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Preface

This document is a previously unpublished work based on a draft report prepared by Pacific
Northwest National Laboratory (PNNL) for the Hanford Waste Treatment and Immobilization Plant
(WTP) in 2012. Work on the report stopped when WTP’s approach to testing changed. PNNL is issuing
a modified version of the document a year later to preserve and disseminate the valuable technical work
that was completed.

In 2012, testing at less than full scale was the planned approach to resolve technical uncertainties
associated with pulse-jet mixers (PJMs) and to address associated nuclear safety issues identified by the
Defense Nuclear Facilities Safety Board.! This activity, known as the Large Scale Integrated Testing
(LSIT) Program, also supported design verification of the plant alongside computational fluid dynamic
modeling. Tests were to be conducted using test vessels of 4-, 8-, and 14-ft diameter and the results
extrapolated, or “scaled”, to the full size of the actual plant vessels, which are up to 47 ft in diameter.
PNNL was tasked under this program with developing a scaling basis report that, in conjunction with a
separate report prepared by WTP and consultant MixTech,” was meant to:

¢ Define the basis for less-than-full-scale testing, including vessel configurations, operating parameters,
and simulant parameters

e Address the basis for scaling both vessel physical performance and simulant physical performance

e Address physical scale laws observed in test results and scale laws used to establish operating
conditions for testing.?

Draft versions of the report were prepared and were submitted to and reviewed by WTP and by
others. In late 2012, however, the U.S. Department of Energy (DOE) changed the approach to resolving
technical issues on pulse-jet mixing to one based on full-scale testing of the actual vessels.* Since scaling
was no longer needed, the scaling basis report was shelved.

Nevertheless, the report is a significant technical effort that aggregated and applied PNNL expertise
on the physics of mixing of Newtonian and non-Newtonian slurries by pulsed, turbulent jets. Rather than
lose the value of the technical information created specifically to support the LSIT Program, and in
accordance with DOE’s direction to ensure dissemination of the results of scientific and technological
endeavors within its programs,” PNNL is issuing this version of the scaling basis report. This report goes
beyond the fully reviewed second revision of the draft and incorporates additional scaling content that
appeared in earlier drafts but was deemed unnecessary for the initial Newtonian vessel testing phase of

! Defense Nuclear Facilities Safety Board Recommendation 2010-2, Pulse Jet Mixing at the Waste Treatment and
Immobilization Plant, December 17, 2010.

2 Dickey DS, PJ Keuhlen, JW Olson, RB Daniel, and RL Hansen. Technical Scaling Selection Basis, 24590-WTP-
RPT-PET-12-001, Rev. A — Draft, June 2012.

3 Energy Secretary S. Chu to Defense Nuclear Facilities Safety Board Chairman P. Winokur, Re: Department of
Energy’s (DOE) Recommendation 2010-2 Implementation Plan (IP), Pulse Jet Mixing (PJM) at the Waste
Treatment and Immobilization Plant (WTP), November 8, 2012.

*S. Chu to Washington State Governor C. Gregoire, Re: Review of the Waste Treatment and Immobilization Plant
(WTP) project technical issues and Hanford tank waste treatment strategies, January 14, 2013.

> DOE Order 241.1B, “Scientific and Technical Information Management,” December 13, 2010.
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the program. However, no attempt has been made to update any information specific to the design of the
plant, its operating conditions, performance requirements, or plans for completion; hence, any such
information in this report should be considered to be potentially out of date.

The report includes sections describing the scaling of phenomena that are specific to the mixing
requirements in WTP, i.e., clearing of solids from the vessel bottom to release trapped gas in settled
layers, accumulation of solids between transferred batches, transfer of solids out of the vessel without line
plugging, liquid blending, and collection of samples. (Note that the report does not address these last two
topics for non-Newtonian fluids because they were added to the scope of report after the behavior of non-
Newtonian flows was removed from its scope for the initial report.) Since some of the vessels are
sparged, which provides additional mixing energy, the scaling of sparging operations is also described.
There are also several appendices, most of which are “working papers” that provide a more detailed basis
for the scaling approaches in the body of the report.

