate
candidate scaling relationships and to help make predictions for full-scale Flygt mixing. Because
achieving true dynamic and geometric similarity in the 1.9-m and 5.7-m tanks is impractical,
assumptions wilI have to be made when designing the tests and the sinmlant. Efforts will be
made to ensure that all assumptions made result in conservative, yet credible, results.

A detailed description of the Phase B tests and analyses at PNNL will be incorporated
into this test plan once the Phase A tests are underway.

2.3 Phase C Tests at SRS

SRS will perform full-scale tests in a 25.9-m- (85-ft-) diameter (fidl-scale) tank. SRS

willperformthetestsusingwater,threeorfourFlygtmixers,andpossiblyakaolin-clay-based
sludge simulant. The mixers will be placed in the tank and, initially, only one mixer will be
used. Subsequent tests will be performed using the additional mixers so that the effects of
incrementally adding mixers can be quantified. The orientation of the mixers will .be varied to
determine an optimum cotilguration. The fluid velocities within the tank will be measured and
compared with predictions based on the results from Phases A and B. Areas within the tank
where fluid velocities are lower than the measured erosiotideposition velocities for 20x50-mesh
zeolite (i.e., dead zones) will be identified during the fidl-scaie tests. As part of this testing,
methods for deploying the F1ygtmixers into Tank 19 will be evaluated. As with the Phase B
testing, this test plan will be revised to incorporate the Phase C plan before the Phase C tests
commence.
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3.0 Background Theory

Predicting the effectiveness of Flygt mixers in Tank 19 on the basis of scaled tests using

simulants and fill-scale tests in water requires a carefkl consideration of the relevant physics and
scale-up relationships. Mixing slurries in tanks has received a great deal of attention in the
scientific literature, yet no generally applicable correlations exist for predicting mixing. Thus, it
is often necessary to develop empirical scaling relationships on a case-by-case basis using tests at
smaller scales. This section is a discussion on the theoretical framework used to guide the Flygt
mixer tests.

3.1 Definition of Terms

Several key terms are used throughout this document. To avoid confixs.ionthat may result
from ambiguous terminology, the following definitions are given:

Sludge - The layer of settled solids on the tank floor. CurrentIy, Tank 19 is thought to contain -
roughly 125 m3 (33 kgal) of sludge, consisting of zeolite, salt crystals, and metal oxyhydroxide
particles. This 125-ms estimate includes the volume of interstitial liquid. Thus, the actual
volume of solids (excluding interstitial liquid) is estimated to be 76 m3.

Supemate - The layer of clew liquid covering the sludge before mixing starts. The Tank 19
supemate is an aqueous solution of various nitrate, nitrite, carbonate, and sulfate salts.

Slurry- Amixtureofparticleswithliquidthatis fluidenoughtobepumpedorflowunderits
own weight. Mixing the Tank 19 sludge with the existing supernate will forma slurry.

Critical Shear Stress (ZC)- The magnitude of the applied shear stress required to initiate erosion
of sludge.

Shear Strength (~,) - The maximum shear stress a material can withstand without rupture. For
sludge, this is most readily measured using a shear vane.

“YieldStress (ZY)- The minimum stress needed to cause a Bingham-plastic to flow. See Section
3.4 for further discussion.

3.2 Constant-Wall-Shear-Stress-Scaling

Gladki (1997) outlines a methodology for predicting the mixing intensity required to
maintain a suspension of solids (i.e., slurry) in a just-suspended condition. This method involves
determining the magnitude of the average wall shear stress (@ required to maintain solids in
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suspension for a given tank geometry and type of solids. The magnitude of TOin a tank is
computed by dividing the Flygt mixer thrust by the wetted surface area (bottom and sides) of the
tank. Mixer thrust (~ is conveniently measured in a submerged mixer test and is related to the
mixer flow according to the equation:

22
7cpD Vjet

F = PQ Vjel =
4

(A3.1)

where p = slurry density, kg/ins
Q = slurry flow rate, m3/s
~,, = average bulk velocity of the discharged fluid, m/s
D = jet diameter = propeller diameter, m.

According to this method, the value of TOis independent of scale provided the same solids
and liquid are used and the tank dimensions are geometrically scaled. Predicting the mixing
requirements at large scale then requires that small-scale tests be conducted to determine the
value of TOrequired for solids suspension. The mixer thrust required to obtain this same TOin the
fidl-scale tank is then computed and used to determine the number and size of fill-scale mixers
needed for the tank configuration in question.

Gladki(1997)developedanempiricalcorrelationbetweentheparticlesettlingvelocities
and the value of ZOrequired to maintain solids in suspension in small-scale tanks. Using the
experimental parameters for Tests 1 and 2 as input to the correlation gives a predicted TOof about
20 Pa for Test 1 and 10 Pa for Test 2.faJThe wetted area of the fhll-scale SRS tank (25.9-m
diameter, waste depth of 2.1 m) is approximately 700 m2, so the predicted total thrust required to
maintain Tank 19 solids in suspension is (20 Pa)(700 m2)= 14,000 N. The 37-kW Flygt mixers
planned for use in Tank 19 each generate about 6200 N of thrust, so two or three Flygt mixers
(14000/6200 = 2.3) are predicted to be required for Tank 19 using this scale-up method.

The Phase A, B, and C Flygt mixer tests will determine whether the constant ZOmethod
of scaling can be applied to tanks as large as Tank 19. The Gladki correlations were developed
using tanks smaller than 0.5 m. The value of the dimensionless group in Gladki’s correlation
that quantifies the required mixing intensity (Suspension Intensity Parameter) in Tank 19 is well
beyond the range tested by Gladki. However, Flygt has successfully used this method to predict
the mixing requirements for industrial applications based on an extrapolation of Gladki’s
correlation to larger values of the Suspension Intensity Parameter.

faJTest1 conditions are tank diameter= 0.46 m, particle size= 0.7 mm, particle density=

1660 kg/m3, propeller diameter= 7.8 cm, vol. fract. solids = 0.015, liquid level= 18 cm and 25
cm. Test 2 conditions are the same except that particle size= 0.25 mm.
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3.3 Other Scaling Relationships

If constant%0scalingis foundnottoapplytotheTank19 situation, then efforts will be

made to identifi and evaluate other scaling relationships that may better predict Tank 19 mixing.
Different scaling relationships will no doubt result in different predictions for !3.dl-scaIemixing
requirements. Because the predictions made by different scaling methods vary over a wide
range, it is not feasible to accurately predict the effectiveness of Flygt mixers in Tank 19 without
first conducting the series of scaled tests described in this test plan.

3.4 Sludge Mobilization

The discussion in Sections 3.2 and 3.3 centered on the mixing intensity required to
maintain solids in suspension. Of course, in Tank 19 the solids will initially be settled and must
be mobilized and mixed with the tank supemate before there can be any concern over the mixing
intensity required to maintain the solids in suspension. This sectiomdiscusses the issues
associated with sludge mobilization.

Mobilization of sludge by impinging submerged fluid jets has been studied in scaled and
fill-scale tests at several DOE sites during the design of mixer-pump-based waste retrieval
systems (l?owell et al. 1997a). ‘When the mixer pump fluid jets are started, the sludge nearest the
discharge nozzles is rapidly mobilized because the stagnation pressure of the jet is considerably
larger than the mechanical strength of the sludge. After a short while, however, the mechanism

of mobilization changes from one of bulk sludge ftilure to erosion of particles and groups of
particles from the sludgehrry interface. This erosion process is ve~ similar to the erosion of
cohesive soils by turbulent flow, which is a problem that has been extensively studied by soil
scientists.

