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Summary

In support of tank waste safety programs, visualization tests were performed in the 1/12-scale !

tank facility, using a low-viscosity simulant. The primary objective of the tests was to obtain video
records of the transient jet-sludge interaction. The intent is that these videos will provide useful

qualitative data for comparison with model predictions.

Two tests were initially planned: mixing interface visualization (MIV) and buoyant particle
release (BPR). Completion of the buoyant particle release test was set aside in order to complete
additional MIV tests.

Rheological measurements were made on simulant samples before testing, and the simulant was
found to exhibit thixotropic behavior. Shear vane measurements were also made on an in-situ analog
of the 1/12-scale tank simulant. Simulant shear strength has been observed to be time dependent.

The primary objective of obtaining video records of jet-sludge interactioo was satisfied, and the
records yielded jet location information which may be of use in completing model comparisons. The
modeling effort is not part of this task, bat this report "alsodiscusses test specific instrumentation,
visualization techniques, and shear vane instrumentation which would enable improved characteriza-
tion of jet-sludge interaction and simulant characteristics.
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1.0 Introduction

Based on the analysis of data from tank 241-SY-101 and on physical modeling, it has been
concluded that gas accumulation in the sludge layer of the tank is a key mechanism of the gas burp
phenomena. The actual gas generation rate is evidently low. Therefore, if gas accumulation could be
eliminated by allowing the gas to escape continuously at the same rate as generated, the build-up of a
combustible mixture could be avoided. Mixer-pump action has been identified as a potential method
of eliminating gas accumulation.

Computational models have been developed to assist in the evaluation of mixer-pump operational
issues. It is useful to compare the predictions of these models with experimental observations. This
document describes two types of 1/12-scale tests that focused on providing such experimental observa-
tions. The tests are based in part on the experiments described in (Fort et al., 1993), and utilized the
same test facility and low-viscosity simulant described therein. Rheological measurements were made
on small quantities of the simulant before 1/12-scale testing was performed. Shear-strength
measurements were obtained on the day of the test from a shear vane placed in a separate tank.

Objectives of the scaled tests were to obtain a video record of 1) the location of the jet breaking
through the settled simulant sludge layer, and 2) the jet action as it penetrates a buoyant sludge.
Hereafter, these tests are referred to as the mixing interface visualization (MIV) test and the buoyant
particle release (BPR) test, respectively. To complete both tests using only one batch of simulant, the
MIV test was scheduled first, before the BPR test. A limited number of measurements were made

during the tests. Reiterating, the tests are transient and the primary results of testing are video
records (qualitative information).

After the first MIV test, the results were reviewed by cognizant modeling and experimental
staff. This preliminary assessment raised questions regarding jet progression within the sludge and
how the flow splits between the two nozzles. Because these questions could not be resolved at the
time, the modeling and experimental staff agreed that repeating the MIV test was preferable to com-
pleting the BPR test. Therefore, additional MIV tests were conducted and the 1/12-scale BPR test
was not conducted. Activities related to preparation for the BPR test are, however, included in this

report. Buoyant particle characteristics such as retention and stability were evaluated qualitatively in
bench scale tests, and a strategy to incorporate the selected particles into a larger scale tank was
proposed.

This introductory section outlines the background and purpose of these experiments, and the
approach to testing. Section 2 details the test objectives. Section 3 describes the test facility, and
Section 4 describes the associated test instrumentation. Section 5 reviews the experimental considera-

• tions regarding jet nozzle configuration and placement, and the estimating procedures for jet penetra-
tion length and time of flight. Section 6 covers the simulant formula and rheological properties.

Section 7 covers the BPR preparatory work, and presents some preliminary conclusions. Section 8
• presents the test procedures and describes and discusses the observations and measurements made

during MIV and shear strength tests. Section 9 details the major conclusions of this experimental
program, and Section 10 is a reference list.
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2.0 Test Objectives

The objectives of the two tests were re-creation of the test conditions that gave rise to the
observed mixing interface behavior described in (Fort et. al. 1993) and to obtain a video record of the

location of the jet breaking through the settled simulant sludge layer. Secondary objectives such as
quantitative measurements were accommodated to the extent possible. Given the project constraints,
shakedown tests to perfect video recording, instrumentation placement, or shear strength measure-
ments were not possible.

2.1 Mixing Interface Visualization (MIV)

During the course of 1/12-scale low-viscosity simulant testing for SY-101 jet mixing described
in (Fort et al. 1993), distinct visual observations were made of the vertical growth of the interface

between the settled sludge layer and the transparent supernatant layer. The dynamics of the interface
were noteworthy and attempts to make video records of the local and global effects of the mixing jet
were planned for eventual comparison with the TEMPEST (Trent and Eyler, 1991) code predictions
of tank behavior. The optical clarity of the supernatant liquid degraded over time which precluded
the completion of a video record. Therefore, the objective of the MIV task was to create similar test
conditions that resulted in the observed interface dynamics in a newly prepared batch of simulant,
such that a video record of the behavior could be completed.

2.2 Buoyant Particle Release (BPR)

It has been deduced that the sludge layer in tank SY-101 becomes buoyant over time due to
trapped gas. The interaction of a buoyant sludge with a mixing jet is also of interest from both phe-
nomenological and model comparison perspectives. Sludge layer mixing and suspension tests have
been performed with a non-buoyant sludge layer created by the settling of simulant particulate and are
described in (Fort et al. 1993). The primary objectives of the BPR test were to develop a repeatable,
controllable method by which the simulant sludge could be made buoyant, i.e. a representation of

trapped gas, and obtain a video record of the interaction between the mixing jet and the buoyant
sludge.

In order to create a buoyant sludge, efforts were focusedon identification of buoyant particles
that could be inserted and retained in the settled particulates (sludge) layer of the waste simulant.
Injection of a gas into the simulant sludge could be argued to be a more realistic representation of the
conditions in tank 241-SY-101. However, the physics of rising compressible bubbles are not cur-
rently included in the predictive model; therefore, inducing buoyancy by injection of a gas was not a
requirement for model comparisons.
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3.0 Facility Description

The 1/12-scale facility and instrumentation used in the tests are described in the following
section.

3.1 1/12-Scale Test Facility from Fort et al. (1993)

The experiments were performed in a 1/12-scale model of a double shell tank located in the
336 Building at the Hanford Site. The tank can be configured to represent component arrangements

_, in actual waste tanks by using models of internal components such as air-lift circulators, steam coils,
radiation dry wells, and other ta_k hardware. The present configuration neglects all internals except
for the mixer pump assembly. The tank, made of 304L stainless steel, is shown in Figure 3.1 with
the mixing pump installed.

Figure 3.1. 1/12-Scale Tank with Mixing Pump Model
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The 1/12-scale mixing pumps model the operation of the prototype tank mixing pump in tank
241-SY-101. An assembly drawing of the model mixing pump is presented in Figure 3.2. To simu-
late the operation of the prototype mixing pump, a circulation pump draws the slurry from the upper
portion of the tank and discharges it through the mixing pump model annulus out two diametrically
opposed nozzles. The suction location can duplicate the same vertical location as the prototype
mixing pump, put its horizontal position is slightly offset from centerline (approximately 2 in.). The
nozzles are removable to accommodate design variations. A cross-sectional drawing of the nozzles

used in the present tests is shown in Figure 3.3.

°

!1Adlu= " - . - .
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¢

Figure 3.2. Mixing Pump Model Configuration
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Figure 3.3. Nozzle Cross Sections

The test facility can accommodate six mixing pumps, each with two nozzles. The circulation
pump will deliver up to 25 gpm at 207 ft of head. The mixing height above the floor can be varied.
Also, the mixing pump can rotate or oscillate at speeds up to 8 rpm. The facility is equipped to

prepare waste simulants with components including makeup tank, holding tank, and circulation and
transfer pumps. These components are shown along with manifolding and facility flow controls in
Figure 3.4. The makeup tank is equipped with an agitator to mix the simulant prior to transfer to the
scaled waste tank. The makeup tank is instrumented with load cells to measure slurry ingredients, as

well as the mass of slurry transferred into and retrieved from the 1/12-scale tank. A centrifugal pump
with a capacity of 50 gpm at 50 ft of head is used to transfer slurries throughout the test facility.