The interested reader will also benefit from a large number of other reports on the subject of scaled
testing and scaling as it relates to WTP that were produced over more than two decades of PNNL support
to the Hanford Site. The reports in the bibliography below include experimental, analytical, and
computational efforts to understand and predict mixing and transfer of Hanford tank waste slurries. These
reports are available from the “SciTech Connect” server at DOE’s Office of Scientific and Technical
Information (http://www.osti.gov/scitech). Reports with document numbers of the form WTP-RPT-XXX
are also available at PNNL’s web site for reports published under the Waste Treatment Plant Support
Project (www.pnl.gov/rpp-wtp). A report compiling the abstracts from those reports published from
1999-2010 is also available (Beeman 2010).

Loni Peurrung

Director, National Laboratory Technical Authority Team
WTP FSVT Program

Pacific Northwest National Laboratory

A Bibliography of Waste Mixing and Transfer Studies at PNNL

PNNL began supporting the Hanford Site and other DOE sites in the 1990s through development of
integrated programs coupling analysis, scaling, experiment, and computational modeling. Areas of
investigation included mobilizing and mixing of salt cake and sludges in waste tanks using rotary jet
pumps, evaluating jet forces on in-tank components, and slurry transport. In the 2000s, activities
expanded to include studies of pulsating jets being designed for the Waste Ttreatment Plant to mix
Newtonian and Non-Newtonian waste slurries. Other investigations have included pipeline transfer,
simulant development, and development of instrumentation to detect solids settling during transfer.
Reports developed during these studies are described below.

In the 1990s, PNNL’s first scaling studies supported understanding slurry mixing and uniformity
related to tank 241-AZ-101 rotary jet mixer pump operation. Scaled experiments to determine
concentration uniformity of a single-centered dual-opposed rotating mixer pump were conducted at
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1/12-scale (Bamberger et al. 1990b, 1993, 2007; Bamberger and Liljegren 1994). Mixing experiments at
1/12" scale were also conducted to support evaluation of hydrogen mitigation for tank 241-SY-101 (Fort
et al. 1993; Liljegren 1993).

Complementary mobilization experiments were conducted by Powell et al. (1995a, b, 1997) and
Shekarriz et al. (1997) evaluated scaling correlations for mobilization. Enderlin et al. (2003a) conducted
tests and made recommendations for advance design mixer pump operation. More recently, Fort et al.
(2007) documented waste feed delivery mixing and sampling issues; Wells et al. (2009) assessed jet
erosion for K-basin sludge; and Wells et al. (2013) provided preliminary scaling estimates for select
small-scale mixing demonstration tests. Additional scaled mixer pump operational studies evaluated the
jet forces impacting in-tank hardware (Bamberger et al. 1990a; Bamberger 1992).

Later experimental focus expanded to support understanding of pulse-jet mixer technology that is
being implemented at WTP. Initial tests focused on evaluating single pulse jet mixer performance
(Enderlin et al. 2003b) and conducting PJM experiments to gather data to support computational fluid
dynamics modeling of these processes (Bontha et al. 2003a, b; Johnson et al. 2003).

The next studies focused on understanding scaling of pulse jet mixing of non-Newtonian slurries by
investigating cavern formation (Bamberger et al. 2005; Meyer et al. 2005; Meyer and Etchells 2007).
Additional scaled studies of non-Newtonian PJM designs were conducted to evaluate ultrafiltration
process feed and high-level waste lag storage vessels (Amidan et al. 2004; Bates et al. 2004; Bontha et al.
2005; Johnson et al. 2005). Russell et al. (2005) and Stewart et al. (2007) investigated gas retention and
release in hybrid pulsed jet mixed tanks. Poloski et al. (2005) investigated using air sparging for mixing
of non-Newtonian slurries.

More recently, experiments at three scales were conducted to evaluate pulse jet mixing of Newtonian
slurries (Meyer et al. 2009, 2010, 2012).

To support these tests, waste has been evaluated (Poloski et al. 2006; Wells et al. 2011a, b; Meacham
et al. 2012) and simulants for non-Newtonian wastes developed (Golcar et al. 2000). Gauglitz et al.
(2009, 2010) investigated the role of cohesive particles on mixing and mobilization.