Mobilization of the sludge continues until the mobilizing force of the mixer pump jet is
no longer sufficient to overcome the mobilization resistance of the sludge. Soil scientists
describe the point at which eroding force and erosion resistance are equal as the critical shear
stress for erosion (zC). When the shear stress applied to the sludge surface by the turbulent jet
exceeds the ZCof the sludge, erosion occurs. When the applied stress is lower than q, no
significant erosion is observed. The maximum possible petiormance of a mixer pump or other
jet-based mixing system is thus determined by the point at which the mixer’s applied stress
decays with distance to the point where it just equals the ZCof the sludge.

The Flygt mixers in Tank 19 must be able to generate sufficient shear stress near the tank
floor to overcome the -rCof the Tank 19 sludge. Unfortunately, the ZCfor Tank 19 sludge is
unknown. Efforts to correlate ~Cwith easily measured properties like particle size, shear
strength, and yield stress have been largely unsuccessful for predicting soil erosion in general,
but congelations for specific soil types have been developed. Similarly, scaled tests using
simukmts for tank sludge have yielded useful correlations between sludge properties and
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expected mixer pump performance. This success is one reason that a series of simukmts with a
range of yield stresses and shear strengths are proposed for the Phase A testing.

The approach taken at PNNL has been to correlate the sludge simulant’s mobilization
resistance (quantified by@ with the vane shear strength of the sludge. Other physical properties
have been investigated and were found either to not correlate with ~Cor to be too difficult to
meastie accurately to be usefi.d. Vane shear strength is measured by inserting a four-bladed vane
vertically into the sludge and measuring the torque required to begin rotating the vane. This
technique is a standard way to measure shear strength in soil science (see ASTM standard
D4648-94). The primary advantage of the shear vane method over other methods is that the
sample disturbance prior to testing is kept to a minimum. Tests that require drilling test cores
and/or loading the sample into a viscometer inflict considerable strain on the sample. Samples
sensitive to disruption will often give much lower strength measurements tier being disturbed.
This behavior has been observed in tank wastes at the Htiord Site in Richland, Washington. A
sample from Ha.nflordTank 102-SY, for example, resembled modeling clay as it was extruded
from the core sampler. Its shear strength was measured at 4000 Pa (DiCenso et al. 1995). The
sample was then thoroughly mixed and its yield stress was found to be less than 3 Pa (Onishi et
al. 1996). Sample disruption can have a pronounced effect on sample strength.

SRS has historically used the sludge yield stress as a measure of mobilization resistance.
Yield stress is measured by loading the undiluted sample into a viscometer and measuring the
force required to initiate plastic deformation. The two types of yield stresses are static and
dynamic. Static yield stress is measured by very slowly increasing the applied stress until plastic
deformation occurs. Dynamic yield stress is measured using the shear stress vs. shear rate curve
for the sample. The dynamic yield stress is estimated by extrapolating the observed shear stress
data to zero shear rate. Dynamic yield stress measurements will be made on all the Phase A
sludge simulants for Tests 4 through 8.

Dynamic yield stress does not provide an adequate measure of the sample’s mobilization
resistance because it is essentially a test on a disturbed sample. Any structure or interparticle

bonding initially present in the sample is destroyed very early in the test and, therefore, does not
contribute to the value of the dynamic yield stress. The ratio of the shear strength (or static yield
stress) to the dynamic yield stress depends on the mechanism(s) by which the sludge gets its
.strenb@h.Some materials exhibit approximately equal shear strength and yield stress, while
others may have shear strenb@hsa factor of 20 or more greater than the dynamic yield stress (e.g.,
the Har@ord102-SY sample described above).

Static yield stress is, theoretically, the same value as the vane shear strength. In practice,
however, differences are often observed. The most common cause for differences is the
disruption that occurs when the sample is loaded into the rheometer before measuring the static
yield stress. Shear vanes reduce the extent of disruption before measurement, so they are thought
to provide a more accurate shear strength measurement. This theory is consistent with the
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observation that the shear vane and static yield stress data are most similar when the sample does
not exhibit significant sensitivity to disruption.

The dynamic yield stresses of the cohesive sludge shmdants that will be used for Tests 4
through 8 range from 10 to 150 Pa. Yield stress measurements will be made on the undiluted
sludge simulants at the Flygt laboratory during the Phase A tests. The range of shear strengths
for Test 4 through 8 simukmts is from 10 to roughly 2000 Pa. Based on previous testing at
PNNL, the %Cvalues for these simulants are estimated to be less than about 20 Pa. Figure 3.1 is a
plot showing the estimated critical shear stress as a function of vane shear strergth for cohesive
sludge simulants based on correlations in Powell et al. (1995) and Rajaratnam (1976).

Tests 4 through 8 using tie Flygt mixer at small scale will provide an indication of the
relationship between the applied average stress (TO)and the yield stress, shear strength, and ZCof
the sludge to be mobilized in a tank.

I

0 1000 2000 3000 4000 5000

Sludge Shear Strength (Pa)

Figure 3.1. q vs. Shear Strength
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4.0 Phase A Approach

The small-scale Flygt mixer tests will be conducted using the equipment and general
approach described in this section. Detailed test procedures are given in Section 6.0 of this test
plan. The approach for the Phase B and C testing will be described in subsequent revisions to
this document.

4.1 Test Setup

A 0.46-m-diameter tank will be used by ITT Flygt for the small-scale tests.(a) In all tests,
the Flygt mixer will be positioned near the tank wall discharging across the tank floor. This
arrangement is identical to that used by Gladkl (1990). Fie~re 4.1 shows a sketch of the planned
experimental apparatus.

—

-IL\
18, 25 CrTl

-L \

2,0 cm

I

Slurry

Sludge
Simuiant

J m
v- . . ~: : .. .... . .. qL.... .....

A

/Flygt Mixer

~ 46 cm I

Fxgure 4.1. Small-Scale Flygt Mixer Testing Apparatus

(’JAsmaller t~k may be used if it is found that the 0.3 kW mixers do not adequately

suspend the simukmts in the 0.46-m-diameter tank. This will allow testing at higher average wall
stresses using the same mixer.
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4.2 Test Equipment and Instrumentation

The equipment and instrumentation needed for the small-scale F1ygt mixer tests are
described in this section.

4.2.1 Clear-Bottom Tank

The tank used for these tests will be a 0.46-m-diameter tank with a clear bottom, which
will allow visual monitoring of both sludge mobilization and particle settling. A portion of the
zeolite particles maybe dyed red before testing using fabric dye to facilitate visual tracking of
individual particles. For the sludge mobilization tests (4 through 8), water-soluble food or fabric

dye may be added, as needed, to the mixing slurry to make the sludge/slurry interface more
apparent.

In previous tests at this scale using scaled jet mixer pumps, a tendency for the sludge
bank to be lified vertically by the jet was noted. Lifting of the sludge bank is not a credible
mechanism for sludge mobilization at full scale, so efforts must be made to avoid sludge bank
lifting during small-scale Tests 4 through 8 (bank lifting is not applicable to Tests 1 through 3).
If bank lifting is observed, the test must be repeated using some means of improving the
adhesion between the sludge simukmt and the tank floor. Pieces of wire mesh glued to the tank
floor were found to improve the sludge adhesion during previous mixer pump tests at this scale
(Shekarriz et al. 1997).

4.2.2 SmaI1-Scale Flygt Mixer

A small Flygt mixer driven by a 300-W electric “motorwill be used for these tests. This
mixer has a shrouded 7.8-cm propeller that can be driven at speeds within the range of 50 to
3000 rpm.

