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Completeness of Testing

This report describes the results of work and testing specified by Test Specification
24590-WTP-TSP-RT-03-008 Rev. 0 and Test Plan TP-RPP-WTP-296. The work and
any associated testing followed the quality assurance requirecments outlined in the Test
Specitication/Plan. The descriptions provided in this test report are an accurate account of
both the conduct of the work and the data collected. Test plan results arc reported. Also
reported are any unusual or anomalous occurrences that are different from expected results.
The test results and this report have been reviewed and verified.

“Gordon H. Beeman, Manager /" Date
WTP R&T Support Project




Summary

Battelle — Pacific Northwest Division (PNWD) was contracted to provide Bechtel National Inc. (BNI)
with results of simulant tests using the scaled prototypic ultrafiltration process (UFP) and lag storage (LS)
vessels and associated pulse jet mixer (PJM) equipment for the Waste Treatment Plant (WTP) Project. The
UFP and LS vessels are to be used in the WTP for mixing radioactive waste from the underground Hanford
storage tanks. BNI, through its subcontract with PNWD, has tested PJM/hybrid-fitted mixing vessels at
multiple scales to experimentally verify dimensional scaling effects in PJM systems. (The scaling
methodologies of the mixing system for a generic 4-PJM vessel were validated by tests conducted at
multiple scales earlier in the PJM testing program).

The process stream significant to this report is identified as “HLW pretreated sludge.” Several vessels
through which the HLW pretreated sludge stream will be processed will be mixed using PJM technology,
air sparging, and steady jets generated by recirculation pumps. These technologies have been selected for
use in so-called “black cell” regions of the WTP. Within these regions, maintenance capability will not be
available for the operating life of the WTP. Thus, these technologies were selected for use because they
lack moving mechanical parts that would require maintenance. The recirculation pumps will be located in
an accessible area outside of the black cells.

Many of the waste slurries to be received and processed in the WTP exhibit non-Newtonian behavior.
In particular, when stationary, they can develop gel-like properties and behave like very weak solids.
When an applied force exceeds their shear strength, they act like a fluid and begin to flow. The majority of
available knowledge for mixing non-Newtonian fluids is associated with the use of mechanical agitators.
The subject of jet mixing and air sparging in non-Newtonian fluids is a relatively new and developing field.
Some theoretical analysis and applied research are being pursued in industry and academia, but the field of
non-steady jet mixing and air sparging in non-Newtonian fluids is essentially in its infancy.

In June 2003, the PJM Task Team consisting of BNI, PNWD, and mixing consultants addressed the
non-Newtonian slurry mixing issues and developed an integrated strategy for scaled testing to demonstrate
PJM mixing in WTP vessels containing non-Newtonian fluids. The purpose of the scaled PJM mixing tests
was to provide information on the operating parameters critical for the uniform movement (total
mobilization) of these non-Newtonian slurries. Initial (physical) scaled testing demonstrated in October
2003 that the baseline pulse jet designs in these vessels did not mix the non-Newtonian slurries to the
extent necessary to meet WTP requirements. In November 2003, Phase I of the PJM program developed an
alternative “PJM-only” configuration that mixed the vessels containing non-Newtonian slurries in
accordance with WTP requirements (Bates et al. 2004). While the alternative PJM configuration provided
acceptable mixing performance, implementation of the PJM-only mixing systems severely impacted the
WTP facility designs due to increased numbers of PJMs, additional piping, and the significantly increased
air consumption needed to operate these systems. To minimize the impact to overall project cost and
schedule, the PJM Task Team was directed to develop PJM/hybrid mixing systems to reduce these effects
on the WTP. This report documents the Phase II prototype scaled testing carried out in the LS and UFP
scaled prototypes in the high-bay area of the Applied Process Engineering Laboratory (APEL).
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Objectives

The overall objective of this work was to provide mixing performance information on the operating
parameters critical for uniform movement (total mobilization) of the tank contents. The specific objective
of the testing was to provide data on the mobilization of non-Newtonian simulants for assessing PJM
mixing configurations for the UFP and LS vessels. PJM configurations include baseline designs provided
by BNI and enhanced configurations and/or operational parameters that have been demonstrated to provide
acceptable mobilization/mixing performance. The non-Newtonian simulant possessed target rheological
characteristics similar to those predicted for WTP waste streams.

The final results of this testing effort will eventually be used to generate the engineering and bounding
parametric correlations that will help ensure that the WTP Project has functional fluidic mixing systems for
the UFP and LS non-Newtonian vessels. The objectives in the applicable test specifications were met.
Table S.1 summarizes the testing objectives.

Table S.1. Test Objectives

" Objective . .
Test Objective Met (Y/N) Discussion
1. Provide design information on v Multiple PJM operational and

operating parameters geometric parameters exercised
UFP vessel was scale factor of 1/4.94,
LS was 1/4.29

2. Conduct tests in 1/4 scale vessel Y

Test Exceptions

Table S.2 describes the test exceptions for this work.

Table S.2. Test Exceptions

List Test Exceptions Describe Test Exceptions

Revised test matrix (constant drive volume test using 30 and
1. 24590-WTP-TEF-RT-03-060 |70 Pa yield strength Laponite). This test exception does not
apply to the contents of this report.

Revised test matrix for final “best” mixing configurations
2.24590-WTP-TEF-RT-03-081  |(describes use of “ram’s head” PIM nozzles). This test
exception does not apply to the contents of this report.
Revised test matrix to include addition of spargers to LS and
3. 24950-WTP-TEF-RT-03-090 |the use of dye tracer, RF tags, and polycarbonate beads (as
needed) to determine mixing volume and uniformity.

Revised test matrix to include both spargers and recirculation
pumps and the use of full-scale-diameter nozzles for some tests.
Revised test matrix/direction to reconfigure and test in LS and
UFP test platforms to understand hybrid mixing designs.

6. 24950-WTP-TEF-RT-04-00029 | Test matrix for velocity mapping.

4. 24950-WTP-TEF-RT-04-002

5.24950-WTP-TEF-RT-04-00004
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Results and Performance Against Success Criteria

Each test was conducted by first configuring the PJMs in the desired geometric array and then placing
them within the acrylic test tank with the nozzles at a specified offset from the ellipsoidal tank bottom. The
geometric array included adjustments to the desired circular PJM/sparger/recirculation nozzle array radius
and offset relative to one another as well as changes in nozzle diameter, subjacent height and impingement
angle. Tests were conducted to determine the effectiveness of various array configurations and operating
parameters; the full complement of LS and UFP tests with conclusive results are presented in the report.
Table S.3 presents the success criteria established for these tests.

Table S.3. Success Criteria

List Success Criteria How the Tests Did or Did Not Meet the Success Criteria
Demonstrate a combination of PJM [ PJIM geometrical and operational conditions meeting WTP
operating conditions and physical | criteria were identified for the LS and UFP vessels that

arrangements that provide full provided complete tank mobilization (see Section 7).
mobilization of the UFP and LS Mobilization of the simulant was assessed by use of dye and
vessels. chloride tracers. Visual observation of the clear tank walls

and the simulant surface indicated the dye was distributed
throughout the simulant. Samples were obtained periodically
during the test and core samples were taken at the completion
of the tests. These samples were analyzed for dye and
chloride concentrations to determine the fraction mixed and
the mixing ratio. The results indicate that the simulant was
mobilized and in several cases was homogeneous within
experimental error.

Quality Requirements

PNWD implements the RPP-WTP quality requirements by performing work in accordance with the
PNWD Waste Treatment Plant Support Project quality assurance project plan (QAPjP) approved by the
RPP-WTP Quality Assurance (QA) organization. This work was performed to the quality requirements of
NQA-1-1989 Part I, Basic and Supplementary Requirements, NQA-2a-1990, Part 2.7 and DOE/RW-
0333P, Rev 13, Quality Assurance Requirements and Descriptions (QARD). These quality requirements
are implemented through PNWD's Waste Treatment Plant Support Project (WTPSP) Quality Assurance
Requirements and Description Manual. The analytical requirements are implemented through WTPSP’s
Statement of Work (WTPSP-SOW-005) with the Radiochemical Processing Laboratory (RPL) Analytical
Service Operations (ASO).

Experiments that were not method-specific were performed in accordance with PNWD’s procedures
QA-RPP-WTP-1101, “Scientific Investigations,” and QA-RPP-WTP-1201, “Calibration Control System,”
ensuring that sufficient data were taken with properly calibrated measuring and test equipment (M&TE) to
obtain quality results.



PNWD addresses internal verification and validation activities by conducting an independent technical
review of the final data report in accordance with PNWD’s procedure QA-RPP-WTP-604. This review
verifies that the reported results are traceable, that inferences and conclusions are soundly based, and the
reported work satisfies the Test Plan objectives. This review procedure is part of PNWD's WTPSP Quality
Assurance Requirements and Description Manual.

Research and Technology (R&T) Test Conditions

This report summarizes the test configurations and individual test parameters and results. As-built
dimensions of test configurations are reported at a level consistent with the usefulness of the results. Test
conditions are listed in Table S.4. Screening or scoping tests do not apply an equivalent level of rigor to
the as-built configurations as those that were deemed most important or successful by the WTP Steering
Committee. All testing reported was performed at approximately one-quarter scale. Proof of scaling
relationships and correlations for pulse jet mixing are presented in Bamberger et al. (2005). Results
supporting the performance of the sparging system are also reported in Poloski et al. (2005). Test
equipment and materials provided prior to the start of testing included:

= scaled acrylic tanks

= scaled spun-steel dished tank bottom

= data acquisition and control system including computer and input/output hardware and software
= level measurement devices for the interior of each PJM and for simulant level in tank

= control manifold for compressed air, vacuum, and vent including pressure measurement
for the manifold

= steel PJMs for candidate testing

= kaolin-bentonite clay mixture prepared with 80% kaolin and 20% bentonite clay with a specified
yield strength.

Table S.4. Test Conditions

Test Conditions Were Test Conditions Followed?

Prepare test plan to implement the test

specification Test plan prepared and approved by WTP R&T

Test units to be provided by BNI UFP and LS test vessels and initial PJM units

supplied by BNI
Test conditions specified in test matrix | Test matrix supplied (and superseded by
supplied in the test specification subsequent updates via test exceptions)
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Simulant Use

The rheological characteristics of the simulants are compared with actual waste rheology in Poloski et
al. (2004). Mixing tests with actual waste are neither planned nor within the scope of the current efforts
due to the difficulty of obtaining and working with actual waste samples. Should new or extended insight
into actual waste properties become available, careful comparison with the properties of the simulants used
in the current tests is recommended, and the potential impacts on hybrid mixing system performance should
be investigated. The simulant used for all testing in this report was an aqueous kaolin/bentonite clay
mixture (approximately 27 wt% clay constituted of approximately 80 wt% kaolin and 20 wt% bentonite)
exhibiting a Bingham plastic rheology closely representing that of actual waste slurries.

Discrepancies and Follow-on Tests

No design or operations issues were associated with the testing and/or the results presented in this
report. However, care must be exercised in using the data presented in this report in drawing broad con-
clusions about PJM performance in vessels with significantly larger dimensions than the test vessels. PIM
scaling issues are addressed specifically in a separate report. The reader is encouraged to thoroughly
understand the contents of the scaling technical basis report before applying or extrapolating the results
presented here, as well as the background for simulant selection and sparger design (Poloski et al. 2005).
Casual extrapolation of these results to actual waste behavior is not recommended. Should actual waste
properties be found to differ significantly from those used to develop the simulant materials used in the
current testing, additional PJM performance testing is strongly suggested.
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Abbreviations and Acronyms

acfm actual cubic feet per minute

APEL Applied Process Engineering Laboratory
ASO Analytical Service Operations

BHRG British Hydromechanical Research Group
BNI Bechtel National Inc.

DOE U.S. Department of Energy

FMP Fluid Mixing Processes

gpm gallons per minute

H/D ratio of slurry height to vessel diameter
HLP HLW Lag Storage and Feed Blending Process System
HLW high-level waste

IC ion chromatography

ID inner diameter

LAW low-activity waste

LRB laboratory record book

LS lag storage

M&TE measuring and test equipment

OD outer diameter

PCD Pitch circle diameter

PIM pulse jet mixer

PNWD Battelle—Pacific Northwest Division
PVC polyvinyl chloride

QA quality assurance

QAPjP quality assurance project plan

QARD Quality Assurance Requirements and Descriptions
R&T research and technology

RF radio frequency

ROB region of bubbles

RPL Radiochemical Processing Laboratory
scfim standard cubic feet per minute

UFP ultrafiltration feed process

UV-VIS ultraviolet visible

VFD variable frequency drive

WTP Waste Treatment Plant

WTPSP Waste Treatment Plant Support Project

Z0I1 zone of influence
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1.0 Introduction

1.1 Background

The Hanford Site has 177 single- and double-shell underground storage tanks containing radioactive
waste. The U.S. Department of Energy (DOE) Office of River Protection’s Waste Treatment Plant (WTP)
is being designed and built to pretreat and then vitrify a large portion of this waste. The WTP will consist
of three primary facilities: a pretreatment facility, a low-activity waste (LAW) vitrification facility, and a
high-level waste (HLW) vitrification facility. The pretreatment facility will receive waste feed from the
Hanford tank farms and separate it into 1) a high-volume, low-activity, liquid process stream stripped of
most solids and radioisotopes and 2) a much smaller-volume HLW slurry containing the solids and most of
the radioactivity. In the pretreatment facility, solids and radioisotopes will be removed from the waste by
precipitation, filtration, and ion exchange processes to produce the LAW stream. The slurry of filtered
solids will be blended with two ion exchange eluent streams containing soluble radioisotopes to produce
the HLW stream. The HLW and LAW vitrification facilities will convert these process streams into glass,
which will be poured directly into stainless steel canisters.

The process stream significant to this report is identified as “HLW pretreated sludge.” Several vessels
through which the HLW pretreated sludge stream will be processed will be mixed using pulse jet mixer
(PIM) technology, air sparging, and steady jets generated by recirculation pumps. These technologies have
been selected for use in so-called “black cell” regions of the WTP. Within these regions of the WTP,
maintenance capability will not be available for the operating life of the WTP. Thus, these technologies
were selected for use in these regions because they lack moving mechanical parts that would require
maintenance. The recirculation pumps will be located in an accessible area outside of the black cells.

Many of the waste slurries to be received and processed in the WTP exhibit non-Newtonian behavior.
In particular, when stationary, they can develop gel-like properties and behave like very weak solids.
When an applied force exceeds their shear strength, they act like a fluid and begin to flow. The majority of
available knowledge for mixing non-Newtonian fluids is associated with the use of mechanical agitators.
The subject of jet mixing and air sparging in non-Newtonian fluids is a relatively new and developing field,
with some theoretical analysis and applied research being pursued in industry and academia. The field of
non-steady jet mixing and air sparging in non-Newtonian fluids is essentially in its infancy.

To address the non-Newtonian slurry mixing issues, the PJM Task Team consisting of Bechtel
National, Inc. (BNI); Battelle — Pacific Northwest Division (PNWD); and mixing consultants developed an
integrated strategy for scaled testing to demonstrate PJIM mixing in WTP vessels containing non-
Newtonian fluids in June 2003. The scaled PJM mixing tests were to provide information on the operating
parameters critical for the uniform movement (total mobilization) of these non-Newtonian slurries. Initial
(physical) scaled testing demonstrated in October 2003 that the baseline pulse jet designs in these vessels
did not mix the non-Newtonian slurries to the extent necessary to meet WTP requirements. In November
2003, Phase I of the PJM program developed an alternative “PJM-only” configuration that mixed the
vessels containing non-Newtonian slurries in accordance with WTP requirements (Bates et al. 2004).
While the alternative PJM configuration provided acceptable mixing performance, implementation of the
PJM-only mixing systems severely impacted the WTP facility designs due to increased numbers of PJMs,
additional piping, and the significantly increased air consumption needed to operate these systems. To
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minimize the impact to overall project cost and schedule, the PJM Task Team was directed to develop
PJM/hybrid mixing systems to reduce these effects on the WTP. This report summarizes the Phase I1
results of scaled prototypic testing.

1.2 Report Scope

Phase II of the PJM program investigated further alternative configurations to assess the effects of
slurry theology changes, reduced tank volume, PJM jet velocity and nozzle size, sparging, and recirculation
pump operation. Phase Il PJM/hybrid mixing systems completed additional testing to demonstrate that the
modified configurations mixed non-Newtonian slurries within WTP requirements. This document
describes the mixing processes and presents an overview of the PJM/hybrid design and scaling approach. It
also describes an experimental approach and presents PJM/hybrid system optimization and final
configuration results. This report and testing data support the ultrafiltration feed process (UFP) (UFP-VSL-
00002A/2B) and HLW lag storage (LS) (HLP-VSL-00027A/B) design efforts by documenting the results
of the phase Il PJM scaled test platform testing.

1.3 Experimental Objectives

The testing configurations provided by the WTP project were selected to minimize the impact on the
current plant design. The main objectives of testing were to:

e Provide testing results to optimize the PJM/hybrid mixing system operating parameters (PJM
nozzle velocity, cycle frequency, etc.) and position (X, y, and z coordinates, nozzle angle, etc.) that
will result in a well-mixed condition in UFP and LS test stands.

e Demonstrate complete mixing (i.e., no stagnant regions) with turbulent conditions in the majority
of the slurry volume for the final UFP and LS configurations. Turbulent mixing conditions
enhance heat transfer within the vessel and facilitate the suspension of waste particles.

1.4 Overview of the PIJM-Hybrid Design Approach

The hybrid mixing systems considered in this work involved the combined use of PJMs, steady mixing
jets created by recirculation pumps, and air sparging. The mixing technologies were combined to take
advantage of their respective strengths. PJMs are used for mixing the lower region of the vessel and
facilitating off-bottom suspension of solids. PJMs are ideally suited for these tasks because they discharge
downward with nozzles near the vessel floor. The ideal PJM configuration for hybrid systems is one that
creates a well-defined, highly turbulent cavern. The material in the upper region of the vessel is then
transported by the other systems to the turbulent cavern, where it is mixed (with spargers and/or steady jets)
as illustrated in Figure 1.1.

A high degree of turbulence is important to encourage both adequate mixing and gas removal as well as
to minimize scaling issues for the scaled test platform results that will be applied at full scale (the technical
basis for scaled-up testing is discussed in Bamberger et al. (2005). Additionally, having an obstruction-free
interface between the mixed and unmixed regions simplifies the specification of spargers and jet nozzles.
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Figure 1.1. PIM-Hybrid Mixing Design Approach. Central cluster PJMs mix the lower
region of the vessel, and secondary systems mix the upper region.

For a given PJM arrangement, mixing performance can be improved by increasing the discharge
velocity or nozzle diameter. However, there is a limit to the improvement due to the fixed volume of fluid
being discharged during a drive cycle. As the velocity or nozzle diameter increases, the drive time is
reduced. For a given PJM nozzle diameter and discharge velocity, mixing performance can be improved
only by increasing the discharge volume. The test program used the largest PJMs feasible to maximize
drive time and thus mixing performance.

A centralized cluster of PJMs (operated simultaneously) with nozzles angled toward the tank wall was
found to be most effective at creating a uniform mixing cavern. Tests were also conducted with varied
arrays of PJMs and found to provide good overall mixing (determined by the dye method). However, the
uniformity of the cavern was found to be highly sensitive to PJM nozzle angle alignment.

Steady turbulent jets from recirculation pumps are known to be effective in mobilizing and mixing
applications. In general, mixing effectiveness is improved by increasing nozzle diameter or jet velocity. If
the flow rate is fixed, mixing performance is improved only by increasing nozzle velocity, which implies a
reduction in nozzle diameter. Mixing performance can also be improved by increasing the number of
mixing jets. Jets are a source of linear momentum and tend to be highly directional with relatively small
spread angles (about 15 degrees for a free Newtonian jet). Once they impinge on solid surfaces, they tend
to follow the contour of that surface. Further, cavern formation (or similar channeling) can occur in non-
Newtonian slurries. Single jets can be used to mix entire vessels if the flow rates are high enough;
however, a single jet will often break through the fluid surface and dissipate its energy before complete
mobilization occurs, particularly in non-Newtonian slurries. Ideally, the jet nozzles are angled upward just
below the PJM cavern interface and aimed between the PJMs and the vessel wall. Material from the lower
mixing zone is entrained and mixed into the upper region, a configuration well suited for operation at
reduced operating volumes. Hence, by distributing the total available flow through multiple jets, more
regions of the vessel can be mobilized and overall mixing improved. Air sparge tubes provide mixing an
alternative mechanism. Rising air bubbles produce drag on surrounding fluid, creating an upward pumping
effect. Once at the surface, fluid must recirculate downward. The net result is an upward bubble zone of
mixing referred to as the region of bubbles (ROB) surrounded by a larger, downward zone referred to as the
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zone of influence (ZOI). Sparge ZOIs will interact in beneficial ways if neighboring sparge points are
spaced closely enough. However, these interactions for non-Newtonian fluids are not fully understood and
are not addressed in this document. Locating the outlet of the sparge tube near the bottom of the tank and
well inside the PJM cavern provides increased transfer between the sparged regions and the PJM cavern,
which enhances mixing outside the cavern.

1.5 Overview of the Scaling Approach

The scaling approach involved testing in several scaled vessels with representative non-Newtonian
simulants. Five test stands were tested with PJMs; three were used to investigate scaling laws and two
were scaled versions of the full-scale tanks. Scale-up and application of the mixing technologies were
based on a mix of well-known theory and developments by the PJIM mixing program.

Several different approaches were taken for the scale-up and design rating of the mixing systems.
Scale-up of steady jet performance (i.e., recirculation pump mixing) was based on well-established
turbulent jet theory. Scale-up of PJM mixing performance was based on modifications to steady jet theory
to account for the intermittent nature of the PJMs and non-Newtonian rheology. Dimensional analysis was
used to identify the important physical properties and system parameters as well as to guide the scaled test
operations. In addition to theoretical considerations, mixing tests were performed at three physical scales
with different simulants to demonstrate that the scaled approach was valid. A summary of both the scaling
theory and the scaling test results is presented in Bamberger et al. (2005). The sparging system
configurations are based on nearly full-scale tests with single- and multisparge-tube test stands (Poloski et
al. 2005). The scaling approach involves keeping a constant number of sparge tubes per unit area.

Scaled models of WTP vessels were used to evaluate the various mixing configurations. This report
focuses on the results of LS and UFP vessels. Both the UFP and LS vessels (described in Sections 2.1 and
2.2, respectively) had scale factors in the range of 4 to 5. Approximately 150 separate runs were conducted
with these units containing various configurations of PJMs, recirculation pumps, and spargers. Section 7
presents the results obtained with the final configurations.

Section 3 describes the experimental approach and Section 4 the effectiveness of solids suspension.
Section 5 describes velocity mapping results, and Section 6 details the optimization of the PJM/hybrid
system. Conclusions are presented in Section 8 and cited references in Section 9. Supporting
documentation is provided in the appendixes.

1.6 Quality Requirements

PNWD implements the RPP-WTP quality requirements by performing work in accordance with the
PNWD Waste Treatment Plant Support Project quality assurance project plan (QAPjP) approved by the
RPP-WTP Quality Assurance (QA) organization. This work was performed to the quality requirements of
NQA-1-1989 Part I, Basic and Supplementary Requirements, NQA-2a-1990, Part 2.7 and DOE/RW-
0333P, Rev 13, Quality Assurance Requirements and Descriptions (QARD). These quality requirements
are implemented through PNWD's Waste Treatment Plant Support Project (WTPSP) Quality Assurance
Requirements and Description Manual. The analytical requirements are implemented through WTPSP’s
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Statement of Work (WTPSP-SOW-005) with the Radiochemical Processing Laboratory (RPL) Analytical
Service Operations (ASO).

Experiments that were not method-specific were performed in accordance with PNWD’s procedures
QA-RPP-WTP-1101, “Scientific Investigations,” and QA-RPP-WTP-1201, “Calibration Control System,”
ensuring that sufficient data were taken with properly calibrated measuring and test equipment (M&TE) to
obtain quality results.

PNWD addresses internal verification and validation activities by conducting an independent technical
review of the final data report in accordance with PNWD’s procedure QA-RPP-WTP-604. This review
verifies that the reported results are traceable, that inferences and conclusions are soundly based, and the
reported work satisfies the Test Plan objectives. This review procedure is part of PNWD's WTPSP Quality
Assurance Requirements and Description Manual.
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2.0 Scaled Test Stands

This section describes the geometrically scaled test stands used to represent the full-scale UFP and LS
vessels in testing the mixing effectiveness of various PJM/hybrid mixer designs. The dimensional
information presented in this section is divided into three categories based on 1) standard component size,
2) measurements taken before or during or recreated after testing, and 3) nominal or approximate
measurements based on target values or ranges.

The first category pertains to the internal or external diameters of the stainless steel or polyvinyl
chloride (PVC) tubing/piping materials used in construction of the pulse tubes, nozzles, recirculation
lines, and sparger lines. Although the actual diameters vary from manufacturer to manufacturer, these
values are generally within £5%. In the text, tables, and figures, only the nominal sizes are listed for the
diameters of pulse tubes, nozzles, recirculation lines, and sparger lines unless otherwise noted.

The second category of dimensional measurements is quantified based on measurements made with a
tape measure, protractor, or caliper and are presented as such in the discussion with the appropriate
uncertainties. This category typically applies to direct measurements of nonstandard tubing and piping
materials and assemblies used in the tests.

The third category of measurements mainly corresponds to dimensional information that was
impossible to obtain exactly or measure directly, such as spatial locations and elevations of the vessel
internals relative to its bottom (e.g., distance of nozzles from bottom). Although significant efforts were
made to achieve the target values specified in the testing sequences, no direct as-built measurements were
made in most cases because of space limitations within the tank (i.e., manned entry was not possible). In
other cases, direct measurements were made using less precise measuring devices (carpenter’s rule or
objects such as a tube with a measured mark) that were placed beside the items being measured but could
only be read from outside the tank. In addition, this category also includes measurements that were not
recorded at the time of testing and could only be estimated based on information obtained during testing
or construction/installation. This category of measurements is indicated as nominal or approximate in the
text, tables, and figures and should be treated as such, irrespective of the precision implied by the reported
measurement. The test stand configurations and operating conditions for the test sequences in this
document are subject to the dimensional constraints presented in this section.

2.1 UFP Scaled Test Stand

The UFP scaled test stand consisted of an ellipsoidal-bottom, open-top tank containing four or six
PJMs in a fixed configuration, with or without sparger tubes in a fixed configuration, and in some
sequences a recirculation system with recirculation pump discharge and suction lines at various locations
within the tank. A Plexiglas shroud enclosed the PJM assembly in test sequences 15 and 16. Test
sequence numbers not presented in this document area those for which no conclusive mixing result was
obtained, or sequences used to derive drive functions or check system performance.

The 168-inch-diameter, full-scale UFP tank was represented by a 34 + 1-inch-ID clear acrylic vessel.
The geometric scale factor was approximately 4.94. The scaled UFP test vessel was 90%5 = % inches tall
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with the bottom an approximately 2:1 elliptical dish head of stainless steel. All PJMs used for the tests in
the UFP scaled platform were provided by BNI.

Figure 2.1 is a simplified diagram of a PJM. The dimensions reported in this figure are approximate.
The PJMs consisted of a 6-inch-diameter schedule 40 stainless-steel pipe with a domed stainless steel cap
attached at the top. The dome was approximately 5 inches high with approximately 2 inches nearly
parallel with the 6-inch pipe. The domed cap was connected to a 2-inch-diameter stainless steel coupling,
attached in turn to a 2-inch-diameter schedule 40 stainless-steel pipe. The 2-inch-diameter pipe was
approximately 13% inches long and connected to a ¥:-inch-diameter schedule 40 stainless-steel pipe via a
stainless-steel reducer coupling. This pipe supplied air pressure, vent, and vacuum inputs to the PJM.

The bottom of the 6-inch-diameter pipe was welded to a 6-inch-diameter stainless-steel coupling,
where a stainless-steel conical section was attached. The conical section had a 60° taper that was
truncated at its lower end and welded to a 2-inch-diameter schedule 40 threaded pipe section, where a
nozzle assembly was attached via a 2-inch-diameter coupling or reducer coupling. The upper end of the
cone was welded to a section of 6-inch-diameter schedule 40 stainless steel pipe that threaded into the
6-inch-diameter coupling welded onto its lower end. The overall length of the straight section of pipe,
including the threaded section attached to the cone and the straight section of the dome cap, was
approximately 37 inches (+ 1 inch). This corresponds to a PJM height scale factor of approximately 4.32.
The difference between the UFP tank dimension scale factor and the pulse tube dimension scale factor
was dictated by the need to use standard pipe sizes for procurement expediency. However, the volume
expelled from the PJMs was consistent with the UFP vessel scale factor of approximately 4.94.

3/4-inch-diameter Schedule 40
Stainless Steel Pipe

2-inch-diameter Schedule 40
Stainless Steel Pipe

6 in. Schedule 40
Stainless Steel Pipe
(6.065 in. ID, 6.625 in. OD.)

37 in

} Nozzle Assembly

Figure 2.1. Schematic Diagram of PJM Used in UFP Scaled Test Stand
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A nozzle assembly was attached to the bottom of each PJM tube. Except where noted, the center and
perimeter PJM nozzle assemblies were constructed so that the lowest points on the nozzle assemblies
were raised the same distance off the tank bottom directly below them.

A summary of the UFP test sequences and corresponding PJM/hybrid mixer configurations is
presented in Table 2.1. In this table the sequence and run numbers are test identifiers, and “test type”
refers to whether the test parameter observed was mixing, solids lift, or cloud height. The mixing tests
used tracers to assess the extent of mixing; the technique is described in Section 3.1.2. The solids lift and
cloud-height tests used glass beads to assess the ability of the PJMs to mobilize solids off the bottom of
the tank. That technique is described in Section 3.1.3. The test mode entry indicates the operational
modes of PJM/hybrid systems during the testing sequence (e.g., PJMs, spargers, and recirculation
pumps/nozzles). Details of the PJMs, sparger tube assembly, and recirculation system configurations
used in the tests are included in Sections 2.1.1 through 2.2.