3.2 Shear Vane Tank

A cubical (lm x lm x lm) clear tank (hereafter referred to as the shear vane tank) was moved
into the 336 Building and positioned as close as possible to the 1/12-scale tank. The shear vane tank
was placed on grade level (12 ft. above) and to the north of the 1/12-scale tank. This arrangementq,

enabled measurement of, essentially, in-situ shear strength of the settled simulant without risking
interaction between the mixing jet and the shear vane. The simulant was transferred between the

, 1/12-scale and the shear vane tanks as originally mixed and subsequently re-mixed between tests.
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Figure 3.5. Shear Vane Schematic

Shearstrengthof the materialwas computedfrom the torque measuredas the fins were rotated
through the sample material. A fundamentalassumptionin the computationof shearstrengthis that
the vane shearsa cylinder of the sludge, Figure 3.6. The measuredtorqueis the sum of the shear
across the exposed surfaces of the cylinder: i.e. the top, bottom, and sides. The general expression
for torqueover the surface area of a cylinder is:

T r_.as -2_ R2(H + 2R/3) [3.1]

where: Tmeas = measuredtorque
t = shearstrength
R = radiusof effective cylinder
H - height of effective cylinder

. For measurementsperformed in supportof the tests reportedhere, H = 2R; therefore,
Equation3.1 reduces to the following:

. T meas= (16/3)'rt R3 [3.2]
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Figure 3.6. Shear Vane Fin Geometry

Rearrangingto solve for the shear strength, t,

t = _.3_T. [3.3]
16_.i_n_"-"

The shear vane, as received, was understoodto be a completely functional unit. It was discovered,
however, that the reducing gear was stripped and that the procedure accompanying the shear vane was
in error. Once the failed component was replaced and the procedure corrected, the shear vane was
operational and utilized to perform the in-situ torque measurements.
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4.0 Instrumentation and Visualization Strategy

The objective of the MIV and BPR tests was to obtain video records of the jet-sludge interface
interaction. A related objective was to obtain limited semi-quantitative information from the video
records. Measurements such as jet velocity, while desirable, require disturbance of the sludge by the
placement of instrumentation probes in the sludge layer. The effect of probe installation disturbances

could not be readily accounted for; therefore, one half of the tank (north) was left undisturbed before
• jet injection. All disruptive instrumentation probes were placed in the other half (south) of the tank.

Division of the tank into pre-disturbed and undisturbed halves was implemented in the dual jet test.

4.1 Process Measurement

Total process flowrate supplied to the jet assembly was measured by a 1-in. Krohne electromag-
netic flowmeter in the process line. The flowmeter was calibrated in place between 0 and 25 gpm.
Two jet configurations were ultimately used in the tests discussed in this report: dual opposing jets
and a single jet. During single jet tests, the measured flowrate corresponded directly to the jet flow.
For the dual jet test, a direct measurement of the flow split between the nozzles was not possible
with the existing setup; so it was assumed that the flow split equally between the two nozzles.

There was no active heat input to the test loop and the entire test loop and tank were allowed to
equilibrate with the environment. Three grounded junction, sheathed, 1/16in., standard limits of error,
type J thermocouples were installed in the 1/12-scale facility. Two thermocouples were attached to
the inside wall of the south east quadrant of the tank. One thermocouple was located in-line with the
jet centerline, (nominally 3 in. from the bottom of the tank. A second thermocouple was attached
25 in. above from the first, or 28 in. from the bottom of the tank. The third thermocouple was
installed through a fitting just upstream of the downward transition piece of the pump discharge line.
Once the tank was filled with simulant, visual and physical access to the wall thermocouples was not
possible. The reported thermocouple locations represent nominal position information, and it is
possible that the thermocouple positions changed over the testing period.

Review of the video record for MIV #1 highlighted the need for additional bleed capacity in the
pump discharge line, to eliminate trapped air in the lines, which apparently resulted in undesirable
(non-jet) disruption of the sludge. The maximum temperature difference observed for MIV #1 (2°C)
was not significantly different than the error limits for the thermocouples in use. Therefore, the ther-
mocouple installed in the pump discharge line was replaced with a valve assembly, so that air could
be bled from the line before turning on the pump.
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4.2 Jet Velocity & Jet Progress

MIV and BPR tests were transient tests. Therefore, detailed steady-state jet velocity profiles
were not obtained. The following measurements were planned for the dual jet MIV tests. It was
postulated that the buoyant sludge created for the BPR test might be sufficiently unstable to preclude
measurements that required insertion of probes into the settled sludge. Only one dual jet test was
completed. The remaining tests were completed with a single jet and precluded use of the majority of
the following instruments.

4.2.1 Single Point Jet Velocity - Dual Jet Configuration Only

Use of the insertion type magnetic flowmeter was limited to dual jet tests. The transient
emphasis of the tests limited attempts at velocity measurement to the placement of the probe at a
predetermined location downstream of the jet exit. The probe was in position while the solids were
settling; hence the solids settled around the velocity probe. Placement of the probe was based on
expected jet behavior, with no assumption that the placement was optimal.

An attempt was made to monitor the progress of jet burrowing with flow switches buried in the
settled sludge at positions determined by expected jet behavior. The intent was to provide an indica-
tion (off/on) of the progress of the jet. The flow switch was a simple pendulum equipped with a LED
and a computer compatible signal. The impinging jet velocity would cause the pendulum to deflect,
the LED to illuminate, and the computer to register a signal change.

4.2.2 Visualization Strategy

The primary objective of the test was to obtain video records of the jet breaking through the
settled sludge. To enhance the definition of the jet-interface, particles (acrylic plastic beads) were
used to highlight the interface. A 4-in.-square grid was positioned over the north half of the tank to
assist in quantifying the location of jet breakthrough.

The first video records were set up with two overhead video cameras which yielded plan views
of the tank. One camera recorded events over the entire tank. The second was focused on the

undisturbed, gridded (north) half of the tank. Subsequent video records were made using three video
cameras, shown in Figure 4.1. Two cameras were placed as just described. The third camera was
directed at an angle, and focused on the pump barrel and sludge layer. This angled camera typically
provided the best view to estimate the time of jet-sludge interaction.

4.2





5.0 Jet Nozzle Configuration and Placement Review

Before testing started nozzle configuration and test conditions were reviewed to balance
operational constraints and computational needs. The same jet and flow conditions were to be used
for both the MIV and BPR tests. To create a test which could be modeled and computationally
resolved, the jet diameter was re-evaluated. Modeling constraints included: turbulent jet; ratio of jet
exit diameter to average jet exit velocity greater than 0.003 see; and an estimated jet penetration

, length of 20 in. downstream of the jet exit.

• 5.1 Jet Analysis Background

Constraints on the sizing of the jet include the following; pump capacity limitations and the need
for the jet at the exit to be turbulent (minimum Re of 30,000 using jet diameter, jet exit velocity, and
supernatant density and viscosity). The penetration length of the jet was estimated using a Froude
number analysis developed in (Abraham 1963). It was anticipated that the jet penetration length pre-
dicted by the Froude number analysis would exceed the actual penetration length. The fluid prop-
enies listed in Table 5.1 are based on previous work, and are not the results of the rheological
measurements performed in support of the MIV/BPR tests.