It is worth noting that the 7.8-cm-diameter propeller does not reflect geometric scaling of
the full-scale Tank 19 Flygt mixer, which has a 5l-cm propeller. A geometrically scaled mixer
would have a propeller diameter of only 0.9 cm. It is not practical to fabricate such a small
mixer for this test program. The lack of geometric similarity will complicate interpretation of the
small-scale test results, but the Phase B and C tests will be designed to address some of these
complicating factors.

For Tests 1 and 2 (zeolite suspension), the mixer speed will be adjusted until the just-
suspended criterion used by Gladki (1997) is met. Test 3 mixer speeds will be adjusted to those
found to meet the just-suspended criterion in Tests 1 and 2. Fluid velocity measurements will be
made throughout the tank floor for each of these velocities using hot-film anemometry.
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4.2.3 Slurry and Sludge Density Measurement

During Tests 4 through 8, the density of the mixed slurry will be periodically monitored
to determine the fraction of sludge sirnulant that has been mobilized and mixed with supemate.
An Anton-Paar DMA-200 hand-held density meter will be used to make these measurements.

Slurry density measurements are not likely to be an accurate indicator of the fraction of

solids mobilized for Tests 1 and 2 because the rapid settling velocities of the zeolite particles will
likely result in a vertical concentration gradient within the tank. Slurry samples will be
withdrawn from the kink during Tests 1 and 2 only at the conclusion of each measurement (with
the mixer still operating). The density of the slurxy sample will be determined using a 100-mL
calibrated density cup pycnometer. The DMA-200 is not appropriate for use with the zeolite
solids because the particles are too large. Large particles will plug the digital density meter.
This pycnometer will also be used to measure sludge sirnulant density.

4.2.4 SIurry Temperature Measurement

Slurry temperature will be periodically measured during the tests so that accurate values
for water density and viscosity can be used when analyzing the test data. Temperature data are
also needed to adjust the hot-film anemometer calibration if the probe is calibrated at a different
temperature than that of the water during Test 3.

4.2.5 Sludge Simulant Characterization

Tests 1 and 2 wiIl use the Flygt mixer to mobilize and mix a layer of settled zeolite
particles. The tank supernate will be water. The zeolite solids will be characterized at PNNL by

measuring the particle size distribution, the particle densities (wet and dry), and the settling
velocity distribution. Particle size distribution will be performed via sieve analysis. Particle
densities will be measured on the dry particulate using a helium pycnometer. Wet particle
densities will be measured by a water displacement method. The wet and dry particle densities
differ because the zeolite particIes are porous. The wet particle densities are most relevant to the
Flygt mixing tests. Settling velocity distribution will be measured by the time required for
particles to fall a known distance,

No simulant characterization is required for Test 3. The physical properties of water are
known functions of temperature. Published values for the water density and viscosity will be
used for aIl data anaIysis.

Characterization of the sludge sirnulant for Tests 4 through 8 will include measurement of
weight percent solids, vane shear strength, and yield stress. As in Tests 1 and 2, the supernate for
Tests 4 through 8 will be water. Sludge sirnukmt weight percent solids will be measured by the
observed weight loss from drying at 150”C (or higher) for at least 24 hours. Vane shear strength
will be measured”at PNNL using a Haake M5 Rotovisco viscometer with a shear vane
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attachment. Procedures for shear strength measurement are described in Powell et al. (1997b).

Dynamic yield stress will be quantified using a viscometer at Flygt.

4.2.6 Fluid Velocity Measurements

Fluid velocities at selected locations within the tank will be measured during Test 3 using
a Thenno-Systems, Inc. (TSI) model 1210-20W hot-film anemometer probe with a TSI model
1054B probe controller. The analog voltage output from the probe (roughly 10 to 24 V) will be
routed to a computer-based data acquisition system to record the data. The hot-film anemometer
will be calibrated at PNNL by inserting the anemometer into the middle of a pipe through which
a known water flow rate is passed.

4.3 Simulant Development

According toGoslen(1986), the Tank 19 solids are composed of roughly 50 m3 of
zeolite, 50 m3 of undissolved salt, and 25 m3of metal oxyhydroxide sludge. The Tank 19 zeolite
is predominantly Linde AW-500, which was used to remove cesium from process waste streams.
The zeolite was placed into Tank 19 as particles in the 0.3-to 0.85-mm size range (20 to 50
mesh). Some have speculated that years of exposure to caustic liquid may have caused the
zeolite to degrade, which may have resulted in a deerease in the zeolite particle size.(a) The
extent of this possible particle size decrease is not known and no reliable measurements of the

current Tank 19 zeolite particle size distribution are available.

Zeolite particles will be used for Tests 1 and 2 to simulate the zeolite particles inside
Tank 19. Test 1 will use particles of Linde AW-500 zeolite in the 0.3- to 0.85-mm size range.
This simukmt should be conservative with respect to particle size and settling velocity. Any in-
tank degradation that may have occurred will have decreased the particle size compared with that
used for Test 1. Test 2 will use smaller particles (roughly 0.15 to 0.3 mm) to provide a measure
of the effect of particle size on the required mixing intensity.

Suspension and mixing of zeolite particles are expected to represent one of the more
challenging aspects of Tank 19 heel mixing.(b) The other heel components, salt and metal oxy-
hydroxide sludge, are not expected to be as difiicult to mix. Salt crystals may dissolve during

fa)Fowler J.R and R.M. Wallace. December 2, 1980. CRC Zeolite in SRP Waste.
DPST-80-488, Mem&ndum to M.J. Plodinec.

@!Notethat in this test program the emphasis is on maintaining solids in the @st-
suspended condition rather than as a uniformly mixed slurry. The just-suspended condition is
needed to allow solids to be pumped from the tank, which is the goal of Tank 19 retrieval.
Uniformity of the mixed slurry is not an important aspect of the retrieval operation. As long as
the solids are in motion on the tank floor, they can be collected by the retrieval pump suction.
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mixing or they maybe small enough that they are relatively easy to maintain in suspension.(a)
Similarly, sludge particles are typically smaller than 0.1 mm and, compared with the zeolite, will
be less difficult to maintain in suspension. Therefore, it is reasonable to concentrate on the
zeolite particles when trying to estimate the mixing intensity needed for “Tank 19.

The presence or absence of solids that simulate the Tank 19 salt and metal oxyhydroxide
particles is not expected to have a significant effect on the mixing intensity required to maintain
the zeolite particles in suspension. If the salt and oxyhydroxide particles were included in the
simulan~ the effective density and viscosity of the mixed slurry would likely increase, but the
amount of increase is predicted to be small (i.e., less than about 10YO).Including components for
the oxyhydroxide and salt particles in Tests 1 and 2 would also complicate interpretation of the
data and reduce the visibility of the zeolite particles inside the tank.

The volume fractions of zeolite in water to be tested for Tests 1 and 2 were selected to
bound the range of zeolite thought to be present inside Tank 19. About 50 m3 of zeolite is
estimated to be in Tank 19. Assuming that this estimate refers to bulk volume and that zeolite
packs to a volume fraction of about 0.6, the volume fi-actionconcentration of zeolite in a fi.dly
mixed Tank 19 waste slurry is about 0.028. Tests 1 and 2 are to be conducted at zeolite volume
fractions of 0.015 and 0.06. A solids fraction of 0.06 is selected as a conservatively high upper
bound on the amount of zeolite in Tank 19. Testing at two concentrations quantifies the effect of
changing particle concentration on the required mixing intensity.

Tests 4 through 8 will use sludge simulants composed of a mixture of kaolin clay, water,
and in some cases, plaster of park. Similar mixtures have been used for scaled mixer pump
testing at PNNL, and the critical shear stresses required to mobilize these simukmts can be
estimated from previous testing. The shear strength and yield stress ranges selected for these
tests is based on previous measurements of SRS tank waste rheology.