2.1.1 UFP Scaled Test Stand Configurations

Different physical arrangements and varying combinations of PJMs, spargers, and recirculation
nozzles were used for the mixing, solids-lift, and cloud-height testing in the UFP scaled test stand.
Table 2.2 summarizes the three PJM/sparger configurations used during the tests. Plan and elevation
views of the vessel and internals for the three PJM/sparger configurations with nominal dimensions are
shown in Figures 2.2 through 2.7. The PJM and sparger tube positions reported in these figures are
considered approximate and are based on templates used to position the PJMs and procedures used to set
the target elevations of the PJM nozzle tips.

The PJM arrays consisted of either four or six PJMs, one in the center and either three or five equally
spaced around the center. The four-PJM configuration was generally referred to as the “trifoil” (3+1),
and the two six-PJM configurations were generally referred to as the “cluster” (5+1) and “cluster” (5+1)
configurations. Both the trifoil and cluster configurations included sparger tubes that were made from '2-
inch OD (0.37-inch ID) stainless steel tubing.

Figures 2.2 and 2.3 are plan and elevation views, respectively, of the trifoil configuration that was
used to study the PJM and sparger hybrid configurations without obstruction of the spargers by additional
PJMs in test sequences 1, 2, and 3B. Because the PJMs were to generate a mixed region at the bottom of
the vessel, and the spargers were to extend the mixed region to the simulant surface, four PJMs were
deemed suitable for testing. The trifoil configuration consisted of one PJM in the center and three spaced
at 120° intervals around it on a pitch circle diameter (PCD) of approximately 14Y4 inches. Four spargers
were used in this configuration; the center sparger was approximately midway between adjacent
perimeter PJMs at a radial position of approximately 5 inches from the tank centerline. The perimeter
spargers were placed about midway between adjacent perimeter PJMs at a PCD of 20%& inches, based on
measurements of a template used to position the PJMs and spargers. The lower ends of the sparger tubes
were approximately 3 to 4 inches from the tank floor, based on procedures used to set them at target
elevations.
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Table 2.1. UFP Test Sequences Presented in this Report and Corresponding PJM, Sparger, and Recirculation Pump Configurations(@b)

PJM Configuration

Sparger Configuration

Recirculation Pump Discharge
Configuration

PIM Noz. Dia. | Elevation|  nq of Radial | Elevation|no; pia| pcp | Elevation
Seg.No.| Run Test Type Test Mode Arrangement Nozzle Type (in.) (in)© | Spargers Pos. (in)(© @n) | @n) | n)® | Angle

1 1 Mixing PIM Only Trifoil 3+1) | 45° (3); Vertical (1) | _ 0.82 2 — - ~ - - - ~

1 2 Mixing PJM Only Trifoil 3+1) | 45° (3); Vertical (1) | 0.82 2 — - — - ~ ~ =

1 3 Mixing PJM + Sparging Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 1 (near center)| Figure 2.2 4 -- - - --

1 4 Mixing PJM + Sparging Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 3 (outer) Figure 2.2 4 -- - - --

2 1 Mixing PJM Only Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 - - -- - - - _

2 2 Mixing PJM Only Trifoil 3+1) | 45° (3); Vertical (1) | _ 0.82 2 — — — - ~ _ =

2 3 Mixing PJM + Sparging Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 1 (near center)| Figure 2.2 4 -- -- - --

2 4 Mixing PJM + Sparging Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 3 (outer) Figure 2.2 4 -- - - -

3B 0 Mixing PJMs Only Trifoil 3+1) | 45° (3); Vertical (1) | _ 0.82 2 — — = = - - =

3B 1 Mixing PJM + Pump Trifoil 3+1) | 45° (3); Vertical (1) | _ 0.82 2 _ _ _ 0.957 | 11 23% | 0°, down
3B 2 Mixing PJM + Pump Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 - -- - 0.957 11 23 % 0° down
3B 3 Mixing Pn\gp;g;il:;p * Trifoil (3+1) 45° (3); Vertical (1) 0.82 2 1 (near center)| Figure 2.2 4 0.957 11 24 0°, down

7 1-4 Solids Lift PJMs only Cluster (5+1) 45° (5); Vertical (1) 0.82 2 - - - - - - -

7 S Solids Lift Center PJM only Cluster (5+1) Vertical (1) 0.82 2 - - - - - - -
TA 1 Cloud Test PJMs Only Cluster (5+1) 45° (5); Vertical (1) 0.82 2 - - - - - - -

7A 2 Cloud Test PJMs Only Cluster (5+1) | 45°(5); Vertical (1) 0.82 2 - -- - - - - -

8 1-7 Solids Lift PJMs Only Cluster (5+1) 60° (5); Vertical (1) 0.82 2 - - - - - - -

o | 14 | soliastin | Pavsonly | PPCEITISEN 5o ) verical (1) | 082 2 - i - . - -

9A | la | CloudTest PIMs Only E"p"‘"(ds‘ffl(;‘““er 45°(5); Vertical (1) | 0.82 2 - - . - - - .
9A 2a Cloud Test PJMs Only E"pan(dsiil?“mr 450 (5); Vertical (1) | 0.82 2 - - - - - - -

10 1-3 Solids Lift PIMs Only E"pan(ds"fl?umr 30° (5); Vertical (1) | 0.82 2 - - - - - - ~
10A | 1a | CloudTest PIMs Only E"pa“(dse_fglusm 30°(5); Vertical (1) | 0.82 2 - - - - - - -
10A 2a Cloud Test PIMs Only Expanded Cluster | 300 5y vertical (1) | 0.82 2 - - - - - - -

(5+1)




¢'C

Table 2.1 (contd)

PJM Configuration

Sparger Configuration

Recirculation Pump Discharge
Configuration

PIM Noz. Dia. | Elevation | nq of Radial | Elevation| oz pia| pcp | Elevation
Seg. No. Run Test Type Test Mode Arrangement Nozzle Type (in.) (in.)© Spargers Pos. (in.)© (in.) in) | @n)© | Angle

11 ! Mixing PJMs Only E"pa“gefl?umr 30° (5); Vertical (1) | 0.82 2 - - - - - - -

11 2 Mixing PJMs Only EXpangeflfluswr 30° (5); Vertical (1) | 0.82 2 - - - - - - -

12 1 Mixing PJMs Only E"pangefl?usm 30° (5); Vertical (1) | 0.82 2 - - - - - - ~

.. Expanded Cluster o cn. . d

12 2 Mixing PIM + Pump (5+1) 30° (5); Vertical (1) 0.82 2 - - - 0.64 | 255 8 450(d)

13 1 Mixing PJM Only Cluster (5+1) | 45°(5); Vertical (1) 0.82 1Ya -- - -- - -- -- -

13 2 Mixing PJM Only Cluster (5+1) | 45°(5); Vertical (1) 0.82 1Ya -- - -- - -- -- -

13 3 Mixing PIM + Pump Cluster (5+1) | 45°(5); Vertical (1) | 0.82 1 - - - 1107 | 25 17% | 0°down
15(€) 1 Mixing PIM Only Cluster (5+1) | 45°(5); Vertical (1) 0.82 1Y% - - - - - - -
150 2 Mixing | DM APUmMpE e (5+1) | 450 (5); Vertical (1) | 0.82 1% Jaround | b oa| 4 1107 | 25 17% | 0°, down

Sparging perimeter
.. . . 3 around .
e o . 1 —_— —_— - -
16(©) 1 Mixing PIM + Sparging Cluster (5+1) 45° (5); Vertical (1) 0.82 1Ya perimeter Figure 2.4 4

(a) Test results discussed in Sections 6 and 7.
(b) Configuration spatial and dimensional distances values in table do not reflect the type of measurement or accuracy. See text for details.
(c) Approximate distance from the bottom of the tank under the nozzle-distance is slightly less for peripheral spargers.
(d) Angle above horizontal (see Figure 2.18)
(e) Configuration selected.




Table 2.2. Summary Description of UFP Scaled Test Stand PJM and Sparger Configurations

. . Nominal PCD . :

Configuration General Description of Perimeter Nominal PCD | Applicable

Name PIMs of Spargers Sequences

Trifoil (3+1) Three equally spaced perimeter PJMs 14Y4 inch 10-inch center 1,2,3B
surround a center PIM. Three perimeter air sparger
spargers are equally spaced between or
perimeter PJMs and midway between the 20% inch
perimeter PJM tube wall and the tank wall. perimeter
A single center air sparge is placed between spargers
one of the perimeter spargers and the center
PJM tube wall (Figures 2.2 and 2.3).

Cluster (5+1) Five equally spaced perimeter PJMs 14% inch 24 inch 7,7A, 8,
surround a center PJM. Three spargers, 13, 15,16
installed for sequences 15 and 16, are
approximately equally spaced around tank
(Figures 2.4 and 2.5).

Expanded Five equally spaced perimeter PJMs 18% inch NA 9,9A, 10,

Cluster surround a center PJM; the perimeter PJMs 10A, 11,

5+1) are about 2 inches farther outward than 12
those in the cluster (5+1) configuration. No
spargers (Figures 2.6 and 2.7).

120° 60°

10 in. diameter

Sparger Tubes

20 3/8 in. diameter

180°

240°

PJM Tube

14 1/4 in. Diameter

34 in. Diameter

Figure 2.2. Plan View of Trifoil Configuration in UFP Scaled Test Stand Showing Nominal
Locations of PJMs and Spargers Used in Sequences 1, 2, and 3B
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Perimeter Sparge Line —_ |

Center Sparge Line —]

| — Perimeter PIM

| — Center PIM

2 in

3-4in

Figure 2.3. Elevation View of Trifoil Configuration in UFP Scaled Test Stand Showing Nominal
Locations of PJMs (with center and 45° nozzle assemblies) and Spargers Used in
Sequences 1, 2, and 3B.

Figures 2.4 and 2.5 are top and plan views, respectively, of the cluster (5+1) configuration that was
used in sequences 7, 7A, 8, 13, 15, and 16. The actual vessel will have six PJMs arranged in a
configuration similar to that evaluated in the test stand.

Figures 2.6 and 2.7 are top and plan views of the expanded cluster configuration. This configuration
was used in sequences 9, 9A, 10, 10A, 11, and 12 and underwent limited evaluation as a variation of the
cluster configuration. The expanded cluster configuration consisted of six PJMs, one in the center and
five perimeter PJMs at 72° intervals around the center. The perimeter PJMs in the expanded cluster
configuration were positioned on a PCD of approximately 18% inches about the tank centerline. This
configuration did not include any sparger tubes.
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Sparger (Sequences 15, 16 only) 105°

126°

14 3/4 in. Diameter 34 in. Diameter

24 in. Diameter

=~ 342
341°

Sparger (Sequence 15, 16 only)

198°
Sparger (Sequence 15, 16 only)

221°

PJM Tube

270°

Figure 2.4. Plan View of Cluster Configuration in UFP Scaled Test Stand Showing Nominal
Locations of PJMs and Spargers Used in Sequences 7, 7A, 8, 13, 15, and 16

Sparger (Sequences 15,16 only) \
[
|_— Perimeter PIM
A
| — Center PIM
!
4 in
‘ 2 in (seqences 7, 7A, 8)
1 1/4 in (sequences 13, 15,16)
2 in (seqences 7, 7A, 8)
1 1/4 in (sequences 13, 15,16) 45°

Figure 2.5. Elevation View of Cluster Configuration in UFP Scaled Test Stand Showing
Nominal Locations of PJMs (with center and 45° nozzle assemblies) and Spargers
Used in Sequences 7, 7A, 8, 13, 15, and 16
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34 in. Diameter

18 3/8 in. Diameter

—
198° 342°

PJM Tube

270°

Figure 2.6. Plan View of Expanded Cluster Configuration in UFP Scaled Test Stand Showing Nominal
Locations of PJMs and Spargers Used in Sequences 9, 9A, 10, 10A, 11, and 12

| — Perimeter PJIM

| — Center PJIM

Y

——
LZin

45°

Figure 2.7. Elevation View of Expanded Cluster Configuration in UFP Scaled Test Stand Showing
Nominal Locations of PJMs (with center and 45° nozzle assemblies) and Spargers Used in
Sequences 9, 9A, 10, 10A, 11 and 12
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The cluster configuration consisted of six PJMs, one in the center and five around the perimeter at 72°
intervals. The perimeter PJMs in this configuration were positioned on a PCD of approximately
14% inches about the tank centerline. Only sequences 15 and 16 had spargers installed in the cluster PJM
configuration; three spargers were equally spaced around the tank centerline and approximately 12 inches
from it, based on measurements of the distance between the center PJM nozzle and the sparger tubes. The
approximate angular location of each sparger tube was determined by measuring its location with respect
to the positions of three or more of the %-inch pipelines supplying air to the PJMs. The orientation was
chosen to place one of the sparge tubes on the opposite side of the tank from the recirculation pump
discharge line used in these sequences. The sparger tubes were made of Y2-inch-OD stainless steel tubing,
and the lower ends of the tubes were 4 inches above the bottom of the tank, measured from the tank floor
beneath the sparge tube either by placing the tube on the tank bottom and raising it 4 inches or by placing
a tube (marked 4 inches from its end) next to the sparge tube and adjusting the sparger tube outlet level to
this mark. All measurements were made with a tape measure. A Plexiglas shroud was placed around the
PJM cluster for sequences 15 and 16. The shroud is discussed in detail in Section 2.1.4.

2.1.2 PJM Nozzle Assemblies

The nozzle assemblies used in the UFP test stand were configured to direct the slurry at specific
orientations relative to the tank bottom. The center PJM nozzle assemblies always directed the flow
vertically downward (0°) at the tank centerline. The perimeter PJM nozzles for most tests directed the
flow at a 45° angle from vertical in a radial direction away from the tank centerline. This orientation
directed the flow at an incident angle approximately normal to the tank bottom. Angles of 30° and 60°
were also employed with alternative perimeter PJM nozzle assemblies to investigate the effects of nozzle
angle. The target nozzle elevation (distance above tank bottom) for the PJM assemblies was established
by lowering the PJM assembly into the tank so that the lowest point on the perimeter and center PJIM
nozzles touched the tank bottom at the same time and then raising the entire PJM assembly to achieve the
target distance from the nozzle to the tank bottom.

The lowest point on the PJM assemblies was raised to a target elevation of approximately 2 inches for
sequences 1, 2, 3B, 7, 7A, 8, 9, 9A, 10, 11, and 12 and approximately 1% inches for sequences 13, 15,
and 16. Figures 2.3, 2.5, and 2.7 show the elevations for the center and 45° perimeter nozzle assemblies
in these sequences. In sequences 8, 10, 10A, 11, and 12 the 45° nozzle assemblies were replaced with
nozzle angles of 30° or 60° on the perimeter PJMs without adjusting the vertical length of the center PJM
nozzle assembly. In these sequences the PJIM assembly was lowered until the center and/or perimeter
PJM nozzle assemblies touched the tank bottom and then raised to the target elevation. Slight differences
in vertical height and lateral displacement of the lowest points of these alternative nozzle assemblies
could have resulted in actual elevations being slightly different than the target level of 2 inches.

The center PJM nozzle assembly for both trifoil (3+1) and cluster (5+1) PJM configurations
(Figure 2.8) consisted of (in order of assembly) a 5%-inch-long, %-inch-diameter schedule 40 stainless
steel pipe connected to a 1 X ¥-inch-diameter stainless steel bushing inserted into a 2 x 1-inch-diameter
stainless steel reducer coupling. The pipe forming the nozzle tip extended 4'3/16 inches out of the
bushing, as shown in the figure, and pointed straight down toward the center of the tank bottom. The
dimensions shown for the center PJM nozzle in Figure 2.8 are based on direct measurements of the nozzle
assembly used in sequence 13 with a tape measure.
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CENTER PJM NOZZLE ASSEMBLY PERIMETER PJM NOZZLE ASSEMBLY

69/16 -7 1/16 in
8 1/16in

4 15/16in

—r27/8-3in—1

Figure 2.8. Schematic of Center and 45° Perimeter Nozzle Assemblies Used in UFP Scaled Test
Stand and Range of Dimensions

The center nozzle assembly for the expanded cluster PJM configuration was similar to that used in the
other two configurations except that the pipe forming the nozzle tip was calculated to be approximately
1% inches longer to account for the larger PCD of the perimeter PJM tubes and the curvature of the tank
bottom.

All of the perimeter PJIM nozzle assemblies except those used in sequences 8, 10, 10A, 11, and 12
used standard schedule 40 stainless-steel pipe and fittings consisting of (in order of assembly) a nominal
14-inch-long, 's-inch-diameter pipe, a 1 x %-inch-diameter bushing, a 1-inch-diameter 45° elbow, a
1-inch-diameter nipple, and a 2 % 1-inch-diameter threaded reducer coupling (see Figure 2.8). The pipe
forming the nozzle tip extended approximately 1 to 1'% inches out of the bushing and pointed radially
from the tank centerline at a 45° angle (based on the 45° elbow fitting). The lowest point on the nozzle
tip was raised approximately 2 inches off the bottom for sequences 1, 2, 3B, 7, 7A, 9, and 9A and
1% inches off the bottom for sequences 13, 15, and 16. The dimensions shown in Figure 2.8 for the 45°
perimeter PJM nozzles are direct measurements with a tape measure of the five nozzle assemblies used in
sequence 13, three of which were also used in the trifoil configuration. The perimeter PJIM nozzle
assemblies used in sequences 8, 10, 10A, 11, and 12 were applied to investigate the effects of alternative
perimeter nozzle angles on solids lift, cavern formation, and mixing. Schematic diagrams of these nozzle
assemblies are shown in Figure 2.9.

The 60° nozzle assemblies (used in sequence 8) consisted of, in order of assembly, a nominal
1%-inch-long, ¥%-inch-diameter schedule 40 stainless steel pipe, a 1 x %-inch-diameter stainless steel
bushing, a 90° stainless steel elbow (elevation elbow), a 1-inch-diameter schedule 40 stainless steel
nipple, a second 90° stainless steel elbow (lateral arm elbow), a second nipple, and a 2 x 1-inch-diameter
stainless steel coupling. Measurements were carried out on two complete nozzle assemblies and two
partial assemblies, each consisting of the two elbows and a connecting nipple. The lateral arms were
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60° NOZZLE ASSEMBLY 30° NOZZLE ASSEMBLY
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~5in
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35/16in
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Figure 2.9. Schematic of 60° and 30° Perimeter PJM Nozzle Assemblies Used in UFP Scaled Test
Stand and Range of Dimensions Measured

oriented so that the nozzles were aimed radially away from the center PJM nozzle, as shown in Fig-
ure 2.9. This resulted in placing the nozzle tip midway between adjacent PJMs instead of pointing
radially outward from the perimeter PJM centerline.

The 30° nozzle assemblies, which were used in sequences 10, 10A, 11, and 12, consisted of nominal
S-inch-long, ¥-inch-diameter, schedule 40 stainless steel pipe cut approximately 2% inches from the
nozzle outlet, both pieces beveled at 15° and welded together again to produce an approximately 2%-inch-
long straight section at the nozzle tip (measured at centerline) welded at 30° to an approximate 134-inch-
long pipe section (measured at pipe centerline). Each nozzle tip was inserted into a 1 X ¥%-inch-diameter
stainless steel bushing that, in turn, was inserted into a 2 X l-inch-diameter stainless steel reducer
coupling. The dimensions are based on direct measurements of the nozzle tips before and after
reassembly with the bushings.

2.1.3 Recirculation System Configuration

Several different recirculation system configurations were used in sequences 3B, 12, 13, and 15. The
recirculation system shown in Figure 2.10 consisted of two centrifugal pumps placed in parallel and then
connected in series with a diaphragm pump that served to eliminate cavitation. The centrifugal pumps fed
a manifold that supplied flow to up to four separate discharge lines. The recirculation pump system was
configured to supply flow to a single discharge line in sequences 3B, 13, and 15 and was operated at a
target flow rate of 90 + 5 gpm. The discharge line nozzle was sized so the linear velocity exiting
the nozzle was approximately 40 ft/sec for sequence 3B and approximately 30 ft/sec for sequences 13 and
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Figure 2.10. Configuration of Major Recirculation System Components

15. Sequence 12 used three discharge lines (see Figure 2.16) with a combined flow rate of 90 £ 5 gpm
and nozzles sized to produce a linear velocity of approximately 32 ft/sec. Table 2.3 summarizes the
recirculation system configurations evaluated in the UFP scaled test stand.

Two recirculation system configurations were used with the trifoil PJM configuration; both contained
a single discharge line of 2-inch-diameter schedule 40 stainless steel pipe connected to a nozzle assembly
with a 1-inch-diameter schedule 40 stainless steel nozzle tip pointing down and a single suction line
consisting of 2-inch-diameter schedule 40 PVC pipe.

Figures 2.11 and 2.12 display the locations of the pump discharge and suction lines in the trifoil
scaled UFP test stand for sequence 3B. The discharge-line nozzle for sequence 3B was situated
approximately midway between two of the perimeter PJMs at a radial position approximately 5 inches
from the tank centerline and 23% inches above the tank bottom below the discharge nozzle tip. The
nozzle assembly used in sequence 3B (Figure 2.13) consisted of a 4-inch-long, 1-inch-diameter schedule
80 PVC pipe extending 2% inches out of a 2 x 1-inch-diameter schedule 40 PVC slip-slip reducer bushing
that was inserted into a 2-inch-diameter schedule 40 PVC coupling. The pump suction line in sequence
3B was at a radial position approximately 13 inches from the tank centerline at an angular position of
300° and an elevation of approximately 4 inches as measured from the edge of the inlet closest to the tank
centerline to the tank floor. The suction line exited the tank through a port on the side of the tank about
14% inches above the bottom at the centerline.

A single recirculation pump discharge line was also used with the cluster PJIM configuration in
sequences 13 and 15. It was also placed in the scaled platform during sequence 16 but was not operated.
Figures 2.14 and 2.15 show the locations of the pump discharge and suction lines used in this
configuration. Also shown in Figure 2.14 is the location of a Plexiglas shroud that was used in sequences
15 and 16 (discussed in detail in Section 2.1.4). The discharge line was approximately 12%: inches away
from the tank centerline and offset approximately 3% inches from the PJM that was on the opposite side
of the tank from the recirculation pump suction line, as shown in Figure 2.16. This placed it at an angular
position of about 284°. The nozzle assembly shown in Figure 2.13 consisted of a 10'%/i6-inch-long,
l-inch-diameter schedule 40 stainless-steel pipe bored to a 1.107-inch-ID and extending 10'/1s inches out
of a 2 x l-inch-diameter stainless steel reducer coupling. The bottom of the nozzle tip was raised
17'% inches above the tank bottom, as shown in Figure 2.15.

2.13



v1'C

Table 2.3. Summary Description of Recirculation System Configurations for UFP Scaled Test Stand

Discharge Line(s) Suction Line
Description/PJM | Applicable Elevation of Nozzle Elevation of
Configuration Sequences | Number Location® Nozzle Orientation Location® Inlet
VA —

Single vertical pump 11-inch PCD from tank 23% inches . 26 1nch PCD from tank 4 inches above

. . o 3B 1 . o above tank Straight down | centerline outboard of
discharge line/trifoil centerline at ~300 . o |tank bottom

bottom perimeter PJM at ~90

‘ . . 17% inches it 37 inches
Single vertical pump 25-inch PCD from tank . centerline exiting

. . 13,15 1 . o above tank Straight down . above tank
discharge line/cluster centerline at ~284 through tank wall side

bottom o bottom
port at~90
o 8 inches above |45° above .
Tl}llrrse 3;C§:§1:d Nominal 25%-, 26-, and 27%- | tank bottom horizontal 3e/121 :;‘ﬁf: g(i)g;tank 3 inches above
pump & 12 3 inch PCD from tank center- |below lateral pointed 90° with &
lines/expanded . o o o through tank wall side tank bottom
line at ~24°, ~146° and ~263° | arm of nozzle  |respect to tank o .

cluster assembly centerline port at ~90° location

(a) Angular values are measured counterclockwise from the 0° reference, as indicated in Figure 2.2.




Pump Suction Line Inlet

11 in Diameter

26 in Diameter

Sparger
Sparger 34 in Diameter (nominal)

Sparger

PJM Tube Pump Discharge Line

Figure 2.11.  Plan View of Trifoil Configuration in UFP Scaled Test Stand Showing Nominal
Location of Recirculation Components Used in Sequence 3B

34in

Y - — 0

Perimeter Sparger \
\ / Perimeter PJIM
Center Sparger ——_ | ] Recirculation Pump
~—_| Discharge Line
Iy (Sequence 3B)
L]
Center PIM \
™l I
1
Recirculation Pump

Suction Line

e I|

f ) } 233/4in
14 3/4in ;

! —

I—4in

=)

Figure 2.12. Elevation View of Trifoil Configuration in UFP Scaled Test Stand Showing
Nominal Locations of Recirculation System Components Used in Sequence 3B
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RECIRCULATION PUMP RECIRCULATION PUMP
DISCHARGE NOZZLE ASSEMBLY DISCHARGE NOZZLE ASSEMBLY
L (SEQUENCES 13, 15. 16)

5 1/2in T

2 3/4in

| !

129/16 in

10 1/16in

Figure 2.13. Elevation View of UFP Scaled Test Stand Recirculation Pump Discharge Line
Nozzles Used in Sequences 3B (left), 13, and 15 (right)

90°

Sparger (Sequence 15, 16)

9 in. Diameter

34 in. Diameter

Pump Suction Inlet
(Sequences 13, 15, idle in 16)

———— 00

25 in. Diameter

Sparger (Sequence 15, 16)
Sparger (Sequence 15, 16) Shroud (Sequencel5, 16)

Pump Discharge Outlet

T 3 1/8in (Sequences 13, 15; idle in 16)

PJM Tube
270° 284°

Figure 2.14. Plan View of UFP Cluster Configuration in UFP Scaled Test Stand Showing
Nominal Locations of Recirculation System Components Used in Sequences 13,
15, and 16 and the PJM Shroud Used in Sequences 15 and 16
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Sparger (Sequence 15, 16) — |

[~
|_— Perimeter PIM
%
| _— Center PIM
/
. . [ ] Pump Dishcarge Line
lzélgllﬁsnicetslolrgl‘ir;? idls.in 16) |~ (Sequence 13, 15; idle in 16)

=

ﬂlz 17 1/8in
n L& W

_——

3 7/8in

Figure 2.15. Elevation View of UFP Cluster Configuration in UFP Scaled Test Stand Showing
Nominal Locations of Recirculation System Components Used in Sequences 13, 15,

and 16
90°
34 in. Diameter
24°
9 in Diameter
00
PJM Tube

27 1/2 in Diameter
26 in Diameter

25 1/2 in Diameter

Suction Line Inlet

263°

Figure 2.16. Plan View of Expanded Cluster Configuration in UFP Scaled Test Stand Showing
Nominal Locations of Recirculation System Components Used in Sequence 12
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The centerline of the recirculation pump suction line inlet was approximately 4'5 inches from the tank
centerline and approximately 37% inches above the tank bottom measured from the edge of the suction
inlet closest to the tank centerline. In both configurations, the suction line inlet was pointed down but
exited the tank through a side port approximately 14% inches above the tank bottom centerline, as shown
in Figure 2.15.

A recirculation system was also used with the expanded cluster configuration in the scaled test stand
in sequence 12. The expanded cluster configuration in this sequence used 30° perimeter PJM nozzle
assemblies and incorporated three 2-inch-diameter stainless steel pump discharge lines, as shown in
Figures 2.16 and 2.17. The pump discharge-line nozzle assemblies shown in Figure 2.18 consisted of (in
order of assembly) a 3 to 3%-inch-long, "2-inch-diameter schedule 40 stainless steel pipe, a 1 x .-inch-
diameter stainless steel bushing, a 45° stainless steel elevation elbow, a stainless steel nipple, a 90°
stainless steel elbow, a second stainless steel nipple, and a 2 x 1-inch-diameter stainless steel reducer
coupling that connected the assembly to the 2-inch-diameter discharge line. The elbows were aligned to
aim the nozzle tip 45° above horizontal. The key dimensions of the nozzle assembly are based on
measurements made with a tape measure on one complete nozzle assembly attached to a recirculation line
and two partially built nozzle assemblies.

14 3/4 in j
—3in L 8in

Figure 2.17. Elevation View of Expanded Cluster Configuration Used in UFP Scaled Test Stand
Showing Nominal Locations of Recirculation System Components Used in Sequence 12
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90° (for illustration only)

Tank Center

25/8-33/16in

45/8-51/41in
57/16 -6 1/16

B

S 51/8-55/16in
///
25/8-31/4in

Figure 2.18. UFP Test Stand Recirculation Pump Discharge Nozzle Assembly Used in Sequence 12

The three discharge lines in sequence 12 were installed at approximate angular locations of 24°, 146°,
and 263° around the center PJIM at an estimated radius of 12% to 13% inches, based on careful
observations of the recirculation line positions with respect to the nearest PJMs and discussions with the
craftsmen. The lowest points on the nozzle assemblies were calculated to be approximately 8 inches
above the bottom of the tank based on measurements of the positions of the brackets used to support two
of the discharge lines that were still in place on the 2-inch discharge line pipes after they were removed
from the test stand and the elevations of the PJM assembly support beams where the support brackets
were attached. The nozzle assemblies were oriented so the discharge nozzle plumes would miss the
PJMs. This placed the orientation of the nozzle assemblies slightly less than 90° with respect to the
centerline. The plan view in Figure 2.16, however, shows the nominal orientation of the nozzle
assemblies at 90°.

The suction line for sequence 12, also shown in Figures 2.16 and 2.17, was constructed of 2-inch-
diameter schedule 40 PVC pipe and two 45° elbows. The centerline of the suction line inlet was
approximately 4’ in. from the tank centerline and approximately 3 inches above the bottom of the tank
directly below the inlet. The suction line exited the tank through the port 14% inches above the tank
bottom at the centerline. The suction line location is based on both direct measurements of its position
with respect to the center PJM nozzle and tank bottom and with respect to direct measurements of the
inlet assembly components to determine the distance of the nozzle from the tank wall.