5.2 Estimate of Jet Penetration Length

The approach described by (Abraham 1963) is summarized below:

* Compute densimetric Froude number for the nozzle

* Assume a sludge depth above the centerline of the discharge nozzle, e.g., 10 in. Compute
the approximate non-dimensional height (y/d) which corresponds to the height of the sludge
layer above the centerline of the jet.

* Locate the non-dimensional height and estimated densimetric Froude number on Figure 3.2
of the reference, and read the estimated non-dimensional jet penetration and path length
(x/d) and (s/d), respectively (Figure 5.1 shows the nozzle axes directions).

* Convert the non-dimensional values to desired linear dimensions.

Estimates of jet penetration length are presented in Table 5.2.
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Table 5.1. Jet Diameter Analysis Parameters

Supernatant viscosity, v,u 1 cP
Supernatant density, r,u 1 g/cm3
Solids density, r s 2.65 g/cm3
Sludge volume fraction solids 44 %
Sludge density @ 44% solids, r,l 1.73 g/cm3
Sludge depth 16 jet diameters (minimum)
Maximum nozzle discharge 15 gpm/nozzle
Reynolds number > 30,000
Definitions:

Uo2 (Abraham 1963)Froude number Fr --
g d(rsl- rsu)

Reynolds number Re - u°drsu (Abraham 1963)
Vsu

Jet exit diameter, d

Jet exit velocity, uo

d
Jet diameter-exit velocity ratio C = --

U0

y/d s/d

•
Nozzle _._?_ _ "_

x/d

Figure 5.1 Nozzle Axes
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Table 5.2. Exit Nozzle PenetrationLength

Case A
Nozzle diameter ---0.5 in.; 10 inch sludge depth above jet centerline, y/d = 20

Nozzle Discharge ApproxDensimetric
_m ft/s .... Fr0_de Nember _ (s/_ Approx (x) in.

10 16.3 275 43 53 21.5

15 24.5 625 56 72 23

Case B
, Nozzle diameter = 0.5 in.; 15 inch sludge depth above jet centerline, y/d = 30

Nozzle Discharge ApproxDensimetric
ap_m ft/s .....Fr0ude Number _ _ Approx (x) in.

10 16.3 275 48 63 24

15 24.5 625 66 77 33

5.3 Estimate of Time of Flight for Jet Penetration
i

The time requiredfor jet breakthroughcan also be estimated from Abraham's work
(Abraham 1963).

For the densimetricFroudenumberand (s/d) range applicableto this problem, rough estimates
of the time of flight have been made. For a sludge depth of 15 in. an estimateof "averagevelocity"
is 0.2(%) where uo is 16 ft/s and25 ft/s (for 10 and 15 gpm respectively). The maximumtime of
flight estimates are 0.8s and0.6s for the l0 gpm and 15 gpm nozzle flow, respectively.

Jet diameter-exitvelocity ratio and Reynolds and Froude numberswere computed for a range of
nozzle diametersand flow rates using the preceding expressions. The jet penetrationlengths were
estimated using the approachdescribed by Abraham. The results were reviewed and discussed with
cognizant staff. It was agreed that the nozzle diameter for the MIV and BPR tests would be 0.5 in.
and that the nominal flow ratewould be 10 gpm/nozzle.

The pump discharge was located in the centerof the 1/12-scale tank. The jets were not rotated
duringthe tests. The jet centerlinewas located 3 IAin. off the floor of the 1/12-scale tank. The
targetdepth of the sludge layer was a minimumof 16jet diametersabove the jet exit centerline.

)
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6.0 Simulant

Two simulant formulae were available for possible use in the MIV andBPR tests. Detailed
discussion of simulant developmentis found in (Fort et al. 1993) andin CLiljegren1993). The
simulant constituents were water, sodiumchloride, simple sugar, and silica flour (solids). Varying
the amountof sugar in the formula yields simulantsof different viscosities. The low-viscosity simu-
lant was used in these tests because it provided a betterdefined interface and faster turn-aroundtime,

. due to fasterparticulatesettlingthan the high-viscosity simulant. Increasingthe solids weight in the
simulant formula was retained as an optionto achieve the desired minimum 16 nozzle diameter
(nominal 8 in.) sludge height above the nozzle centerline. The supernatantcomposition, Table 6.1,

, was not modified.

6.1 Rheological Measurements

Before the 1/12-scale testing began, the rheological properties of a bench-scale sample of the
simulantwere characterized. Density and viscosity measurementswere made at increasing dilutions
of supernatant in settled solids. Rheological testing provided the modelingstaff with a curve
describing the behavior of the simulant as a function of solids concentration, as shown in Figure 6.1
and Table 6.2.

The simulant used in rheological and scaled testing was, by weight: 63% water, 33% silica,
2% sugar, and 2% salt. The continuum liquid (supernatant) was, by weight: 94% water, 3% sugar,
and 3 % salt. Varying concentrations were created by mixing the same continuum mixture with the
solids. Therefore, the weight percentage of all the constituents changes with particle concentration.

All testing was done at 73 :t:2*F. All rheograrns were produced using a rotational viscometer.
For mixtures with a solids volume fraction bounded by 0.03 and 0.30, a capillary viscometer was
used and no rheograms were produced.

Table 6.1. Low-viscosity Simulant Nominal Composition

Component Wt% .F.u...nction

Minusil-30, silica 33% solids

Sugar 2% supernatant

Salt (NaCI) 2% supernatant

• Water 63% supernatant
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Figure 6.1. Simulant Relative Viscosity and Normalized Solids Concentration

The continuum (supernatant) liquid had a specific gravity of 1.03 and a viscosity of 1.2 cP. The
presence of organics growing in the liquid had no measurable effect on the viscosity. The continuum
liquid was tested over a strain rate of 0 to 300 sec"1. The maximum packing fraction achieved by
centrifugation was 0.59.

Mixtures with solids volume fractions greater than 0.3 were tested by ramping the strain rate
from 0 to 20 sec"] with a ramp time of 4 to 6 rain. The shorter the ramp time the greater the
observed hysteresis. As the ramp time was increased, the sample tended to dry out before completion
of the test. Therefore, samples were tested at optimum times which ranged from 4 to 6 min. Viscos-
ities were determined by applying a linear least squares fit to the data between strain rates of 5 and
20 sec"l. All of the samples exhibited Newtonian behavior over this small range. The higher concen-
tration mixtures also exhibited a significant, but unquantified, shear strength.
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Table 6.2. SimulantRelative Viscosity and Normalized Solids ConcentrationValues

Normalized solids
Concentrations Relative Viscosity log (RelativeViscosity)

c_Dc_mp U__ l°e(am_)

0 1 0

0.05 1.1 0.0414

" 0.13 1.4 0.145

0.22 1.8 0.255

• 0.33 2.6 0.415

0.45 5.8 0.763

0.58 216 2.33

0.76 587 2.77

0.89 957 2.98

c_mp - Maximum packing fraction (void fraction) of solids; centrifuged0.59
ctp - Solids volume fraction
_c - Continuumviscosity (supernatantliquid); 1.2 cP
ixm - Mixtureviscosity
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7.0 Buoyant Sludge Development

The primary objectives of the BPR test were to 1) develop a repeatable, corAtrollable method by
which the simulant sludge could be made buoyant, i.e. a representation of trapped gas, and 2) obtain
a video record of the mixing jet-buoyant sludge interaction.

To create a buoyant sludge, efforts focused on identification of buoyant particles that could be
. inserted and retained in the settled particulate (sludge) layer of the waste simulant. Injection of a gas

into the simulant sludge could be a more realistic representation of the conditions in SY-101. The
physics of rising compressible bubbles are not, however, currently included in the predictive model.

• Therefore, inducing buoyancy by injection of a gas was not a requirement for model prediction and
comparison with observations. Unlike the MIV test, development of the strategy to create a buoyant
sludge required bench scale work. Characteristics such as retention and stability were evaluated in
bench scale tests. A strategy for incorporating the selected particles into a larger scale tank was also
developed. The BPR test was not completed in the 1/12-scale facility because of the decision to
repeat the MIV test with a single jet.