Slurry transport via pipeline investigations began in the 1990s (Bamberger and Liljegren 1990).
Deposition velocity studies were conducted (Poloski et al. 2009a, b; Yokuda 2009) and a slurry retrieval,
pipeline transport and plugging, and mixing workshop was conducted (Smith et al. 2009).

Additional scaled testing utilizing chemical simulants was completed at the WTP Pretreatment
Engineering Platform (Billing et al. 2009; Kuhn et al. 2008; Kurath et al. 2009).
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Executive Summary

This document establishes technical bases for evaluating the mixing performance of Waste Treatment
Plant (WTP) pretreatment process tanks based on data from less-than-full-scale testing, relative to
specified mixing requirements. The technical bases include the fluid mechanics affecting mixing for
specified vessel configurations, operating parameters, and simulant properties. They address scaling
vessel physical performance, simulant physical performance, and “scaling down” the operating conditions
at full scale to define test conditions at reduced scale and “scaling up” the test results at reduced scale to
predict the performance at full scale. Essentially, this document addresses the following questions:

¢ Why and how can the mixing behaviors in a smaller vessel represent those in a larger vessel?
¢ What information is needed to address the first question?

e How should the information be used to predict mixing performance in WTP?

The design of Large Scale Integrated Testing (LSIT) is being addressed in other, complementary
documents.

“Mixing performance” has been defined by WTP in terms of specific mixing requirements that are the
focus of this document. The technical bases for scaling include the effects of vessel configurations,
operating parameters, simulant properties, and fluid mechanics affecting both vessel physical
performance and simulant physical performance. The technical bases address “scaling down” the
operating conditions from WTP to LSIT to define test conditions at reduced scale and “scaling up” the
LSIT data to predict WTP performance.

This document is organized into an introduction, discussions of technical issues and resources and the
Pacific Northwest National Laboratory team’s approach and recommendations, followed by seven topical
chapters specific to mixing requirements, culminating in conclusions pertaining to individual mixing
requirements defined by WTP. There are five appendices intended both to provide additional technical
detail for the topical chapters and to form standalone “white papers” constituting repositories of
background, technical development, and analysis of LSIT data as experiments proceed. Occasionally,
these white papers can be rejoined and this document updated accordingly as the overall understanding of
WTP needs and requirements and understanding of scaling issues are improved based on LSIT data.

This document fulfills part of the U.S. Department of Energy’s Implementation Plan (Chu 2011) that
responded to Recommendation 2010-2 of the Defense Nuclear Facilities Safety Board. It meets, in
conjunction with other documents listed below, a deliverable in the Implementation Plan
Commitment 5.1.3.13 for a Large Scale Integrated Testing “technical scaling basis” for:

“... defining the basis for less-than-full-scale testing, including vessel configurations,
operating parameters, and simulant parameters. The basis for scaling both vessel
physical performance and simulant physical performance will be addressed. The scaling
basis should address physical scale laws observed in test results” (i.e., scaling up) “and
scale laws used to establish operating conditions for testing” (i.e., scaling down).
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Commitment 5.1.3.13 is addressed by this report in combination with the complementary reports
described below.

o The technical bases for vessel sizing and array choices are provided in R Hanson and J Meehan,
April 2012, Vessel Configuration for Large Scale Integrated Testing, 24590-WTP-RPT-ENG-12-017,
Rev. 0, Bechtel National, Inc., Richland, Washington. On June 12, 2012, WTP directed Pacific
Northwest National Laboratory (PNNL) to ““... make Newtonian and non-Newtonian Scaling
Documents segregated parts,”’ which resulted in this document being focused only on the scaling of
tests of vessels designed to process suspended, nominally Newtonian® slurries.

e Recommendations on simulant parameters are built upon those recommended by DC Koopman,
CJ Martino, and MR Poirier, April 2012, Properties Important to Mixing for WTP Large Scale
Integrated Testing, SRNL-STI-2012-00062, Rev. 0, Savannah River National Laboratory, Aiken,
South Carolina. The document establishes the key physical and chemical properties of Hanford waste
simulants important to testing large scale pulse jet mixer (PJM) systems. The authors found that the
most important properties for testing with Newtonian slurries are the Archimedes number distribution
and the particle concentration.