2.1.4 Scaled PIJM Assembly Shroud Configuration for UFP Test Stand

A Plexiglas shroud was placed around the PJM assembly for sequences 15 and 16 to prevent slurry
flow into the inner annulus formed between the perimeter and center PJMs. The sides of the shroud
extended between the proximal sides of adjacent perimeter PJMs, as shown in Figure 2.14. The bottom
of the shroud was at the bottom of the coupling connecting the conical section of the PJM to the
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cylindrical section, as shown in Figure 2.19. The bottom of the shroud was a flat Plexiglas plate with
holes for the PJM conical sections to pass through (Figure 2.19). The top of the sides of the shroud
extended up to the 2-inch-diameter couplings connecting the caps of the PJMs to the 2-inch air line, as
shown in Figure 2.20. The top of the shroud consisted of five connected wedge-shaped sections of
Plexiglas forming a five-sided pyramid with holes provided for the center PJM air line and for sample
lines to the perimeter PJMs. The Plexiglas top formed an angle of approximately 130° with the Plexiglas
sides (approximately 40° above horizontal) and the slope gradually decreased to approximately 125° with
the center PIM air line (approximately 25° below horizontal). The joints where the Plexiglas pieces met
the PJM surfaces, piping, or another Plexiglas sections were caulked with silicon sealant. The interior of
the shrouded PJM assembly was filled with a rigid polyurethane foam sealant, injected as expandable,
polyurethane intermediate and cured over several days to provide rigid support to the shroud.

Figure 2.20. Top View of UFP Scaled Shroud Side (left) and Top (right)
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2.2 Lag Storage Scaled Test Stand

The LS scaled test stand consisted of a round-bottom, open-top tank containing eight PJMs in a fixed
configuration, with or without sparger tubes also in a fixed configuration, and in some sequences a
recirculation system with recirculation pump discharge and suction lines at various locations within the
tank. A Plexiglas shroud was used in test sequences 26 through 28 to enclose the PJM assembly. Test
sequence numbers not presented in this document are those for which no conclusive mixing result was
obtained or sequences used to derive drive functions or check system performance.

The 300-inch-diameter full-scale LS tank was represented by a 70 + 1-inch-ID clear acrylic vessel.
The scale factor was approximately 4.29. The scaled LS acrylic vessel was 90% + 1 inches tall with the
bottom composed of a stainless steel 100-6% tank cap. All PJMs used in the LS scaled test stand were
provided by BNI. Figure 2.21 shows a simplified diagram of a PJM. The dimensions reported are
considered approximate.

3/4-Inch-Diameter Schedule 40
Stainless Steel Pipe

2-inch-Diameter Schedule 40
Stainless Steel Pipe

12 in. Schedule 40

Stainless Steel Pipe

(12.000 in. ID, 12.75 in. OD) \
31lin

/600 —

N

Nozzle Assembly

Figure 2.21. Schematic Diagram of PJM Used in LS Scaled Test Stand



The PJMs consisted of a nominal 28%-inch-long, 12-inch-diameter schedule 40 stainless steel pipe
with a domed stainless steel cap welded to the top. The dome was nominally 7 inches long and approx-
imately 2 inches of it were parallel with the 12-inch-diameter pipe. The domed cap was connected to a
2-inch-diameter stainless steel coupling that was, in turn, attached to a 2-inch-diameter schedule 40
stainless steel pipe. The 2-inch-diameter pipe was nominally 13%4 inches long and connected to a ¥4-inch-
diameter schedule 40 stainless steel pipe via a 2 x 1-inch-diameter stainless steel reducer coupling. The
bottom of the 12-inch-diameter pipe was welded to a 60° tapered conical section that was truncated at its
lower end where it was welded to a 6-inch-diameter schedule 40 stainless steel coupling (7%s-inch-OD).
A second 60° tapered cone was welded to a 6-inch-diameter schedule 40 stainless steel pipe section that
was threaded into the 6-inch-diameter coupling. This cone was also truncated at its lower end and welded
to a threaded section of 2-inch-diameter schedule 40 stainless steel pipe. A nozzle assembly was threaded
onto the bottom of this section.

The cylindrical section of each PJM, including the straight section of the dome cap, was approx-
imately 31 £1 inches high, corresponding to a PJM height scale factor of approximately 4.93. The
difference between the LS tank and pulse tube dimension scale factors was the need to use standard pipe
sizes for procurement expediency. However, the volume expelled from the PJMs was consistent with the
LS scale factor of approximately 4.29.

A nozzle assembly was attached to the bottom of each PJM tube. Except where noted, the center and
perimeter PJM nozzle assemblies were constructed so that the lowest points on the perimeter and center
PJM nozzle assemblies were the same distance from the tank bottom directly below their lowest points.

Table 2.4 is a summary of the LS test sequences and corresponding PJM/hybrid mixer configurations.
In this table the sequence and run numbers are test identifiers, and “test type” refers to whether the test
parameter observed was mixing, solids lift, or cloud height. The mixing tests used tracers to assess the
extent of mixing; that technique is described in subsection 3.1.2.1. The solids lift and cloud-height tests
used glass beads to assess the ability of the PJMs to mobilize solids off of the bottom of the tank, and that
technique is described in Section 3.1.3. The test mode entry indicates the operational modes of
PJM/hybrid systems during the testing sequence (e.g., PJMs, spargers, and recirculation pumps/nozzles).
Details of the PJMs, sparger tube assembly, and recirculation system configurations used in the tests are
given in Sections 2.2.1 through 2.2.4.
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Table 2.4. LS Test Sequences Presented in this Report and the Corresponding PJM, Sparger, and Recirculation Pump Configurations

(a,b)

. PJM Configuration Sparger Configuration Recirculation. Pump Discharge Config.
eq. i . ) )
Ng' | Test Type Test Mode Arraié?ment Nozzle Type NO(Zi.ngla. Ezfr\: E;E::(;” No. leiD) Eéier\:_ ?::))n Nl\(l)c;z?:s N((?:Z]az;e F(ﬁ? EE?:_ ?::;n Angle(d)
2A | 1 | Mixing | PIMsOnly | Cluster (7+1) V;‘rf;g)(l) g; o 2 . - - - - - - -
2A | 2 Mixing PJMs Only Cluster (7+1) V:rfi(::g)( 1 gg (1)3451; 2 -- - - - - - - -
2a | 3 | Mixing | PIMs + Spargers | Cluster(7+D) v:rfilg?)(l) g; ?:gf‘; 2 4 | 6% 1% - - - - -
2A 4 Mixing | PJMs + Spargers Cluster (7+1) st;g)(l) g; (1)3451; 2 8 61% 1% - - - - -

3| 1 | Mixing | PIMsOnly | Cluster(7+1) | e“rfwg)(l) g; o 2 - - - . - - . -

3| 2 | Mixing | PIMsOnly | Cluster (7+1) VG‘S:CS)(I) g; o 2 . - - - - - - -

3 3 Mixing | PJMs + Spargers | Cluster (7+1) V:rfi(;g)(l) gg (1)3451; 2 4 61% 1% -- - -- - -

3 | 4 | Mixing | PIMs+ Spargers | Cluster (7+1) vjrfiocg)(l) g; ?:gi; 2 8 | 61% 1% - - - - -

4 | 1 | Mixing | PIMsOnly | Cluster (7+1) V:rf;g)(l) 8 o 2 - . - - - - - -

4| 2 | Mixing | PiMsOmy | CMSerOTD :rfiocg)a) g; 0057 2 . ~ . . - - . -

4 3 Mixing | PJMs + Spargers Cluster (7+1) Veifiocg)(l) g; (1)3451; 2 4 61% 1% - - - - -

4 | 4 | Mixing | PIMs+ Spargers | C1uster 7D v:rfiocg)(l) g; ?:gf‘; 2 8 | 61% 1% - - - - -

5| 1 | Mixing | PIMs+Pump | Cluster (7+1) V;f:cg)(l) g; ?:gi; 2 - - - 4 |o62]| s9% | 20 | 30°Up

s | 2 | Mixing | PIMs+Pump | Cluster 7D V:rfi‘::g)(l) 8 o 2 - - . 4 o062 | 59% | 20 | 30°Up

6 | 1 | Mixing | PIMsOnly | Cluster (7+1) V;‘rf;g)(l) 1.380 2 - - - - - - - -

6 | 2 | Mixing PIMs Only Cluster (7+1) V;rf;g)( ) 1.380 2 - - - - ~ - - -

6 | 3 | Mixing | PIMs+ Spargers | C1Uster 7D v:rfiocg)(l) 1380 2 4 | 6% 1% - - - - -

6 | 4 | Mixing | PIMs + Spargers | Cluster 71 Ve‘if;g)(l) 1.380 2 8 | 6% 1% - - - - -

7 1 Mixing PJMs Only Cluster (7+1) V:rfi::g)( I g; (1)3451; 2 -- - -- - - - - -

7 | 2 | Mixing | PMsonly | Cluster 7D vjrfiocg)(l) g; ?:gi; 2 - - - - - - - R
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Table 2.4 (contd)

PJM Configuration

Sparger Configuration

Recirculation. Pump Discharge Config.

}ileoq‘ Run |Test Type]  Test Mode PIM Nozzle T Noz. Dia. | Elevation N pcD |Elevation| No. of Ng_zzle pcD |Elevation @
' Arrangement ozzle Type (in.) (in.)(© o (in.) (in.)(©) [Nozzles (i:1aj (in) | (in)© Angle
. Cluster (7+1) 45°(7) (7)0.957 } R
7 3 Mixing PJMs + Pump Vertical (1) | (1) 1.049 2 -- -- -- 4 0.622 [ 59'% 29 30° Up
.. Cluster (7+1) 45°(7) (7) 0.957 L o
7 4 Mixing PJMs + Pump Vertical (1) | (1) 1.049 2 -- -- -- 4 0.622 | 59% 29 30° Up
. PJMs + Pump + Cluster 45° (7) (7)0.957 \ R } ,
7 5 Mixing Sparging (7+1) Vertical (1) | (1) 1.049 2 4 61% 1% 4 0.622 | 59% 29 30° Up
.. PJMs + Pump + Cluster 45°(7) (7) 0.957 5 N . o
7 6 Mixing Sparging (7+1) Vertical (1) (1) 1.049 2 8 61% 1% 4 0.622 59 29 30° Up
Cluster 45° (3)
8 | 1 | Mixing |  PIMsOnly (4+3+1) 135 (4) 8 822; 2 - - - - - - - -
Vertical (1) )
Cluster 45°(3)
8 | 2 | Mixing PJMs Only (4+3+1) 135 (4) g; 8'32; 2 - - - - - - - -
Vertical (1) )
.. Cluster 45°(7) (7) 0.957 . Vertically
9 1 Mixing PJMs + Pump (7+1) Vertical (1) | (1) 1.049 2 - -- 1 1.278 16% 4 down
.. Cluster 45°(7) (7) 0.957 . Vertically
9 2 Mixing PIMs + Pump (741) Vertical (1) | (1) 1.049 2 -- -- 1 1.278 16Y 4 down
.. PJMs + Pump + Cluster 45°(7) (7) 0.957 5 N . Vertically
o | 3 | Mixing Spargers (7+1) Vertical (1) | (1) 1.049 2 4 o 1 I R I down
. Cluster 45°(7) (7) 0.957 . o
10 1 Mixing PJMs + Pump (7+1) Vertical (1) (1) 1.049 2 - - - 1 1.278 59 16 30° Up
. Cluster 45° (7) (7)0.957 } .
10 2 Mixing PJMs + Pump (7+1) Vertical (1) | (1) 1,049 2 -- -- - 1 1.278 | 59% 16 30° Up
. Cluster 45°(7) (7) 0.957 . o
11 1 Mixing PJMs + Pump (7+1) Vertical (1) (1) 1.049 2 - - - 2 0.91 59% 16 30° Up
.. Cluster 45°(7) (7) 0.957 L o
11 2 Mixing PJMs + Pump (7+1) Vertical (1) | (1) 1.049 2 -- -- -- 2 0.91 59% 16 30° Up
Cluster 45°(4)
12| 1 | Mixing | PIMsOnly (&+3+1) 135 3) 8 Yo 2 - - - - - - - -
Vertical (1) :
Cluster 45° (4)
12| 2 | Mixing | PIMsOnly (443+1) 135 (3) 8 822; 2 - - - - - - - -
Vertical (1) )
Cluster 45°(4) (7)0.957
13 1 Mixing | PJMs + Spargers (4+3+1) 135 (3) 1) 0'957 2 4 61% 1% -- -- -- -- --
Vertical (1) )
) s Cluster 45°(7) (7) 0.957 . _ B B _ __ B _
16 | 1-6(Solids Lift PJMs Only (7+1) Vertical (1) | (1) 1.049 2
Cloud Cluster 45°(7) (7) 0.957
16A ] 7 Test PJMs Only (7+1) Vertical (1) | (1) 1.049 2 - - - - - - - -
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Table 2.4 (contd)™"

PJM Configuration Sparger Configuration Recirculation. Pump Discharge Config.
S’\?g. Run | Test Type|  Test Mode PIM Nozzle Type Noz. Dia. Elevation No PCD Elevation| No. of Ngiz;Ie PCD Elevation Anale(@
Arrangement (in.) (in.)(©) : @in) | (in)© |Nozzles (in.j @in) | (in)© ngle
r| s Jomare] momy | G| EO e, | | | | | - | -
16A| 9 |CloudTest|  PIMs Only G vemen | Do |2 -] - - S R - -
17| 1-4 | SolidsLift]  PIMs Only cﬁl);f;ngiiu vfrf;g)(l) 8 8:32; 2 - - - - - - - -
17A| 1a |Cloud Test|  PJMs Only cﬁ);f;ngefl) Vezrf:cg)(l) 8 8:32; 2 - - - - - - - -
1741 2a | Cloud Test|  PJMs Only cﬁl);f;ngiiu vfrf;g)(l) 8 8:32; 2 - - - - - - - -
18A | la |Cloud Test|  PIMs Only Ciﬁf;ng?il) Vellf;g)(l) g; 8:32 2 - - - - - - - -
18A| 2a |CloudTest|  PJMs Only Cﬁl);f;ngiil) Velrfiocg)u) 8 8:22; 2 - - - - - - - -
9] 1| Mixing PIMs Only cﬁﬁf&n%) Velrfilg)(l) 8 g:ggg 2 ” - - - - - - -
R I P I e I S e I I R R
I T I S e I A B R e e
20 | 2 | Mixing | PIJMs+ Pump %‘f{;r V:rf:cg)(l) g; 8:32; 2 - - - 2 078 | 59% 17% | 25°Up
20| 1 | Mixing |  PIMsOnly G vemetn | Dooer | 12 | = | - - S . - .
21| 2 | Mixing | PIMsOnly G| veretny | ooer | 112 | - | - . I - .
21| 3 | Mixing | PIMs + Pump %‘f;‘;r Ve‘if:cg)(l) 8 822; e |- - - 2 | 078 | so% | 174 | 250up
26@)| 1 | Mixing | PIMsOnly C(l;‘f}‘;r V;f;g{{l) 8 Frou IR BT- R A - S -] - - R
26©| 2 | Mixing PHVISSp;I;:rnS‘p - %‘f{;r V:rf:cg)(l) g; 8:32; 112 | 8 | 6% 4 2 | 078 | so% | 17 | 25°Up
27(®)| 1 | Mixing | PIMs + Spargers %‘fﬁr V:rf;g)(l) 8 8:32; 112 8 61% 4 - - - ~ -
2@| 1 | Mixing PHVISSp;I;:rnS‘p - %‘f{;r V:rf:cg)(l) g; 8:32; 112 | 4 | 6% 4 2 | 078 | so% | 17% | 25°Up

(a) Test results discussed in Sections 6 and 7.
(b) Configuration spatial and dimensional distances values in table do not reflect the type of measurement or accuracy. See text for details.
(c) Approximate distance from the bottom of the tank under the nozzle

(d) Angle from horizontal.
(e) Configuration selected.




2.2.1 LS PJM and Sparger Configurations

Three PJM/sparger configurations were used in the LS scaled test stand, the cluster (7+1), cluster
(4+3+1) and expanded cluster (7+1). Table 2.5 summarizes the variations of these PJM/sparger con-
figurations. Plan and elevation views of the vessel and internals for the three configurations and their
variations are shown in Figures 2.22 through 2.27. The PJM and sparger tube positions reported in these
figures are considered approximate and are based on templates used to position the PJMs and procedures
used to set the target elevations of the PJM nozzle tips.

Both PJM configurations consisted of eight PJMs, one in the center and seven equally spaced around it.
The perimeter PJIMS in the cluster configuration were placed on an approximately 30-inch PCD so the tube
walls of adjacent PIMS touched at the weld joints on the cylindrical sections of the PJM tubes. This
configuration also had eight sparger tubes made of '4-inch-OD (0.37-inch-ID) stainless steel tubing used in
sequences 2A, 3-13, 16, 16A, 26, 27, and 28 (the sparger tubes weren’t used for some of these sequences).
The sparger tubes were also spaced approximately equally around the tank centerline on a PCD of
approximately 61% inches, as shown in Figure 2.22. The same PJM spacing was used in sequences 20 and
21, but spargers were not installed in the tank. The sparger tubes used in sequences 2A, 3,4, 6, 7,9, and 13
were raised to a target elevation of approximately 1% inches above the tank bottom immediately below the
sparger tubes. The sparger tubes were raised 4 inches off the bottom for sequences 26, 27, and 28, based
on measurements with a carpenters rule or a tube with a mark 4 inches above its lower end.

Table 2.5. Summary Description of LS Tank Prototype PJM and Sparger Configurations

Nominal PCD of Sequences
Configuration Configuration Variation Perimeter PIMs Used
Seven equally spaced perimeter PJMs surround a center PJM.
All perimeter PJMs used 45° nozzles (sequence 6 used a
Cluster (7+1) larger diameter nozzle tip). Eight air spargers equally spaced 30 in.
around the tank at a PCD about 61% inches (except in
sequences 20 and 21 when they were not installed).

2A,3,4,5,6,

7,9, 10, 11, 16,
16A, 20, 21,
26,27, 28

Seven equally spaced perimeter PJMs surround a center PJIM
so the center and perimeter PJM tube walls touch. Three
perimeter PJMs with 135° nozzles were alternated with four
perimeter PJMs (numbers 1, 3, 5, 7) with 45° nozzles. Eight
air spargers equally spaced around the tank at PCD of about
61% in.

Seven equally spaced perimeter PJMs surround a center PJM
so the center and perimeter PJM tube walls touch. Four
perimeter PJMs with 135° nozzles (numbers 1, 3, 5, 7) were
alternated with three perimeter PJMs with 45° nozzles. Eight
air spargers equally spaced around the tank at PCD of about
61% in.

Seven equally spaced perimeter PJMs surround a center PJIM
Expanded so the center and perimeter PJM tube walls do not touch. 35 in 17, 17A, 18A,
Cluster (7+1) Either 15° or 23° nozzle assemblies were used with perimeter ' 19

PJM assemblies in this configuration with no air spargers.

30 in. 12,13

Cluster (4+3+1)

30 in. 8
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83°77°

1
128°, 128° /

38°
70 in. Diameter

26°
61 3/4 in. Diameter

173 —
180°

Sparger (not installed
for Sequences 20, 21)

263° 283°

Figure 2.22. Plan View of Cluster (7+1) and (4+3+1) Configurations Used in LS Scaled Test Stand
Showing Nominal Locations of PJMs and Spargers Used in Sequences 2A, 3—13, 16,
16A, 20, 21, and 26-28

The cluster configuration had three variations that differed in the type of nozzle assemblies used with
the perimeter PJMs (nozzle assemblies are discussed in detail in Section 2.2.2). Most tests were conducted
using all seven perimeter nozzle assemblies with nozzle tips pointed radially away from the tank centerline
at 45° with respect to the vertical axis. The lowest points on all nozzle tips were raised to a target level of
approximately 2 inches above the tank bottom as measured immediately beneath the nozzles in sequences
2A,3,4,5,6,7,9, 10, 11, 16, and 16A and to between 1% and 2 inches above the bottom for sequence 20.
The nozzle tips were raised approximately 1% inches above the tank bottom in sequences 21, 26, 27, and
28 based on measurements with a carpenter’s rule. Figure 2.23 shows an elevation view of the LS scaled
test stand, indicating where the measurements were made for nozzle tip elevation.

Perimeter PJM nozzle-angle configurations are shown in Figures 2.24 and 2.25. Three 45° nozzle
assemblies were used in sequence 8, and four 45° nozzle assemblies were used in sequences 12 and 13.
The lowest point on the 45° nozzles were approximately 2 inches above the subjacent tank bottom.
Because of the upward angle (see Figure 2.32), the lowest point on the nozzle outlets was approximately
5% inches higher for the 135° nozzle assemblies (approximately 7% inches above the subjacent tank
bottom).

The expanded cluster configuration used in sequences 17, 17A, 18A, and 19 was similar to the cluster
configuration except that the perimeter PJMs in the expanded cluster were placed on a PCD of
approximately 35 inches, as shown in Figure 2.26. For the 23° nozzle assemblies, the lowest points of the
center and perimeter nozzles were approximately 2 inches and 1.8 inches, respectively, above the subjacent
tank bottom (Figure 2.27). The distance from tank bottom and the horizontal positions of the 15° nozzles
was slightly different than with the 23° nozzles because of the altered angle and nozzle length (see
Figure 2.31). The expanded-cluster configuration did not include sparger tubes.
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Sparge Line — |

+ 2in
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Tank bottom is a 100-6% tank cap.

Figure 2.23. Elevation View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing
PJM Center and 45° Perimeter Nozzle and Sparger Elevations Used in
Sequences 2A, 3-7,9, 10, 11, 16, and 16A

70 in. Diameter

Sparger

Figure 2.24. Plan View of Cluster (4+3+1) Configuration in LS Scaled Test Stand Showing
Arrangement of 45° and 135° PJM Nozzle Assemblies Used in Sequence 8

2.28



70 in. Diameter

Sparger
Figure 2.25. Plan View of Cluster (4+3+1) Configuration in LS Scaled Test Stand Showing
Arrangement of 45° and 135° PJM Nozzle Assemblies Used in Sequences 12 and 13
T7°

70 in. Diameter

26°

35 in. Diameter

283°

Figure 2.26. Plan View of Expanded Cluster (7+1) Configuration in LS Scaled Test Stand Showing
Nominal Locations of Center and Perimeter PJM Tubes for Sequences 17, 17A, 18A,
and 19
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23°
Tank bottom is a 100-6% tank cap.

Figure 2.27. Elevation View of Expanded Cluster (7+1) Configuration in LS Scaled Test Stand
Showing Nominal PJM Center and 23° Perimeter Nozzle Assembly Elevations
Used in Sequences 17 and 17A

2.2.2 PJM Nozzle Assemblies

The nozzle assemblies used in the LS scaled test stand were configured to direct the PJM discharge at
specific orientations relative to the tank bottom. These are summarized in Table 2.6. The center PIM
nozzle assemblies always directed the flow vertically downward (0°) at the tank centerline. The perimeter
PJM nozzles, for most tests, directed the flow at a 45° vertical angle in a direction radially away from the
tank centerline. This orientation directed the flow at an incident angle approximately normal to the tank
bottom. Angles of 15°, 23°, and 135° with respect to vertically downward were also applied to perimeter
PJM nozzle assemblies in order to investigate the effects of the angle of incidence.

The center PJM nozzle assemblies with nozzle tips of four different diameters were used with the
center PJM in the LS scaled test stand. The center PJM nozzle assembly shown in Figure 2.28 for
sequences 2A, 3,4, 5,7, 8,9, 10, 11, 16, and 16A consisted of a 103%s-inch-long, 1-inch-diameter schedule
40 stainless steel pipe (nominal 1.049-inch ID) inserted into a 2 x 1-inch-diameter stainless steel reducer
coupling and extending approximately 97 inches out of it.

The center PIM nozzle assembly for sequence 6, also shown in Figure 2.28, consisted of a 10-inch-
long, 1%4-inch-diameter schedule 40 stainless steel pipe (nominal 1.38-inch ID) inserted into a 2 x 1%4-inch-
diameter stainless steel reducer coupling and extending approximately 9% inches out of it.

The center PJM nozzle assembly shown in Figure 2.29 for sequences 8, 12, 13, 20, 21, 26, 27, and 28
consisted of a 9%-inch-long, 1-inch-diameter schedule 80 stainless steel pipe (nominal 0.957-inch ID)
inserted into a 2 X 1-inch-diameter stainless steel reducer coupling and extending approximately 9% inches
out of it. The center PJM nozzle assembly for sequences 17, 17A, 18A, and 19, also shown in
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Table 2.6. Summary of Nozzle Assemblies Attached to PJM Lines for the LS Prototype

Orientation PIM
Standard Pipe Dimension| Inner above Configurations
Nozzle (stainless steel except | Diameter| vertically Using Nozzle
Type where noted) (in.) downward Assembly Sequences Used
. 2A,3,4,5,7,9,10, 11
o + &l 9 b B 9 b b s
1 inch Schedule 40 1.049 0 Cluster (7+1) 16, 16A
1-inch Schedule 80 0.957 0° Cluster (7+1) 20, 21, 26,27, 28
Center
PIM
1-inch Schedule 80 0.957 0° Cluster (4+3+1) 8,12, 13
-inch Schedule 80 0.957 0° EXpa“gefl)Clusm 17, 17A, 18A, 19
1%-inch Schedule 40 1.380 0° Cluster (7+1) 6
2A,3,4,5,7,9,10, 11,
1-inch Schedule 80 PVC 0.957 45° Cluster (7+1) 16, 16A, 20, 21, 26, 27,
Perimeter 28
PJIM 1-inch Schedule 80 PVC 0.957 45° Cluster (4+3+1) 8,12,13
1Y4-inch Schedule 40 PVC| 1.380 45° Cluster (7+1) 6
1-inch Schedule 80 0.957 23° Expanded Cluster 17, 17A
(7+1)
21/2in
12 1/8in 12in
97/8in 91/2in
1 1/4-Inch-Diameter
1-inch Diameter Schedule 40
Schedule 40 /_ Stainless Steel Pipe
/ Stainless Steel Pipe %
A
Figure 2.28. LS Scaled Test Stand PJM Center Nozzle Assemblies with Nozzle Tips Constructed from

1-inch- (left) and 1%-inch-Diameter (right) Schedule 40 Stainless Steel Pipe, Showing

Nominal Dimensions
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Nozzle Assembly used Nozzle Assembly used in
in Cluster Configuration Expanded Cluster Configuration

\

113/4in
12 3/41in
91/2in
10 1/2in

Figure 2.29. LS Scaled Test Stand Center 1-inch-Diameter Schedule 80 Stainless Steel Pipe Center PIM
Nozzle Assemblies Used in Cluster (left) and Expanded Cluster Configurations Showing
Nominal Dimensions

Figure 2.29, consisted of a Il-inch-diameter schedule 80 stainless steel pipe (nominal 0.957-inch ID)
inserted into a 2 x I-inch-diameter stainless steel reducer coupling. However, it was 11 inches long and
extended 10% inches out of the reducer coupling. This increased nozzle tip length was needed to
accommodate a greater difference between the center and perimeter nozzle elevations imposed by the
larger PCD for the perimeter PJMs in the expanded cluster configuration used for these sequences.

The most frequently used perimeter PJM nozzle assemblies consisted of (in order of assembly) a
nominal 5-inch-long, 1-inch-diameter schedule 80 PVC pipe, a 1V X 1-inch-diameter PVC bushing, a 45°
PVC elbow, a 2 x 1Va-inch diameter PVC bushing, and a 2-inch-diameter PVC coupling. The nozzle tips
extended 37 to 4% inches out of the bushings (see Figure 2.30). Key measurements were made of the
seven nozzle assemblies while they were attached to the PJMs. Sequences 2A, 3, 4, 5, 7, 9, 10, 11, 16,
16A, 20, 21, 26, 27, and 28 used this nozzle for all seven perimeter PJMs. Sequence 8 used this nozzle in
three of the perimeter PJMs (alternating with 135° nozzle assemblies, as shown in Figure 2.24), while
sequences 12 and 13 used it in four of the perimeter PJMs (alternating with 135° assemblies, as shown in
Figure 2.25).

Sequence 6 also used a 45° nozzle assembly, but the nozzle tip had a larger diameter. This nozzle
assembly, also shown in Figure 2.30, consisted of, in order of assembly, a nominal 5-inch-long, 1%4-inch-
diameter schedule 40 PVC pipe, a 45° PVC elbow, a 2 x 1V-inch-diameter PVC bushing, and a 2-inch-
diameter PVC coupling. The nozzle tip extended approximately 3% inches out of the elbow. Key
measurements were made of the seven nozzle assemblies with a tape measure.
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0.957-INCH-ID PERIMETER 1.038-INCH-ID PERIMETER
PIM NOZZLE ASSEMBLY PIM NOZZLE ASSEMBLY

| 91/16-93/8in |

713/16-77/8 in

/ 37/8-41/81in

e———53/4-61/8 in———

Figure 2.30. LS Scaled Test Stand Perimeter Nozzle Assemblies with Nozzle Tips Constructed
from 1-inch-Diameter Schedule 80 PVC Pipe (left) and 1%4-inch-Diameter (right)
Schedule 40 PVC Pipe, Showing Nominal Dimensions

The 15° and 23° perimeter PJM nozzle assemblies used in sequences 17, 17A, 18A, and 19 were used
to investigate the effects of alternative perimeter nozzle angles on solids lift, cavern formation, and mixing.
Schematic diagrams of these nozzle assemblies are shown in Figure 2.31. The nozzle tips for the 15°
assemblies that were used in sequences 18A, and 19 consisted of a nominal 8%—inch-long, 1-inch-diameter
schedule 80 PVC pipe, heated and bent, starting 2% to 3% inches from the nozzle tip to form an
approximate 15° angle with PJM axis. The nozzle tips were inserted approximately % inch into 2 x 1-inch-
diameter stainless steel tapered reducer couplings. The diagram on the left in Figure 2.31 shows a typical
nozzle assembly and nominal dimensions. Key measurements of the nozzle tips were made with a straight
edge to find where the bends started from each end.

The nozzle tips for the 23° nozzle assemblies used in sequences 17 and 17A consisted of a nominal
8%-inch-long, 1-inch-diameter schedule 80 stainless steel pipe cut into two pieces approximately 6 inches
from the nozzle tip. Both pieces were beveled at approximately 12.5° and welded together to produce an
approximate 23° angle between a nominal 6-inch straight section of pipe at the nozzle tip outlet end
(measured along its longest side) and a nominal 2%:-inch straight section of pipe (measured along its
longest side). The nozzle tips were inserted approximately ¥ inch into 2 X 1-inch-diameter stainless steel
tapered reducer couplings. The diagram on the right in Figure 2.31 is of a typical nozzle assembly with
nominal dimensions. Key measurements of the nozzle tips were made using a straight edge to find where
the bends started from each end.