7.1 Buoyant Sludge Development

A characteristic which the buoyant sludge did not need to satisfy was the behavior of a com-
pressible fluid during release. Specifically, the material added to create the buoyancy was not
required to expanded on rising. Based on actual gas release volumes in the nominal range of 6,000 to
12,000 f-t3 and an estimated sludge volume of 61,000 fi3, the volumetric percent of gas (voids) in the
tank SY-101 sludge ranges from 10% to 20%. The intent of the BPR was to provide a known initial
condition against which model predictions could be compared. It was not the intent to duplicate the
conditions or behavior in tank SY-101. It was, however, desirable to retain a relationship to tank
SY-101 characteristics. Therefore, for development purposes, the target value range was selected as
10 to 20% voids (percent volume basis). Table 7. I lists the number of various sized spheres required
to create a nominal 20% void fraction in 29,452 in3 of 1/12-scale simulant sludge (sludge cylinder
75 in. in diameter by 13.5 in. high).

The quantity of spheres required is not trivial. Given the schedule and resource constraints, it
was preferred to identify and use material which could be readily obtaine.d in relatively large
quantities.

Initial material reviews focused on plastics having a specific gravity close to 1 or slightly less,
i.e., at a minimum neutrally buoyant in water. Spheres of candidate plastic materials sank in water

• and would not provide the needed buoyancy, and were set aside as candidates. The most positive
results in a sample of simulant were obtained using common fishing line floats, ping pong balls, and
hollow plastic golf balls. It was demonstrated that the floats and rigid hollow balls (ping pong and

• plastic golf balls) could be inserted into and retained by the simulant sludge. Based on the availability
and the preference to handle as few particles as possible, the rigid hollow balls were selected as the
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Table 7.1. Numberof Spheres to Create 20% Void Fraction (29,452 in3 of sludge)

SphereRadius SphereVolume Numberfor
in, in,3 ....... 20% Void

0.25 0.065 453,108

0.5 0.524 56,206

1 4.189 7,031

2 33.5 879
i

buoyantparticles. A mix of coloredping pong and white plastic golf balls were to be used to create
the buoyant sludge. A maximumof 19%void fractionwas achieved using rigid hollow spheres in a
sample of sludge.

Low-viscosity simulantwas preparedfor the shear-vanetank in an effort to repeatthe relatively
high void percent as well as to refine the insertionprocedure, before committing to a 1/12-scale test.
This final development test could not be completed before the startof 1/12-scale testing because the
sludge layer did not develop enough strength to retain a golf ball in the time available.

7.2 Suggested Buoyant Sludge Procedure

The following is the proposed, though untested, strategyto create a buoyantsludge in the
1/12-scale facility. After completion of a MIV test, the contentsof the tank are to be completely
remixed and allowed to resettle. Periodically, the retentioncapabilityof the sludge will be checked
by simply pushinga few golf balls into the sludge and observing whether the balls are retainedor
released. Once the balls are retainedfor at least 24 hours, efforts will be madeto incorporatethe
balls into the entire 1/12-scale sludge layer. Briefly, the steps are conceptualizedas follows:

1. Remove the supernatantfrom the 1/12-scale tank; very little residual should remain.

2. In one quarterof the tank, place a pro-ratedportionof the estimatednumberof balls on the
surface of the sludge. Using a large shovel, turn the sludgeover, thereby incorporatingthe balls
into the sludge. It is preferredthat the balls be uniformlydistributedthroughoutthe sludge.
Add and turn over additionalballs until the desired numberhave been incorporated into the tank
section. Move on to the next tank section andrepeat the incorporationsteps. Remove and
count the balls that were not incorporatedinto the sludge. Determine the numberof balls
successfully addedto the sludge layer.

Q

3. Place a thick and oversized plastic sheet over the top of the sludge layer. The sheet should have
tails sufficiently long to enable lifting of the plastic sheet out of the tank. Slowly and carefully,
begin to return the supernatant to the 1/12-scaletank. Once enough supernatanthas been
returned to the tank so that completion of the transfer will not disturbthe sludge, the plastic
sheet can be removed. Continuethe transferof the supernatantback to the 1/12-scale tank.
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4. On completion of the transfer, remove the plastic sheet if it was not removed earlier. Remove
and count the balls thathave floatedto the surface. Allow a minimumof 12 hoursof additional
settling before running the BPR test.

5. Remove andcount any of the balls that are released before the completionof the BPR test.

7.3



8.0 Test Descriptions and Results

Ultimately, three tests (video records) and one observation were completed under this test
program and are individually described in the following section. A single batch of simulant was used
to complete the tests. As stated previously, the buoyant particle release (BPR) test was not attempted
at 1/12-scale. The 1/12-scale BPR test was set aside after review of the video record from the first

MIV test by the modeling and experimental staff. To respond to concerns regarding jet discharge
. symmetry and questions relative to the jet progression within the sludge, the MIV test was repeated.

Results of the video record review and shear strength measurements are included in the following
discussions. Table 8.1 lists the chronology of simulant preparation and testing in the 1/12-scale

. facility.

8.1 General Test Outline

Each test discussed in the following subsections shared a common set of general preparatory
steps. The simulant for each test was thoroughly mixed on a Friday, with the test performed on the
following Wednesday. Simulant settling time was nominally equal for each of the tests. The lines of
the loop were left as full as possible to minimize the amount of air in the loop lines.

Supernatant clarity and the control of organic growth were of concern between initial mixing and
completion of the test runs. Chlorine levels in the 1/12-scale and shear-vane tanks were monitored
and adjusted using standard swimming pool techniques. Eventually, a common pool algicide was
added in an effort to control the organic bloom. Once initial settling was complete, a swimming pool
filter was activated in an effort to achieve and maintain supernatant clarity in the 1/12-scale tank.
The filter was equipped with a fabric diffuser bag installed on the discharge to prevent the discharge
jet from disturbing the sludge layer. A small pump-cartridge filter assembly was utilized for active
filtration of the shear-vane tank. Every effort was made to treat and handle the simulant in the

Table 8.1. Chronology of 1/12-Scale Testing

Date Event

April 9, 1993 Simulant Preparation

April 13, 1993 Supernatant Replacement

April 14, 1993 MIV #1, dual jet

April 16, 1993 Simulant Remix

April 23, 1993 Simulant Remix, nozzle replacement

• April 28, 1993 MIV #2, single jet

April 30, 1993 MIV #3 Observation, single jet
Simulant Remix

May 5, 1993 MIV #4, single jet
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1/12-scale and shear-vane tanks equally. As appropriate, other preparatory work, such as data
acquisition system modifications was completed before test day.

On the morning of the test, the filter was shut down and the diffuser bag was gently removed
from the tank. The location grid was installed and the interface was seeded, by hand, with interface
particles that had been placed in a bucket of supernatant the previous night. At the same time, the
cameras were set up and the monitor images were assessed. The test phase commenced with the start
of the data acquisition log and energization of loop equipment. Time zero of the test was assigned to
the time at which the pump was started. The tests were terminated based on loop status or time. In
all video record cases (MIV #1, #2, and #4), the intent of observing the initial phase of jet-sludge
interaction was satisfied. Shear strength measurements were made in the shear-vane tank on the same
day, generally after completion of the 1/12-scale test. Shear-vane measurements are presented and
discussed in Section 8.6.