4.4 Test Procedure

The procedures that vdl be used to conduct the small-scale Flyg-tmixer tests are
described in this section.

4.4.1 Test 1: Zeolite Suspension0.3 to 0.85 mm

With a single Flygt mixer positioned within the 0.46-m-diameter tanlG 548 g of Linde
AW-500 zeolite (20x50-mesh) will be spread evenIy on the tank floor. This quantity of zeolite

(a)~e sizermgeOftie saltparticles is not know so it c~ot be stated wifi ce~ty

that the salt particles will be easier to suspend than the zeolite. Further, the salt remaining in
Tank 19 likely includes low-volubility carbonate and sulfate salts, which may not dissolve to any
significant extent during Tank 19 waste heel mixing. .,
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will result in a 0.015 volume fi-actionof particles in the fidly mixed slurry. For added visibility,
some fi-actionof the zeolite particles maybe colored using clothing dye, if necessary. Water will
be added to the tank in sufficient quantity to make the liquid surface 18+ 0.5 cm above the tank
floor. If the zeolite solids are disturbed while adding water, efforts will be made to make the
zeolite layer smooth and uniform.

The Flygt mixer will then be activated and its speed slowly adjusted upward until all the
zeolite solids are observed to be in motion on the tank floor. The mixer speed must be increased
slowly to allow time for erosion of the settled solids. As the mixer thrust is slowly increased,
notes will be made on the extent of solids suspension vs. mixer thrust. The mixer thrust and
speed required to just mobilize all the solids, the location of the particles last to be suspended,
and the slurry temperature will be recorded in the log book.

Once all the solids are suspended, the mixer speed will be slowly decreased to determine
the mixer thrust and speed required to maintain the solids in the just-suspended condition used
previously by Gladki (1997). Once this criterion is met, the mixer thrust and speed as well as the
slun-y temperature will be recorded. The areas on the tank floor where the first particles are
observed to settle will also be mapped.

This procedure will be repeated when more liquid exists in the tank. Approximately
11,153 g of additional water will be added to the tank so that the liquid level reaches 25 & 0.5
cm. The measurements described above will then be repeated. Testing at different liquid levels
allows the effect of changing liquid level to be quantified.

Similar sets of two tests at different liquid levels will then be repeated using different
particle volume fractions. The simukmt compositions to be used for Test 1 are given in Table 4.1
below. Note that some water will need to be removed from the tank after Tests lB, lC, and lE.

Table 4.1. Test 1 Simukmt Compositions

Test No. 20x50 Zeolite Water Solids Volume Fraction Slurry Depth
(g) (g) (Wt%) (dimensionless) (cm)

1A 548 28,415 1.89 0.015 18.0

lB 548 39,568 1.37 0.0108 25.0

lC 762 39,465 1.89 0.015 25.0

lD 2194 27,625 7.36 0.060. 18.0

lE 2194 38,778 5.36 0.0432 25.0

lF 3048 38,369 7.36 0.060 25.0
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At the end of Tests 1A and ID (other tests as time permits), a suction hose will be positioned
near the tank floor to simulate the action of a retrieval pump. The ability of the suction hose to
remove solids from the tank while mixer operation continues (at the same speed as was needed to
maintain the solids in suspension) will be evaluated. Pumping slurry from the tank will continue
until liquid is no longer being withdrawn from the tank. The Flygt mixer will be turned off once
the liquid level fidls to a height corresponding to that of the propelIer centerline.”

4.4.2 Test 2: Zeolite Suspension 0.15 to 0.3 mm

Test 2 will follow the same procedure as Test 1 except smaller size zeolite particles will
be used for the test. This zeolite will be in the 0.15-to 0.3-mm size range. The quantities of
zeolite and water used for Test 2 are shown in Table 4.2.

Table 4.2. Test 2 Simukmt Compositions

TestNo, 5OX1OOZeolite Water Solids VolumeFraction SlurryDepth
(g) (g) (Wt%) (dimensionless) (cm)

2A ‘ 548 28,415 1.89 0.015 18.0

2B 548 39,568 1.37 0.0108 25.0

2C 762 39,465 1.89 0.015 25.0

2D 2194 27,625 7.36 0.060 18.0

2E 2194 38,778 5.36 0.0432 25.0

2F 3048 38,369 7.36 0.060 25.0

4.4.3 Test 3: Water Velocity Measurements

A hot-film anemometer will be used to measure the fluid velocities at specified positions
within the tank. Water will be placed into the tank to a depth of 18 cm. The Flygt mixer will
then be set to the speed found to mobilize all the solids in Test 1A. The anemometer probe will
be placed at each of the positions shown in Figure 4.2 (all measurements will be made 1 cm
above tank floor) and then slowly rotated until the velociiy reading is maximized. A 10-second

average velocity and peak velocity will then be recorded at this location using a computer-based

data acquisition system before moving to the next location. In addition to the points in Figure
4.2, velocity measurements will be made in the regions of the tank where the last solids to be
eroded and the fust solids to settle are noted [shown as (x, y) in Figure 4.2].

This same procedure is to be repeated for the mixer speed found to be necessary to
maintain solids in the just-suspended condition for Test 1A.
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Figure 4.2. Fluid Velocity Measurement Locations

Thus, a complete set of velocity measurements will be made for two mixer speed settings
for each of Test 1A lB, lC, lD, 2A 2B, 2C, and 2D. Where appropriate, the tank water level
will be made to be 25 cm prior to testing (i.e., tests lB, ID, 2B, and 2D). If time allows, similar
measurements will be made for the mixing conditions present in Tests 4 through 8.

4.4.4 Test 4: 50 Pa Yield Stress SIudge Mobilization

A 2-cm-thick layefi) of 50 Pa yield stress, 50 Pa shear strength sludge simulant will be
placed on the tank floor. Water will be added (slowly to avoid disturbing the sludge) until the

“JThe sludge layer thickness was selected to be 2 cm to reflect the approximate ratio of
Tank 19 heel volume to total waste volume (33:290 z 2:18). The minimum liquid level in the
46-cm tank is 18 cm to avoid vortexing of the mixer. A lower liquid level and sludge volume
would more accurately reflect the geometric scaling of Tank 19 waste volumes, but these
dimensions cannot be attained using Flygt’s 7.8-cm-diameter mixer in the 46-cm-diameter tank.
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liquid surface is 18 cm above the tank floor. The mixer speed will be gradually increased until
significant sludge mobilization is noted and then kept constant and the slurry density measured
every 5 minutes until no significant change is observed in the slurry density. The slurry will then
be removed from the tank to reveal any remaining sludge.

Some brief scoping tests may be usefil to establish reasonable ranges for mixer speed.
As a first estimate, the mixer thrust should be adjusted so that the average shear stress within the
tank is about equal to the predicted critical shear stress for the sludge. This condition is expected
to result in the mobilization of some, but not all, of the sludge.

Simulant preparation instructions are given in Section 5.0.

4.4.5 Test 5: 100 Pa Yield Stress Sludge Mobilization

This test yin be pefiormed using the same procedure given for Test 4 with the exception
that the 100 Pa yield stress, 100 Pa shear strength sludge simukmt will be used. All other aspects
of the test procedure are the same as those given in Section 4.4.4.

4.4,6 Test 6: 100 PaYieIdStress,800PaShearStrengthSludgeMobilization

This test will be pefiorrned using the same procedure given for Test 4 except the 100 Pa
yield stress, 800 Pa shear strength sludge simulant will be used. All other aspects of the test
procedure are the same as those given in Section 4.4.4 except this sludge sirnulant must be
prepared as described in Section 5.6.