The 135° perimeter PJM nozzle assemblies shown in Figure 2.32 and used in sequences 8, 12, and 13
consisted of, in order of assembly, a nominal 5%-inch-long, 1-inch-diameter schedule 80 PVC pipe, a
2 x 1-inch-diameter PVC bushing, a 2-inch-diameter 90° PVC elbow, a short section of 2-inch-diameter
schedule 40 PVC pipe, a 45° PVC elbow, a second short section of 2-inch-diameter schedule 40 PVC pipe,
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16 in

—

23/4-33/4in

&/‘/

6in

|

11/8-11/4in

2 3/8 in —m

|n—15°

Figure 2.31. LS Scaled Test Stand 15° (left) and 23° (right) Perimeter PJM Nozzle Assemblies
and Range of Dimensions

and a 2-inch-diameter PVC coupling. The short sections of pipe were sized to minimize the gap between
the two elbows and between the 45° elbow and the coupling. Key measurements were made of three
nozzle assemblies.

| ?

21/2-27/8 in

33/4-313/16in

9 1/16in

———————85/16-81/21in

Figure 2.32. Schematic of 135° Perimeter PJM Nozzle Assemblies Used in LS Scaled Test Stand
and Range of Dimensions
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2.2.3 Recirculation System Configurations

Several different recirculation system configurations were used in sequences 5, 7, 9, 10, 11, 20, 21, 26,
and 28. The recirculation system was in place for sequence 27 but was not used. The configuration for
sequence 27 matched that of sequences 21, 26, and 28. The same recirculation system used in the UFP
scaled test stand and shown in Figure 2.10 was used with the LS scaled test stand. It consisted of two
centrifugal pumps placed in parallel and connected in series to a diaphragm pump that served to eliminate
cavitation in the pumps. The centrifugal pumps fed a manifold that supplied flow to up to four separate
discharge lines depending on the sequence. The recirculation pump system was configured to supply flow
to one, two, or four discharge lines and was operated at a target flow rate of 120 £5 gpm. The pump
discharge lines inserted into the LS tank consisted of 2-inch-diameter schedule 40 stainless steel pipes with
a nozzle assembly attached. The nozzle tips in the discharge line nozzle assemblies were sized so that the
linear velocity exiting the nozzle was approximately 30 ft/sec for sequences 5, 7, 9, 10, and 11 and
approximately 40 ft/sec for sequences 20, 21, 27, and 28. The pump suction line that was inserted into the
LS tank consisted of 3-inch schedule 80 PVC pipe. The end of the suction line had two sets of four
12-inch holes drilled within approximately 4% inches of the suction inlet to provide additional area for
simulant flow. Table 2.7 summarizes the recirculation system configurations evaluated in the LS scaled
test stand.

Sequences 5 and 7 used four discharge lines and a suction line, as shown in Figures 2.33 and 2.34. The
suction line was in the space between the center PJM and two adjacent perimeter PJMs and was elevated
1 inch and 16 inches, respectively, above the tank bottom for sequences 5 and 7. The nozzle assemblies
shown in Figure 2.35 were attached to the discharge lines at the four corners of a rectangle at an
approximate PCD of 59% inches. The assemblies consisted of (in order of assembly) a nominal 2'%/16-inch-
long, Y2-inch-diameter schedule 40 stainless steel pipe, a nested assembly of 1 x Ys-inch-, 1% x 1-inch-, and
2 x 1%-inch- diameter PVC bushings, a 2-inch-diameter, 90° PVC elbow, a 2-inch-diameter schedule 80
PVC nipple (with “-inch extension in length), and a second 90° elbow. The nozzle tips extended 25/16 to
2% inches out of the 1 x }2-inch-diameter reducer bushings, as shown in the figure, based on measurements
of three of the four nozzle tips. The nozzles assemblies were oriented inward so the nozzle tips were closer
to the PJMs than the tank wall, and set at an angle so that the nozzle jet did not strike the PJM tube walls.
The nozzle tips pointed approximately 30° above horizontal. The centerlines of the lateral arm of the
nozzle assemblies were elevated approximately 28% to 29 inches above the tank bottom measured at the
tank centerline.

Sequence 9 used a single discharge line and a suction line, as shown in Figures 2.36 and 2.37. The
pump discharge line was in the space between the center PJM and two adjacent perimeter PJMs at an
approximate angular location of 103° and approximately 8% inch radially from the tank centerline (on a
16%2-inch-PCD about the tank centerline) based on the location of the center point in the space between the
PJMs. The discharge line nozzle assembly shown in Figure 2.38 was attached to the discharge line and
consisted of, in order of assembly, a nominal 3'3/i¢-inch-long, 1%4-inch-diameter schedule 80 PVC pipe, a
12 x 1Y4-inch-diameter stainless steel bushing, and a 2 x 12-inch-diameter stainless steel reducer coupling.
The nozzle tip extended approximately 3%/16 inches out of the bushing. The lowest point on the nozzle
assembly was 4 inches above the bottom of the tank immediately below the discharge line. The pump
suction line was approximately 28% inches radially from the tank centerline (57% inch PCD about the tank
centerline). The suction line was raised approximately 16 to 17 inches above the tank bottom immediately
below the suction line.

2.35



9¢'C

Table 2.7. Summary Description of Recirculation System Configurations for LS Scaled Test Stand

No. of Nozzle Assembly
Discharge Discharge Line Lowest Point Suction Line Inlet
Description Lines Location Elevation Nozzle Tip Orientation| Suction Line Location Elevation
Lateral arm oriented
Located on 59'%-inch generally toward tank  [Located 8% inches from Raised 1 inch (seq. 5) and
Quad discharge lines PCD around tank 28Y to 29 inches centerline. Nozzle tip [tank centerline (in space 16 inches (se 7)q:;1bove
(sequences 5 in d7) 4 centerline at 51°, 129°, aboi/e tank bottom aimed ~30° above between center and two tank bottom (?r-leasure d
q ’ 231°, and 309° from 0° horizontal and oriented |perimeter PJMs) at 309° below suction inlet)
data point. so nozzle jet misses PJM|from 0° data location
tube walls.
Located 8% inches
Single vertical pump (ffgr;l inekbiatzzﬁne 4 inches above tank Located 28% inches Raised 1617 inches
discharge line 1 cen teI:)r and perimeter bottom below Straight down from tank centerline; above tank bottom below
(sequence 9) PIMs) 1 03? from 0° nozzle tip 306° from 0° data point |suction inlet
data point
Located on 59%s-inch Lateralllarm orieFted
. o generally away from
Single ?nd dual 30 . PCD around tank 13%to 16 inches  [tank centerline. Nozzle |Located 28% inches Raised 3' inches above
pump discharge 1 in seq. 10, |centerline. Dual .. . .
. . o - |above tank bottom [tip aimed approximately |from tank centerline; tank bottom below
line(s) (sequences 2 inseq. 11 |nozzles 51° and 231 . o . o o . L
. o |at tank centerline  |~30° above horizontal [306° from 0° data point |suction inlet
10, 11). and single nozzle 129 . o
from 0° data point and oriented ~47° with
' respect to tank centerline
Lateral arm oriented
Dual pum Located on 59'%-inch 13% to 14 inches generally away from Located 8% inches from
dischgr e]iines PCD around tank aboi/e tank bottom tank centerline. Nozzle |tank centerline (in space [Raised 10 inches above
& 2 centerline. Dual tip aimed ~ 25° above  [between center and tank bottom below

(sequences 20, 21,
26, 28)

nozzles 129° and 309°
from 0° data point.

below lateral arm of
nozzle assembly

horizontal and oriented
~ 48° with respect to
tank

perimeter PJMs) at 257°
from 0° data point

suction inlet




Recirculation Pump

Dicharge Line 70 in. Diameter

16 1/2 in Diameter

Sparger

59 1/8 in Diameter

231° / 309°

257°

Pump Suction Line J

Figure 2.33. Plan View of Cluster (7+1) Configuration in the LS Scaled Test Stand Showing Nominal
Locations of Recirculation Line Components for the Four Discharge Line Nozzle
Configuration Used in Sequences 5 and 7

281/2 -29in

1 in (Sequence 5)
16 in (Sequence 7)

=

\ Tank bottom is a 100-6% tank cap.

Figure 2.34. Elevation View of Cluster (7+1) in LS Scaled Test Stand Showing Nominal
Elevations of Recirculation Line Components for Four Discharge Line Nozzle
Configuration Used in Sequences 5 and 7
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Figure 2.35. LS Scaled Test Stand Recirculation Pump Discharge Nozzle Assembly Used in
Sequences 5 and 7

\ Pump discharge Line

16 1/2 in Diameter
57 1/2 in. Diameter

Sparger

Pump Suction Line

Figure 2.36. Plan View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing
Nominal Locations of Recirculation Line Components for Single Vertical
Discharge Line Nozzle Configuration Used in Sequence 9

2.38



/ PJM Tube

Pump Suction Line
Pump Discharge Line \ /

I

}

16 -171in

____1=8

-

L 4in

&

Tank bottom is a 100-6% tank cap.

Figure 2.37.  Elevation View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing
Nominal Elevations of Recirculation Line Components for Single Vertical
Discharge Line Nozzle Configuration Used in Sequence 9

6 9/16in |

39/16in
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Figure 2.38. LS Scaled Test Stand Recirculation Pump Discharge Nozzle Assembly
Used in Sequence 9
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The recirculation pump discharge and suction lines for sequences 10 and 11 were installed in the LS
scaled test stand as shown in Figures 2.39 and 2.41. Both configurations used the same suction line but
different discharge lines according to the desired configuration. The single suction line and three discharge
lines were at the corners of a quadrilateral. The suction line was near one corner, the single discharge line
used in sequence 10 was at the opposite corner, and the discharge lines used in the dual-discharge nozzle
configuration in sequence 11 were at the remaining two corners, opposite one another. All three discharge
lines were approximately the same distance from the tank centerline on an approximate 59'%-inch PCD.
The centerlines of the lateral arms of the nozzle assemblies for all three discharge lines were elevated
approximately 13 to 16 inches above the tank bottom measured at the tank centerline, as shown in Fig-
ure 2.40. The suction line was at a radius of 28% inches (57'-inch PCD). The suction line inlet was
approximately 3% inches above the tank bottom immediately below the suction line, as shown.

The single discharge nozzle assembly used in sequence 10 and shown in Figure 2.41 consisted of (in
order of assembly) a nominal 7-inch-long, 1'4-inch-diameter schedule 80 PVC pipe, a 1%-inch-diameter
90° PVC elbow, a 1%-inch-diameter schedule 80 carbon steel nipple, a second 90° PVC elbow, a short
piece of 1 %4 inch-diameter schedule 40 tubing, a 2 x 1% inch-diameter PVC reducer bushing, and a 2-inch-
diameter PVC coupling. The nozzle tip extended 6°16 inches out of the 1Y-inch-diameter 90° PVC elbow,
as shown. The lateral arm of the nozzle assembly (containing the two elbows) was oriented outward,
forming an angle of approximately 41° with the tank centerline, as shown in Figure 2.39, so the nozzle tips
were closer to the tank wall than the PJMs, and the nozzle jet did not strike the PJM tube walls. Because of
this orientation, the elevation arm of the nozzle assemblies (containing the nozzle tips) formed an angle that
was approximately 47° with the centerline, as shown in Figure 2.39. The nozzle tip was pointed
approximately 30° above horizontal.

oQ° Recirculation Pump
Discharge Line
(Sequence 11)

51°

Recirculation Pump
Discharge Line
Sequence 10)

129°

70 in. Diameter

57 1/2 in. Diameter

180° o

Sparger 59 1/8 in. Diameter

Recirculation Pump
Recirculation Pump Suction Line
Discharge Line

(Sequence 11)

276°

Figure 2.39. Plan View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing Nominal
Locations of Recirculation Line Components for Single- and Dual-Discharge Line
Nozzle Configurations Used in Sequences 10 and 11
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Tank bottom is a 100-6% tank cap.

Figure 2.40. Elevation View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing
Nominal Elevations of Recirculation Line Components for Single- and Dual-
Discharge Line Nozzle Configurations Used in Sequences 10 and 11

41°(nominal)

To Tank
] / Center
"y L
|
‘.
\
o H ‘
30° (nominal) [ 415/16 in
. \'
69/16 in . 515/16 in
BT
97/8 in

613/16 in

Figure 2.41. LS Scaled Test Stand Recirculation Pump Discharge Nozzle Assembly Used in Sequence 10
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The two discharge nozzle assemblies used in sequence 11 and shown in Figure 2.42 consisted of (in
order of assembly) a nominal 6-inch-long, %-inch-diameter schedule 40 stainless steel pipe bored to a
0.91-inch ID, a 1% % ¥-inch-diameter stainless steel bushing, a 1%-inch-diameter 90° PVC elbow, a
1%4a-inch-diameter schedule 80 carbon steel nipple, a second 90° PVC elbow, a short piece of 1% inch-
diameter schedule 40 tubing, a 2 x 1%-inch-diameter PVC reducer bushing, and a 2-inch-diameter PVC
coupling. The nozzle tips extended 5% and 57/16 inches from the 1% X %-inch-diameter reducer bushings,
as shown in the figure. The lateral arms of the nozzle assemblies (containing the two elbows) were
oriented outward, forming an angle of approximately 41° with the tank centerline, as shown in Figure 2.39,
so the nozzle tips were closer to the tank wall than the PJMs, and the nozzle jet did not strike the PJM tube
walls. Because of this orientation, the elevation arm of the nozzle assemblies (containing the nozzle tips)
formed an angle of approximately 47° with the centerline, as shown in Figure 2.39 for one of the nozzles.
The nozzle tips pointed approximately 30° above horizontal.

-
41°(nominal)
,7 ToTank
) / Center
&) b
H
i :
i I
i :
i |
! | !
30° (nominal) | | 4 15/16in
53/8-57/16 in I I 515/16in

8 1/4-87/16 in

413/16 -

91/4-97/16 in 415/16in

—613/16 - 6 15/16 in —

Figure 2.42. LS Scaled Test Stand Recirculation Pump Discharge Nozzle Assembly Used in Sequence 11

The recirculation system configuration in sequences 20, 21, 26, and 28 had two discharge lines and a
suction line, as shown in Figures 2.43 and 2.44 (the discharge and suction lines were in place during
sequence 27 but not used). The suction line was approximately 10 inches above tank bottom measured at
the tank centerline. The nozzle assemblies used in sequence 20 that were attached to the discharge lines, as
shown in Figure 2.43, contained nozzle tips consisting of 4%- and 4%/is-inch-long, ¥:-inch-diameter
schedule 40 stainless steel pipes that were bored to 0.80 inches in diameter. The nozzle tips were threaded
into two of the nozzle assemblies previously used for sequences 5 and 7 using 1 X ¥:-inch-diameter reducer
bushings instead of the 1 x )s-inch-diameter reducer bushings in the nozzle assemblies. The nozzle tips
extended 3'%/16 and 4 inches out of the 1 x %-inch reducer bushings, as shown in Figure 2.45. The nozzle
tip assemblies used in sequences 21, 26, and 28 were the same as those used in sequence 20 but they were
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Recirculation Pump
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129°

70 in. Diameter

16 1/2 in. Diameter

Sparger
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Dicharge Line (idle
257° 270° in Sequence 27)

Recirculation Pump
Suction Line (idle
in Sequence 27)

Figure 2.43. Plan View of Cluster (7+1) Configuration in LS Scaled Test Stand Showing Nominal
Locations of Recirculation Line Components for Dual-Discharge Line Nozzle
Configuration Used in Sequences 20, 21, 26, and 28

Perimeter PIM
Recirculation Pump /

. . Center PJM
Suction Line (idle \

in Sequence 27) N /
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Recirculation Pump
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T
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Tank bottom is a 100-6% tank cap.

Figure 2.44. Elevation View of LS Cluster (7+1) Scaled Test Stand Showing Nominal Elevations
of Recirculation Line Components for Dual-Discharge Line Nozzle Configurations
Used in Sequences 20, 21, 26, and 28
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Figure 2.45. LS Scaled Test Stand Recirculation Pump Discharge Nozzle Assembly with Nozzle
Tips Used in Sequence 20 and in Sequences 21, 26, and 28

fitted with 8-inch-long nozzle tips (extending 7% inches from the reducer bushing) and bored to 0.78-inch
ID. The lateral arms of the nozzle assemblies were oriented outward, forming an angle of approximately
40° with the tank centerline, as shown in Figure 2.43, so the nozzle tips were closer to the tank wall than
the PJMs and the nozzle jets did not strike the PJM tube walls. The elevation arm of the assembly
containing the nozzle tip formed an angle of approximately 48° with the centerline, as shown in Figure 2.43
for one of the nozzles. The nozzle tips pointed approximately 25° above horizontal. The centerlines of the
lateral arms of the nozzle assemblies were elevated approximately 13 to 14 inches above the tank bottom
measured at the tank centerline.

2.2.4 PJM Assembly Shroud

A Plexiglas shroud was placed around the PJM assembly for sequences 26, 27, and 28 to prevent slurry
flow into the inner annulus formed between the perimeter PJMs and the center PJM. The bottom of the
shroud was a flat Plexiglas plate with holes for the PJM conical sections and the recirculation system pump
suction line to pass through (Figure 2.46). The shroud was glued to the PJM support frame used to position
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Figure 2.46. Close-up of LS Scaled Shroud Bottom Prior to Trimming and Caulking (left) and Foam
Stripping Between Adjacent Perimeter PJMs (right)

the bottom of the PJM assembly. The support frame was at the bottom of the coupling connecting the
lower conical section of the PJM to the upper, as shown in the figure. The sides of the shroud were formed
by pressing insulation foam stripping in the space between adjacent perimeter PJMs, as shown in
Figure 2.46, and covering them with silicon caulking. Plexiglas inserts were placed between the upper
conical sections of adjacent PJMs where they were glued to the outsides of the PJM support frame, as
shown in Figure 2.47. The top of the sides of the shroud between adjacent perimeter PJMs extended up to
the bottom of the 2-inch-diameter couplings connected to the caps of the PJMs using Plexiglas inserts. The
top of the shroud (Figure 2.47) consisted of seven wedge-shaped sections of Plexiglas plate connected to
form a seven-sided pyramid, with holes provided for the center PJM air line, the recirculation system pump
suction line, and sample lines to the perimeter PJMs. The Plexiglas top was angled so that the center of the
top was approximately 4 inches higher than the perimeter of the top where it met the Plexiglas side inserts.
The joints, where the Plexiglas pieces met the PJM surfaces, piping, or another Plexiglas sections, were
caulked with silicon sealant. The interior of the shrouded PJM assembly was filled with a rigid
polyurethane foam sealant, injected as expandable foam polyurethane intermediate and cured over several
days, to provide rigid support to the shroud.
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Figure 2.47. Plexiglas Insert Between PJMs near LS Scaled Shroud Bottom (left) and Top View
Showing Shroud Top and Plexiglas Insert Between PJMs Near Shroud Top (right)

2.3 PJM/Hybrid System and Data Acquisition

2.3.1 PJM System Operation

Unlike conventional PJMs, whose operation is regulated by jet pump pairs driven by compressed air,
the test systems used a series of solenoid valves and a combination of an air compressor and vacuum pump
to simulate the drive and suction phases of PJM operation. These operations were controlled through a
control logic program using DASYLab that turns the appropriate solenoid valves on and off at specified
times. The duration of each phase, the applied pressure, and the vacuum can all be independently varied to
simulate the operation of the PJMs. The PJMs were generally operated at a specific average nozzle

velocity, l_lave, which is defined as

u= AH, AR (2.1)

At
where AH is the length of the PIM stroke, At is the time for achieving the stroke, and AR is the area ratio
of the PIM to the nozzle. Actual PJM discharge is a transient phenomenon with initial velocity
acceleration, followed by a nearly steady period of maximum or peak velocity, and ending with a
deceleration.

Typically, Eq. (2.1) was used to prescribe a desired nominal operating velocity for the PJMs. A more
meaningful velocity definition for scaled testing is the peak average velocity, which is defined as
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1 j tp
Ut = . u(t) dt
t,—t_ “im (2.2)
where t,, is the time when the instantaneous velocity u is at a maximum and tp is the time when the drive
phase ends. This velocity is believed to more accurately characterize the useful jet mixing energy.

To calculate the peak average velocity given by Eq. (2.2), the instantaneous velocity u(t) must be
known. This was attempted by differentiating real-time PJM fill level data obtained from capacitance
level-probes inside the PJMs. This method was found to be somewhat inaccurate due to the limited
transient response of the capacitance level probes. To overcome this, instantaneous PJM velocity was
determined from transient PJM drive pressure. This method was validated against video analysis transient
slurry surface level during PJM operation and found to be accurate. Examples of velocity drive functions
derived from drive pressure for the final UFP and LS mixing configurations are shown in Appendix B.

In addition to the PJM operation, the recirculation pump flow rates were controlled using a variable
frequency drive (VFD) on the centrifugal pumps and the air pressure to the diaphragm pump. Finally, the
sparger air flow rates were controlled using rotameters.

During each mixing test, several variables such as PJM liquid levels and pressures, tank and ambient
temperatures, recirculation pump flow rate, and density were monitored continuously and recorded digitally
on a computer. The liquid/slurry level inside each PJM was measured using Drexelbrook capacitance level
probes and transmitters. The functionality of the level probes was checked prior to the start of a sequence
of tests, which typically ran from four to eight hours. Compressor and vacuum supply pressures and the
pressures inside each PJM were monitored using Endress + Hauser ceramic pressure transducers. The tank
and ambient temperatures were measured using Type K thermocouples. The flow rate and density of the
slurry from the recirculation pump was measured using a 3-inch MicroMotion Coriolis mass flow meter. In
addition to these variables, which were digitally monitored, the sparger air flow rates and pressures were
recorded manually on the run data log sheets or in the project laboratory record books (LRBs).
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3.0 Experimental Approach

The PJM cluster configuration concept, or one central pulse tube and the rest clustered around it, was
chosen for both the UFP and LS vessels. These configurations were selected to minimize the impact on the
current WTP design. The PJM cluster configuration provides a mixed turbulent cavern in the bottom of the
vessel that suspends waste particles and is scalable. Supplemental mixing of the upper portion of the
vessels relies on recirculation pumps or spargers. This section describes the experimental approach.

3.1 Overview of Experimental Approach

3.1.1 Simulant Rheology

The simulant used was an aqueous suspension of kaolin/bentonite clay; approximately 27 wt% clay
mixture consisting of 80 wt% EPK kaolin and 20 wt% CH200 bentonite (Poloski et al. 2004a). This
mixture exhibits a Bingham plastic rheology that closely represents that of actual waste slurries; the
simulant was used to investigate the scale-up behavior of PJMs and to assess the performance of the scaled
testing platforms presented in this report.

3.1.2 Mixing Effectiveness Determination

The primary measurement in the scaled test platforms was the size and extent of the mobilization
cavern resulting from PJM operations and PJMs combined with recirculation (i.e., steady jet) and/or
sparging. This was achieved using a chemical tracer method discussed in Poloski et al. (2004b). This
section deals only with the method in which the tracer was injected into the tank and how the samples were
collected.

The required amount of tracer (typically Brilliant Blue dye in an amount equal to approximately 5 g per
100 gal of clay simulant in the tank and/or NaCl in an amount equal to approximately 20 g per 100 gal of
clay simulant in the tank) was mixed with approximately 2 L of the same clay simulant used in the testing.
The concentrated tracer/clay mixture was injected before the start of a test at the lowest nozzle velocity of
that test sequence. The concentrated tracer slurry was injected into the bottom third of the center PJM
during the vacuum and vent phases of the PJIM cycle over approximately 10 minutes. When tracer
injection was completed, the injection line was purged with clean clay to ensure complete transfer of the
tracer into the PJM. Once the line was purged, simulant samples from the tank were collected over at least
45 minutes of PJM operation. Samples were withdrawn at various times from five sample lines installed in
the PJMs and the tank. Three of these samples were drawn from three PJMs and the remaining two from
the annulus between the PJM and tank wall at elevations representing the lower and upper halves of the
tank, respectively. After completion of the specified run conditions, the tank was completely homogenized,
and final homogenized samples were collected. Comparison of the tracer concentration in the various
samples with the final homogenized samples provides the percent mixed as a function of time and run
conditions. Complete and successful mixing is defined as 100% as indicated by the chemical tracer
method.
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3.1.2.1 Dye and Tracer Techniques

Mixing performance in the PJM test vessels was assessed using tracer chemicals, as described in the
previous section. A summary of the technique used is shown in Figure 3.1. The chemicals used were food
dye color No. 1 (Brilliant Blue FCF) and sodium chloride (NaCl). Brilliant Blue FCF was used as the
primary tracer for the first set of testing and is discussed in detail in this section and in Appendix A.
Because the chloride ion does not interact with or absorb on the clay, the NaCl tracer was further developed
and used as the primary tracer method for the second set of testing. Initially, a sample of simulant was
drawn from the test vessel to baseline the tracer levels. Next, a stock solution of these materials was
prepared by dissolving them in water. This stock solution was then blended with a sample of the test
simulant to achieve rheological properties like those of the actual test simulant. This solution was intro-
duced into the center PJM tube during operation by opening a valve on a sample injection line during the
PJM suction phase. During the drive phase, the valve was closed and the injected dye driven from the PJIM
tube. This procedure allowed the tracer dye to be introduced gradually into the system over several
drive/suction cycles and minimized the potential for a large amount of concentrated tracer to enter a
stagnant region of the tank. This was observed when the concentrated tracer had significantly different
physical properties from the bulk simulant. Such physical properties include density, entrained air due to
surface tension, and rheological parameters.

After the dye was injected, the experimental clock started and samples were drawn from five locations
in each test vessel. Samples 1, 2, and 3 were taken directly from three separate pulse tubes. These samples
represent the contents of the well-mixed cavern. Sample locations 4 and 5 were between the pulse tubes
and the tank wall. Location 4 was at a low elevation, and 5 was at a high elevation. Figures 3.2 and 3.3 are
schematic diagrams of the tracer sampling locations in the LS vessel and UFP vessel, respectively.

N

* Baseline simulant » System started » Well-mixed tank
- Low tracer « Tracer injected - medium tracer
* Initial sample taken * Well-mixed cavern e Tank homogenized
- high tracer * Final sample taken

» Sample throughout tank

Figure 3.1. Summary of Tracer Dye Technique Steps
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Figure 3.2. Schematic of LS Scaled Test Stand Vessel Tracer Sampling Locations
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Figure 3.3. Schematic of UFP Vessel Scaled Test Stand Tracer Sampling Locations

Multiple run conditions were typically employed for each tracer injection. The tracer test started with
the lowest energy condition to form the initial well-mixed cavern. Additional systems (e.g., recirculation
pumps or sparging tubes) or increased pulse tube velocities were then used as subsequent run conditions to
form larger mixing caverns.

During the initial run condition, samples were drawn from locations 1, 4, and 5 approximately every 10
minutes after the dye was injected. After 45-90 minutes of operation, samples were drawn from all
locations and the next experimental condition used. During subsequent runs, samples from locations 1, 4,
and 5 were taken every 15 minutes. After 45-90 minutes of operation, samples were drawn from all
sample locations, and the next experimental condition was used. This procedure was used to quantify the
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transient behavior of the mixed regions within the tank. The first run condition was examined in more
detail because the anticipated amount of energy required to reach steady state in that run was greater than
subsequent runs, where a significant mixed region already existed.

Samples were drawn using a vacuum system. A vacuum was placed on the sample lines in the tank,
and the simulant was drawn through the lines and collected in stoppered beakers using a trap. When
sampling, the lines were initially purged of simulant into a separate beaker. This step loaded the sample
line with simulant from the sample location at the appropriate time. A clean beaker was then attached and
the newly loaded simulant collected. The simulant was then transferred into containers for tracer analysis.
A sample extraction typically took 2 to 5 minutes to complete.

Tracer analysis consisted of two measurements, one for the dye and one for the NaCl. The concentra-
tion of dye was measured using an ultraviolet visible (UV-VIS) spectrometer, which requires a transparent
sample. To overcome this limitation, the opaque kaolin:bentonite simulant was centrifuged and the
analysis performed on the centrifuged liquid portion of the sample. The spectrometer measures the optical
absorbance of the sample at multiple wavelengths of light. When the dye is present in the system, a peak
absorbance is observed at approximately 630 nm. According to Beer’s law, the magnitude of this
absorbance peak is directly proportional to the concentration of dye in the system.

For the NaCl tracer, a either a chloride ion selective electrode (ISE) or ion chromatography (IC) was
used to measure the concentration of chloride present in the samples. The ISE instrument measures the
potential difference across an electrode that is surrounded by a membrane that allows chloride ions to pass
from the sample material into the electrode cell. The IC method was used for LS sequences 21 and 2628
and UFP sequences 13, 15 and 16. Equation (3.1) was used to calculate the fraction mixed:

X =—r (3.1)

X; is the fraction mixed of the j-th tank sample

Cr is the tracer concentration of the final homogenized simulant
C, is the tracer concentration of the initial baseline simulant

C; is the tracer concentration of the j-th tank sample.

When the aqueous phase tracer does not absorb onto the solid phase, the liquid phase concentration can
be measured with the techniques described above, and Eq. (3.1) can be used to directly calculate the
fraction of the tank mixed. The chloride ion did not appear to absorb onto the simulant particles, and this
equation is used for the NaCl tracer. Because the spectrometer measures absorbance, which is proportional
to concentration, Eq. (3.1) can be rewritten for the dye tracer as follows:

A, -4

X =L = (3.2)
J Aj _ AO
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X; is the fraction mixed of the j-th tank sample

Ay is the optical absorbance of the final homogenized simulant
Ay s the optical absorbance of the initial baseline simulant

A;  1is the optical absorbance of the j-th tank sample.