8.2 Mixing Interface Visualization (MIV) Test #1

The low-viscosity simulant was originally mixed on April 9, 1993. It was necessary to decant
and replace the supernatant on Tuesday, April 13 because of an organic bloom. Organic growth
within a period of 7 to 14 days has been observed before and resulted in the original plan to complete
the tests back to back over a two week period. Recognizing the potential of organic growth, the _-
1/12-scale facility was filled and lines circulated with chlorinated water. The loop was left filled with
the chlorinated water for 2 days. Before simulant mixing, the chlorinated water was flushed out of

the loop. The occurrence of an organic bloom within a few days of simulant mixing had never been
observed before. Subsequent to replacement of the supernatant, the chlorine level of the supernatant
in the 1/12-scale and shear-vane tanks was monitored and adjusted, using standard swimming pool
techniques in an effort to minimize organic growth. Active filtration was employed to clarify the
supernatant before testing. This consisted of a swimming pool filter equipped with a discharge
diffuser bag in the 1/12-scale tank, and a small pump-cartridge filter for the shear-vane tank.

MIV #1 was a dual jet test and therefore the insertion electromagnetic flow meter and flow-
switches were installed as described in Section 5.1. All inserted probes, including the two tank wall
thermocouples were placed in the south half of the tank. The north half of the tank was left
undisturbed. Nominal locations of the insertion electromagnetic flowmeter (EMF) and flowswitches
are listed in Table 8.2 and shown in Figure 8.1. The thermocouples were installed before simulant
preparation and the EMF was inserted just after simulant preparation. Flowswitches were installed
approximately twelve hours before testing.

MIV #1 was completed on Wednesday, April 14, with a two-video-camera set-up. One camera
provided a plan view of the entire tank. The second camera provided a plan view of the north half of
the tank. The clarity of the supernatant was good. Conditions of the test are summarized in
Table 8.3.

Eight seconds after the pump was started, bubbles (air from discharge line) were visible on the

south side of the tank. Bubbles carry up fines from the interface, and lead to quick obscuration of the
supernatant. Relatively few bubbles were expelled in this case, and the interface remained fairly clear
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Table 8.2. Nominal Location of Instrumentation Probes for MIV #1

Instrument Locotion ....

Insertion electromagnetic flowmeter 141/2 in. from jet exit
3 1/4 in. above tank floor

Flowswitches #1 & #2 18 1/4 in. from jet exit
4 1/2 in. to east from jet centerline

• 3 1/16 in. above jet centerline

Flowswitch #3 271/4 in. from jet exit
6 s/8 in. to east from jet centerline

" 5 3/4 in. above jet centerline

Flowswitch #4 28 1/4 in. from jet exit
6 s/8 in. to west from jet centerline
5 3/4 in. above jet centerline

TankCenter

, -f-+

l i_'I Ele_tto_

16 I/ 4

20 in. Tank Bottom 0 in./

30 In. I[ _ 29 in. JetCenterline 3 I14In.

EM 3 114 in.

-- - EM F5#I 65116 In.
F5#2 6 5/16 In.

G @ F5#3 9in.
F5_2 FS#I F5#4 9 In.

,4 1/2in. EM -Electromagneticflowmeter
TYP FS"- Flowswltch

" @ I @ '
FSz3FS_4 | 1

6 5/8 in.
I ' TYP

Figure 8.1. MIV #1 Instrumentation Locations, Plan View
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Table 8.3. Conditionsfor MIV #1

Jet Configuration dual

Total flow rate 20 gpm
Flow rate perjet 10 gpm

MaximumPressurebefore 42 psi
breakthrough(indication)

throughout the test. The run was terminated after approximatelyten minutes because interface tracer
panicles were captured in the pump suction line, and eventually blocked a narrow section of the
discharge line, The blockage was subsequently cleaned out and a strainer was placed over the pump
suction line to prevent blockage in future tests. The flowswitches did not trip during the test. Either
the flowswitch disks were not placed so that they were ',xposedto the jet; or the observed adhesion of
balls of sludge (2 to 3 in. in diameter) around the fiat isk of the flowswitch prevented its activation.

8.2.1 Measurement Results for MIV #1

Time history of the three monitored temperatures is presented in Figure 8.2. After pump opera-
tion began (at 0 minutes), the variation between all three temperatures was approximately 2"C. An

25

.......... Pump discharge

.................... CL jet, wall

" CL jet + 25"
(j

:3
i

t_ 20--
L- )

t_
E

:,_.. . .._..., .... _,,.._,I,.'_-e.,-'_"

15' i _ l

Elapsed Time,min

Figure 8.2. MIV #1 Temperature
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accepted value for the standard limit of error, type J thermocouples is 2°C. A difference of 2°C
between thermocouples is not necessarily indicative of a temperature difference. MIV #1 was there-
fore, essentially, isothermal.

The process flow measurement time history is presented in Figure 8.3. The total flow was
20 gpm (measured) which was assumed to yield 10 gpm/jet. Flow rate delivery was constant at a
nominal 20 gpm throughout the duration of MIV #1. The flow spike at approximately one minute
before test initiation has not been attributed to a specific action or event associated with this test.

" Uncovering of the insertion type electromagnetic flowmeter (EMF) by jet action can be seen in
Figure 8.4. Though the EMF signal has a tendency to be noisy, a definite increase in velocity is seen
at approximately 5 minutes into the test. The EMF signal continues to increase during the test to a
maximum of approximately 2.5 ft/sec, then drops in response to the pump shutoff at approximately
10 minutes.

Observations made the day after the test corroborate the test observation that the jet burrowed
farther on the south side of the tank than it did on the north side. Among the possible explanations
for that observation are 1) insertion of the instrumentation probes disrupted the structure of the settled
sludge layer and reduced the strength of the material in the south half of the tank; or 2) the flow out
of the jets was asymmetric, with more flow passing through the south jet than the north jet. Given
that the jet nozzles are identical, it is asserted that the distance discrepancy between the north and

25 I ......

Ik __ __
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o
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0 i i
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Figure 8.3. MIV #1 Process Flow
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Figure 8.4. MIV #1 Buried EMF Probe Response

south halves of the tank is attributable to the disruption of the sludge structure in the south half of the
tank. It was interesting to note the clear pattern of burrowing evident in Figure 8.5. The height of
the sludge ledge demarcating the edges of the jet disturbed area was approximately 2 to 3 in.

Estimates of the location of the jet at various elapsed times after pump initiation were obtained
by review of the videos and estimating distances as best as possible. Each observation was timed by
a stop clock whose zero was pump initiation. Summaries of the jet location and the interface
(distance from the air-supernatant surface to the supernatant-sludge surface) are presented in Tables
8.4 and 8.5.

The difference between the burrowing characteristics of the jet in the north and south sections
can be attributed to the weakening of the sludge structure by probe insertion and not to an unequal
flow split. Measuring the flow split could not be accomplished within the constraints of the test
program. Therefore, it was decided to conduct additional single jet MIV test(s) at the expense of
completing the BPR test. Use of a single jet precluded the continued use of the buried EMF and
flowswitches. To accomplish the single-jet test, a new pump end cap having the capability to act as a
single or double jet was fabricated, the pump discharge was removed, the new cap was installed, and
the pump model was re-installed in the tank. Cap replacement operations had to be accomplished
within an hour or so after remix of the simulant and had to be performed "blind", i.e., the position
of the re-installed discharge leg could not be measured directly. Every effort was made to ensure
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Table 8.5. Interface Location for MIV #1

Time Interface Distance

(sec) Bglow Surface (in)

0 20"

251 12" (estimated from written

log and video)

331 10"

397 8"

586 4 3/4"

618 pump off

694 4 t/2"

accurate re-installation of the discharge leg. To assist in maintaining the tank contents in suspension
while the nozzle was replaced, a flexible hose replaced the discharge leg and was moved manually
throughout the tank. To provide additional venting capability to the loop, the pump discharge
thermocouple was replaced by a valve assembly.