4.4.7 Test 7: 150 Pa Yield Stress 2000 Pa Shear Strength Sludge Mobilization

This test will be performed using the same procedure given for Test 4 except the 150 Pa
yield stress, 2000 Pa shear strength sludge sirnulant will be used. All other aspects of the test
procedure are the same as those given in Section 4.4.4 except this sludge shmkmt must be
prepared as described in Section 5.6.

4.4.8 Test 8: 10 Pa Yield Stress Sludge Mobilization

This test will be performed using the same procedure given for Test 4 except the 10 Pa
yield stress, 10 Pa shear strength sludge simulant will be used. All other aspects of the test
procedure are the same as those given in Section 4.4.4.
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5.0 Test Instructions

The detailed instructions for each of the six smalI-scale FIygt mixer tests are given in this
section. Data sheets for the tests are also included (Section 5.9).

5.1 Test 1 Instructions

With a single 300-W mixer positioned near the tank wall and on the tank floor, add the
required quantities of water and 20x50-mesh IE95 zeolite (see Table 4.1, Test 1A for quantities).

Allow5 minutesforwatertopenetratetheporesofthezeoliteparticles,thensmooththesettled
zeolite layer to a uniform depth.

Activate the Flygt mixer and adjust the mixer speed to an initial speed of 1000 rpm. Wait
3 minutes or until the rate of solids erosion becomes small, then note in the data sheet the extent
of solids mobilization and where solids remain unsuspended. Also record the slurry temperature
and mixer thrust. Increase the mixer speed by up to 500 rpm. Every 2 minutes thereafter, note
the coverage of unmobilized solids on the tank floor, record the thrust and temperature, measure
the slurry density using the density flas~(a) and then raise the mixer speed by up to 500 rpm.
Continue this process until all solids are observed to be in motion@’)on the bottom of the tank.

Note in the data sheet the regions of the tank where the last cluster of settled particles
becomes suspended.. Record the mixer rpm, thrust, and slurry temperature and density.

Decrease the mixer speed in increments of 100 rpm or less until particles are observed to
begin depositing on the tank floor for more than one second. Record the locations in the tank
where this occurs along with the slurry temperature and density and the mixer speed and thrust.

Repeat the above steps using the liquid height and zeolite concentration variations given

in Table 4.1 (i.e., Tests lB, lC, ID, lE, and lF).

Repeat the entire test sequence (1A through lF) once to ensure the data can be reasonably
“replicated.

@)Withdrawslurry samples with the density cup located so that the slurry sample is taken
from a level corresponding to roughly one-half the liquid height. These samples are not expected
to be representative and will provide only a rough indication of the extent to which solids are
mixed with the supernate.

(b)lle just suspended criterion requires that no particles remain motionless on the tank
floor for more than 1 second.

A5.1



5.2 Test 2 Instructions

Test 2 k conducted according to the instructions given for Test 1 in Section 5.1 except
the 50x100-mesh IE95 zeolite is used according to the amounts given in Table 4.2.

5.3 Test 3 Instructions

Add approximately 28.68 kg of clean water (soft, if possible) to the 0.46-m tank.
Carefully clean the tank and mixer before adding the water to ensure the water remains clean

duringthetest. The surface of the hot-fiIm anemometer can become contaminated with solids,
which will change its calibration.

Position the mixer(s) the same way as in Test 1A and then turn on the mixer and adjust it
to the same speed as the speed resulting in particle resuspension in Test 1A. Allow at least 5
minutes of mixer operation at this condition to ensure the liquid circulation patterns become
well-established.

Position the hot-film anemometer probe at each of the locations shown in Figure 4.2. At
each location, slowly rotate the probe until the probe output voltage is maximized. Activate the
data acquisition system to record 10 seconds of velocity data (at 20 Hz). Record the average
probe voltage (displayed on the computer screen), water temperature, and probe orientation that
gives maximum fluid velocity. Perform this procedure for each of the locations given in Figure
4.2 and for all the areas noted in Test 1A where the last particles to be resuspended were located.

Adjust the mixer speed to that noted to result in incipient particle sedimentation in Test
1A. Repeat all the velocity measurements after allowing at least 5 minutes for flow
equilibration.

RepeatthesemeasurementsforeachofthetwomixerspeedsrecordedinTestsID, 2A,
and 2D. Add water to the tank so the liquid level is 25.0 cm and perform these measurements for
Tests lB, lC, lE, lF, 2B, 2C, 2E, and 2F. Also perform fluid velocity measurements for the
mixer settings required to bring about sludge mobilization in Tests 4 through 8.

5.4 Test 4 Instructions

Prepare a sludge simulant according to the composition given in Table 5.1. The simulant
is prepared by mixing the required amount of water with kaolin clay until a uniform slurry is
formed. Transfer this mixture into the 0.46-m-diameter tank and smooth it to an even stiace (if
required). The specified quantities of simukmt will yield a 2-cm-thick layer on the tank floor.

After adding the sludge, carefully add a layer of water (see Table 5.1 for quantity) to the
tank to serve as supemate. Add the water slowly to avoid disrupting the sludge layer. A small
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amount of vegetable-based dye can be added to the supernate to improve the visibility of the
sludge/slurry interface as viewed from under the tank.

With the Flygt mixer(s) oriented as in Test 1, activate the mixer and adjust it to 1000 rpm.
Every 5 minutes, observe and record the extent of sludge mobilization along with the slurry
density and temperature and the mixer speed and thrust. If the rate of sIudge mobikation is
judged to be slow (fi-omobserving the sludge/slurry interface and the rate of change in.slurry
density), then increase the mixer speed by up to 500 rpm and repeat the data collection process.
The goal is to determine the minimum mixer power, thrust, and rotation speed required to

mobilize all the sludge simukmt. If this point is reached, record the locations in he tank of the
last sludge to be mobilized. Velocity measurements maybe made at these points using the
procedure outlined in Test 3. If all the sludge is not mobilized by operating the mixer at up to
30 minutes at 2500 rpm, then carefully pump the slurry away to reveal the remaining sludge,
which will be sketched andlor photographed.

Table 5.1. Simukmt Composition for Test 4
i I I 1

Material Weight ?+o Mass Required (g)

Water for Sludge 56.5 2470

I Kaolin Clay I 43.5 I 1902 I
I Water for Supernate I NA I 25540 I

5.5 Test 5 Instructions

The test instructions for Test 5 are identical to those given for Test 4 in Section 5.4
except a different simulant is to be used. The simukmt composition for Test 5 is given in
Table 5.2.

Table 5.2. Simulant Composition for Test 5

Material Weight ?40 I Mass Required (g)
I I

Water for Sludge I 50.9 I 2337 I

Kaolin Clay I 49.1 I 2255 I

Water for Suuernate I NA I 25540 I

A5.3



5.6 Test 6 Instructions

The test instructions for Test 6 are identical to those given for Test 4 in Section 5.4
except a different simukmt is to be used. The simulant composition for Test 6 is given in
Table 5.3. This simulant must be prepared at least 6 hours before testing. To prepare this
simulant, mix the kaolin clay and water (for the sludge) to form a uniform slurry. Then add the

plaster of paris while mixing continues. Once a smooth slurry is evident, transfer the mixture
into the test tank and cover it to prevent moisture loss. This simukmt must then cure for at least 6
hours. Once the slurry is placed in the tank, it must not be disturbed because this will decrease
its cured strength.