¢ Additional details on vessel configuration and testing conditions are covered in DS Dickey,
RB Daniel, PJ Keuhlen, RL Hanson, and JW Olson, 2012, Technical Scaling Selection Basis,
24590-WTP-RPT-PET-12-001, current revision, Bechtel National, Inc., Richland, Washington.

e WTP defines the performance of the WTP process vessels in terms of nine mixing requirements,
described in Section 1.5 of this report. These requirements determined the technical scope of this
document, which is limited to addressing these requirements as specified by WTP. For each
requirement, performance metrics are defined that can be measured quantitatively in LSIT tests and
that enable quantifying the performance and uncertainty in the performance predicted for the
full-scale process. Summarized by category, the requirements and metrics are:

—  Mix to Release Gas. PIM velocity at which all settled solids are suspended at some point in the
PIM cycle

— Blend Liquids. Time to attain a specified uniformity in the vessel of the concentration of a
soluble tracer species

— Sampling. Difference or ratio of the concentration of species of interest in the transfer line
compared to the volume-averaged value in the vessel

—  Limit Solids Accumulation. Accumulation relative to all of the mass of solid species of interest
during “pump-down” tests

—  Prevent Plugging. Pressure drop versus flow rate in the transfer line from the vessel for inlet
concentrations determined from integrated tests of mixing in vessels.

The requirements are documented in J Mauss and I Papp, 2010, Determination of Mixing
Requirements for Pulse-Jet Mixed Vessels in the Waste Treatment Plant, 24590-WTP-ES-
ENG-09-001, Rev. 2, Bechtel National, Inc., Richland, Washington. While the ultrafiltration

! E-mail from Haukur Hazen to Michael Minette, June 12, 2012, “MOA WA39 Support Work Prioritization of
Newtonian deliverables over Non-Newtonian deliverables,” Bechtel National, Inc., Richland, Washington.
? Newtonian slurries can develop a yield stress at sufficiently large solids concentrations.
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process PIM system UFP-VSL-00002A/B (UFP-02) is designed to mix both Newtonian and non-
Newtonian wastes, it is not included in this document because it will be tested at full scale.

Principles of similitude and dimensional analysis are reviewed in the context of specific physical
phenomena expected to control the performance of the WTP relative to the mixing requirements and a
general scaling approach is identified and recommended. The elements of the “technical scaling basis”
commitment are addressed in this report as follows:

e Vessel configurations. General test requirements are recommended based principally on geometric
similitude that enables scaling between WTP and LSIT. Key geometric ratios include 1) the ratio to
the vessel diameter of the PJM nozzle diameter, the nozzle offset from the vessel floor, the transfer
line suction nozzle offset from the floor, and initial liquid height; 2) the number and arrangement of
PJMs; 3) the initial ratio of solids volume to liquid volume; and 4) the fraction of slurry volume
replaced when refilling a vessel. These parameters can and should be matched between LSIT and
WTP for LSIT results to best represent WTP performance.

e Operating parameters. General test requirements are recommended based principally on kinematic
similitude that enables scaling between LSIT and WTP. Key kinematic ratios include 1) the ratio of
the product of cycle time and PJM velocity to vessel diameter; 2) the ratio of PJM drive time to cycle
time; and 3) the ratio of the transfer line volumetric flow rate to the product of PJM velocity and
square of the vessel diameter. Some of these parameters can and should be matched between LSIT
and WTP for LSIT to best represent WTP; others should be varied to best understand the physical
phenomena involved to enable correcting for the effect of not being able to “scale” all aspects of
LSIT tests to represent WTP conditions.

o Simulant parameters. General test requirements are recommended based principally on kinematic
and dynamic similitude that enable scaling between LSIT and WTP. Key ratios include 1) the ratio of
settling velocity of solids to PJM velocity; 2) the Froude number; and 3) the Reynolds number based
on the critical stress to erode settled solids by flow along the vessel floor. These parameters depend
on 1) the particle size density distribution of solids in the waste compared to the distribution in the
simulated waste and 2) the work required to erode particles from a bed of settled particles.