8.3 Mixing Interface Visualization (MIV) Test #2

A delay in the testing schedule, caused by having to fabricate a single nozzle jet, required that
the simulant be remixed on April 16 and April 23, 1993. MIV #2 was scheduled to be run on
April 28. On the morning of April 28, the video team was called off the MIV test to cover a higher
priority event. As an alternative to the professional video record, the experimental staff made a best
effort attempt to record the test. One camera provided a plan view of the north half of the tank. A
second camera was placed in-line with the jet exit on a platform just above the tank. The second
camera was placed at an angle and focused on the interface at the center of the tank. The clarity of
the supernatant was fair. The supernatant was green, but transparent. The organic bloom was evi-
dently not well controlled by standard swimming pool chlorination techniques. Conditions of the test
are summarized in Table 8.6.

Approximately 29 seconds after pump initiation, the first jet-interface interaction was observed
and recorded by the second video camera. As evident on the video record of the angled camera, gas
was released from the sludge. The gas bubbles carried up fines from the interface and quickly
clouded the supernatant so that tracking of the nominal jet position was not possible. Gas bubbles
tended to be released in swarms, as areas of the sludge were progressively disturbed. The test was
terminated after the interface was essentially at the top surface, nearly 29 minutes after pump
initiation.
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8.3.i Measurement Results for MIV #2

Time history of the two monitoredtemperaturesis presentedin Figure 8.6. The temperature
difference between the sludge and supernatanttemperatureswas approximately2°C. As was the case
for MIV #1, MIV #2 was essentially isothermal.

The process flow measurementtime history is presentedin Figure 8.7, The total flow was
1Ogpm (measured)which correspondedto 10 gpm/jet. Flow rate delivery was constantat a nominal
10 gpm throughoutthe durationof MIV #2.

Table 8.6. Conditionsfor MIV #2

Jet Configuration single

Total flow rate lO gpm

Flow rateper jet I0 gpm

Maximumpressurebefore 140 psi (indicationonly)
breakthrough

5 i i,_ ii ii

_- CL jet, wall

CL jet + 25'

• 10" i i i
Lt) 0 It) 0

Elapsed Time, rain

Figure 8.6. MIV #2 Temperature
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Estimates of the location of the jet at various elapsed time after pumpinitiation were obtained in
the same ma_er as for MIV #1. Summaries of the jet location and the interface (distance from the
air-supernatant surface to the supernatant-sludge surface) are presented in Tables 8.7 and 8.8.

I 5 i iii _ ---- _. IIIlllll I I I I __ III __

a. 10- L__ . ,,,.... -- --

0

2
_. 5"

0 ='' I " I | L I __

ElapsedTime,min

Figure8.7.MIV #2ProcessFlow

Table8.7.MIV #2Jet-ProgressionTable

_Time _ . Comment

0 see na Pump On

29.5see Angledviewoffirst
interfaceinteraction

34 see Gas bubbles on surface

39.6 see -9 t/2" Edge of fines on surface
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Table 8.8. InterfaceLocation for MIV #2

Time InterfaceDistance
Below Surface fin)

0 20"

151 20"

788 15"

987 14"

1042 8" N

1091 I0"SW

1122 10" SE

1164 at wall

1183 6- 7"

1388 4.5"

1420 4.5" SW

1717 3" S

1717 surface, centerline, N

8.4 Mixing Interface Visualization (MIV) Test #3

Unlike the other tests, MIV #3 is a single point observationof the location of the jet-interface
interactionafter the simulanthad settled for 40 hours. Conditionsof the test are summarized in
Table 8.9.

The observed initial breakthroughwas 121/2in. off center to the west at 30 seconds after pump
initiation. The nominal process flowrate, andhence the nozzle flowrate, was 15 gpm, as shown in
Figure 8.8. The delivered flowrate was stable throughoutthe durationof the test. The jet was
discoveredto be 30 degrees west of the original northdischarge position. The temperaturetime
history for MIV #3, Figure 8.9, shows a numberof unusualreadingsfor the thermocouple at the

Table 8.9. Conditionsfor MIV #3

Jet Configuration single

Total flow rate ~ 15 gpm

Flow rateperjet ~ 15 gpm

. Maximum Pressurebefore 130 psi (indication
breakthrough only)
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same height as the jet exit, located on the southeast wall of the tank. Given the thermal inertiaof the
tank, its contents, the essentially steady ambientenvironment,andthe lack of significantenergy input,
the fluctuationsappearspurious.

8.5 Mixing Interface Visualization (MIV) Test #4

The test initially scheduledto be runon April 28 with the video staff was rescheduled for
• May 5. The simulant was remixedon April 30. On May 5, a MIV test was runand recordedby the

professional video staff. Three cameras were used to recordthe test. As before, one camerapro-
vided a plan view of the entire tank. The second cameraprovided a plan view of the northhalf of the

• tank. The thirdcamera was placed in-line with the jet exit on a platform just above the tank. The
thirdcamerawas placed at an angle and focused on the interface at the center of the tank. The clarity
of the supernatantwas good. The supernatantwas light yellow-green, buttransparent. Conditions of
the test are summarized in Table 8.10.

Approximately3 seconds afterpump initiation,the first jet-interfaceinteractionwas observed,
and was recorded by the third video camera. A few gas bubbleswere released, but this did not
continue. Therefore, it was assumed that the observed gas was trappedair which had not been
released during the preparatoryventing. During the test set-up there had been a problemwith a
leaking fitting. A small amountof entrainedair evidentlywas not vented, and was expelled through
the discharge leg. The test was terminated after the interfacereached the top surface, nearly
31 minutes after pump initiation.

8.5.1 Measurement Results for MIV #4

Time history of the two monitoredtemperaturesis presented in Figure 8.10. The nominal
temperaturedifference between the sludge and supernatanttemperatureswas approximately2°C. The
observed fluctuationsin the temperatureat the jet centerline at the wall appear spurious, given the
thermal inertia of the tank, its contents, and the essentially steadyambient environment. The temper-
ature fluctuations of thermocouplearc fewer andlower in magnitudethan observed for MIV #3.

Table 8.10. Conditionsfor MIV #4

Jet Configuration single

Total flow rate -- 10 gpm

Flow rateper jet - 10 gpm

• Maximumpressurebefore
breakthrough 32 psi (indicationonly)
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Figure 8.10. MIV #4 Temperature

The process flow measurement time history is presented in Figure 8.11. The total flow was
nominally 10 gpm (measured), which corresponded to 10 gpm/jet. Flowrate delivery was, on
average, nominally 10 gpm. The reason for the fluctuations of the flowrate throughout the duration
of MIV #4 is under investigation.

Estimates of the location of the jet at various elapsed times after pump initiation were obtained
as previously described. Summaries of the jet location and the interface (distance from the air-
supernatant surface to the supernatant-sludge surface) are presented in Tables 8.11 and 8.12.

8.6 Shear Strength Measurements for Mixing Interface Visualization Tests

Results of the shear strength measurements taken in support of the MIV tests are reported in this
section. Because of the test schedule and repairs required for the shear-vane equipment, no prelimi-
nary testing of the system was performed. Due to difficulties associated with obtaining the data and
the small number of tests performed, these results should be viewed as indications of magnitude rather
than specific values. An uncertainty analysis was not performed for these results.
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Table8.11.MIV #4Jet-ProgressionTable

Time Locatipn...... Comment..........