Table 5.3. Simulant Composition for Test 6

Material Weight YO Mass Required (g)

Plaster of Paris 22.1 1039

Water for Sludge 50 2350

Kaolin Clay 27.8 1311

Water for Supemate NA 25540

5.7 Test 7 Instructions

The test instructions for Test 7 are identical to those given for Test 4 in Section 5.4
except a different simulant is to be used. The simulant composition for Test 6 is given in Table
5.4. This simukmt must be prepared at least 6 hours before testing. To prepare this simuhmt,
mix the kaolin clay and water (for the sludge) to forma uniform slurry. Then add the plaster of
paris while mixing continues. Once a smooth slurry is evident, transfer the mixture into the test
tank and cover it to prevent moisture loss. This simulant must then cure for at least 6 hours.
Once the slurry is placed in the tank it must not be disturbed because this will decrease its cured
strength.

Table 5.4. Simukmt Composition for Test 7

Material Weight % Mass Required (g)

Plaster of Paris 24 1173

Water for Sludge 46 2247

Kaolin Clay 30 1466

Water for Supemate NA 25540
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5.8 Test 8 Instructions

The test instructions for Test 8 are identical to those given for Test 4 in Section 5.4
except a different simukmt is to be used. The simulant composition for Test 8 is given in
TabIe 5.5. .

TabIe 5.5. Simuhmt Com~osition for Test 8.

Material Weight ‘Yo Mass Required (g)

Water for Sludge 68 2707

Kaolin Clay 32 1274

Water for Supernate NA 25540

5.9 Data Sheets

Thedatasheetstobeusedtocollectdataduringthesmall-scaletestingatFlygtaregiven
in the following pages. In addition to the data collected on the data sheets, a computer-based
data acquisition system will_be used to collect Test 3 data.
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5.9.1 Data Sheet for Tests 1 and 2

Test Nurnbe~

Test Setup:
Number of Mixers:

Date: Start Time:

Mixer(s) Location and Orientation:

Sirnulant Description:
Liquid Level (cm):

Volume Fraction Solids:
Particle Size Range:

Time Mixer Thrust Power Liquid Com.rnents
Speed (N) (w) Temp.
(rPm) ~c)

.
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5.9.2 Data Sheet for Test 3

Test Number: 3 Date: Start Time:

Mixer Settings to Match Test:

Number of Mixers:
Mixer(s) Location and Orientation
Mixer Speed Setting(s):
Mixer Power:

Simukmt Description:

WaterLevel(cm):

Data Acquisition System FiIename:

Probe IsProbe
Location Orientation

(degrees)

I

1

RMS Avg. Water Comments
Velocity Temp. (“C)

(cm/s)
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5.9.3 Data Sheet for Tests 4 through 8

Test Number: Date: Start Time:

Test Setup:
Number of Mixers:
Mixer(s) Location and Orientation:

Simulant Description:
Liquid Level (cm):
Simukmt Composition:

Measured Yield Stress:
Sludge Density:

Time Mixer Thrust Power Liquid slurry Comments
Speed (N) (w) Temp. Density
(rPm) (“c) (g/cm’)
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Appendix B
Mixer Thrust Data

Some of the mixer thrust data collected during the small-scale tests are known to have
been in error due to a problem with the experimental apparatus. A small adjustment screw was
observed to have vibrated into a position where it was biasing the thrust readings low. This
problem was noticed near the end of zeolite Test 2F on the first day of testing (3/16/98). It was
also noted that the load cell was not always in alignment with the lever arm connected to the
mixer support. This misaligrnent would also tend to bias the thrust measurements low. Finally,

the swirling flow pattern that resulted when two mixers were used was noted to cause a marked
reduction in the thrust measurement because of the fluid impinging on the back side of the mixer
SUppOrtshti.

Because it was uncertain which data from the first day of testing were valid and which
were not, it was decided not to use the thrust data from the first day of tests. Similarly, the data
gathered using two mixers were discarded because these data were known to have been biased
low. In the interest of preserving all the data gathered, the mixer thrust data from ail the tests are
given in this appendix. Figure B. 1 shows the data points used for the mixer thrust correlation
(squares) and the data points not used for the correlation (circles). All of the individual
measurements are given in Table B. 1. The right-hand column gives the percent error between
the mixer thrust correlation and each measurement. The table shows that agreement is generally
within 10% for the data that were kep~ and often, but not always, the agreement is worse than
10% for the discarded data.

0.015
I All Thrust Data 0/

0.012

0.000

4 0 dab used incom?lation

O data not used in correlation
/

o

0 500 1000 1500 2000 2500 3000

Mixer Speed (rpm)

Figure B.1. Mixer Thrust Data from Small-Scale Testing
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Table B.1. Mixer Thrust Data

Test
Mixer Measured F/p

No. of
Used for Percent Error

No.
Date Time Speed Thrust * 1000 Correlation

(m ($z)
Mixers ~m

From
m) (m4/s2) Correlation

1A 3/16/98 10:11 AM 2400 870 8.46 1 N -22.3

1A 3/1 7/98 9:37 AM 1200 278.4 2.71 “1 Y -0.5

1A 3/1 7198 9:40 AM 1300 320 3.11

1A 3/1 7198 9:41 AM 1400 363.9 3.54

1A 3/17/981 9:42AMI 1500 I 455.1 4.42 1 Y 4. . I
7A 3/17198 9:43AM 1554 459.3 4.47 1 Y -2.1
1A 3/1 7198 9:44 AM 1600 485.4 4.72 1 Y -2.4

1A 3/1 7198 9:45 AM 1651 497.4 4.84 1 Y -61-..

1A 3/17/98 9:46 AM 1700 524.8 5.10 1 Y -6.5

1A 3/1 7198 9:51 AM 1600 483.4 4.70 1 Y -2.8

1A 3/1 7198 9:52 AM 1707 532.6 5.18 1 Y -5.9

1A 3/1 7/98 9:52 AM 1800 577.1 5.61 1 Y -8.3

1A 3/1 7198 9:53 AM 1908 643.1 6.25 1 Y -9.1

1A 3/1 7198 9:54 AM 2007 686.9 6.68 1 Y -12.2

1A 3/1 7198 .9:55 AM 2052 730.1 7.10 1 Y -10.8

lB 3/1 6/98 10:28 AM 2235 961 9.37 1 N -0.7

IB 3/1 6/98 10:29 AM 2450 1410 13.75 1 N 21.3

IB 3/1 7/98 10:01 AM 1500 471.5 4.60 1 Y 8.2

lB 3/1 7198 10:02 AM 1600 525.3 5.12 1 Y 5.9

lB 3/1 7198 10:02 AM 1700 583.4 5.69 1 Y 4.2

IB 3/17/98 10:03 AM 1800 647.8 6.32 -1 Y 3.2

IB 3/1 7198 10:04 AM 1900 721.4 7.03 1 Y 3.2

lB 3/17/98 10:04 AM 2000 808 7.88 1 Y 4.3

IB 3/1 7198 10:06 AM 2150 906 8.83 1 Y 1.2

IB 3/1 7198 10:12 AM 1900 726.9 7.09 1 Y 3.9

IB 3/1 7198 IO:13AM 2000 794 7.74 1 Y 2.5

lB 3/1 7/98 10:14 AM 2100 883.5 8.62 1 Y 3.4

Ic 3/1 6198 11:05 AM 2230 712 6.92 1 N -26.3

Ic 3/1 6/98 11:23 AM 2000 477.5 4.64 1 N -W! 6
! ,

.-

Ic 3/1 6/98 10:25 AM 2180 695.7 6.76 1 1 —

Ic 3/1 7198 10:20 AM 1900 734.2 7.14 1 I Y I 4.