Unfortunately, the dye tracer absorbs onto the clay particles in significant quantity. In this situation
Eq. (3.1) still applies, but the concentrations used in the equation must account for both the liquid and solid
phases. This is accomplished using

C=Y,C, +Y,C, (3.3)

where
C s the tracer concentration
C; 1is the tracer concentration of the liquid phase
C; is the tracer concentration of the solid phase
Y, s the liquid phase mass fraction
Y; is the solid phase mass fraction.

The distribution of tracer between the liquid and solid phases is typically described using a distribution
coefficient:

C, =K,C, (3.4)
where K is the distribution coefficient.

To complicate matters further, the distribution coefficient is also a function of liquid phase dye concen-
tration. When Eq. (3.3) and (3.4) are substituted into Eq. (3.1), the following results:

X = Yz(Af _Ao)+Ys(deAf _Kdvo) (3.5)
’ YI(AJ _Ao)+Ys(deAj _Kdvo) .

where
Ky is the distribution coefficient at the homogenized tank tracer concentration
K,, 1s the distribution coefficient at the initial baseline tracer concentration
K is the distribution coefficient at the j-th tank sample tracer concentration.

When Ky is null or constant, Eq. (3.5) reduces to Eq. (3.2). Over the small dye concentration ranges
observed in the scaled platform testing, the assumption of a constant distribution coefficient holds, and
Eq. (3.2) can be used. As A; approaches Ay, K4 approaches Ky, and the error associated in using Eq. (3.2)
approaches zero. In addition, the distribution coefficient function varies from batch to batch of simulant,
and other factors such as temperature and contact time will also affect the distribution coefficient function.
Lastly, the solids loading of the simulant was often varied for rheological purposes. For these reasons,
Eq. (3.2) is used to estimate the fraction mixed using the dye tracer. The error associated with this
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assumption is predicted using estimated values for the liquid and solid mass fractions and the distribution
coefficient. Appendix A contains further details on these parameters.

Using the fraction mixed, Eq. (3.1) can produce results inconsistent with a realistic fraction mixed
value. For instance, when the sample concentration, C,, is less than the final sample concentration, Cy, the
fraction mixed value is greater than unity, which is not realistic. This occurs when samples are withdrawn
from regions in which the tracer has not yet arrived. For example, when the sample concentrations are
equal to the initial test concentration, C, the fraction mixed approaches infinity. On a plot, these values are
large enough that they cannot be observed with other samples with higher tracer concentrations. To
simplify the data analysis in these situations, these data can be computed as a normalized concentration
ratio referred to as the “mixing ratio.” The equation for the mixing ratio, MR, is

MR =—_ " (3.6)

When the sample tracer concentration is equal to the initial test concentration, the mixing ratio is unity.
When the sample tracer concentration is equal to the final test concentration, the mixing ratio is zero.
Lastly, when the sample tracer concentration is above the final test concentration, the mixing ratio is
negative. This corresponds to a situation where the sample location is within the mixing cavern, and the
fraction mixed calculation may be performed. From this information, the data analysis of mixing-ratio data
is summarized by Table 3.1.

Table 3.1. Mixing-Ratio Data Interpretation

Ml)illr;?uljjno Description

1 Tracer concentration near initial tracer test concentration; tracer has not reached sample
location.
Tracer concentration between initial and final tracer test concentration; tracer has begun

~0to 1 to reach sample location or slow laminar mixing is occurring with large concentration
gradients.

-0 Tracer concentration is near final tracer test concentration; vessel is nearly
homogeneous.

<0 Tracer concentration is above final tracer test concentration; sample location is within

the mixing cavern. Fraction mixed values can be calculated.

Noisy results indicate that tracer concentrations are varying in a temporal manner. This
High degree of| occurs when simulant with a small amount of tracer is mixing with high tracer simulant.
noise Such results indicate transient behavior where the mixing cavern is growing or the
vessel is micro-mixing previously quiescent simulant.

As micro-mixing proceeds, local concentration gradients within the vessel disappear,
and samples will reach stable values. This indicates that mixing has reached a steady-
state value.

Low degree of’
noise
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Because the mixing ratio contains the same variables and information as the fraction mixed value, a
transformation function between fraction mixed space and mixing-ratio space exists. This transformation
function is

MR=1—i 3.7
X

A transformation function of the propagated error between fraction mixed and mixing ratio is

AMR =X (3.8)

X2

The equations for fraction mixed described earlier in this section can be applied to calculate mixing
ratio and the corresponding errors from Eq. (3.7) and (3.8), respectively.

The objective of these tests was to find the PJM configuration and operating conditions that lead to a
fully mobilized, homogenous vessel. Two steps are performed to evaluate a tank as homogenous. The first
step is to see whether the results from each sample location for a run are consistent. This involves
calculating the mixing ratio and corresponding uncertainty for the final sample set in a run. Test results are
shown in Appendix A. The test results are termed “consistent” if the range of mixing ratios with the
associated error for each location contains zero:

MR - 2AMR <0< MR + 2AMR (3.9)

The consistency test can be applied to one or two standard deviations for different confidence levels. If
the results are consistent within two standard deviations, the test is termed consistent. (Values for this
evaluation for the UFP optimization and final configuration tests are included in Tables 6.1 and 7.1,
respectively; values for the LS optimization and final configuration tests are listed in Tables 6.3 and 7.4.)

3.1.2.2 Core Sampling Techniques

Core samples were taken at the conclusion of LS sequences 26, 27, and 28, and UFP sequences 15 and
16. A l-inch-diameter PVC pipe was used for core acquisition; this was placed inside a 2-inch-diameter
PVC pipe (capped with a 1-inch reducer on the bottom) that was filled with shaved dry ice to freeze the
sample before removing it from the tank. The sampling tube assembly was vibrated into position using a
concrete vibrator; the assembly was top-capped with a plug and removed after a 60-minute freezing period
had elapsed. The bottom of the core was capped with another plug after removal. Cores were transported
vertically to a large walk-in freezer and stored vertically for later analysis (visual and tracer content).

3.1.2.3 Visual Observations of Dye Tracers

Visual observations of the tank surface and walls supplemented the understanding of the test results.
Observations were made to characterize flow conditions on the tank surface, including easily observed
upwelling of material due to PJM discharge, recirculation pump operation, or air sparging. Because in all
experiments the chemical tracer was Brilliant Blue dye, observations of the slurry surface were made to
ensure that dye did not prematurely break through the surface during tracer injection. The surface was also
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monitored during the run to assess whether dye broke through the surface due to upwelling of new slurry
onto the surface. A video camera recorded the simulant surface during each test. The tank walls were
monitored during tracer dye injection to confirm that the perimeter PJMs were discharging dyed slurry.
After dye injection, the tank walls were observed for evidence of dyed slurry spreading upward and/or
laterally along the wall. Dry erase markers were used to map dyed areas on the tank wall and for sketching
a cylindrical projection map of the dyed areas on the acrylic tank wall. The markings on the wall were also
recorded with a video recorder. Mapping tracer locations along the tank walls supplemented interpretation
of tracer on the slurry surface for breakthrough due to cavern growth, flow due to spargers or pump
recirculation, and interpretation of tracer sampling results. In some runs, direct evidence was observed of
turbulence due to air spargers or PJM discharges, which were observed as a rippling effect extending up the
tank wall at specific locations. This supplemented the tracer observations of cavern height at the tank wall.
Observations of dark particulates entrained in the slurry at the tank wall were also made to follow flow
lines during some of the recirculating pump operations, particularly of flow toward the pump return line.

3.1.3 Solids Suspension Effectiveness Determination

Under some conditions, the rheology was low and solids settled to the bottom of the tank. PJMs are
well designed to pick up such solids because they direct a turbulent jet against the bottom of the tank.
Solids suspension in mechanically stirred tanks is characterized by the “just suspended” criteria developed
by Zwietering (1958; Atiemo-Obeng 2003), where no solids remain on the bottom of the tank for more than
a few seconds (i.e., “lifting”). The British Hydromechanical Research Group-Fluid Mixing Processes
(BHRG-FMP) consortium has shown that for steady downward-pointing jets an equation of functionality
similar to that of Zwietering can be developed. The same form and functionalities would be expected to
apply for multiple pulsed jets:

Vie =K * (4p)* (dp)” X (3.10)
where
Vis = minimum velocity to suspend solids
Ap = density difference between solids and liquid
dp = maximum particle size
X = wt% of solids

A, B, C = constants with values less than 1.

To determine the solids-lift characteristics of several of the pulse jet-mixed tanks in the WTP facilities,
we ran tests that were similar to those done by Zwietering and FMP. A small concentration of 4-mm glass
beads was placed in the bottom of the tank (using water as the working fluid) and the PJM velocity
increased in increments until the solids were observed to lift off the bottom and become suspended. Many
have shown that visual and instrumentation methods for determining the just-suspended velocity give
similar results (e.g., Brown et al. 2003). The Zwietering and FMP correlations show that the minimum
velocity required to suspend solids is a weak function of solids fraction and particle size and mainly
depends on density. Thus, using dense glass (2500 kg/m®) and large particles gives a good estimate of the
exact velocity required and eases observation.

Cloud height tests were also performed using a substantially greater quantity of the same 4-mm glass

beads in water. Movement patterns and bead cloud heights were observed and measured by observers
while the test stands were operated in various modes and drive velocities. Cloud tests were conducted in
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both LS and UFP vessels using PJMs (no spargers or recirculation pumps) with target nozzle velocities at 8
and 12 m/s. The tests used the same 4-mm beads as in the solids lifting tests, but a greater quantity was
added; the total mass of beads used in cloud tests was 15 or 21 kg in the UFP and 30 or 60 kg in the LS,
depending on the test sequence specifications. Exterior lighting was arranged so that the limits of the cloud
could be visually estimated through the transparent tank wall. For each run (two to three runs per
sequence, see Tables 3.2 and 3.3), observations of maximum cloud height above tank bottom were mapped
around the perimeter of the tanks during the discharge stroke of the PJMs. Runs lasted approximately 20 to
60 minutes depending on test parameters specified and thus allowed several repetitions of cloud
development for visual estimation. Results of the solids-lift tests are summarized in Section 4 (Tables 4.1
and 4.3), as are the results of the cloud tests (Tables 4.2 and 4.4).

3.2 UFP Scaled Prototype Test Sequences

Seventeen test sequences were performed using the UFP scaled prototype test stand (10 mixing test
sequences and seven solids suspension sequences); the tests are summarized in Table 3.2. (“A” and “B”
suffixes are treated as separate sequences.) Testing results for the UFP scaled prototype test stand are
presented in Section 6.1 (UFP Design Optimization Results) and 7.1 (UFP Final Configuration Results);
solids suspension effectiveness testing results are presented in Section 4.

Table 3.2. UFP Test Sequences Presented in this Report and Corresponding PJM, Sparger, and
Recirculation Pump Target Operating Conditions®

Target PIM No. of Talz?g:VSg::ger No. Pump Pump Target
Seq. No | Run |Test Type| Test Mode |Nozzle Velocity| Spargers (scfm per sparge Discharge Lines,| Flow Rate
(m/s) Operating tFl)Jbe)p g Nozzle Angle (gpm)
1 1 Mixing PJM Only 8 -- -- - --
1 2 Mixing PJM Only 12 -- -- -- -
1 3 Mixing |PJM + Sparging 12 1 center 3 - -
1 4 Mixing [PJM + Sparging 12 3 perimeter 1 -- -
2 1 Mixing PJM Only 8 -- - -- --
2 2 Mixing PJM Only 12 - -- - -
2 3 Mixing [PJM + Sparging 12 1 center 3 - -
2 4 Mixing |PJM + Sparging 12 3 perimeter 1 - --
3B 0 Mixing PJMs Only 8 -- -- -- --
3B 1 Mixing | PJM + Pump 8 -- -- 1 vertical 90
3B 2 Mixing | PJM + Pump 12 -- - 1 vertical 90
3B 3 | Mixing | DM * Pump+ 12 | center 3 | vertical 90
Sparging
7 1-4 | Solids lift| PJMs Only 4,6,8,6.7 -- -- -- --
7 5| Solids fifr| Center PIM 6 - - - -
Only
TA 1 |Cloud test| PJMs Only 8 -- - -- --
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Table 3.2 (contd)

Test Target PJM No. of Talzgljs\tVSSZtrger _ No. Pump Pump Target
Seq. No | Run Type Test Mode Nozzl(e;n \//:)Iouty gg::gz;sg (scfm per D:Sl(;rzli;rgi h;r;:s, FI?;F/) I:?te
sparge tube)

TA 2 |Cloud test] PJMs Only 12 - - - -

8 | 1-7 [Solidslift| PIMsOnly 396356 55(; g Sl - - -

9 1-4 | Solids lift] PJMsOnly | 6.0,5.4,6.0,7.0 - - - -
9A 1 [Cloudtestf PJMs Only 8 - - - -
9A 2 |Cloud testf PJMs Only 12 -- - - -

10 1-3 [Solids lift| PJMs Only 48,5.7,6.2 - - - -
10A la |Cloud test{ PJMs Only 8
10A 2a |Cloud test| PJMs Only 12 - - - -

11 1 Mixing PJMs Only 8 -- -- - -

11 2 Mixing PJMs Only 12 - - - -

12 1 Mixing PJMs Only 12 - - - -

12 2 Mixing | PIM + Pump 12 - - 3 at 135°® 90
13 1 Mixing PJM Only 8 - - - -

13 2 Mixing PJM Only 12 - - - -

13 3 Mixing | PJM + Pump 12 -- -- 1 vertical 90
15© 1 | Mixing PJM Only 12 - - - -
15© 2 Mixing Pjhgpzrzl::;p - 12 3 (perimeter) 0.1 1 vertical 90
16 1 Mixing | PJM + Sparging 12 3 (perimeter) 23 1 vertical No flow

(a) Test results discussed in Sections 4 through 7.2.
(b) 45° above horizontal
(c) Final configuration selected.

3.3 LS Scaled Prototype Test Sequences

Twenty-two test sequences were performed using the LS scaled prototype test stand (17 mixing test
sequences and five solids suspension test sequences); these tests are summarized in Table 3.3. Mixing test
results for the LS scaled prototype test stand are presented in Section 6.2 (LS Design Optimization Results)
and in Section 7.2 (LS Final Configuration Results); solids suspension effectiveness testing results are
presented in Section 4.
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Table 3.3. LS Test Sequences Presented in this Report and the Corresponding PJM, Sparger, and

Recirculation Pump Target Operating Conditions

(a)

PJM Target No. of Target Sparger ' No. Pump Pump
Seq. No. | Run Test Test Mode Nozz_le Spargers Flow Rate (per | Discharge ques, Target Flow,
Type Velocity Operating sparge tube) |Nozzle Elevation Rate
(m/s) (scfm) Angle (gpm).
2A 1 Mixing PJMs Only 8 -- -- -- --
2A 2 Mixing PJMs Only 12 -- -- -- --
2A 3 Mixing | PJMs + Spargers 12 4 3 -- --
2A 4 Mixing | PJMs + Spargers 12 8 3 -- --
3 1 Mixing PJMs only 8 -- - -- --
3 2 | Mixing PJMs only 12 - - - -
3 3 Mixing | PJMs + spargers 12 4 3 -- --
3 4 Mixing | PJMs + spargers 12 8 3 -- -
4 1 Mixing PJMs Only 8 -- -- - -
4 2 Mixing PJMs Only 12 -- -- -- -
4 3 Mixing | PJMs + Spargers 12 4 3 -- --
4 4 Mixing | PJMs + Spargers 12 8 3 -- -
5 1 Mixing PJMs + Pump 8 - - 4,30° 120
5 2 Mixing PJMs + Pump 12 -- - 4,30° 120
6 1 Mixing PJMs Only 8 -- -- -- --
6 2 Mixing PJMs Only 12 - - - -
6 3 Mixing | PJMs + Spargers 12 4 3 -- -
6 4 Mixing | PJMs + Spargers 12 8 3 -- --
7 1 Mixing PJMs Only 6 -- -- -- --
7 2 Mixing PJMs Only 8 -- -- -- --
7 3 Mixing PJMs + Pump 8 - - 4,30° 120
7 4 Mixing PJMs + Pump 12 -- - 4,30° 120
7 s | Mixing | P N;;;;Zp * 12 4 3 4,30° 120
7 6 | Mixing | Né;;;‘;‘;p * 12 8 3 4,30° 120
8 1 Mixing PJMs Only 8 -- -- -- --
8 2 Mixing PJMs Only 12 -- -- -- --
9 1 Mixing PJMs + Pump 8 -- -- 1, vertical down 120
9 2 Mixing PJMs + Pump 12 -- -- 1, vertical down 120
9 3| Mixing | N;;rlg’zfs’p * 12 4 3 1, vertical down 120
10 1 Mixing PJMs + Pump 8 -- -- 1,30° 120
10 2 Mixing PJMs + Pump 12 -- - 1, 30° 120
11 1 Mixing PJMs + Pump 8 -- -- 2,30° 120
11 2 Mixing PJMs + Pump 12 -- - 2,30° 120
12 1 Mixing PJMs Only 8 -- -- -- -
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Table 3.3 (contd)

PJIM Target No. of Target Sparger _ No. Pump Pump
Seq. No. | Run _;_I'est Test Mode Nozz_le Spargers Flow Rate (per | Discharge Lines, | Target Flow
ype Velocity Operating sparge tube) |Nozzle Elevation Rate
(m/s) (scfm) Angle (gpm).

12 2 Mixing PJMs Only 12 -- -- - -
13 1 Mixing | PJMs + Spargers 8 4 3 -- -
13 2 Mixing | PJMs + Spargers 12 4 3 -- --
16 | 1-6 |solidstift| Pvsonty [¥70TTH - - -
16A 7 Cloud test PJMs Only 8.5 - -- - -
16A 8 Cloud test PJMs Only 10 -- -- - -
16A 9 Cloud test PJMs Only 12 -- -- - -
17 14 |Soliastift| PiMsonly | 595 - ~ - B
17A 1 Cloud test PJMs Only 12 -- -- - -
17A 2 | Cloud test PJMs Only 8 -- - - -
18A 1 Cloud test PJMs Only 12 -- -- - -
18A 2 Cloud test PJMs Only 8 -- - - -
19 1 Mixing PJMs Only 8 -- - - -
19 2 Mixing PJMs Only 12 -- - - -
20 1 Mixing PJMs 12 -- -- -- -

20 2 Mixing PJMs + Pump 12 -- - 2,25° 120
21 1 Mixing PJMs Only 8 -- - - -
21 2 Mixing PJMs Only 12 -- -- - -

21 3 Mixing PJMs + Pump 12 - - 2,25° 120
26(0) 1 Mixing PJMs only 12 - - - ;

26(b) 2 | Mixing | P Mssp;gzg‘p + 12 8 1 2,25° 120
27(b) 1 Mixing | PJMs + Spargers 12 8 3 -- -

28(b) 1| Mixing | P! ng:;gg‘p * 12 4 02 2,25° 120

(a) Test results discussed in Sections 4 through 7.2.
(b) Final configuration selected.
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4.0 Solids Suspension Effectiveness

Seven solids suspension test sequences were carried out in the UFP scaled prototype test stand, and five
solids suspension test sequences were performed in the LS scaled prototype (“A” suffixes are counted as
separate sequences). The solids suspension tests were performed by placing a small concentration of 4-mm
glass beads in the bottom of the tank and increasing PJM velocity in increments until the solids were
observed to lift off the bottom. Solids lift was defined as observing lifting off the bottom of a vortex of
glass beads whose axis is parallel to the tank bottom, such that if at any moment during the drive phase of
the PJM cycle all the beads were lifted off the tank bottom, the solids lift test was declared positive (“yes™).
(If the axis of the vortex was vertical, the beads at the bottom of the vortex did not act like they were
resting on the tank bottom in a pile). One difficulty was the ability to see the bottom of the tank near the
tank wall from outside the tank. A video camera placed in a clear Plexiglas tube was used to assist
observations at these locations. A second problem was that the bead lift was not uniform around the tank
(i.e., the velocities were asymmetric with respect to the tank centerline), possibly because the center PJIM
was not exactly coaxial with the tank centerline and because of slight variations in the symmetry of
locations of perimeter PJM nozzles. This was more pronounced in the LS tank, in part because a bolt head
extended out of the tank bottom at the tank centerline, creating a potential shadow. In the LS tank, if very
good lift was occurring on one side of the tank but not the other, and marginal liftoff was occurring at
intermediate locations, lift-off was declared.

The cloud test levels were measured at intervals around the tank either outboard from a perimeter PJM
tube or approximately midway between PJM tubes. These levels are considered approximate because there
was considerable variability in the cloud heights during several PJM discharge cycles observed in series.
Also, the clouds often consisted of a series of sharply pointed plumes whose locations were not always
adjacent to those where measurement tapes were fixed. The plumes changed elevation and lateral position
during a discharge cycle and often overlapped other plumes, particularly near the end of the PJM discharge
cycle. Adjacent plumes may or may not have similar maximum heights. When there was considerable
fluctuation in the height of a plume, multiple observers were used to estimate the cloud height and provide
descriptions of cloud topography.

The test conditions and results of the various solids lift and cloud tests performed in UFP scaled test
stands are shown in Tables 4.1 and 4.2, and the PJM configurations for LS scaled test stands are presented
in Tables 4.3 and 4.4. For the solids lift tests, the lowest velocity at which all beads were lifted off the
bottom at some point during the drive phase for a given sequence are highlighted in bold in Tables 4.1 and
4.3. For all the solids suspension tests, a slurry of 4-mm glass beads (specific gravity 2.5 g/cm®) in water
was used. The concentration of the glass beads was approximately 0.4 and 0.5 wt%, respectively, for the
UFP and LS scaled test stands. The peak average nozzle velocities were determined based on the measured
level probe values.
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Table 4.1. Summary of UFP Test Conditions and Status of Solids Lifting

Peak Average PJM Nozzle

Solids Lifting Status

Sequence Run No. Velocity, m/s (YIN)
7 1 4.8 No
7 2 6.4 No
7 3 7.1 Yes
7 4 7.7 Yes
7 5 6.2 (only center PJM operating) No
8 1 4.1 No
8 2 4.9 No
8 3 54 No
8 4 5.9 No
8 5 6.9 No
8 6 7.4 Yes
8 7 8.1 Yes
9 1 7.5 Yes
9 2 6.0 No
9 3 6.7 No
9 4 8.4 Yes
10 1 5.0 No
10 2 6.3 No
10 3 7.2 Yes
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Table 4.2. UFP Cloud Test Summary

Peak avg| Lower range| Upper range
Perimeter| nozzle of cloud of cloud
PIM nozzle | velocity | height above | height above
Sequence| Run | Config. | angle (m/s) | tank bottom | tank bottom Comments
Cloud concentrates between
Cluster adjacent PJMs and between tank
TA 1 (5+1) 45° 10.1 23% 27 wall and point between perimeter
PJM centerlines and outermost point
on tubes; few beads move farther in.
Cloud shape similar to Run 1 but
flatter, higher up wall; appears made
Cluster o . . up of multiple narrow plumes that
A 2 (5+1) 45 17.9 257 3% spill into spaces between plumes at
end of discharge, creating overall
flat appearance of cloud
Cloud concentrates between
Expanded adjacent PJMs and between
9A 1A | cluster 45° 9.9 23% 27% J2 :
(5+1) perimeter PJM centerlines and tank
wall; few beads move farther in.
Cloud slopes downward about 14 in.
Expanded from near tank wall to just inside
9A 2A | cluster 45° 18.8 30% 37% perimeter PJM centerline; most
(5+1) beads don’t move farther in except
at very end of PJM discharge.
Majority of beads populate dense
Expanded clouds between PJMs; cloud level
10A 1A | cluster 30° 10.2 18 26 drops 1 in. from wall to just inside
(5+1) perimeter PJM centerline, then
slopes steeply downward.
Expanded Cloud level slopes downward only
10A 2A | cluster 30° 18.3 13% 23% about 1 in. between tank wall and
(5+1) tank centerline
Table 4.3. Summary of LS Test Conditions and Status of Solids Lifting
Peak Average PJIM Nozzle Solids Lifting Status
Sequence | Run No. X
Velocity (m/s) (YIN)
16 1 8.2 No
16 2 9.4 Yes
16 3 10.4 Yes
16 4 7.4 No
16 5 8.3 No
16 6 8.7 Yes
17 1 8.8 Inconclusive
17 2 104 Yes
17 3 9.5 No
17 4 9.1 No
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Table 4.4. LS Cloud Test Summary

Peak
Avg |Lower RangelUpper Range
Perimeter] Nozzle | of Cavern | of Cavern

PIJM Nozzle | velocity [Height above|Height above

Sequence| Run | Config. [ Angle (m/s) |tank bottom | tank bottom Comments
29.8 kg of glass beads used. Cloud
Cluster o . visible near wall between adjacent
16A 7 (7+1) 45 8.8 317 38 perimeter PJMs; adding more beads may

make cloud visible outboard of PJMs

59.8 kg of glass beads used in this and
subsequent runs. Well-defined clouds of
Cluster begds Visiblc? near tank wall between
16A 8 (7+1) 45° 11.0 32 39% adjacent perimeter PJMs. Just enough

beads outboard of PJMs to define cloud
height. Clouds about 6 in. thick and next
to tank wall.

Cloud about 8 in. thick and near tank
wall. Bead defined cavern erratic in

Cluster shape, not following regular sine wave.
16A 9 45° 15.3 31% 55Ya In some places cloud height dropped 10

(7+1) in. over several inches along tank wall.
In other cases level remained constant
between adjacent PJMs.
Expanded Cloud concentrated between adjacent
17A 1A | cluster 23° 15.4 27% 45 PJMs and dropped downward and
(7+1) inward toward tank centerline.
Clouds concentrated near wall between
adjacent PJMs; not enough beads out-
Expanded board of PJMs to define cloud. Clouds
17A 2A | cluster 23° 8.3 19% 30% highest near wall, drop quickly away
(7+1) from wall to tank bottom at a radius
approximately defined by innermost
points on perimeter PJM tube walls.
Cloud better distributed between tank
centerline and wall, forming broad ring-
shaped vortex with small hole near tank
Expanded centerline. Cloud occupies entire volume
18A 1A | cluster 15° 15.1 27 41% above PJM nozzles under PJM assembly
(7+1) and extends to wall in spokes between
adjacent PJMs. Outboard of perimeter
PJMs cloud sweeps out, leaving zones of]
no beads.
(Not enough beads in cloud to define
cloud height outboard of perimeter
PJMs. Motion of beads toward center of
Expanded tank more rolling than bead lifting, with
o a hole about the diameter of the center
18A 2A | cluster 15 8.3 16 20% .
(7+1) PJM tube at tank centerline and beads

piling up several inches deep between
center hole and perimeter PJM. Bead
lifting only occurred in space between
adjacent perimeter PJMs and tank wall.
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5.0 Velocity Mapping

Velocity mapping was carried out in both prototype test stands equipped in their final configurations
using a mast-mounted ultrasonic Doppler velocity probe (Imasonic) and a Met-Flow UVP-DUO MX signal
processor. The velocity probe reads liquid movement along its longitudinal axis by correlating a detected
Doppler shift of reflections from an outgoing 1 MHz ultrasonic pulse train. The probe measures fluid
velocities along its longitudinal axis only (i.e., moving directly toward or away from the probe face). All
testing was done at a pressure/drive-time-matched peak average velocity of 12 m/s; target simulant yield
strength was 30-36 Pa with a target tank-fill aspect ratio (L/D) of 1.4 in the UFP test stand and 0.74 in the
LS test stand. Spargers were not used in any velocity mapping activities. The test matrix for the UFP test
stand included a recirculation pump (90 gpm target flow rate), but no pump was used during LS velocity
mapping. The cavern height/velocity mapping criterion for both test stands was to obtain a maximum
velocity for a majority (>50%) of PJM cycles in a sample that meets or exceeds a velocity of 80 mm/s.
Due to PIM cycle variability and flow artifacts from submerged structural members, cavern heights often
must be reported as a 2 to 3-inch range. All heights are measured in inches up from tank bottom center
(datum).

5.1 UFP Velocity Mapping Results

Velocity mapping of the UFP vessel was performed according to the matrix of conditions given in
Table 5.1. The positions mapped in the UFP test stand were numbered as in Figure 5.1. Cavern heights®
obtained in the UFP test stand for conditions 1 and 2 are detailed in Table 5.2; velocities and detection
heights obtained in the UFP test stand for conditions 3 and 4 are presented in Table 5.3.

Table 5.1. UFP Velocity Mapping Test Matrix

Test Condition and Probe Orientation® Measurement Type Operating Conditions®

Condition 1, horizontal probe orientation |[Cavern height measurement |PJMs on, recirculation pump off|

Condition 2, horizontal probe orientation [Cavern height measurement [PJMs and recirculation pump on

Condition 3, vertical probe orientation Wall/bottom velocity Recirculation pump only
(wall); horizontal (center positions) mapping (PJMs off)

Condition 4, vertical probe orientation Wall/bottom velocity PJMs only

(wall); horizontal (center positions) mapping (recirculation pump off)

(a) Horizontal orientation has probe pointed toward tank center in wall positions and toward tank wall in center
positions unless otherwise noted.
(b) Recirculation pump target flow rate 90 gpm.

(a) The cavern height obtained by velocity mapping is not directly comparable with the fraction mixed results
presented in Section 7 but is based on a velocity cutoff of 80 mm/s, implying that the simulant is mobilized at greater
cavern heights where the velocity may be less than the cutoff. Any simulant motion that distributes the tracer will
lead to an increase in the apparent cavern size based on the mixing results.
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Position 5

Pump
Discharge

Figure 5.1. UFP Velocity Mapping Positions

Table 5.2. UFP Cavern Height Measurement Conditions 1 and 2 (height up from tank bottom center)®

Probe Position Condition_l Cavern Ht Condition_2 Cavern Ht Difference in Cavern Ht (in.).
(in) (in) (Cond. 2-Cond. 1)
| 20.5 Pump outlet interference- no N/A
measurement

2 24.5 18.5-19® N/A (different probe orientations)
3 15.5 18.5 3
4 12.5 12.5 0
5 NM®© NM NM
6 10.5 10.5 0
7 10.5 12.5 2
8 20.5-23.5 20.5-24.5 ~0
9 17.5 22.5 5
10 12.5 20.5 8
11 NM NM NM
12 15.5-16.5 15.5 ~0
13 18.5 25.5 7

Average' 16.4 18 1.6

(a) Target H/D = 1.4; nominal static simulant depth 47.6 inches.
(b) Vertical probe orientation for this measurement due to excessive noise in horizontal orientation.