0 s na Pump On
3.42s atpump barrel Angledviewoffirstinterface

interaction

31s 12-123/4''N
(55 s) 1 - 2" W
112 s 20-20 sis"N
(138 s) -2" W
196 s 24-24 _/32"N
(222 s) 0-1" W
313 s 28-28 2_/32"N
(317 s) 0"W

Note: The time listed in parentheses is time of subsequentobservation of
" interface/jet interaction at the same nominal location.
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Table8.12.InterfaceLocationforMIV #4

Time InterfaceDistance

(sec) BLel0wSurface (in)
0 20

119 16
167 16
331 12

431 jet at N wall
448 12
587 10

723 7 1/_. 8
751 8
761 8

842 7 '/2
863 6 _/2
881 6 '/2
978 5 '/2
999 5

1090 4-3 l/2
1118 4

1193 3I/2
1872 3/4

The simulant has shown thixotropic behavior when tested in the laboratory and its shear strength
has been observed to be time dependent over the course of a month during previous testing (FY 1992
1/12-scale tests and FY 1993 bench-scale tests).

8.6.1 Shear Strength Equipment

The shear strength measurements were made using a shear vane tester designed and fabricated
by PNL for use with the 1/12-scale facility. The shear strength was obtained by measuring the maxi-
mum torque that results from rotating a vane inserted in the sludge. As described in section 3.2, the
vane consists of four perpendicular, rectangular fins attached to the bottom of a shaft.

The vane fabricated for these tests was 2.5 in. high and 2.5 in. across. The dime_ions of the
vane were based on previous shear strength measurements made in the laboratory. Laboratory meas-
urements of shear strength had ranged from 890 - 4700 dyne/cm2, on samples extracted from the
1/12-scale tank during previous tests (Fort et al. 1993). In-situ measurements were expected to be
somewhat higher. The vane was sized so that 4700 dyne/cm2 was 70% of full scale and resulted in a
maximum allowable shear strength measurable by the system of 9800 dyne/cm2.
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The torque was measured using a strain gage reactiontorque sensor with a 50 oz,-in, capacity
and50% overload, A straingage conditionerprovided excitationto the torque sensor, gave a digital
reading of torqueand supplieda voltage to the dataacquisitionsystem (DAS). The vane was rotated
using a 1/8 hp, electric motorwith 120:l gear reduction. The motor speed was controlled from the
mixing pump control board. The motordrove a 124.8:1 in-line, same rotation, gear reducer.

A post-testcalibrationof the strain gage conditionerwas performed. The calibrationyielded an
accuracyof 5:0.5 oz.-in, for the strain gage conditioner. The majorityof this uncertaintywas due to
the calibrationsetup.

8.6.2 Shear Vane Procedure

The shear vane tests were performed in the shear-vane tank to avoid disturbingthe 1/12-scale
tank for simulantsampling. Before each MIV test, the simulantfrom the shear-vane tank was trans-
ferred to the 1/12-scale tank and the entire simulantinventoryremixed. The shear-vane tank was
then filled with simulant to the same height as in the 1/12-scale tank. This process was performed to
ensure that the shear-vane tank sludge layer was representative of that in the 1/12-scale tank at the
time of testing.

For MIV #1-3, the shear vane was placed in the shear-vane tank at the time the tank was filled.
For MIV #4, the vane was insertedinto the sludgejust before testing. For all tests, the bottom of the
vane was placed 3.5 in. from the tankfloor, correspondingto the height of the top of the jet nozzle.
Before each test, a bridge shuntcalibrationwas performedby temporarilyunbalancingthe bridge by a
known amountto yield a known calibrationvalue.

At the beginning of each test, a zero readingwas obtained and then the test run was initiatedby
turningon the motor. The test runwas terminatedby turning off the motor. At the completionof
the test run, the vane was raisedout of the sludge without rotatingthe vane, and the motor was again
started. The torquewas recordedas the continuousrotationdry-run torque. The vane was then
rewound to its original orientationand the rewounddry-run torquewas measured. The averageof the
continuousrotationand rewounddry-run torques was used as the torqueresultingfrom motor and
bearing friction.

Data was recorded manually from the straingage conditionerreadoutas well as by a voltage
signal monitoredby the DAS. DAS problemsresulted in use of the manually recordeddata to
complete the analysis.

The maximum back pressurethat builtup before the flow broke through the sludge during the
MIV tests was recorded manually, and used for the shear strengthanalysis. The gage used to obtain
the back pressurewas for indicationonly. The height of the sludge and supernatantliquid were
measured in order to calculate the sludge packingfraction. The sludge level was easier to measure in
the shear-vane tank becauseof the transparentwalls.

8.17



8.6.3 Shear Vane Test Data

The following subsections present a brief description of each shear vane test and the pertinent
data obtained. Table 8.13 provides a summary of the results obtained. Reiterating, the results should
be viewed only as indications of magnitude.

8.6.3.1 MIV #1 Shear Vane Test

The sludge was 116 hrs old and had been settling for 116 hrs. The maximum torque observed
was 54 oz.-in. The frictional torque was 3.1 oz.-in. When the vane was raised at the completion of
the test run, a large ball of sludge was attached to the vane. The sludge ball was 4.5 in. at its widest
and 8.5 in. at its longest. The ball was approximately 4 in. across throughout 5 in. of its mid-
section. The bottom 2 in. was tapered to a point. It was assumed the sludge ball could be approxi-
mated as a cylinder of sludge with a height of 6 in. and a diameter of 4 in. The peak back pressure
observed was 42 psi before the jet breakthrough in the 1/12-scale tank. The volume percent of solids
in the 1/12-scale tank's packed sludge was 42.3%. Measurements were not available for the shear-
vane tank.

8.6.3.2 MIV #2 Shear Vane Test

The sludge was 452 hrs (18.8 days) old and had been settling for 114 hrs (4.75 days). The
sludge never yielded and the test had to be terminated when the torque reached 81 oz.-in, to avoid
damaging the equipment. The frictional torque was measured at 5.2 oz.-in. A sludge ball 3 in. high
and 4 in. across was attached to the fins when the vane was pulled from the tank. The attached
sludge was assumed to approximate a cylinder 3 in. high with a 4 in. diameter. The peak back
pressure observed at the beginning of MIV #2 was 140 psi. The volume percent of solids in the
sludges of the 1/12-scale and shear-vane tanks was 42.2% and 44.9%, respectively.

Table 8.13. Viscosity Estimates for Sludge Layer

SettlingTime Volume % of Solids in
MIV Test Sludge Age of Sludge Packed Sludge Shear Strength Viscosity

No. (hrs) (hrs) (%) (dyne/cm2) (eP)

1/12 Sc Tnk(a) Vane Tnk(b)

1 116 116 42.3 --- 1200 5100

2 452 114 42.2 44.9 4200(c)- 5700(c) ---

3 494 40 39.7 --- 3900(c)- 5300(c) ---

4 523 115 43.2 44.2 1300 4200 "

(a) 1/12-scale DST Tank(Volume % of solids in packed sludge of the 1/12 sale tank.
Co)Shear Vane Test Tank(Volume % of solids in packed sludge of the shear vane)
(c) Values of shear strengthnot calculateddirectly from shearvane test data.
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8.6.3.3 MIV #3 Shear Vane Test

The sludge was 494 hrs (20.5 days) old and had been settling for 40 hrs (1.67 days). During
the test run, a torque of 55 oz.-in, was obtained and maintained for a few moments and then a torque
of 86 oz.-in, was achieved at which time the test was terminated. The frictional torque was measured
at 4.75 oz.-in. Excess simulant was observed attached to the fins when the vane was raised, but the
material sloughed off too quickly for any measurements on the attached simulant: however, the
sludge remained attached between the fins. The peak back pressure observed for MIV #3 was
130 psi. The 1/12-scale tank's packed sludge had a solids volume percent of 39.7%.

At the completion of the first shear strength test for MIV #3, the vane was reinserted into the
sludge in a new position and another test run was conducted. The sludge never yielded, and the test
was terminated when the torque reached 85 oz.-in. The vane relaxed back to 20 oz.-in, in 6 min.,
and indicated a torque of 12.4 oz.-in, after 55 min. The torque remained at 12.4 oz.-in, for an
additional 30 min. The vane was left undisturbed in the same location, and 3 hrs after the previous
test the motor was again started. The torque again rose to 85 oz.-in., at which the time the test was
terminated. The torque relaxed back to 23.5 oz.-in, after 7 min.