1 . . 1 ---- 1
IN I A-24.7

.. [

lC 3/17/98 10:21 AM 2000 805.2 7.83 1 Y 3.6

lC 3/1 7/98 10:22 AM 2110 869.3 8.45 1 Y 0.5

lC 3/17/98 10:25 AM 1900 735.5 7.15 1 Y 4.9

Ic 3/1 7198 10:26 AM 2000 810.6 7.88 1 Y 4.3

Ic 3/1 7198 10:27 AM 2126 898.3 8.73 1 Y 2.3

lD 3/1 6/98 11:52 AM 2170 584.7 5.52 1 N -37.9

ID 3/1 6/98 11:53 AM 2016 553.4 5.22 1 N -31.9

ID 3/1 6/98 11:58 AM 2000 570.6 5.39 1 N -28.7
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Table B.1. (contd)

I Mixer IMeasured I F / p I NT. AC I Used for lPercent Erro
Test
No.

Date Time Speed Thrust * 1000 ‘y:” “ Correlation
(m ) (~)

Mxers
From

m (m4/s2) Correlation

%--l-%%12:32 PM 1140 132.5 1.25 2 N -49.0

12:33 PM 1330 225.5 2.13 I 2 N -36.3

1D I 3/16/98 12:34 PM 1400 280.2 2.65 2 N -28.5

12:35 PM 1500 315.5 2.98 2 N -29.9

12:36 PM 1500 303.8 2.87 2 N -32.5%--l%%%
%--t-ma 12:37 PM 1500 310.5 2.93 2 N -31.0

1:54 PM 1400 279.9 2.67 2“ N -27.9+--l-%%1:55 PM I 1500 317.2 I 3.03 2 N -28.8

=+=

IE 3/16/98

IE 3/16/98

IE 3/16/98

1:57 PM! 1600 374.1 3.57 2 N -26.2

1:58 PMI 1650 406.4 3.88 2 N -24.6

2:02 PM 1500 320.3 3.06 2 N -28.1

2:04 PM 1650 422.6 4.03 2 ,N -21.6

2:16 PM 1530 331.2 3.13 2 N -29.3

*

IE 3/16/98

IF 3/16/98

IF 3/16/98 685.6 ] 6.47 I 2 I N ! -22,3-- —..

538.3 5.08 2 N -17.0

484.5 4.57 2 N -16.2

=

IF 3/16/98

IF 3/16/98

IF 3/16/98 2:22 PM I 1600 I 377.3 I 3.56 ! 2 N ! -26.3

2:23 PM 1700 460.6 4.35 2 N -20.3

10:34 AM 1000 198.5 1.87 1 Y -0.8

10:36 AM 1500 487.8 4.61 1 Y 8.4

IF I 3/’i 7/98

1F I 3/17/98

a=IF 3/1 7198

IF 3/17/98

2A 3/1 6/98

2A 3/16/98

2A 3/16/98

10:37 AM 2000 825.5 7.79 1 Y 3.2

10:38 AM 1800 683.3 6.45 1 Y 5.4

3:37 PM I 2350 I 774.4 I 7.53 I 1 I N I -27.8

3:45 PM 1400 354.6 3.45 1 N. -6.9

3:46 PM 1510 374.8 3.64 1 N -15.4

%-l%%%3:51 PMI 1600 I 424.1 ! 4.12 I 1 ! N I -14.7

4:01 PM 1400 301.8 2.94 1 N -20.5

4:02 PM 1500 401.7 3.92 1 N -7.8

4:03 PM 1700 495.4 4.83 1 N -11.5

.

%--l%%
*

562.5 5.49 1 N -10.4

404.7 3.95 1 N -7.1

456.4 4.45 1 N -8.0

561.4 5.47 1 N -10.5
447.5 4.35 1 N 2.4
479.9 4.67 1 N -3.5
519.6 5.05 1 N -7.5

*

2B 3/16/98

2B 3/16/98
2B 3116i98 4:08 PM 1800

412 PM 1500

4:13 PM 1600

4:14 PM 1700

4:19 PM 1500

%--l-%%

*

2C 3/16/98

2C 3/16/98

2C 3/16/98

445.7 4.33 I 1 N ! 2.0

4:20 PMI 1608 I 465.5 I 4.53 I 1 I N I -7.3
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Table B.1. (contd) .

I I 0

Test
No.

Date Time

J
2C I 3/16/98t 4:21 PM

2C 3/16/98 4:22 PM

2D 3/16/98 4:52 PM

2D 3/16/98 4:53 PM

2D 3/1 6198 4:54 PM

I 2D i 3/16/981 4:56 PM

I 2D I 3/16/981 4:57 PM

m
m

2F 3/1 6/98 5:30 PM

2F 3/16/98 5:31 PM

2F 3/1 6/98 5:32 PM

2F 3/16/98 5:36 PM

2F 3/1 6198 5:37 PM

2F I 3/16/98 5:38 PM

2F 3/1 6198 5:39 PM

2F 3/16/98 5:42 PM

2F 3/1 6/98 5:43 PM

2F 3/16/98 5:44 PM

2F 3/16/98 5:45 PM

3A 3/16/98 6:43 PM

3A 3/16/98 6:44 PM
3A 3/16/98 6:45 PM

3A 3/1 6/98 6:46 PM

3A 31~6/98 6:47 PM

3A 3/16/98 6:48 PM

3A 3/1 7198 9:15AM

3A 3/17/98 9:17 AM

3A 3117198 9:18AM

Mixer IMeasured I F / p I ~, ~ I Used for lPercent ErroI. .
Speed Thrust * 1000 “!’” “ Correlation
(IU (Q)

From
m) (m4/s2) Correlation

1702 494.2 4.80 1 N -12.2
1750 515.8 5.01 1 N -13.3
1500 477.4 4.51 1 N 6.1
1700 626 5.91 1 N 8.3
1750 645.8 6.10 1 N 5.4

1500 489.4 4.62 1 N 8.7

1710 613.2 5.79 1 N 4.8 }
1750 636.9 6.01 1 N 3.9

1500 I 419.4 4.00 I 1 N -5.8

1708 I 494.1 I 4.71 I 1 I N I -14.4 I
1750 514.9 4.91 1 N -15.1

1809 538 5.13 1 N -16.9

1900 591.6 5.65 1 N -17.2
1942 606 5.78 ‘1 N -18.8
1500 419.1 4.00 1 N -5.9

1703 499.5 4.77 1 N -13.0

1900 584.4 5.58 1 N -18.2
1925 596.4 5.69 1 N -18.7
1700 503.4 4.75 1 N -12.9
1900 583.3 5.51 1 N -19.2
2000 627.6 5.93 1 N -21.6
1500 424.3 4.01 1 N -5.7
1700 I 495 4.67 1 I N -14.4 I
2000 I 623.2 I 5.88 I 1 I N -22.1
2000 931.2 8.79 1 N 16.4

2000 922.9 8.71 1 N 15.3

2000 924.6 8.73 1 N 15.5

1500 535.2 5.05 1 N 18.9

1000 274.7 2.59 1 N 37.3

1000 154.6 1.52 1 N -19.7

1507 450.4 4.42 1 N 3.0
1800 644 6.32 1 N 3.2

1000 176.4 1.73 1 N -8.4

1500 452.7 4.44 1 N 4.5

2000 832.9 8.17 1 N 8.1

1000 171.1 1.68 1 Y -11.1

1500 401.6 3.94 ~ ‘f -7.3

1800 577.5 5.66 1 Y -7.4
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Table B.1. (contd)

Test
No.