Considering the mixing requirements, past work, and scaling approaches described below, an
approach is recommended and essential test controls and measurements are defined for scaling the test
results to predict WTP performance. The recommendations are intended to support a complementary
document entitled Technical Scaling Selection Basis (Dickey et al. 2012), in which individual tests are
identified and associated specific scaling strategies for the tests are selected. With this intent, we
recommend the scaling strategy summarized below.

e For all tests

— Key geometric ratios can and should be matched to those for the corresponding vessel in WTP
(see Table 2.1).

— A simulant should be chosen for an LSIT test campaign based on recommendations in Properties
Important to Mixing for WTP Large Scale Integrated Testing (Koopman et al. 2012) and on
additional issues described in this document (see Section 2.2.1.5).

— The PIM velocity should equal or exceed the bottom clearing velocity for the scale of the test and
for geometric and waste parameters (see Section 3.4.2).
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When the PIM velocity in an LSIT test is adjusted, the kinematic ratios in the LSIT vessel should
be adjusted to remain matched to the ratios in the corresponding WTP vessel (see Section 3.4.2).

The volumetric flow rate into the transfer line should be scaled with vessel size as discussed in
this document; the line should be sized so that the resulting velocity precludes settling of solids in
the line (see Section 3.4.2).

e The following procedure is recommended for determining the bottom clearing velocity (see
Chapter 4)

Measure the fraction of the vessel bottom covered by solids versus time during PJM pulses for a
given PJM velocity and values of other parameters.

Determine the minimum PJM velocity to clear solids during a PJM pulse by varying the velocity
and simultaneously adjusting kinematic ratios that depend on velocity so the ratios remain
matched to corresponding WTP values.

Repeat this measurement for several (i.e., unscaled) values of the settling velocity to determine
the sensitivity of bottom clearing to the ratio of settling velocity to PJM velocity. This requires
use of special-purpose simulants designed to provide several settling velocities at the same solids
density so the Froude number is not varied simultaneously.

Repeat this measurement for several (i.e., unscaled) values of the solids density to determine the
sensitivity of bottom clearing to Froude number. This requires use of special-purpose simulants
designed to provide several solids densities at the same settling velocity so the ratio of settling
velocity to PJM velocity is not varied simultaneously.

Repeat this measurement for several (i.e., unscaled) values of the transfer line volumetric flow
rate to determine the sensitivity of bottom clearing to the ratio of the transfer line volumetric flow
rate to the PJM volumetric flow rate. This effect may be small, and the priority of these tests is
commensurately low.

e The following is recommended to support predicting performance metrics for mixing requirements
for Prevent Plugging, Sampling, and Limit Solids Accumulation (see Sections 6.5 and 10.5, and
Chapter 5)

Measure the concentration of solid species in the transfer line near its inlet as a function of time
over individual PJM cycles and over an entire pump-down sequence.

Measure' the vertical solids concentration profile frequently during each PJM cycle at several
radii. Such measurements made during M3 tests have been very useful in understanding the
physical phenomena affecting bottom clearing and vertical mixing of solids in M3 experiments.

Determine bounding conditions within which plugging in the transfer line does not occur.

Conduct tests at full scale or in the largest available piping system available.

" The tractability of this measurement was demonstrated during M3 tests for monodisperse solids (Meyer et al. 2009,
2012). For complex simulated waste, the measurement might be limited to the total solids volume fraction, or
simply an integrated response of the instrument to the distribution of solids in the slurry. Deconvoluting the
measurement to infer the composition would be ideal, but may not be possible, and should not be necessary to test
physical models.
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— Conduct tests at the peak concentration over a PJM cycle (found from separate integrated scaled
tests) of solids entering the transfer line.

— Measure pressure drop, net positive suction head, and plugging due to solids deposition, as
described in Section 6.3.

e The following is recommended to support predicting performance metrics for mixing requirements
for blending liquids (see Section 9.3)

—  The first priority for complying with performance metrics for blending is to determine the
likelihood of compliance when bottom clearing is attained. This can be done by measuring the
concentration of soluble tracer species in the transfer line near its inlet, from which the blend time
can be estimated (see Section 9.3). If suitable blend times are found with a comfortable margin
when bottom clearing is attained, additional testing devoted to evaluating blend times will not be
necessary.

— If, and as necessary, measure the concentration of soluble tracer species in the vessel at several
locations, and use the information to infer “blend times” for conditions representing a specific
WTP vessel.