8.6.3.4 MIV #4 Shear Vane Test

The sludge was 523 hrs (21.8 days) old and had been settling for 115 hrs (4.8 days). The vane
was inserted into the sludge just before the test run. The sludge yielded at 18.2 oz.-in, and the
frictional torque was measured at 5.75 oz.-in. When the vane was pulled from the tank, sludge was
clinging within the fins, but no excess material was attached to the outer edges of the vane. The peak
back pressure observed for MIV #4 was 32 psi. The volume percent of solids in the sludges of the
1/12-scale and shear-vane tanks was 43.2% and 44.2%, respectively.

8.6.4 Shear Strength Results

Shear strength values were calculated using three different sets of assumptions. The first set of
calculations assumes that the shearing area is the total surface area of cylinder created by the outer
edges of the vane's fins. The assumed cylinder is 2.5 in. high and has a diameter of 2.5 in. The
second set of assumptions uses a shear area equal to the area of the cylinders approximated from the
excess material attached to the vane. The preceding section gives the estimated dimensions of these
cylinders.

Because the sludge never yielded in MIV #2 and #3, an attempt was made to estimate the shear
strength by yet another method. This method asserts that the sludge's shear strength is proportional
to the maximum back pressure required to break through the sludge packed in the nozzles. The ratios

, of shear strength to back pressure for MIV #1 and #4 were used to estimate a range of shear strength.
Table 8.14 shows the results of the three sets of calculations.

. The shaft torque associated with the resistance created by the sludge contacting the vane shaft
was estimated to be 10 to 50 dyne-cm, based on previous viscosity measurements. Shaft torques of
these magnitude result in differences of .5-2.5 dyne/cm2 in the shear strength measurements.
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It is possible to obtain yield strength data with the shear vane, but this procedure was not
included in the testing reported here.

It is also possible to calculate sludge viscosity from shear vane data. Because the sludge did not
yield in MIV #2 and #3 shear vane tests, the data necessary to calculate viscosity was not obtained.
The method used to calculate viscosity was based on (Heath 1987). The method uses a correlation
relating the Reynolds Number (Re) to the Power Number (Np). Np is a dimensionless value of the
ratio of the pressure differences producing flow to the inertial forces, Np = f(T,,w,p,D,S) where:

Tv = vane torque (measured torque minus all resistance torques)
w = vane angular velocity
p = sludge density
D = shear vane diameter
S = shear vane rate of rotation.

N = vane rate of rotation (revolutions per unit time)

The correlation between Re and Np is considered valid for Re < 15. Re is determined from the
Np, and the viscosity, n, is calculated from the Re:

log Np = -(0.977)1og Re + 2.190 (Equation 5.10 in Heath, 1987)

and n = plYN/Re.

The viscosity of MIV #1 was calculated based on the vane dimensions and again based on the
approximated cylinder dimensions. The viscosity was also calculated for MIV #4. The strain rate at
which the viscosity measurements were made was estimated to be 0.009 st. This estimate was
calculated using relationships developed in (Heath 1987). Table 8.15 shows the results of the
viscosity calculations.

Table 8.14. Shear Strength Values for Sludge Layer
Measured Shear Strength

Based on Based on Ratio of Shear

MIV Vane Shear Attached Sludge MaximumBack Strengthto Estimated Shear
Test Area Shear Area Pressure MIV Back Pressure Strength
No. _dyne/cm_L (dyne/em:') Tests (psi) (dyne/cm:/psi) . (dyne/era:)

1 6700 1200 40 29.75' 1200

2 + 10000 +3000 140 -- 4200 - 5700

3 6600 -- 130 -- 3900 - 5300

3 + 10700 --

4 1300 1300 32 40.5{') 1300

(a) The ratio was calculatedusing the shear strengthdeterminedassumingthe shear area of the attached
sludge.
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8.7 Shear Vane Conclusions

Considering the lack of sufficient test dataandthe varyingresults, the values for shear strength
and viscosity should not be takenas exact measurements. Instead,the results should be regardedas
magnitudeestimates. The most reliableresults are those from the MIV #4 test. The MIV #4 datadid
not rely on an estimateof shear area, and a peak torquewas clearly observed.

Previous tests, (Fort et al. 1993) andbench scale tests, had shown qualitatively that the shear
, strength of the simulant is time dependent. The simulant has exhibited a weak shear strength for

approximately the first week after being mixed. Between the first and second week, the shear
strength seemed to increase a great deal. The simulant maintained this higher shear strength for 2 to

. 3 weeks. During this period, it appeared that the shear strength was independent of how many times
the simulant was remixed. After this period of high shear strength the simulant's shear strength
began to decline back to its original value. This is the same trend that was observed in the shear vane
tests and the peak back pressure trend observed during MIV testing.

Despite the limited results of these tests, the shear vane has the potential to aid in character-
izing test simulants in situ during scaled experiments. With some slight modifications to the equip-
ment and the test procedure, the shear vane can provide shear strength, yield strength, and viscosity
measurements as a function of shear rate, by testing at various motor speeds for in-situ sludges.

Table 8.15. Viscosity Estimates for Sludge Layer

Assumed Vane
MIV Tes[ No, Diameter(in.) Viscosity_(cP)

I 2.5 22000

I 4 5100

4 2.5 4200
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9.0 Conclusions

Video records of jet-sludge breakthrough were completed in the 1/12-scale facility. The quick
onset and sustained growth of organics in the simulant reduced the quality of the visual observations.
The limitations of the video derived observations include:

• A time lag between occurrence of breakthrough and seeing the breakthrough at the surface.
t

• Difficulty in determining jet progression because of surface waves and particulate fines becoming
suspended in the supernatant.

• A range reported for some positions. For MIV #1 and MIV #4 the posif_onwas bounded by
referencing to both the north platform grate and the nominal pump centerline. The position
values corresponded fairly well, typically within 2 in. of each other.

• The reported video-derived position is only a nominal center of the region of disruption.

Improvements in the visualization technique can be made, such as orientation of the grid,
definitive marking of key grid lines, and image recording techniques. Before completion of additional
1/12-scale tests, it is recommended that a strategy of chemical treatment be developed to inhibit
organic bloom. This treatment should be implemented as soon as the simulant has been prepared,
before organic growth is noticed.

Revisions to the loop and in-tank instrumentation should be considered to improve the quantita-
tive information derived from the tests. For example, pressure instrumentation in the process line
would provide a pressure history that would define flow initiation as well as indicate relative simulant
shear strength.

Simulant shear strength has been observed to be time dependent. The shear strength tends to
increase over the first 2 to 3 weeks of aging, then to decrease. The time dependent trend was
observed from both the shear vane tests and the peak back pressures noted during MIV testing.

Simple time histories of nominal jet location and interface height are shown in Figure 9.1 and
9.2, respectively. Based on shear vane observations, simulant cohesion tended to decrease over time.
Hence, the jet in MIV #4 apparently traveled at a faster rate than the jet of MIV #1, Figure 9.1. The
rate of interface rise for MIV #4 tended to be larger than for MIV #2, Figure 9.2; which is consistent
with the decrease in shear strength beyond the simulant age of 2 to 3 weeks. The interface histories
for MIV #1 and MIV #4 are similar in shape though slightly offset. The offset is expected since the

. total flow rate of MIV #1 is approximately twice that of MIV #4.

Results of the limited testing performed to date have indicated that the shear vane has the poten-
. tial to aid in characterizing test simulants in-situ for scaled experiments. Slight modifications to the

equipment and the shear vane test procedure could provide shear strength, yield strength, and viscos-
ity measurements as a function of shear rate, by testing at various motor speeds for in-situ sludges.
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