Date

3A I 3/17/9~

-al-2!@
M
+-l-%%
+=

3B 3/17198

3B 3/1719e

3B 3/17/98

=+=

3C 3/17/98

3C 3/17/98

3C 3117/98

+=

3C 3/17/98

3E 3/17/98
3E 3/1 7/98

%-t%%

-a%%
a=3F 3/17/98

3F 3/17/98

3G 3/17/98

3G 3/17198

%-t%%

+-l%%
31Az!u!s3H 3/17/98

3H 3/17/98

3H 3/17/98

31 3/17/98

-+-l-+%

I
Mixer Measured F/p

No. Of
“Used for Percent Error

Time Speed Thrust * 1000

(Iv (E)
Mixers

Correlation From
m) (m4/s2) Correlation

11:40AM 1000 201.1 1.97 1 Y 4.4

11:40 AM 1250 323.1 3.-I7 1 Y 7.3

11:40 AM 1500 470.4 4.61 1 Y 8.5

11:40 AM 1750 615.9 6.04 1 Y 4.4

11:40 AM 2000 767 7.52 1 Y -0.5

1:30 PM 1000 207.2 2.03 1 Y 7.6

1:30 PM 1250 315 3.09 1 Y 4.7

1:30 PM 1500 461.3 4.52 1 Y 6.5

1:30 PM 1750 614.8 6.03 1 Y 4.2

2:16 PM 1000 168.7 1.66 1 Y -12.4

2:16 PM 1250 288.3 2.83 1 Y -4.2

2:16 PM 1500 417.4 4.10 1 Y -3.6

2:16 PMI 1750 I 634.1 I 6.22 I 1 ! Y ] 7.5

3:13 PM 1000 198 1.94 1 Y 2.8
3:13 PM 1250 316.8 3.11 1 Y 5.3

3:13 PM 1500 456.1 4.47 1 Y 5.3

3:13 PM 1750 619.4 6.08 1 Y 5.1

3:39 PM] 1000 I 213.1 2.09 I 1 I Y 10.7

3:39 PM! 1250 I 318.9 I 3.13 I 1 I Y I 6.0

3:39 PM 1500 470.1 4.61 1 Y 8.5

3:39 PM 1750 634.6 6.23 1 Y 7.6

3:59 PM 1000 204.3 2.00 1 Y 6.1

3:59 PM 1250 308.3 3.03 1 Y 2.5

3:59 PM 1500 430 4.22 I 1 Y -0.7

3:59 PM 1750 581.7 I 5.71 1 Y -1.3

3:59 PM 2000 749.9 7.36 1 Y -2.6

4:22 PM 1000 207.2 2.03 1 Y 7.6

422 PM 1250 309.6 3.04 1 Y 2.9

4:22 PM ‘ 1500 453.9 4.45 1 Y 4.8

4:22 PM 1750 602.6 5.91 1 Y 2.2

4:22 PM 2000 761.4 7.47 1 Y -1.1

4:41 PM 1000 207.9 2.04 1 Y 8.0

4:41 PM 1250 315.6 3.10 1 Y 4.9

4:41 PM 1500 448.3 4.40 1 Y 3.5

4:41 PM 1750 603.7 5.92 1 Y 2.4

4:41 PM 2000 742.4 7.29 1 ‘f -3.6

5:00 PM 1000 215.1 2.11 1 Y 11.8

5:00 PM 1250 323.3 3.17 1 Y 7.5
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Table B.1. (contd)

Test
Mixer Measured F/p Used for Percent ErroI

No.
Date Time Speed Thrust * 1000 ;!’: Correlation From

(X-Pm) (~) (m4/s2) (Y/N) Correlation
3J 3117198 5:00 PM 1500 453.7 4.45 I Y 4.8

3J 3/1 7198 5:00 PM 1750 603.1 5.92 1 Y 2.3

3J 3/1 7198 5:00 PM 2000 725.7 7.12 1 Y -5.7

3K 3/1 7/98 5:20 PM 1000 210.6 2.07 1 Y 9.4

3K 3/1 7198 5:20 PM 1250 311.8 3.06 1 Y 3.7

3K 3/1 7/98 5:20 PM 1500 431.4 4.23 1 Y -0.4

3K 3/1 7198 5:20 PM 2000 839.2 8.24 1 Y 9.0

4A 3/1 7/98 6:5fl PM 514 55.6 0.54 1 Y 7.9

4A 3/17/98 6:53 PM 750 102.9 0.99 1 Y -6.9

4A 3/17/98 6:59 PM 1007 216.5 2.06 1 Y 7.8
4A 3/1 7198 7:05 PM 1250 329.1 3.13 1 Y 5.9

4A 3/1 7198 7:08 PM 1500 472.8 4.49 1 Y 5.5

4A 3117/98 7:14 PM 1600 534.7 5.07 1 Y 4.8

4A 3/17/98 7:19 PM 1700 607.8 5.76 1 Y 5.5

4A 3/1 7198 7:30 PM 1800 666.9 6.32 1 Y 3.3

4A 3/1 7/98 7:34 PM 1900 753.8 7.14 1 Y 4.8

4A 3LI 7/98 7:44 PM 2025 840 7.95 1 Y 2.7

5A 3/18198 4:01 PM 800 136.8 1.34 2 N 10.6

5A 3118/98 4:04 PM 1000 166.3 1.60 2 N -15.4

5A 3/1 8198 4:09 PM 1250 238.7 2.25 2 N -23.8

5B 3/1 8198 6:10 PM 1000 176 1.72 1 Y -9.1

5B 3/1 8198 6:30 PM 1250 252.6 2.38 1 Y -19.2

6 3/1 8198 9:28 AM 1000 170.5 1.67 1 Y -11.5

6 3/1 8198 9:30 AM 1500 404.8 3.97 4 Y -6.6

6 3/1 8198 9:32 AM 1750 552.1 5.41 1 Y -6.5

6 3/1 8198 9:37 AM 2000 737.3 7.22 1 Y -4.5

6 I 3118198 9:50 AM 2250 840.6 8.16 1 Y -14.6

6 3/1 8198 9:55 AM 2500 1105 10.68 1 Y -9.5,
6 3/1 8198 10:32 AM 1500 382.2 3.68 2 N -13.3

6 3/1 8198 10:41 AM 1750 475.5 4.57 2 N -21.0

6 3/1 8/98 10:45 AM 2000 443.7 4.25 2 N -43.7

6 3/18/98 10:57 AM 2100 331.3 3.16 2 N -62.1

6 3/18198 II:14AM 2300 289.1 2.74 2 N -72.6

7 3/1 9198 8:42 AM 1000 172.2 1.69 2 N -10.6

7 3/1 9198 8:47 AM 1500 312.4 3.06 2 N -27.9

7 3/1 9/98 8:52 AM 2000 337.3 3.31 2 N -56.3

7 3/1 9/98 9:00 AM 2250 389.7 3.82 2 N -60.1

7 3/1 9198 9:06 AM 2700 297 2.88 2 N -79.1
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Table B.1. (contd)

Mixer Measured F/p Used for Percent Error
Test

Date Time Speed Thrust * 1000 ;’:: Correlation From
No.

(I-um) (Q) (m4/s2) Correlation

8 3/18/98 5:02 PM 500 77.4 0.75 1 Y 59.5

8 3/18198 5:10 PM 750 93.8 0.91 1 Y -14.3

3/1 8198 5:12 PM 1000 165.6 1.59 1 Y -15.8

8 3/1 8198 5:22 PM 1250 280 2.68 1 Y -9.2

8 3/1 8198 5:28 PM 1500 “414.7 3:96 1 Y -6.7

8 3/1 8198 5:30 PM 1700 535.3 5.fi2 1 Y -6.2
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Appendix C
Sludge Mobilization Test Results

This appendix contains copies of the Excel spreadsheets used to generate the Table 4.4
and Figures 4.23 and 4.24 in Section 4.4 of this report. Refer to Section 4.4 for an explanation of
these calculations.
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