In support of many of the above tests, we recommend defining and conducting supplemental tests to
determine the effect of parameters in key dimensionless groups that cannot be matched to WTP values to
attain similitude with respect to specific phenomena. These include:

e Using simple, specialized simulants with particle sizes and densities changed from the LSIT simulant
to explore the effect of solids density (through the Froude number) separate from settling velocity or,
by changing the particle sizes, or settling velocity (through the ratio of settling velocity to PJM
velocity) separate from solids density.

¢ Conducting separate settling experiments using the LSIT simulant to validate or improve available
settling rate correlations.

The above recommendations apply to tanks intended for processing both Newtonian and non-
Newtonian fluids. However, for the reasons described below, the technical bases are weaker for scaling
for tests with non-Newtonian fluids.

¢ Non-Newtonian fluids are more complex, including at least one additional key parameter—yield
stress—that must be considered in establishing conditions representative of the WTP.

o The rheological behavior in non-Newtonian fluids depends on the flow that it affects, resulting in
variation over time and position during a single PJM cycle. The relative importance to the combined
PJM mixing cycle of the different phenomena is described in Sections 2.1.1.1 through 2.1.1.9.

In particular,

o The differences between Newtonian and non-Newtonian behavior can be simultaneously conservative
and anti-conservative relative to WTP performance because including a yield stress simultaneously
suppresses both mixing and the settling that needs to be overcome by mixing.

Many variations of the above test strategy are possible, depending on programmatic objectives and
constraints (see Section 3.3). The concept of “scaling” is widely used in engineering testing, but can be
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understood in different ways. To clarify, we define three canonical approaches to scaling, consider each
in the context of “scaling down” and “scaling up,” and consider for each the uncertainty of predicting
performance from scaled tests (see Section 3.2 and Appendix A, Section A.7). The three canonical
approaches are:

1.

Pure similitude. This approach involves establishing complete geometric, kinematic, and dynamic
similitude so the performance of the scaled system is the same as that at full scale at the same
dimensionless locations and times. Thus, scale-down is entirely by similitude, and scale-up is simply
the performance of the actual system directly represented by the observed performance of the scaled
system. Uncertainty in predicting the performance metric is primarily the uncertainty in the extent to
which similitude is established. A classic (albeit simple) example is testing a scaled-model airplane
in a wind tunnel. Also, where partial similitude can be established and where the remaining departure
from similitude is known to be conservative (i.e., resulting in performance at reduced scale inferior to
the actual system), scale-up is achieved by bounding the performance rather than representing it
directly.

Pure physics. This approach involves establishing physical models that describe, in terms of first
principles, the important phenomena of the PJM mixing cycle. Existing knowledge about the
important physical phenomena is used to deduce geometric and kinematic ratios to be matched to
scale-down from the actual system. The value of the performance metric is predicted from
correlations based on first principles and fit to test data obtained specifically to build and test the
correlation, which then is the basis for scaling up to the actual system. The uncertainty in predicting
the performance metric is principally a combination of the uncertainty in the fit of the physically
based functional form to the data and propagation of uncertainty in the coefficients fit to the model.
A pertinent example is turbulence modeling, which is based on first principles but must address great
complexity and diversity in practical flow situations.

Pure statistics. This approach involves executing a statistically designed test matrix over the ranges
of interest of all parameters significantly affecting one or more performance metrics such that
regression of the composite set of data provides an approximate but simple and general model of the
performance metric. Existing knowledge about the physical phenomena need only suffice to identify
pertinent parameters and their ranges of interest to scale down from the actual system. The value of
the performance metric is predicted from multi-linear regression of log-log data, which is then used to
scale up the data by evaluating the regression for the values of the parameters in the actual system.
Uncertainty in predicting the performance metric is principally a combination of the uncertainty in the
fitted multi-linear coefficients and the uncertainty that the regression is valid beyond the largest
length scale of the tests analyzed. A pertinent example is the regression of M3 data on bottom
clearing velocity and cloud height. For more details, see Appendix F of Meyer et al. (2012).