(¢) NM = No measurement possible due to recirculation pump intake pipe interference.

(d) Average cavern heights are based on all values and use the mean value for positions where a range of cavern
height is shown. The average difference in cavern height in the last column is different than the difference between
columns 2 and 3 because some positions (1, 2, 5, 11) do not have comparable readings.
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Table 5.3. UFP Velocity Mapping Measurements Conditions 3 and 4
(height up from tank bottom center)®

i~ Condition 3 Wall/Bottom Condition 4 Wall/Bottom
Probe Position - : . . . -
. . Detection Height |  Velocity | Detection Height Velocity
and Orientation - :

(in.) (mm/s) (in) (mm/s)
1V NM® NM 15.5-16.5 600— <80
2V 10-10.5 < 80-450 18.5-19 200— <80
3V 4.5 200 15.5-17 <80-900
4V None N/A(<20) 14.5-16.5 <80-900
5V None N/A (< 20) 15.5-16.5 <80-500
6V None N/A (< 20) 16-16.5 500-900
7V None N/A (<20) 15.5-16.5 <80—400
8V None N/A (<20) 16.5-17.5 <80—400
9H 1.5 200 3.5 200
10H 3.5 200 3.5 150
I11H NM N/A (< 20) NM N/A
12 H 3.5 200 3.5 200
13H 3.5 1509 3.5 200

(a) Target H/D = 1.4; nominal static simulant depth 47.6 inches.

(b) NM = No measurement possible due to recirculation pump intake pipe interference.

(c) Measurement taken east of recirculation intake line, approximately half way to position 4;
no velocity visible for conditions 3 or 4 at position 5.

(d) Probe pointed toward recirculation outlet.

(e) Results correct as shown; see discussion below.

UFP average cavern heights for conditions 1 and 2 (PJMs only versus PJMs with recirculation pump)
(see Table 5.2 and Figure 5.1) differed by an average of 1.6 inches (averaging excluded positions for which
there are no directly comparable data). The greatest difference in cavern height was observed in positions
9, 10, and 13 (positions 10 and 13 are on opposite sides of the PJM array), with smaller effects noted at
positions 3 and 7 (on tank walls 180° apart, each bearing 90° from the pump outlet). Little or no difference
in cavern heights was noted at positions 4, 6, 8, and 12. The lack of change in cavern height at these
positions is probably due to the recirculation intake pipe projecting from the wall at position 5 (the intake
volume through the pipe necessarily engrossed much of the recirculation loops’ outlet volume).

While position 8 showed no appreciable velocity (<20 mm/s) from pump-only measurements, position
12 showed similar pump-only and PIJM-only velocities near the bottom (~200 mm/s). The anomalous
results with respect to cavern height (little change between conditions 1 and 2) versus greatly different
bottom velocities may be due to slight asymmetries in the tank construction/PJM array mounting observed
during earlier testing with transparent simulants. The positions with the greatest difference in cavern height
between PJMs-only and PJMs with recirculation pump conditions (positions 9, 10, and 13) all showed tank-
bottom pump-only velocities from ~150 to ~200 mm/s, confirming the influence of the recirculation pump
at these locations. It would appear that the pump output closely follows the curve of the tank bottom to the
opposite side of the vessel, where much of this volume is engrossed by the recirculation intake port.
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Tank-wall velocity measurements typically indicated a sharp boundary between flow and no flow with
measurements varying by hundreds of mm/s over less than 1 inch of elevation. The two anomalous results
here were at positions 1 and 2 during PJM-only operation (condition 4), where velocity decreased
substantially over a short decrease in elevation. These positions are closest to the recirculation pump outlet
pipe and were probably subject to wake effects.

5.2 LS Velocity Mapping Results

Velocity mapping was carried out in the LS test stand with only PJMs operational (without
recirculation). Cavern height measurements were taken with horizontal probe orientation at all numbered
locations (see Figure 5.2) and also with vertical probe orientation at all wall locations (1-8). Horizontal-
orientation bottom velocity readings were also taken at inner ring locations (positions 9-15). LS cavern
heights and velocity mapping results are presented in Table 5.4.

Velocity mapping results from the LS test stand were more consistent at different measurement
positions and less sharply delineated vertically than the UFP results. The velocity spread for tank bottom
measurements and the differences in cavern heights were also substantially less for the LS vessel than for
the UFP.

Cavern heights (using horizontal probe orientation) varied from 20.5 to 25.5 inches at the wall
positions (1-8) and from 22.5 to 25.5 inches at the center positions (9—15); average cavern height for all
positions (horizontal probe orientation) was 23.5 inches. Cavern height at the wall (vertical probe
orientation) varied from 21 inches at position 5 to 17.5 inches at position 7; this position also had the
lowest cavern reading with the horizontal probe orientation. No vertical-orientation wall cavern height was

Figure 5.2. LS Velocity Mapping Positions (recirculation pump nozzles shown for orientation only;
no recirculation used during mapping)
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Table 5.4. LS Velocity Mapping Results (height up from tank bottom center)®

Cavern Height| Wall Cavern Height | Center Tank Bottom Velocity| Center Tank Bottom
Position | (horizontal) (vertical) (horizontal) Measurement Height
(in.) (in.) (mm/s) (in)

1 25.5 18.5 N/A® N/A

2 24.5 18.5 N/A N/A

3 23 20.5 N/A N/A

4 25.5 20.5 N/A N/A

5 24.5 21 N/A N/A

6 21 No reading along wall N/A N/A

7 20.5 17.5 N/A N/A

8 23.5 19.5 N/A N/A

9 22.5 N/A 800 (erratic) 4

10 23.5 N/A 900 3.5

1 24.5 N/A 1200 4.5 (2.5 inches north

of position 11)

12 25.5 N/A 600 3.5

13 22.5 N/A Signal saturated (>1250) 4

14 22.5 N/A 600 4

15 24 N/A Signal saturated (>1250) 4.5
Average 19.4
cavern ht 23:5 (excluding position 6) N/A NA
(a) Target H/D = 0.74; nominal static simulant depth 51.8 in.
(b) NA = measurement positions are not applicable (see Figure 5.2).

obtained for position 6, which showed minimal velocity (<30 mm/s) at all elevations sampled along the
wall; the proximity of a sparge-tube array mounting bracket may have contributed to this anomalous result
by diverting flow away from the wall toward the center. The cavern height at this position (21 inches) was
comparable to those at adjacent wall locations (24.5 inches at position 5 and 20.5 inches at position 7).
Center tank bottom average velocities varied from approximately 600 mm/s at positions 12 and 14 to over
1250 mm/s (saturated detector) at positions 13 and 15. (Reported velocities are averages of the five highest
cycle velocities in a sample train).
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6.0 PIJM/Hybrid System Optimization Results

The mixing tests performed and the percent mixed results for system optimization test sequences for
the UFP and LS scaled test stands are summarized in Tables 6.1 and 6.3, respectively. The peak average
nozzle velocities (Eq. 2.2) are calculated from the differential drive pressure (i.e., the difference of actual
drive pressure and head at the PJM nozzle). The PJMs, spargers, and recirculation pump configurations
and operating conditions for the various sequences are presented in Tables 2.1 through 2.4. All tests were
performed with kaolin/bentonite clay simulant. The yield stress was determined from thoroughly mixed
samples (mixed by PJM overblow and sparging) collected before and after a sequence of runs. The yield
stress of the kaolin/bentonite clay simulant is the average of the results for these samples. The H/D is the
ratio of the simulant fill height to tank diameter.

The actual nozzle velocities listed in Tables 6.1-6.4 were calculated based on the peak average velocity
(Opeax) (Eq. 2.2) defined in Bamberger et al. (2005). The peak average nozzle velocities are based on
averages of all the PJMs (four or six for UFP and eight for LS) taken over 25 representative cycles of PIM
operation during a run. Actual drive functions for final configuration test sequences (UFP test sequences
15 and 16 and LS test sequences 26, 27, and 28) are shown in Appendix B; results for these tests are given
in the following section. The cycle times listed in Tables 6.1 and 6.3 for the two test stands were set based
on scaling approximately equal to the inverse of the geometric scale factor, that is, 4.94 and 4.29 for the
UFP and LS scaled test stands, respectively. Test sequence numbers not presented in this document are
those for which no conclusive mixing result was obtained or sequences used to derive drive functions or
check system performance.

For tests using a recirculation pump, the pump flow rates were scaled approximately by the inverse
square of the geometric scale factor, that is, 4.94” (24.4) and 4.29° (18.0) for the UFP and LS scaled test
stands, respectively. The recirculation flow rates listed in Tables 6.1 and 6.3 are based on the average flow
rate measured over a run. In calculating recirculation pump averages, startup transients were ignored.

For tests that involved sparging, no scaling was applied in setting the operating air flow rates, and the
flow rate through the sparger tubes was based on the readout of the rotameters included in-line with each
sparger. The sparger air flow rates shown in Tables 6.1 and 6.2 are either target flow rates (scfm) or actual
flow rates (acfm) at the bottom of the sparge tube outlet; a post-calibration of the flow meters indicated the
sparger flow rates were within +15%.

The “fraction mixed” and the mixing ratio results presented in Tables 6.1 and 6.3 are based on
measurements obtained from the tracer (either dye or salt solution) injected into the simulant before the
start of a test sequence. The approach is discussed in Section 3.1 and Poloski et al. (2004b). The error in
the fraction mixed values is due to a linear isotherm assumption for dye absorption. This error goes to zero
as the fraction mixed goes to 100%. Isotherm errors using the CI” ion tracer are insignificant.
Experimental variability due to sampling and analysis is still present. The percent mixed versus yield
Reynolds number for the various tests conducted with the UFP scaled test stand are shown in Figure 6.1
(the highest yield Reynolds number, PJM-only test shown is sequence 15, runl). Similar results for the LS
scaled test stand are shown in Figure 6.2 (the data point for sequence 20, run 1 is midway between the two
PJM/pump data points in the upper-left corner of the figure).
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Table 6.1. Test Conditions and Fraction Mixed Results for Optimization Tests Performed in UFP Test Stand

Sparger o ; Mixing Rati
. Peak Pump Mixing Ratio IXIng Ratio
Yield Avg Noz Cycle| Flow Rate | ‘o1 | Fraction| Error® Probability

Seqg. [Run| Test Mode [ H/D | Stress Time|(per sparge : (b:0)

Vel. Rate | Mixed (€3] . Score
(Pa) (sec) tube) Dye |Error|Chloride| Error .
(mfs) (scfm) (gpm) Dye Chloride

1 1 PIMOnly | 1.8 | 19 8@ 27 - -- Inc — | Inc| -- N/M - Inc | NM
1 2 | PIMOnly | 18] 19 129 | 27 - - Inc — |Inc| -- N/M — | Inc | NM
1 3 |PIM + spargers| 1.8 | 19 129 | 27 3© - 098 | 0.09 |-0.02] 0.1 | N/M - | 66% | N/M
1 4 |PJM + spargers| 1.8 | 19 129 | 27 1© - 0.95 0.09 |-0.05| 0.1 | N/M - 195% | NM
2 1 | PIMOnly | 18| 35 8.1 27 - -- 0.53 | 0.093 | Inc | -- N/M —- | Inc | NM
2 | 2| PMOnly | 18] 35 137 | 27 - - 0.64 | 0074 | Inc | -- N/M —- | Inc | NM
2 3 [PIM + spargers| 1.8 | 35 140 | 27 3© -- 1.1 0.013 | Inc | -- N/M - Inc | NM
2 4 |PIM + spargers| 1.8 | 35 139 | 27 1¢© -- 0.96 |0.0088 | Inc | -- N/M - Inc | NM
3B | 1 | PIMsOnly | 14| 37 87 | 27 - - 065 | 012 |Inc| -- Inc - | Inc Inc
3B | 2 | PIM+Pump | 14 | 37 8.7 | 27 -- 90 0.98 | 0.0074 |-0.02| 0.09 | 0.03 02 | 98% | 58%
3B | 3 | PIM+Pump | 14 | 37 158 | 27 - 87 1.0 |0.0019[0.01] 009 | -0.02 | 02 | 97% | 77%
3B | 4 Pn\gnglgw 14| 37 | 159 | 27 3@ 95 | 1.0 |0.0038]0.01[009| 002 | 02 | 95% | 69%
11 | 1 | PIMsOnly | 1.4 | 34 8w | 27 - - Inc -~ |Inc| -- Inc - | Inc Inc
11 | 2 | PIMsOnly | 1.4 | 34 129 | 27 - -- Inc -- - | - - -- Inc Inc
12 | 1 | PIMsOnly | 1.8 [ 20 129 | 27 -- -- Inc — |Inc| - Inc - | Inc Inc
12 | 2 | PIM+Pump | 1.8 | 20 129 | 27 - 90© | 0.95 | 0.07 [|-0.05 0.07 | -0.011 | 02 | 97% | 55%
13 | 1 | PIMsOnly | 1.4 | 34 89 | 27 - -- Inc — |Inc| -- Inc - | Inc Inc
13 | 2 | PIMsOnly | 1.4 | 34 129 | 27 - - Inc -~ | Inc| -- Inc -- Inc Inc
13 | 3 | PIM+Pump | 1.4 | 34 129 | 27 - 90¢ | 1.04 | 0.10 |0.04| 0.1 -0.4 02 | 42% | 35%

(a) Estimated error due to assumption of linear isotherm for dye absorption. Experimental error is not included.
(b) Inc = inconsistent results; N/M = not measured.
(c) An average mixing ratio of zero with an error of 0.1 corresponds to a probability score of 68%. Probability scores greater than 68% are considered
high confidence while values below 68% are considered lower confidence (see subsection 3.1.2.1); a high confidence (>68% probability score) infers

that the system fully mixed the test vessels.

(d) Target velocity; actual velocities were not calculated for these tests.
(e) Target flow rate.
Note: Test sequences not presented here are those for which no conclusive mixing result was obtained or were used to derive drive functions or check
system performance.
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Table 6.2. Summary Dye Tracer Visual Observations for UFP Optimization Tests

. Peak avg No. spargers, No. pump discharge
Config target flow rate | . . .
Seq. No.|Run No. PJM nozzle lines, nozzle angle, Summary visual observations
test mode . per sparge tube
velocity (m/s) target flow rate
(scfm)
Trifoil (3+1), No dye breakthrough on surface. Dye observed on tank wall localized near
1 1 8@ - - |
PJM only perimeter PJM nozzles.
Trifoil (3+1) No dye breakthrough on surface. Solid dye observed on tank wall near
1 2 PIM onl ’ 12@ - - perimeter PJM nozzles more spread out than run 1. Patches of dye extended
only as high as 10 inches above lower tank rim
Trifoil (3+1), Soccer ball sized sparger bubbles quickly covered surface with dye. Dye on
1 3 . 12@ 1 (center), 3 -- .
PIJM + sparging wall was almost completely uniform by end of run.
s Sparger bubbles smaller than in run 3 (about 8-inch diameter). Dye on entire
Trifoil (3+1), . . . .
1 4 . 12@ 3 (perimeter), 1 - wall was mostly uniform in color. Areas without dye appeared stagnant,
PJM + sparging . . )
suggesting a coat of very viscous slurry on wall at these locations.
- No dye breakthrough on surface. Dye observed on tank wall localized near
Trifoil (3+1), .
2 1 8.1 - - perimeter PJM nozzles. Some mottled patches of dye extended upward about
PJM only . :
15 inches from lower rim.
- No dye breakthrough on surface. Dye observed on tank wall still localized
Trifoil (3+1), ) .
2 2 PIM onl 13.7 - - near perimeter PJM nozzles spread upward to about 7 inches above lower
only rim. Mottled dye patches from run 1 disappeared.
e Soccer ball sized sparger bubbles quickly covered surface with dye. Dye on
Trifoil (3+1), . . .
2 3 PIM + . 14.0 1 (center), 3 -- wall was uniform on side closest to sparger and mottled with elongated
Sparging patches of dye on the other side.
) 4 Trifoil (3+1'), 139 3 (perimeter), 1 _ Sparger bub.bles smaller than in run 3 (about 8-inch diameter). Dye on entire
PJM + sparging wall was uniform in color.
No dye breakthrough on surface. Dye observed on tank wall near perimeter
B | Trifoil (3+1), 3.7 PJM Nozzles about 3 inches above lower tank rim after injection. Dyed areas
PJMs only : - - coincided with turbulence observed during PJM discharge and reached
24 inches above lower rim.
Trifoil (3+1 . Dye slowl it face; t ¥ of surf: ith t f
B 5 rifoil (3+1), 8.7 _ 1 vertical, 90 ye slowly Zeac ed surface; abou. Y3 of surface covered with dye at end o
PIM + pump run. About % of tank wall was uniformly dyed up to slurry surface.
3B 3 Trifoil (3+1), 158 _ | vertical, 90 Dye slowl.y cove.:red slurry surface over course of run. Similarly, tank walls
PIM + pump slowly uniform in color over the course of the run.
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Table 6.2 (contd)

No. spargers,

Peak avg. PJM | target sparger dis’:r?e.u%uenlli?les
Seq. No.[Run No.| Config test mode | nozzle velocity | flow rate per ' Summary visual observations
(mls) sparge tube nozzle angle,
target flow rate
(scfm)
Trifoi Dye uniformly covered tank walls and slurry surface at start of run. Bubbles from
rifoil (3+1), the sparger produced bead-shaped splash zone about 5 x 12 inches around
3B 4 PIM -+ pl.lmp * 15.9 I (center), 3 I vertical, 90 perimeter sparger closest to the center. A few small bubbles also erupted on the
Sparging surface on the side of the center PJM opposite the center sparger.
No dye breakthrough on surface. Dye observed on tank wall localized near
Expanded Cluster| perimeter PJM nozzles about 2 to 4 in. above lower tank rim, and a few patches of]
11 1 (5+1), 8 - - dye that extend about 7 inches higher up the wall. Faint patches of dye formed
PJMs only between the solid patches, forming a nearly complete band of dye around the
lower tank rim ranging as high as 6 inches above the rim.
Dye appeared on the surface of the slurry near the end of the run localized mostly
between one perimeter PJM and the nearby tank wall. Dye was observed near the
Expanded Cluster two adjacent perimeter PJMs. A little less than 25% of the slurry surface was
11 2 (5+1), 12® -- - dyed at the end of the test. Patches of dye observed in run 1 remained similar
PJMs only during this run except that three vertical patches of mottled dye outboard of three
adjacent PJMs extended 21 to 30 inches above lower rim. Turbulence noted 4 to
7 inches above lower rim near perimeter PJMs.
Fresh slurry appeared to slowly upwell on surface during PJM discharge. After
Expanded Cluster, about 24 minutes dye appeared on support structures about 5 inches below surface
12 1 (5+1) 12@ . . anq on surface about 4 minutes later. About 80% of the annulus between the
i perimeter and center PJMs was dyed at end of run. Dye extended halfway up tank
PJMs only wall near all but one perimeter PJM so about /5 of surface was dyed. Dye covered
about '5 of tank wall from the top to about 33 inches by end of run.
Difficult to determine whether new slurry breaking surface during PJM discharge
Expanded Cluster, cou.ld be attribut_ed to pump. No evide.nce of plumes froom pump discharge lines
12 2 (5+1), 12@ _ 3 at 45 o,(b) 90 durlr'lg PJM suction. Took about 5 minutes to cover 80% of slurry surface after
starting pump. Surface completely covered by end of run. Most of tank wall had a
PIM + pump mottled dyed appearance by end of run; appeared that suction line was creating a
flow shadow above it.
Dye breakthrough on surface occurred about 20 minutes after dye injection near a
perimeter PJM. The dye surfaced in a crease about midway between PJM and tank
13 | Cluster (5+1), e B B wall. Less th.an 10% of slurry surface dye?d by end of run. Dye obs.erved on tank
PIM only wall near perimeter PJM nozzles about 3 inches above lower tank rim; a few

patches of dye extend about 11 inches above rim except near the suction line,
where a patch of dye extended about 24 inches above rim.
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Table 6.2 (contd)

No. pump
discharge lines,
nozzle angle,
target flow rate

Summary Visual Observations

Dye that appeared on the slurry surface during run 1 slowly faded during this
run. It appeared near the end of the run that dye was reaching the surface in a
new seam almost on the opposite side of the tank. Dye covered about 20% of
the slurry surface at end of run. Patches of dye on tank wall broadened and
reaches as high as 32 inches above lower rim. Turbulence observed outboard
of perimeter PJMs about 8 to 12 inches above lower rim.

No. spargers,
Peak avg. PIM| target sparger
Seq. No.[Run No.| Config test mode | nozzle velocity | flow rate per
(m/s) sparge tube
(scfm)
Cluster (5+1), @
13 2 PJM only 12 N
Cluster (5+1), @
13 3 PIM + pump 12 h

1 vertical, 90

Dye on surface at end of run 2 slowly moved toward pump discharge line and
disappeared below surface. About 20 min into the run, dye surfaced in a seam
between the PJM on the opposite side of the tank and the tank wall, and later
at the wall in that location. The seam extended both directions around the tank
during the rest of the run. Surface essentially completely dyed by end of run.
Dye moved up tank wall fastest near PJMs on opposite side of tank from
pump discharge line after pump started. The wall near the pump took about
30 minutes to become dyed. By end of run, wall dyed in a mixture of solid and

marbled patches.

(a) Target velocities; actual velocities not calculated for this test.

(b) Angle above horizontal.
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Table 6.3. Test Conditions, Fraction Mixed Results for Optimization Tests Performed in LS Test Stand

. Sparger Mixing Ratio
Yield | Peak Avg. | Cycle Pump : @ L : L (bc)
Seq. | Run Test Mode H/D | Stress | Noz. Vel. | Time Flow Rate Flow Rate Fra_ctlon Error Mixing Ratio Probability Sc_ore
(Pa) | (mis) | (sec) |(PErsParge | gony | Mixed | (%) _ Dye Chloride
tube) Dye | Error | Chloride [Error
2A | 1 PJMs only 0.74 | 20 8@ 45 - - Inc - Inc - NM - Inc N/M
2A | 2 PIMs only 0.74 | 20 12@ 45 - - Inc - Inc - N/M - Inc N/M
2A 3 PJMs + spargers 074 | 20 12@ 45 3 sefim® -- Inc - Inc -- N/M - Inc NM
2A | 4 PJMs + spargers 074 | 20 12@ 45 3 scfm® - 1.03 0.06 | 003 | 006 | NM - 99% N/M
3 1 PJMs only 074 | 11 8@ 45 - - Inc - Inc - N/M - Inc NM
3 2 PJMs only 074 | 11 129 45 - - Inc - Inc - N/M - Inc NM
3 3 PJMs + spargers 074 | 11 12@ 45 3 sefim® - Inc - Inc - N/M - Inc N/M
3 4 PJMs + spargers 0.74 | 11 12@ 45 3 sefm® - 0.99 0.08 | -0.01 [ 0.08 | N/M - 100% NM
4 1 PJMs only 074 | 38 7.9 45 - - 0.54 0.15 Inc - NM - Inc NM
4 2 PJMs only 074 | 38 13.4 45 - - 0.65 0.13 Inc - N/M - Inc N/M
4 3 PJMs + spargers 0.74 | 38 13.3 45 3 sefm® - 0.87 0.052 | Inc - N/M - 97% N/M
4 4 PJMs + spargers 0.74 38 13.2 45 3 scfm® -- 0.97 0.014 | -0.01 | 0.08 N/M -- 0% N/M
5 1 PIMs + pump 074 | 38 8@ 45 - 120©@ Inc - Inc - N/M - Inc N/M
5 2 PJMs + pump 0.74 | 38 12@ 45 - 120©@ 0.83 0.12 | -021 | 0.12 | N/M - 2% NM
6 1 PJMs only 074 | 38 8@ 45 - - N/MO - N/M - N/M - NMO | N/M®
6 2 PJMs only 0.74 | 38 12@ 45 - - Inc - Inc - NM - Inc N/M
6 3 PJMs + spargers 0.74 | 38 129 45 3 scfim® - 0.90 012 | -0.11 [ 0.12 | N/M - 45% N/M
6 4 PJMs + spargers 074 | 38 12@ 45 3 scfm® - 0.94 0.11 | -0.06 | 0.11 N/M - 80% N/M
7 1 PJMs only 1 36 4.9 55 - - 0.24 0.11 Inc - N/M - Inc N/M
7 2 PJMs only 1 36 7.3 45 - - 0.42 0.085 Inc - N/M - Inc N/M
7 3 PJMs + pump 1 36 73 45 . 121 0.55 0.06 Inc - NM - Inc NM
7 4 PJMs + pump 1 36 11.4 45 - 119 1.1 0.01 Inc - NM - Inc N/M
7 5 | PIMs+ pump + spargers | 1 36 11.4 45 3 scfm® 122 1.1 0.0058 | Inc - N/M - Inc N/M
7 6 | PJMs +pump + spargers | 1 36 11.4 45 3 scfm® 121 0.93 | 0.0067 | -0.07 | 0.12 N/M - 71% N/M
1| 1 PJMs + pump 074 | 37 7.9 45 - 121 0.66 0.033 | Inc - N/M - Inc N/M
1| 2 PJMs + pump 074 | 37 14.0 45 . 115 0.95 | 0.0055 | Inc - NM - Inc NM
12 | 1 PJMs only 074 | 36 8@ 45 . - 0.99 0.27 Inc - -0.01 | 027 Inc 62%
12| 2 PJMs only 0.74 | 36 12@ 45 - - 0.99 0.27 Inc - -0.01 | 027 Inc 60%
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Table 6.3 (contd)

Yield | Peak Avg. | Cycle Sparger Pump . @ Mixing Ratio Mixing Ratio
! Flow Rate Fraction| Error Probability
Seq. [ Run Test Mode H/D |Stress| Noz. Vel. | Time (per sparge Flow Rate Mixed () Score®®

(Pa) (m/s) (sec) tube) (gpm) - Dye | Error |Chloride| Error Dye Chloride
13 | 1 PJMs + spargers 0.74 36 8 45 3 scfm® - 0.70 0.31 Inc - -0.43 | 045 Inc 4%
13 | 2 PJMs + spargers 0.74 36 12@ 45 3 sefm® - 0.88 0.37 Inc - -0.14 | 0.37 Inc 35%
20 | 1 PJMs only 0.74 35 15.5 45 . - 0.96 0.0097 | -0.04 [ 0.1 -0.43 0.4 91% 2%
20 | 2 PJMs + pump 0.74 35 155 45 - 122 1.0 0.00069 | 0 0.1 -0.31 0.4 98% 9%
21 | 1 PJM:s only 0.74 36 8@ 45 - - Inc - Inc - Inc - Inc Inc
21 | 2 PJM:s only 0.74 36 2@ 45 - - 0.96 0.13 | -0.04 | 0.13 Inc - 85% Inc
21 | 3 PJMs + pump 0.74 36 2@ 45 - 120© 1.09 0.12 0.08 [ 0.12 | -047 | 024 67% 0%

(a) Estimated error due to assumption of linear isotherm for dye absorption. Experimental error not included.
(b) Inc = inconsistent results; N/M = not measured.
(c) An average mixing ratio of zero with an error of 0.1 corresponds to a probability score of 68%. Probability scores greater than 68% are considered high confidence

while values below 68% are considered lower confidence (see subsection 3.1.2.1); a high confidence (>68% probability score) infers that the system fully mixed the test

vessels.

(d) Target velocity; actual velocities were not calculated for this test.
(e) Target flow rate.
() Run terminated due to sampling difficulty at given drive conditions.
Note: Test sequences not presented here are those for which no conclusive mixing result was obtained or were used to derive drive functions or check system

performance.
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Table 6.4. Summary Dye Tracer Visual Observations for LS Optimization Tests

No. of spargers,

Peak avg. No. pump
target sparger | . .
Seq. PJM nozzle discharge lines, . .
Run Test Mode - flow rate Summary visual observations
No. velocity nozzle angle,
(mfs) (scfm per sparge target flow rate
tube) g
No upwelling of dye on surface, but halfway through run dye observed opposite each
(@) - n p g y > y g Y/ PP
2A 1 PIMs only 8 perimeter PJM along tank wall near bottom.
No significant difference from run 1, but zones of dye at tank bottom were larger, ranging in
(a) . . g 5 y gcer, gimng
2A 2 PIMs only 12 height from 36.5 to 74 inches below tank rim.
Entire annulus dyed within 1 minute; center zone largely unaffected except for overflow
from annulus. Most of tank completely dyed by end of run, except regions with irregular
+ (a) -
2A 3 | PJMs + spargers 12 4.3 zones of undyed slurry, correlating to areas with no PJMs or sparge tubes nearby. Splash
zones of sparge tubes extend inward less than halfway to PJMs.
Splash zones closer together, creating a continuous bubbling zone along the tank wall
+ (a) - i
2A 4 | PIMs + spargers 12 83 reaching inward two-thirds of the distance to the PJMs
4 | PIMs onl 79 No breakthrough of dye on slurry surface during run. Solid patches of dye observed on tank
s onty ’ - N walls near perimeter PJMs extending 10 to 12 inches above lower tank rim.
4 5 PIMs only 13.4 . _ No breakthroggh qf dye on slurry surface. Solid patche's of dye observed in run 1 on tank
wall reduced in height during run 2 so extended 4 to 6 inches above lower tank rim.
Slurry surface in annulus between perimeter PJMs and tank wall completely dyed in less than|
aminute. Slurry surface between center and perimeter PJMs largely unaffected except for
+ -
4 3 | PIMs + spargers 13.3 43 occasional flow from annulus. Most of tank wall dyed by end of run. A couple of patches of
undyed slurry where there were no PJMs or spargers.
4 4 | PJMs + spargers 13.2 8,3 -- Tank surface and walls completely dyed during this run.
Dye observed at bottom rim near perimeter PJMs before recirculation pump started. When
. @ B o pump started, dye immediately observed on surface and many places on walls. It took 30
> ! PIMs + pump 8 4,30% 120 gpm minutes to dye surface between center and perimeter PJMs. Tank walls completely dyed by
end of run. Discharge lines produced upwelling plumes less pronounced as slurry filled tank.
5 2 PIMs + pump 12@ -- 4,30°, 120 gpm [No flow from two discharge lines opposite each other.
6 | PIMs only e B . Run termu_lated_before dye injection; sampling system inoperative at low drive time/high
simulant viscosity.
Dye observed on tank wall up to slurry surface near three adjacent perimeter PJMs; also on
6 ) PJMs only 12@® surface near three PJMs extending from tank wall to just inside radius described by perimeter|

PIM centerlines. About 20% of surface covered with dye by end of run. Dye also observed
near other PJMs ranging from 3 to 15 inches above lower rim.
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Table 6.4 (contd)

No. of spargers,

Peak avg. No. pump
Seq. PJM nozzle target sparger discharge lines . .
Run Test mode - flow rate ' Summary Visual Observations
No. velocity nozzle angle,
(mfs) (scfm per sparge target flow rate
tube) g

6 3 PJMs + spargers 1@ 4.3 _ Sparger bubbl'es appeared socce'r ball-shape. Dye on tank walls extended as high as 36 in.
above lower rim at several locations around the tank.

6 4 | PJMs + spargers 12@ 8,3 -- No observations of note made.

No dye observed on slurry surface during the run. Patches of dye observed on tank wall

7 1 PJMs only 4.9 -- -- near 3 of the 7 perimeter PJMs, extending from 15 to 26 inches above lower rim near two
PJMs and almost to the surface near the third PJM.

7 ) PIMs onl 73 __ _ No dye observed on slurry surface during this run. Patches of dye on tank walls grew in

Y ’ number and size extending from 9 to 47 inches above lower tank rim.
Dye observed on slurry surface 8 minutes after run began where support beam touched
. . . .

- 3 PIMs + pump 73 B 4,30°, 120 gpm slurry surface during PJM discharge. Dye slowly covered surface during run, abf)ut /3
covered at end of run. Surface coverage consisted of two large patches on opposite sides of
tank. About 80% of tank wall covered with dyed slurry by end of run.

7 4 PIMs + pump 11.4 B 4,30°, 120 gpm Surface of slurry completely dyed by end of run. Tank walls uniformly dyed except for two
narrow strips of undyed slurry.

PIMs + pump + 5 .

7 5 sparging 11.4 4,3 4,30°, 120 gpm |The spargers produced bubbles the size of soccer balls.

PIMs + pump + 5 oy . .

7 6 sparging 11.4 8,3 4,30°, 120 gpm |With eight spargers the soccer ball sized bubbles were separated by 4- to 8-inch gaps.

Dye appeared on slurry surface between two adjacent perimeter PJMs and tank wall before

p 1 PIMs onl @ B _ dye injection complete. It spread during the run so about half the surface was dyed about 40

v minutes after completion of dye injection. Surface appeared fully dyed by end of run. Tank
walls appeared completely dyed by end of run.

8 2 PJMs only 12® -- - No noteworthy observations made.

| vertical down No dye observed on slurry surface; surface gradually formed crust with 1-inch-high ridges.
9 1 PJMs + pump 8@ -- ’ 120 epm > |Broad patches of dye on tank walls 16 to 41 inches above lower rim; patches changed from
&p dyed to undyed and back again in some areas.

9 5 PIMs + pumm o B 1, vertical down, |Dye appeared to break through to surface at end of run forming three patches covering about]

pummp 120 gpm Y4 of surface; the trend of changing patterns of dyed and undyed areas continued in this run.

o | 3 | PMsremer e hy | e ot when he sprgers were ured on  pluof thick sy s forecd aainst

spargers ’ 120 gpm P parg pug my &

the wall in several places, creating stagnant patches of undyed slurry.
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Table 6.4 (contd)

Seqg. No.

Run

Test mode

Peak avg. PIM
nozzle velocity
(m/s)

No. of spargers,
target sparger
flow rate ( scfm
per sparge tube)

No. pump discharge
lines, nozzle angle,

target flow rate

Summary visual observations

10

PJMs + pump

8(3)

1,30°, 120 gpm

Undyed slurry surfaced during PJM discharge above where pump discharge plume
first struck tank wall about 1 min after recirculation pump turned on. More than 90%
of slurry surface covered with dye after 9 minutes of pump operation. Surface almost
completely dyed by end of run. Dye spread from where the pump discharge line
plume struck the tank wall and spread upward and laterally in both directions. By
end of run % of tank wall uniformly dyed and the rest mottled with dye.

10

PJMs + pump

1 2(a)

1,30°, 120 gpm

Slurry surface and tank wall uniformly dyed by end of run.

11

PJMs + pump

7.9

2,30°, 120 gpm

Before starting pump, dye observed at lower rim near four perimeter PJMs. Two
areas of upwelling above where pump discharge line plumes first struck tank wall.
These plumes formed dyed patches that quickly grew upward and laterally. It was
difficult to track dyed slurry on tank wall throughout the entire run and impossible to
observe dyed slurry reaching the surface due to insufficient contrast between the
dyed and undyed slurry.

11

PJMs + pump

14.0

2,30°, 120 gpm

No noteworthy observations were made.

12

PJMs only

8(8)

Before dye injection, very slow upwelling occurred during PJM discharge between
perimeter PJMs with 135° nozzles and tank wall. Insufficient contrast between dyed
and undyed slurry to observe dye breakthrough during this run. It was possible to
observe dye on tank wall initially during the run but interpretation questionable.
Turbulence observed at tank wall outboard from PJMs with 135° nozzles that
extended 25 to 27 inches above lower rim.

12

PJMs only

12

Surface appeared less viscous during this run; highly active plumes of upwelling
slurry observed above PJMs with 135° nozzles, plumes extending 1 ft from tank wall
inward and laterally 3 ft or more each direction lasting 3—5 seconds during each
discharge cycle. Turbulence patterns observed in run 1 extended to surface in run 2.

13

PJMs +
spargers

8(3)

4,3

No noteworthy observations made due to insufficient contrast between dyed and
undyed slurry. Flow behavior of PJMs with 135° nozzles similar to run 1 in
sequence 12. Spargers produced soccer-ball-sized bubbles.

13

PJMs +
spargers

12

4,3

No noteworthy observations made due to insufficient contrast between dyed and
undyed slurry. Flow behavior of PJMs with 135° nozzles similar to run 2 in
sequence 12. Spargers produced soccer-ball-sized bubbles.

19

PJMs only

8(3)

No dye observed on slurry surface during run. After injection, solid patches of dye
observed outboard of perimeter PJMs extending 9 to 11 inches above lower rim.
Slurry surface between center and perimeter PJMs and between the latter and the
tank wall moved up and down at approximately the same rate during PJM cycle.
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Table 6.4 (contd)

Seqg. No.

Run

Test mode

Peak avg. PIM
nozzle velocity
(m/s)

No. of spargers,
target sparger

flow rate (scfm

per sparge tube)

No. pump discharge
lines, nozzle angle,
target flow rate

Summary visual observations

19

PJMs only

12¢

Dye on slurry surface between center and perimeter PJMs about 30 minutes into run.
By end of run this zone was dyed, and dye extended to outermost points on four
adjacent perimeter PIMs. Approximately % of surface was dyed. Nearly continuous
band of dye on the tank wall extended from lower rim upward 9 to 11 inches.

20

PJMs + pump

15.5

2,25°,120 gpm

Dye on surface near perimeter PJM after about 20 min. Eventually, six perimeter
PJMs and % of surface dyed, including half from center to wall and a lobe on
opposite side not extending to wall. Solid patches of dye observed on wall near
perimeter PJMs within several minutes of injection, extending 5 to 11 inches up.
Patches of mottled dye extended to surface; by end of run dye observed on surface
near wall.

20

PJMs + pump

15.5

2,25° 120 gpm

Slurry surface uniformly dyed after third PJM discharge cycle of recirculation pump.
Dark particles observed where pump discharge line plumes struck tank wall and
moved nearly vertically upward, as well as flow where slurry converged and turned
down toward bottom, midway between where discharge plumes struck the tank wall.

21

PJMs only

14.0

Dye first noted near perimeter PJMs at lower rim and eventually 3 to 39 inches
above lower rim. Dye noted on surface about 5 minutes before end of run in two
small spots next to a pump discharge line and on nearest PJM; total coverage
negligible.

21

PJMs+ pump

1 2(a)

2,25°,120 gpm

Soon after run started, dye patches along wall near two pump discharge lines
broadened and extended upward as high as 30 and 42 inches above lower rim. Dye
on surface observed in run 1 expanded to about 5% of slurry surface; a smaller spot
appeared at another location between a PJM and the tank wall.

21

PJMs + pump

1 2(a)

2,25°,120 gpm

Dye upwelled to surface four PJIM cycles after pump started in two locations
consistent with positions where pump discharge line plumes struck wall. Surface
completely dyed 12 minutes after starting recirculation pump. Tank wall completely
dyed 20 minutes after pump started. Dark particles observed in slurry at two flow
convergent points near lower rim about midway between where the pump discharge

jets and discharge line plumes struck tank wall.

(a) Target velocity; actual velocity not calculated for this test.
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The data in Figures 6.1 and 6.2 show that, with PJMs only, an increase in the yield Reynolds number
results in an increase in the percent mixed. (The yield Reynolds number is the ratio of dynamic stress to
slurry strength, which directly affects the size of the mixing cavern. It is considered a dominant
nondimensional parameter in hybrid mixing scaling.) This is essentially because the PJM cavern increases
with increasing PIM velocity or decreasing yield stress. It is also obvious that PJMs alone are not
sufficient to completely mix the tank. The addition of sparging and/or recirculation generally results in
complete mixing. When spargers are operating, modest changes in PJM velocity or rheology (yield
Reynolds number) have a negligible effect on mixing. Similar observations can be made for the LS scaled
test stand.
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7.0 PIM/Hybrid System Final Test Configuration Results

This section describes the results obtained with the final test configurations of the UFP and LS scaled
test stands. The features described do not necessarily reflect the final plant design configuration.®
The descriptions of the final test configurations of the UFP and LS scaled test stands, found in Sections 7.1
and 7.2, respectively, are repeated from Section 2 for completeness and ease of duplication.

7.1 UFP Scaled Test Stand

7.1.1 Final Test Configuration

The final PJM test configuration for the UFP scaled test stand was the cluster (5+1) configuration with
a Plexiglas shroud enclosing the PJMs, three spargers, and a recirculation system using a single discharge
line and a suction line. This configuration was used in sequences 15 and 16; sequence 13 (see Section 6 for
results) used a similar configuration with no shroud. The mixing vessel containing the configuration was a
clear acrylic Plexiglas tube 34 £ 1 inches in diameter and 90%: + % inches high with the bottom an
approximately 2:1 elliptical dish of stainless steel. Top and plan views of the final PJM configuration in
the UFP test stand are shown in Figures 7.1 and 7.2. The dimensions are considered approximate.

The cluster (5+1) configuration consisted of six PJMs, one in the center and five equally spaced around
the center on a PCD of approximately 14% inches. The actual vessel will have six PJMs in a similar
configuration. Each PJM consisted of a 6-inch-diameter schedule 40 stainless steel pipe with a cap on the
top connected to an air line. A Yi—inch-diameter stainless steel tube was tapped through the end cap on the
top (adjacent to the air-line fitting) to serve as a dye injection line; this line extended approximately % of
the length of the pipe forming the PJM body. The lower end of the pipe was attached to a 60° tapered
conical section truncated at the bottom and fitted with a 2-inch-diameter schedule 40 stainless steel pipe
threaded section where the nozzle assembly was attached. The straight section of the PJM tube was
approximately 37 inches long, as shown in Figure 7.2.

The center PJM nozzle assembly, shown in Figure 7.3, consisted of (in order of assembly) a 5/2-inch-
long, %-inch schedule 40 stainless steel pipe connected to a 1 x %-inch stainless steel bushing inserted into
a 2 x 1-inch stainless steel reducer coupling. The pipe forming the nozzle tip extended 4'5/16 inches out of
the bushing, as shown in the figure, and pointed straight down toward the bottom center of the tank. The
dimensions shown for the center PJM nozzle in Figure 7.3 are based on direct measurements of the nozzle
assembly used in sequence 13. The lowest point of the nozzle tip was raised approximately 1% inches off
the bottom based on measurements made with a carpenter’s rule.

The perimeter PJM nozzle assemblies, also shown in Figure 7.3, used standard schedule 40 stainless
steel pipe and fittings consisting of (in order of assembly) a nominal 1'2-inch-long, ¥4-inch-diameter pipe, a
1 x %-inch-diameter bushing, a 1-inch-diameter 45° elbow, a 1-inch-diameter nipple, and a 2 % 1-inch-

(a) Differences between the test configurations and the proposed plant design include minor geometric differences
due to the need to use commercially available pipe, the number and size of the sparge tubes, and the lag storage
recirculation pump, which is not currently included in the plant design.
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Figure 7.1. Top View of Cluster (5+1) Final Test Configuration in UFP Scaled Test Stand
Showing Nominal Locations of PJMs, Spargers, Recirculation System Components

diameter threaded reducer coupling. The pipe forming the nozzle tip extended approximately 1 to
1% inches out of the bushing, as shown, and pointed radially out from the tank centerline at a 45° angle
(based on the 45° elbow fitting). The dimensions shown in the figure for the perimeter PJM nozzles are
based on measurements of the five nozzle assemblies. The lowest point on the nozzle tip was raised
17 inches off the bottom, based on measurements made with a carpenter’s rule.

The three spargers used in the final configuration were equally spaced around the tank centerline and
approximately 12.5 inches from it, based on measurements of the distance between the center PJM nozzle
and the sparger tubes. The approximate angular location of each sparger tube, shown in Figure 7.1, was
determined by measuring its location with respect to the positions of three or more of the ¥4-inch pipelines
supplying air to the PJMs. The orientation was chosen to place one of the sparger tubes on the opposite
side of the tank from the recirculation pump discharge line. The sparger tubes were made of “2-inch-OD
stainless steel tubing (0.375-inch ID), and +the lower ends were raised 4 inches above the bottom of the
tank as measured from the tank floor beneath. This was accomplished by placing the tube on the tank
bottom and raising it 4 inches or by placing a tube that was marked 4 inches from its end next to the sparge
tube and adjusting the sparge tube level to that mark.

The recirculation system used in the final configuration consisted of two centrifugal pumps placed in
parallel and connected in series with a diaphragm pump that served to eliminate cavitation in the
centrifugal pumps (see Figure 7.4). The centrifugal pumps fed a manifold that could supply flow to as
many as four separate discharge lines. The recirculation pump system was configured to supply flow to a
single discharge line in the final configuration and was operated at a target flow rate of 90 £5 gpm.
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Figure 7.2. Plan View of Cluster Final Test Configuration in UFP Scaled Test Stand Showing
Nominal Locations of PJMs, Spargers, and Recirculation System Components

11/41in

The discharge line was a 2-inch-diameter schedule 40 stainless steel pipe connected to a nozzle
assembly with the nozzle pointing straight down. The discharge line was approximately 12% inches from
the tank centerline and offset approximately 3' inches from the PJM that was on the opposite side of the
tank from the recirculation pump suction line, as shown in Figure 7.1. This placed it at an angular position
of approximately 284°, as shown in the figure.
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Figure 7.4. Final Test Configuration of Major Recirculation System Components

The nozzle assembly used in the final configuration and shown in Figure 7.5 consisted of a 10!%/16 inch-
long, 1-inch-diameter schedule 40 stainless steel pipe bored to 1.107 inches ID and extending 10!/16 inches
out of a 2 x 1-inch-diameter stainless steel reducer coupling. The bottom of the nozzle assembly was raised
approximately 17% inches above the tank bottom immediately below the nozzle, as shown in Figure 7.2.

The centerline of the recirculation pump suction line inlet was approximately 4’2 inches from the tank
centerline at an elevation of approximately 37 inches, as measured from the edge of the inlet closest to the
tank centerline to the tank floor (see Figure 7.2). The suction line inlet was pointed down, but the suction
line exited the tank through a side port approximately 14% inches above the bottom at the tank centerline.

A Plexiglas shroud was placed around the PJM assembly for sequences 15 and 16 to prevent slurry
flow into the inner annulus formed between the perimeter and center PJMs. The sides of the shroud were
located at the point of closest approach between adjacent perimeter PJMs, as shown in Figure 7.1. The
bottom of the shroud was at the bottom of the coupling connecting the conical section to the cylindrical
section of the PJM, as shown in Figure 7.6. The bottom of the shroud was a flat Plexiglas plate with holes
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Figure 7.6. Side View of UFP Scaled Shroud (left) and Bottom (right)
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for the PJM conical sections to pass through (Figure 7.6). The tops of the sides of the shroud extended up
to the 2-inch couplings connecting the caps of the PJM to the 2-inch air line shown in Figure 7.7. The top
of the shroud consisted of five connected wedge-shaped sections of Plexiglas plate forming a five-sided
pyramid, with holes for the center PJM air line and sample lines to the perimeter PJMs. The Plexiglas top
formed an angle of approximately 130° with the sides (approximately 40° above horizontal); the slope of
the top gradually decreased to approximately 125° with the center PJM air line (approximately 25° below
horizontal). The joints where the Plexiglas pieces met the PJM surfaces, piping, or another Plexiglas
sections were caulked with silicon sealant. The interior of the shrouded PJM assembly was filled with a
rigid polyurethane foam sealant, injected as expandable, polyurethane intermediate and cured over several
days to provide rigid support to the shroud.

Figure 7.7. Top View of UFP Scaled Shroud Side (left) and Top (right)

7.1.2 Results with the UFP Scaled Test Stand

The mixing tests, percent mixed, and mixing ratio results for the UFP scaled test stand are summarized
in Tables 7.1 and 7.2. All tests were performed with kaolin/bentonite clay simulant, whose yield stress was
determined from thoroughly mixed samples (mixed by PJM overblow and sparging) collected before and
after a sequence of runs. The yield stress of the kaolin/bentonite clay simulant is the average of results for
these samples. H/D is the ratio of simulant height to tank diameter.

The nozzle velocities listed in Tables 7.1 and 7.2 were calculated based on the peak average velocity
(Opeax) defined in Eq. 2.2 and Bamberger et al. (2005). The peak average nozzle velocities are based on
averages of all the PJMs (four or six for UFP and eight for LS) taken over 25 representative cycles of PIM
operation during a run. Actual drive functions for UFP test sequences 15 and 16 are shown in Appendix B.
The cycle times listed in Table 7.1 were based on scaling approximately equal to the inverse of the
geometric scale factor of 4.94 for the UFP scaled test stand.

For tests using a recirculation pump, the pump flow rates were scaled approximately by the inverse
square of the geometric scale factor (4.94° = 24.4) for the UFP scaled test stand. The recirculation flow
rates listed in Tables 7.1 and 7.2 are based on the average flow rate measured over the duration of a run. In
calculating recirculation pump averages, startup transients were ignored.
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Table 7.1. Test Conditions and Fraction Mixed Results for Final Test Configuration of UFP Test Stand

Yield |Peak Avg.| Cycle F?pargel; Pump | _ o Mixing Ratio Mixing Ratio
Seq.|Run| Test Mode |[H/D| Stress | Noz. Vel. | Time OWRAE | 10w Rate Mixed Probability Score®
(Pa) (m/s) (sec) (per slg)a;rge (gpm) Ixe Dye |Error| Chloride | Error | Dye Chloride
tube
15( 1 PIJM Only 1.4 29 11.9 27 -- -- 0.67 Inc -- Inc -- Inc Inc
+ +
15| 2 (P ”\gparljg ‘;f;p 14| 29 11.6 27 (()iogz i‘;;n)l 84 095 | 001|011 | -0.1 | 026 | 67% 62%
16 | 1 |PJM + Spargers| 1.4 34 11.3 27 2.1 acfm - 0.90 N/M -- 0.04 0.05 N/M 86%

(a) Inc = inconclusive results; N/M = not measured.
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Table 7.2. Summary Dye Tracer Visual Observations for UFP Final Test Configuration

Seq.
No.

Run

Test Mode

Peak avg.
PJM nozzle
velocity (m/s)

No. of spargers,
target sparger
flow rate per
sparge tube
(acfm)

No. pump discharge
lines, nozzle angle,
target flow rate

(gpm)

Summary visual observations®

15

Cluster (5+1),
PJM Only

11.9

Dye breakthrough on the surface occurred about 1 hour after dye injection|
nearly opposite pump suction line and between two adjacent PJMs and tank]
wall. About 10% of the surface dyed at the end of run. Dye observed on tank
wall near perimeter PJM nozzles about 2 to 4 inches above lower rim after
dye injection. A patch of dye extended 26 inches above the tank rim near|
where dye reaches the surface. A second patch extended about 13 inches
above lower rim.

15

Cluster (5+1),
PIM + Pump +
Sparging

11.6

3 (perimeter), 0.08

1 vertical, 90

No obvious upwelling of slurry or dye on the surface occurred when thel
pump was first turned on. It appeared that the slurry surface moved away|
from the tank wall near the suction line and both directions toward the pump)
discharge line during PJM suction (about 2 inches/PJM cycle. Three small
splash zones about 1% to 4 inches in diameter appeared when the spargers
were turned on. Two of the splash zones were relatively close together even|
though the sparger tubes were not. Two of the spargers initially brought both|
dyed and undyed slurry to the surface. About 80 to 90% of the surface was
dyed by the end of the run. The behavior of the dye along the tank wall
indicated that flow from the discharge line was moving up the wall near the
suction line as well as laterally both directions away from the suction line,
The slurry on the surface was moving toward the pump discharge line and
down the wall near the discharge line. The tank wall was uniformly dyed by
the end of the run.

16

Cluster (5+1),
PJM + Sparging

11.3

3 (perimeter)

Dye observed on tank wall localized near perimeter PJM nozzles about 3 in,
above lower tank rim after injection. It took only two PJM cycles to
completely cover the surface with dye after the spargers were turned on,
Splash zones extended from shroud to tank wall and laterally about 12 to 16
inches, so about '; of the slurry surface was covered by splash zones. Most
of tank wall uniformly dyed by end of run, with the remaining wall having a|
marbled appearance.

(a) The lower rim is the lowest point on the tank wall visible from outside the tank, approximately 80 in. below the upper rim (approximately 10%2 inches above the bottom).




For tests that involved sparging, the sparging system layout and air flow rates were determined using
the zone of influence performance guidelines developed in Poloski et al. (2005). The sparger air flow rates
shown in Tables 7.1 and 7.2 are actual flow rates (acfm) at the bottom of the sparge tube outlet. These
values are based on the readout of the rotometers in-line with each sparger with corrections made for
pressure, temperature, and pressure head due to simulant depth. Post-calibration of the flow meters
indicated the sparger flow rates were accurate within £15%. The relatively low air flow rate for sequence
15 run 2 represents the spargers in an “idle” mode, in which the air is supplied primarily to keep simulant
out of the sparge tubes.

The “fraction mixed” and mixing ratio data presented in Table 7.1 are based on measurements obtained
from the tracer chloride injected into the simulant before the start of a test sequence. The approach is
discussed in Section 3.1. Isotherm errors using the CI ion tracer are insignificant. Experimental variability
due to sampling and analysis is still present.

Core samples were taken in several locations for UFP tests 15 and 16 after the mixing test was
complete and all mixing equipment was turned off.®” Because of the non-Newtonian nature of the
simulant, these core samples represent a snapshot of the tracer concentration profile at the conclusion of the
mixing test (i.e., the simulant stops moving when the mixers are turned off). Core samples were also taken
at the beginning of the test before adding tracer™ and after the final homogenization step.” Core sample
locations are depicted schematically in Appendix C for the UFP scaled vessel.

The core samples were separated into 2-inch segments and analyzed for chloride concentration using
ion chromatography (IC). Using initial and final tracer concentrations, mixing-ratio calculations and
associated error were performed on each segment. The average concentrations of the initial and final core
samples were used in the calculation. The average mixing ratio and the probability score for each core
segment and associated error were calculated and are shown in Table 7.3. The mixing ratio and associated
error for UFP-T15 creates a range of values that includes zero while this is not the case for UFP-T16. The
probability scores for UFP-T15 and UFP-T16 are reasonably high, indicating good confidence that the tank
contents were reasonably well mixed but not completely homogenous.

Table 7.3. Average Mixing Ratio Values and Probability Scores from Chloride IC Data for
Core Samples Taken During Phase II Scaled Test Platform Tests

Test Corel Core 2
UFP-T15 0.03 +£0.06 -0.01 £0.06
UFP-T16 0.05+0.02 0.06 +0.02
Probability Score

UFP-T15 85% 88%
UFP-T16 99% 96%

(a) Core samples taken after mixing tests at locations 1 and 2 are labeled as “Core 1”” and “Core 2,” respectively.

(b) Core samples taken before adding tracer at locations 1 and 2 are labeled as “Core 1 Initial” and “Core 2 Initial,”
respectively.

(c) Core samples after final homogenization at locations 1 and 2 are labeled as “Core 1 Final” and “Core 2 Final,”
respectively.
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To assess the tracer uniformity as a function of depth, the mixing-ratio depth profile for the core
segments is shown in Figures 7.8 and 7.9. In general, the data indicate that the tracer concentrations
fluctuate close to a mixing ratio of zero (fraction mixed of 1) for all core samples. This behavior is
characteristic of a fully mobilized system that is in the process of complete homogenization. Because these
tracer results do not indicate the presence of stagnant regions, the variation in the data indicates that there
are regions of the tank where the mixing process occurs at a slower rate.
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Figure 7.8. Mixing-Ratio Results from UFP Test Sequence 15 Core Samples Using Chloride Tracer
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Figure 7.9. Mixing-Ratio Results from UFP Test Sequence 16 Core Samples Using Chloride Tracer
(left) and Chloride Concentration as a Function of Depth (right)

Core samples from UFP test 16 show a pattern of slightly decreased tracer concentration in the
midsection of each core. Increased tracer concentration is present at the top and bottom of each core. This
test consists of PJMs operating with spargers and is consistent with a two-zone mixing model. This
situation may occur if the sparging system is creating a relatively large circulation cell, where the tracer
injected in the pulse tubes is brought to the surface by the sparger system and then forced back to the
bottom along the tank walls. Because of the location of tracer injection, increased tracer concentration
would be present along the top, sides, and bottom of the tank. A core sample taken from along the tank
wall would have a profile consistent with that observed.
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A plot showing the mixing ratio as a function of sampling event is shown in Figure 7.10 for sequence
16 (PJMs with full flow sparging). Samples were taken every 15 minutes after the start of the test. It
appears that the tank was well mixed after the first 15 minutes although the tank was probably mixed in a
lesser amount of time. Mixing times generally increase with the scale factor, so the time to mix in the full-
scale vessel can be estimated as being less than 15 minutes multiplied by the geometric scale factor of 4.94.
This provides an estimate of the time to mix in the full scale vessel of <75 minutes. A time to mix for
operation with the PJMs and the recirculation pump (sequence 15) is not possible because run 1 (PJMs
only) did not result in a mixed vessel and run 2 did not start with an unmixed simulant (refer to Figure A.15
in Appendix A).
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Figure 7.10. Mixing-Ratio Results from UFP Test Sequence 16 Using Chloride Tracer with IC

7.2 LS Scaled Test Stand

7.2.1 Final Test Configuration

The final test PJM configuration for the LS scaled test stand was the cluster (7+1) with a Plexiglas
shroud enclosing the PJMs, eight spargers, and a recirculation system with two discharge lines and one suc-
tion line. This configuration was used in sequences 26, 27 and 28. Sequence 21 (see Section 6 for results)
used a similar configuration with no shroud or spargers. The mixing vessel containing the configuration
was a clear acrylic Plexiglas tube 70 + 1 inches in diameter and 90’ + 2 inches high with the bottom an
approximately 100-6% stainless steel tank cap. Top and plan views of the final PJM configuration in the
LS test stand are presented in Figures 7.11 and 7.12. The dimensions are considered approximate.

The cluster (7+1) configuration consisted of eight PJMs, one in the center and seven equally spaced

around the center on a PCD of approximately 30 inches. The actual vessel will have eight PJMs in a
similar configuration. Each PJM consisted of a 12-inch-diameter schedule 40 stainless steel pipe with a
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Figure 7.11. Top View of Expanded Cluster Final Test Configuration in LS Scaled Test Stand
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Figure 7.12. Plan View of Expanded Cluster Final Test Configuration in LS Scaled Test Stand Showing
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7.12



cap on the top connected to an air line. (The straight section of the PJM tube was approximately 31 +
1 inches long, as shown in Figure 7.12). A Y-inch-diameter stainless steel tube was tapped through the end
cap on the top (adjacent to the air-line fitting) to serve as a dye injection line; this line extended
approximately % of the length of the pipe forming the PJM body. The bottom of the 12-inch-diameter pipe
was welded to a 60° tapered conical section that was truncated at its lower end where it was welded to a
6-inch-diameter schedule 40 stainless steel coupling (73%-inch-OD). A second 60° tapered cone was
welded to a 6-inch-diameter schedule 40 stainless steel pipe section that was threaded into the 6-inch-
diameter coupling. This cone was also truncated at its lower end and welded to a threaded 2-inch-diameter
section of schedule 40 stainless steel pipe. A nozzle assembly was threaded onto the bottom of this section.

The center PJM nozzle assembly for the final configuration shown in Figure 7.13 consisted of a 9%-
inch-long, 1-inch-diameter schedule 80 stainless steel pipe inserted into a 2 X l-inch-diameter stainless
steel reducer coupling and extending approximately 9% inches out of it. The nozzle was pointed straight
down toward the bottom center of the tank, as shown in Figure 7.13, and raised approximately 1'% inches
above the bottom in sequences 21, 26, 27 and 28, based on direct measurements with a carpenter’s rule.

The perimeter PJM nozzle assemblies for the final test configuration (Figure 7.13) consisted of, in
order of assembly, a nominal 5-inch-long, 1-inch-diameter schedule 80 PVC pipe, a 1% x 1-inch-diameter
bushing, a 45° PVC elbow, a 2 x 1%-inch diameter PVC bushing, and a 2-inch-diameter PVC coupling.
The nozzle tips extended 37 to 4% inches out of the bushings, as shown in the figure. Key measurements
were made of the seven nozzle assemblies while they were attached to the PJMs. The nozzles were raised
approximately 1% inches above the tank floor, just below the lowest points of the nozzle assemblies, in
sequences 21, 26, 27, and 28 based on direct measurements with a carpenter’s rule.

| 91/16 -9 3/8 in

11 3/4in / 37/8-41/8in

91/2in

e——53/4-6 1/8 in ———=f

Figure 7.13. Schematic of Center (left) and Perimeter (right) Nozzle Assemblies Used in
Final Test Configuration in LS Scaled Test Stand Showing Range of Dimensions
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The eight spargers used in the final test configuration were equally distributed around the tank
circumference at a PCD of approximately 6134 inches and were offset clockwise about 7° from the quadrant
angles (as shown in Figure 7.11). The sparger tubes were made from '4-inch OD (0.375-in. ID) stainless
steel tubing. The lower ends of the sparger tubes were raised approximately 4 inches above the tank
bottom in sequences 26, 27 and 28, as indicated in Figure 7.12.

The recirculation system used in the final test configuration of the UFP scaled test stand was also used
in the LS scaled test stand. It consisted of two centrifugal pumps placed in parallel and connected in series
with a diaphragm pump to eliminate cavitation (Figure 7.4). The centrifugal pumps fed a manifold that
could supply flow to four discharge lines. The system was configured to supply flow to a two discharge
lines in the final configuration for the LS scaled test stand and operated at a target flow rate of 120 £5 gpm.

The pump discharge lines were 2-inch-diameter schedule 40 stainless steel pipes, each connected to a
nozzle assembly. The discharge lines were at a PCD of approximately 59% inches around the tank center-
line and extended 7% inches out of the 1 x %-inch-diameter reducer bushings. (Nozzle tips used angles of
about 129° and 309°, as shown in Figure 7.11). Each pump discharge nozzle assembly (Figure 7.14)
consisted of (in order of assembly) an 8-inch-long, %-inch-diameter schedule 40 stainless steel pipe, a
nested assembly of 1 x %-inch-, 1% x 1-inch-, and 2 x 1's-inch-diameter PVC bushings, a 2-inch-diameter,
90° PVC elbow, a 2-inch-diameter schedule 80 PVC nipple (with Y-inch extension), and a second 90°
elbow. The nozzle tips in sequence 20 were 4%, and 4!5/is inches long, bored to 0.80 and 0.81 inches in
diameter, and extended 3'3/16 and 4 inches out of the reducer bushings, as shown in the figure. The lateral
arms of each nozzle assembly were oriented outward, forming an angle of approximately 40° with the tank
centerline, as shown in Figure 7.11, so the nozzle tips were closer to the tank wall than the PJMs and the
nozzle jets did not strike the PJM tube walls. The elevation arm of the assembly containing the nozzle tip
formed an angle of approximately 48° with the centerline, as shown for one of the nozzles. The nozzle tips
pointed approximately 25° above horizontal. The centerlines of the lateral arms of the nozzle assemblies
were elevated approximately 1372 to 14 inches above the tank bottom measured at the tank centerline.

The suction line was in a space between the center and two adjacent perimeter PJMs and about 84
inches from the tank centerline, based on the calculated distance of the center point in the space from the
tank centerline. This position was at an angle of approximately 257°, as shown in Figure 7.11. The suction
line was raised approximately 10 inches above the tank bottom immediately below the suction line.

A Plexiglas shroud was placed around the PJM assembly for sequences 26, 27, and 28 to prevent slurry
flow into the inner annulus between the perimeter and center PJIMs. The bottom of the shroud was a flat
Plexiglas plate with holes for the PJM conical sections and recirculation system pump suction line to pass
through (Figure 7.15). It was glued to the PJM support frame used to position the bottom of the PIM
assembly. The support frame was at the bottom of the coupling connecting the lower and upper conical
sections of the PJIM. The sides of the shroud were formed by placing insulated foam stripping in the space
between adjacent perimeter PJMs (Figure 7.15) and covering it with silicon caulking. Plexiglas was
inserted between the upper conical sections of adjacent PJMs and glued to the outside of the PJM support
frame (Figure 7.16). The top of the sides of the shroud between perimeter PJMs extended up to the bottom
of the 2-inch-diameter couplings connected to the caps of the PJMs with Plexiglas inserts (Figure 7.16).
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Figure 7.14. Side View of LS Scaled Test Stand Final Test Configuration Recirculation Pump
Discharge Line Nozzle Used in Sequences 20 and 21, 26, and 28

The top of the shroud consisted of seven wedge-shaped sections of Plexiglas connected to form a
seven-sided pyramid, with holes for the center PJM air line, recirculation system pump suction line, and
sample lines to the perimeter PJMs. The Plexiglas top was angled so that its center was approximately 4
inches higher than the top of the perimeter where it met the Plexiglas side inserts. The joints where Plexi-
glas pieces met PJM surfaces, piping, or other Plexiglas sections were caulked with silicon sealant. The
interior of the shrouded PJM assembly was filled with a rigid polyurethane foam sealant, injected as
expandable foam polyurethane intermediate and cured for several days to provide rigid support to the

shroud.
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Figure 7.15. Close-up of LS Scaled Shroud Bottom Prior to Trimming and Caulking (left) and
Foam Stripping Between Adjacent Perimeter PJMs (right)

Figure 7.16. Plexiglas Insert Between PJMs near LS Scaled Shroud Bottom (left) and Top View
Showing Shroud Top and Plexiglas Insert Between PJMs Near Shroud Top (right)
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7.2.2 Results for the LS Scaled Test Stand

The mixing tests, percent mixed, and mixing ratio results for the LS scaled test stand are summarized in
Tables 7.4 and 7.5. All tests were performed with kaolin/bentonite clay simulant, whose yield stress was
determined from thoroughly mixed samples (mixed by PJM overblow and sparging) collected before and
after a sequence of runs. The yield stress of the kaolin/bentonite clay simulant is the average of results for
these samples. H/D is the ratio of simulant height to tank diameter.

Nozzle velocities in Table 7.4 were calculated using the peak average velocity (Uipe.) defined in Eq. 2.2
and Bamberger et al (2005). Peak average nozzle velocities are averages of all eight PJMs taken over
typically 25 representative cycles of PJM operation during a run. Actual drive functions for final LS con-
figuration test sequences 26, 27, and 28 are shown in Appendix B. Cycle times listed in Tables 7.4 and 7.5
for the LS test stand were based on scaling approximately equal to the inverse of the geometric scale factor
of 4.29.

For tests using a recirculation pump, the flow rates were scaled approximately by the inverse square of
the geometric scale factor (4.29” = 18.0) for the LS scaled test stand. The recirculation flow rates listed in
Tables 7.4 and 7.5 are based on the average flow rate measured over the duration of a run. In calculating
recirculation pump averages, startup transients were ignored.

For tests with sparging, the sparging system layout and air flow rates were determined using the zone
of influence sparging performance guidelines developed in Poloski et al. (2005). The sparger air flow rates
in Tables 7.4 and 7.5 are actual flow rates (acfm) at the bottom of the sparge tube outlet. These values are
based on the readout of the rotometers in-line with each sparger with corrections made for pressure,
temperature and the pressure head due to the simulant depth. Post-calibration of flow meters indicated
sparger flow rates were accurate within +15%. The “fraction mixed” and the mixing ratio data in the tables
are based on measurements obtained from the tracer chloride injected into the simulant before a test
sequence started (discussed in Section 3.1 and Poloski et al. 2004b). Isotherm errors using the CI ion
tracer are insignificant. Experimental variability exists due to sampling and analysis.

Core samples were taken in several tank locations for LS tests 26, 27, and 28 after the mixing test was
complete and all mixing equipment turned off. These core samples are a snapshot of the tracer concentra-
tion profile at the end of the mixing test. For LS test 26, core samples were also taken at the beginning of
the test before adding tracer and after the final homogenization step. Core sample locations are depicted
schematically in Appendix C for the LS vessel prototype.

The core samples were separated into 2-inch segments and analyzed for chloride concentration using
IC. Using initial and final tracer concentrations, the mixing-ratio was calculated for each core sample seg-
ment. For LS Test 26, the average concentrations of the initial and final core samples were used to
calculate the average mixing ratio and associated error. Results are shown in Table 7.6. With the
exception of core 2 from LS Tests 27 and 28, every core sample mixing ratio with error creates a range of
values containing zero mixing ratio. The average value of core 2 from LS tests 27 and 28 is relatively close
to zero but of lower confidence, as indicted by the probability scores. These results indicate that the tank
contents were reasonably well mixed but not completely homogenized.
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Table 7.4. Test Conditions/Fraction Mixed/Mixing Ratio Results for Final LS Test Configuration

Yield |Peak avg | Cycle [Sparger flow| Pump . ixi i Mixing Ratio
Fraction Mixing Ratio 9
Seq.|Run| Test Mode | H/D | stress | noz. vel. | time | rate (per |flow rate Mixed® ) Probability Score
(Pa) | (m/s) | (sec) |sparge tube)| (gpm) Dye | Error |Chloride| Error | pye  Chioride
26 | 1 PIMsonly | 0.74 | 32 12.2 45 - - 0.58 -0.16 | 0.14 Inc - 12% Inc®
+ +
26 | 2 [PMsTRUmpH o0 3 122 | 45 | 09acfm 118 093 | Inc - 007 | 022 | Ic | 59%
spargers
+
27 1 PIMs 0.74 33 12.3 45 2.2 acfm - 0.83 Inc - -0.21 0.25 Inc 15%
spargers
+ +
a8 | 1 [PIMsTRumpH oo sy | a3 | g5 | O16acfm o 096 | 001 | 028 | -004 | 024 | 60% | 62%
spargers (4.5 L/m)

(a) Appendix A contains a detailed description of these test results.
(b) Inc = inconsistent results.
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Table 7.5. Summary Dye Tracer Visual Observations for LS Final Test Configuration

Seq. No.

Run

Test Mode

Peak avg. PIM
nozzle velocity
(m/s)

No. of spargers,
target sparger
flow rate
(acfm)

No. pump discharge

lines, nozzle angle,
target flow rate

(gpm)

Summary visual observations

26

PJMs only

12.2

No dye observed on slurry surface during this run. Solid patches of dye seen|
near lower rim outboard of the perimeter PJMs that extended upward 2 to 4|
inches Patches of dye that were not solid extended upward 4 to 18 inches|
except for a patch near a pump discharge line that extended 39 inches upward.

26

PJMs + Pump +
Spargers

12.2

8,0.9

2,25° 120

The surface was covered with dye within about 2 minutes of sparger startup,
When the recirculation pump started, bubbles from a sparger tube near one of]
the discharge lines were swept to where the discharge line plume and adjacent
sparger bubbles were reaching the surface when the PJMs discharged. This did
not occur with a sparger near the other discharge line. Most of the tank walll
was uniformly dyed in the run. Observations of black slurry particles showed|
flow patterns similar to those observed in sequence 21.

27

PJMs + Spargers

12.3

8,2.2

Solid dye patches were observed outboard of the perimeter PJM following dye
injection, extending 3 to 5 inches above the lower rim. The surface was covered
with dye within about 2 minutes of starting the spargers. Splash zones
extended from the tank wall to about 3 to 4 inches from the PJMs and laterally,
12 to 16 inches parallel to the wall. Occasionally adjacent splash zones|
overlapped. The tank wall was uniformly dyed after about 1 hr of run time.

28

PJMs + Pump +
Spargers

12.3

4,0.16

2,25°120

Solid dye patches observed outboard of perimeter PJM following dye injection,)
extending 3 to 5 inches above lower rim. When spargers started they brought
dye to the surface. The splash zones were about 3 to 5 inches in diameter. The
dye very slowly expanded over the surface from each sparger covering patches|
about 18 inches in diameter 4 minutes after starting the spargers. Breakthrough
occurred within about 1 minute of starting the recirculation pump. It took four
PIJM cycles to completely dye the slurry surface after starting the pump,
Bubbles from spargers near the pump discharge line broke up and were
displaced by 2 to 3 ft discharge line plumes. Bubbles from the other two
spargers did not break up and moved only a few inches. The tank wall was|
uniformly dyed about 75 minutes after starting the pump. Bubbles were
observed at the wall in certain locations, suggesting that small bubbles may be
formed by the pump discharge line plumes breaking up sparger bubbles.




Table 7.6. Mixing Ratio Values and Probability Scores from Chloride IC Data for
Core Samples Taken During Phase II Scaled Test Platform Tests

Test Corel Core 2 Core 3
LS-T26  [-0.01 +0.05 [-0.02 +0.05 nm®
LS-T27 -0.05+0.05 |-0.14+0.06 |-0.01 £0.05
LS-T28 0.00 £ 0.05 |-0.08 £0.06 nm

Probability Scores
LS-T26 94% 92% nm
LS-T27 82% 26% 94%
LS-T28 94% 62% nm
(a) nm = not measured

To assess tracer uniformity as a function of depth, the mixing-ratio depth profile for each core segment
is shown in Figures 7.17 and 7.18. In general, the data indicate the tracer concentrations fluctuating close
to a fraction mixed value of unity for all core samples. This behavior is characteristic of a fully mobilized
system in the process of complete homogenization. Because these results do not indicate any stagnant
regions, the variation in data indicates that there are regions where mixing occurs at a slower rate.

Additional information on the mixing state of LS Test 27 can be inferred by comparing core sample
results (Figures 7.17 and 7.18) with sampling tube results (Figure 7.19). Sampling tube results indicate that
locations 1, 2, and 3 have a higher tracer concentration than locations 4 and 5. Locations 1, 2, and 3 are
taken directly from the pulse tubes and 4 and 5 from low and high elevations near the sparge tubes. Core
sample results are consistent with mixing ratio data from locations 4 and 5 and do not show increased tracer
concentration near the bottom of the tank. This observation infers that increased tracer concentration
should be present below the 36-inch depth of the core segments and represents the mixing cavern formed
by PJM operation. The test consists of PJMs operating with spargers and is consistent with a two-zone
mixing model where the bottom of the tank is mixed by PJMs and the upper portion by spargers. As
material from the upper portion of the tank is mobilized and introduced into the PJM mixing region, the

m m
Q
§ 0 £
£ =) —o— Core 1 Initial
£ 12 £ —— Core 2 Initial
o Q. .
8 8 —o— Core 1 Final
£ 24 = - Core 2 Final
-_ o
= 36 | ——Core 1 £ ——Core 1
& —=-—core2| | |§ —=—Core 2
g 48 T T T T T T T T T g
O © ® ©o & &4 o o ¥ «9 o 9|0
Mixing Ratio

Figure 7.17. Mixing Ratio Results from LS Test Sequence 26 Core Samples with Chloride Tracer
(left) and Chloride Concentration as a Function of Depth (right)
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Figure 7.18. Mixing Ratio Results from Sequences 27 (L) and 28 (R) Core Samples with Chloride Tracer

entire tank contents become homogeneous. If the exchange rate between these two zones is small, the
homogenization process will take longer to complete. LS Test 27 appears to follow this behavior; the
entire tank contents are mobilized but total homogenization occurs at a slower rate than in the other tests.

Figure 7.20 shows the mixing ratio as a function of a sampling event for sequence 28 (PJMs plus the
recirculation pump with idle flow sparging). Samples were taken every 15 minutes after the test started. It
appears that the tank was well mixed after the first 30 minutes. Mixing times generally increase with the
scale factor, so the time to mix in the full-scale vessel can be estimated as being 45 minutes multiplied by
the geometric scale factor of 4.29. This provides an estimate of the time to mix in the full scale vessel of
about 190 minutes. A time-to-mix estimate for operation with the PJMs and sparging (sequence 27) is not
possible because the tracer concentrations were not homogeneous at the end of the run (see Figure 7.19). A
time-to-mix estimate for sequence 26 is not possible because run 1 (PJMs only) did not result in a mixed
vessel, and run 2 did not start with an unmixed simulant (see Figure A.11 in Appendix A)

2
1.5
1 4
° 05| —e— Location 1
§ —o— Location 2
o 0 —a— Location 3
c
= —%— Location 4
S -054 .
—x— Location 5
1
1.5
Run 1
'2 T T T T T T
0 1 2 3 4 5 6 7
Sample Number

Figure 7.19. Mixing Ratio Results from LS Test Sequence 27 Core Using Chloride Tracer with IC
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Figure 7.20. Mixing Ratio Results from LS Test Sequence 28 Using Chloride Tracer with IC
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8.1

8.0 Conclusions

UFP

Mixing:

The UFP with the final test configuration involved six (6) PJMs in a central cluster configuration
(5+1) plus air sparging or a steady jet generated by a recirculation pump. Two mixing tests were
completed with the final configuration; one involved the use of the recirculation pump plus idle-
flow sparging and the other involved full-flow sparging without the pump. In both cases the clay
simulant H/D was 1.4 and the PJM peak average nozzle velocity ranged from 11.3 to 11.9 m/s.
Full mobilization of the simulant was demonstrated with the results of the tracer tests. Visual
observation of the dye tracer and analysis of the tracer concentrations from samples indicate that
the simulant was mobilized but not completely homogenized. Additional mixing time would have
resulted in a homogeneous mixture.

Based on tracer results for UFP sequence 16 conducted with PJMs and full flow sparging the time
to mix was less than 15 minutes as defined by the first sampling event. Mixing times generally
increase with the geometric scale factor so the time to mix in the full scale vessel can be estimated
as being less than 75 minutes. Determination of a time to mix for operation with the PJMs and the
recirculation pump (sequence 15) is not possible because run 1 (PJMs only) did not result in a fully
mixed vessel and run 2 did not start with an unmixed simulant.

The UFP with the final test configuration achieved mixing results approximately equivalent to the
trifoil configuration but at a higher peak average drive velocity.

Solids Lift:

Bead lift tests in the UFP test stand 5 + 1 cluster PJM array and 45° outer-PJM nozzle angle
(closest to final test configuration) indicate that the minimum velocity required to lift the beads
from the floor was between 6.4 and 7.1 m/s peak average nozzle velocity (solids liftoff tests
performed with 4 mm glass beads in water).

Velocity Mapping:

Velocity mapping in the final UFP configuration at a simulant H/D = 1.4 showed an average cavern
height of 16.4 inches (H/D = 0.5) with only PJMs operating. With the PJMs and the recirculation
pump operating the cavern height increased to an average of 18 inches (H/D = 0.53). Vertical
velocities at the tank wall showed sharp delimitation with elevation, often changing tens of
centimeters per second over a l-inch elevation change. While the velocity mapping did not
indicate a large increase in the cavern height, the recirculation pump provided full mobilization (as
indicated by the tracer mixing tests) of the simulant, which was not achieved by using only the
PJMs. In both tests, the cavern height obtained by velocity mapping underestimates the cavern size
determined by tracer mixing tests because of the velocity cutoff of 80 mm/s used to determine the
cavern boundary.
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8.2

Lag Storage

Mixing:

The LS final test configuration involved 8 PJMs in a central cluster configuration (7+1) and full-
flow sparging (no recirculation pump). The simulant H/D was 0.74, and the peak average nozzle
velocity was 12.3 m/s. Full mobilization of the simulant was demonstrated with the results of the
tracer tests. Visual observation of the dye tracer and analysis of the tracer concentrations from
samples indicate that the simulant was mobilized but not completely homogenized. ~Additional
mixing time would have resulted in a homogenous mixture.

It appears that there were two mixing regions: the PJM array mixed the bottom zone, and spargers
mobilized the upper zone and introduced material from the PJM mixed zone to the air sparged
upper zone.

Based on the chloride tracer results for LS sequence 28 (PJMs plus the recirculation pump with idle
flow sparging) the time to mix was 45 minutes. Mixing times generally increase with the scale
factor so the time to mix in the full-scale vessel was estimated to be about 190 minutes. A time-to-
mix estimate for operation with the PJMs and sparging (sequence 27) is not possible because the
tracer concentrations were not homogeneous at the end of the run. A time-to-mix estimate for
sequence 26 is not possible because run 1 (PJMs only) did not result in a mixed vessel and run 2
did not start with an unmixed simulant.

Solids Lift:

For the LS 7+1 cluster PJM array with large-diameter center nozzle and 45° outer PJM nozzle
angles (closest to final test configuration), the minimum velocity required to lift the beads from the
floor was between 8.3 and 8.7 m/s (peak average nozzle velocity); the 7+1 expanded cluster with
outer 23° nozzle angles required a minimum velocity between 9.5 and 10.4 m/s peak average
nozzle velocity (solids liftoff tests performed with 4 mm glass beads in water).

Velocity Mapping:

Velocity mapping in the final LS configuration at a simulant H/D = 1.4 showed an average cavern
height of 23.4 inches (H/D = 0.33) with only PJMs operating. The cavern height obtained by
velocity mapping underestimates the cavern size determined by tracer mixing tests because of the
velocity cutoff of 80 mm/s used to determine the cavern boundary.

Tank-bottom velocity measurements around the PJM array revealed maximum velocities that
ranged from 600 mm/s to over 1250 mm/s.
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Appendix A - Dye Method

The concentration of dye [in this case Food Dye Color No. 1, (Brilliant Blue FCF) (BB FCF)] in an
aqueous sample was determined through the correlation shown in Figure A.1. This correlation follows
Beer’s law, which says that the dye concentration is proportional to the optical absorbance value of the
dye at the mode wavelength. The mode wavelength for BB FCF is approximately 633 nm. The results
are only accurate over a certain region of dye concentration. From visual inspection of Figure A.1, the
linear region is present up to an absorbance value of 1.5 (approximately 9 ppm FCD1). When the dye
concentration is above this level the sample must be diluted with water and remeasured. The original dye
concentration can be calculated by knowing the quantity of water used for the dilution.

Absorption of dye onto the surface of the clay particles can be estimated through a linear
approximation. This correlation is shown in Figure A.2, where the dye concentration in the liquid phase
is plotted against the dye concentration in the solid phase. Due to batch to batch variations of the clay
composition, small differences in the amount of dye absorbed were measured from sample to sample.
The linear isotherm assumption allows for the use of Eq. A.1 to calculate percent mixed in a PJM test.

X =L (A1)

Beer's Law Chart of Brilliant Blue (FD&C Blue 1) in Water

4.5 1

3.5 1

2.5

Absorbance

15

Dilute until absorbance is below ~1.5

Slope = 0.156882 kg/mg +/- 0.0002876 (0.18%)
05 r’=0.99987

0 5 10 15 20 25 30
Dye concentration (mg/kg)

Figure A.1. Beer’s Law Correlation of Optical Absorbance to BB FCF Dye Concentration in Water
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Linear Approximation of Isotherm in Operational Dye Concentration Range
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Figure A.2. Linear Fit of Isotherm Data over the Linear Beer’s Law Region

X; is the fraction mixed of the j-th tank sample

Ay is the optical absorbance of the final homogenized simulant
Ay s the optical absorbance of the initial baseline simulant

A; 1is the optical absorbance of the j-th tank sample

A polynomial fit to one of the isotherm data sets is shown in Figure A.3. This fit allows the error
incurred through the assumption of a linear isotherm to be estimated by calculating the difference in the
percent mixed between Eq. (A.1) and (A.2). To perform this calculation, the correlation shown in Figure
A.3 is used to calculate the K, values of each sample in the calculation. A conservative estimation of the
solids loading in each sample is assumed at 30 wt% solids 70 wt% liquid.

X, = Y, -4, )+ YKy 4, K, 4,) (A-2)
"oy la,-4,)+ v (K4, -K,,4,) |

J

where
Ky is the distribution coefficient at the homogenized tank tracer concentration
K4, is the distribution coefficient at the initial baseline tracer concentration
K,  is the distribution coefficient at the j-th tank sample tracer concentration
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Linear Approximation of Isotherm in Operational Dye Concentration Range
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Figure A.3. Polynomial Fit of Isotherm Data over the Linear Beer’s Law Region

During scaled stand testing, Eq. (A.1) was used to calculate a fraction mixed for each sample at each
sample location. These samples were drawn from different locations in the testing vessel. Sample
locations 1, 2, and 3 are from separate pulse tubes and represent the composition of the mixing cavern
(see Section 1.4.6). Locations 4 and 5 were near the tank wall at low and high elevations, respectively.
During the first run of a test sequence, samples from locations 1, 4, and 5 were taken approximately every
10 minutes after completion of dye injection. After 50 minutes of operation, samples were drawn from all
sample locations and the next run experimental condition employed. During subsequent run conditions,
samples from locations 1, 4, and 5 were taken every 15 minutes. After 45-90 minutes of operation,
samples were drawn from all sample locations and the next run experimental condition employed. The
fraction of the tank mixed as calculated from each sample is shown in Figures A.4 through A.7 for LS test
sequences 4, 7, 11, and 20, respectively. Figures A.8 and A.9 show the fraction mixed results for UFP
test sequences 2 and 3B.

The final fraction mixed value was determined as the minimum fraction mixed from locations 1, 2,
and 3 of the last sample test run. This represents the fraction mixed value associated with highest dye
concentration in the cavern after approximately 45—50 minutes of operation. As discussed above, the
error associated with the linear isotherm approximation is estimated using Eq. (A.3). In the worst case,
typical errors due to this assumption are less than approximately + 0.15 fraction mixed; the error goes to
zero as the fraction mixed approaches unity. The final fraction of the tank mixed calculated from each
run is shown in Tables A.1 through A.4 for LS test sequences 4, 7, 11, and 20, respectively. Tables A.5
and A.6 show the fraction mixed results for UFP test sequences 2 and 3B.
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Figure A.4. Fraction Mixed Chart for LS Test Sequence 4
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Table A.1. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption

for LS Test Sequence 4
Fraction Linear Isotherm
Run Mixed | Estimated Error (+)®
1 0.54 0.15
2 0.65 0.13
3 0.87 0.052
4 0.97 0.014

(a) Estimated error due to assumption of linear isotherm
for dye absorption. Experimental error not included.
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Figure A.5. Fraction Mixed Chart for LS Test Sequence 7
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Table A.2. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption

for LS Test Sequence 7

Fraction Linear Isotherm
Run Mixed | Estimated Error (+) @

1 0.24 0.11

2 0.42 0.085

3 0.55 0.060

4 1.1 0.010

5 1.1 0.0058

6 0.93 0.0067
(a) Estimated error due to assumption of linear isotherm
for dye absorption. Experimental error not included.

AS




—e— Location 1
—o— Location 2
—a— Location 3
—x— Location 4

(AF-AD/(A-A)

—x— Location 5

0 1 2 3 4 5 6 7 8 9
Sample Number

Figure A.6. Fraction Mixed Chart for LS Test Sequence 11

Table A.3. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption
for LS Test Sequence 11

Fraction Linear Isotherm
Run Mixed Estimated Error ()@
1 0.66 0.033
2 0.95 0.0055

(a) Estimated error due to assumption of linear isotherm for
dye absorption. Experimental error not included.
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Figure A.7. Fraction Mixed Chart for LS Test Sequence 20

Table A.4. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption

for LS Test Sequence 20
Fraction Linear Isotherm
Run Mixed | Estimated Error (+)®
1 0.96 0.0097
2 1.0 0.00069
(a) Estimated error due to assumption of linear isotherm
for dye absorption. Experimental error not included.
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Table A.5. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption

for UFP Test Sequence 2
Fraction Linear Isotherm
Run Mixed Estimated Error (+)®
1 0.53 0.093
2 0.64 0.074
3 1.1 0.013
4 0.96 0.0088

(a) Estimated error due to assumption of linear isotherm for
dye absorption. Experimental error not included.
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Table A.6. Final Fraction Mixed and Error Estimate Due to Linear Isotherm Assumption
for UFP Test Sequence 3B

Fraction Linear Isotherm
Run Mixed | Estimated Error ()@
1 0.65 0.12
2 0.98 0.0074
3 1.0 0.0019
4 1.0 0.0038

(a) Estimated error due to assumption of linear isotherm
for dye absorption. Experimental error not included.

A9




Mixing Ratio
o

Run 2

o 1 2 3 4 5 6 7 8 9 10 11 12 13

Sample Number

—e— Location 1
—o— Location 2
—a— Location 3
—x— Location 4

—x— Location 5

Figure A.10. Mixing Ratio Results from LS Test Sequence 26 Using BB Tracer
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Figure A.11. Mixing Ratio Results from LS Test Sequence 26 Using Chloride Tracer with IC
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Figure A.12. Mixing Ratio Results from LS Test Sequence 28 Using BB Tracer
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Figure A.13. Mixing Ratio Results from LS Test Sequence 28 Using Chloride Tracer with IC
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Figure A.15. Mixing Ratio Results from UFP Test Sequence 15 Using Chloride Tracer with IC
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Figure A.15. Mixing Ratio Results from UFP Test Sequence 16 Using Chloride Tracer with IC
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Appendix B - Drive Functions

This appendix presents PJM velocity drive functions for the final mixing system configurations in the
scaled LS and UFP Vessels. The drive functions shown in Figures B.1 through B.6 are the averages of
the individual PJMs (eight for LS and six for UFP). These are then averaged over many cycles to create
an overall average drive function. The instantaneous velocities are calculated from differential drive
pressure (i.e., the difference of actual drive pressure and head at the PJM nozzle) and are estimated to be
accurate within approximately plus or minus 5% of the maximum value.

UFP Sequence 15, Run 1
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9.0 /s average velocity
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Figure B.1. PIM Drive Function for Scaled UFP Vessel; Sequence 15, Run 1
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UFP Sequence 15, Run 2
11.6 nVs average peak velocity
8.8 m/s average velocity
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Figure B.3. PJM Drive Function for Scaled UFP Vessel; Sequence 16, Run 1
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Lag Storage Sequence 26, Run 2
12.2 m/s peak average velocity
9.3 m/s average velocity
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Figure B.5. PIM Drive Function for Scaled Lag Storage Vessel; Sequence 27, Run 1
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Lag Storage Sequence 28, Run 1
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Figure B.6. PIM Drive Function for Scaled Lag Storage Vessel; Sequence 28, Run 1
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Appendix C - Core Sampling Locations
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Figure C.1. Schematic of Lag Storage Vessel Tracer Sampling Locations
During Phase II Scaled Test Platform Tests (Test Sequence 26)
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Figure C.2. Schematic of Lag Storage Vessel Tracer Sampling Locations
During Phase II Scaled Test Platform Tests (Test Sequence 27)
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Figure C.3. Schematic of Lag Storage Vessel Tracer Sampling Locations
During Phase II Scaled Test Platform Tests (Test Sequence 28)
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