In the context of these canonical approaches, the scaling strategy recommended above is a

combination of mainly similitude (especially geometric similitude, and also a bounding approach for
plugging) and physics in that data would be used mainly to develop and fit component physical models to
be combined to predict the performance metrics.
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The advantages and disadvantages of each of the “pure” scaling approaches dictate that none be used
exclusively or avoided entirely. We identify tradeoffs among the “pure” approaches that are useful for
choosing a scaling strategy that uses elements of each approach (see Section 3.3 and Table 3.1). Some of
the important tradeoffs are identified below:

® Resource tradeoffs. For performance metrics where understanding the “physics” is a particular
challenge, emphasizing “similitude” over “statistics” results in efficient tests that represent a single
vessel, but that must be repeated for each vessel. Similarly, emphasizing “statistics” over
“similitude” results in more extensive tests that cover generic ranges of parameters, but are applicable
to many vessels and waste types.

o Management tradeoffs. For performance metrics where establishing “similitude” is a particular
challenge, emphasizing “physics” over “statistics” results in a flexible test plan intended to efficiently
“follow” the development of physical understanding for which predicting cost and schedule is
difficult. Similarly, emphasizing “statistics” over “physics” results in a static test plan for which
predicting the schedule and resources for success is simple but that requires committing to a
statistically designed test matrix extensive enough to explore the pertinent range of all parameters.

e Knowledge tradeoffs. For performance metrics where supporting the “statistical”” approach is too
extensive, emphasizing “similitude” over “physics” requires sufficient initial knowledge to scale
down WTP parameters to design LSIT tests, but where scale up is greatly facilitated in that the
performance observed in LSIT closely represents the corresponding performance in WTP. Similarly,
emphasizing “physics” over “similitude” requires less initial knowledge to scale-down, but requires
more testing to build the knowledge of “physics” required to scale-up the observed performance to
predict WTP performance.

Making a choice among the three approaches—similitude, statistics, or physics—depends both on
constraints and opportunities involving departures from similitude imposed by specific vessel or waste
attributes and tradeoffs among programmatic goals. These tradeoffs can include:

¢ Qualifying a vessel design for a specified design basis waste as opposed to qualifying a waste feed for
a specified set of vessel designs

¢ Estimating uncertainty in predictions from LSIT to WTP by “extrapolating data” rather than by
“interpolating knowledge” (see Appendix A, Section A.7.3, for an explanation)

e Predicting WTP performance using a simple, easily understood scaling approach that provides less

certainty rather than using a complex, difficult-to-understand approach that provides greater certainty.

The recommended scaling strategy described above is biased toward qualifying vessels, interpolating
knowledge, and emphasizing complex, difficult-to-understand models as necessary to minimize
uncertainty. Alternatives to consider are described below.

e Emphasize qualifying a waste feed once the vessel designs are fixed.

e Evaluate bounding, rather than predicting, the performance relative to the Limit Solids Accumulation
requirement.

o Compare the cost of fewer, more extensive and more versatile test matrices to the combined cost of
many smaller test matrices focused on one or few tanks. Also, compare the uncertainty of predicting
performance in a specific vessel from few data specific to the vessel to the uncertainty of predicting
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performance from many data not specific to the vessel. This alternative applies when performance is
predicted either by physical models or by regression analysis.

A greater emphasis on “statistics” and regression analysis of a large data set probably would be easier
to understand than building physical models, which are computational tools. However, emphasizing
statistics from the beginning would require a challenging commitment to a large, statistically designed
test matrix. Where the “pure statistics” approach might seem attractive, a more suitable adaptation would
be to supplement efforts to develop physically based models in which the physical phenomena, or more
probably the interactions among phenomena, are too complex to correlate except by regression over a
statistically designed test matrix of moderate extent.

Based on all parts of this document, conclusions and recommendations are listed in the Chapter 11,
Conclusions. These conclusions and recommendations are abridged and summarized here for
convenience. See the technical chapters for nomenclature and details; the sections are identified in
parentheses.

1. Bottom clearing is both a technical strategy for meeting the mix to release gas requirement and a
minimum condition to be met before evaluating other mixing criteria (Section 3.4.2)

2. We assume that simulants will not be scaled with the size of LSIT vessels (Appendix A, Section A.4)

3. Maintaining kinematic similitude categorically does not refer to the ratio of settling velocity to PJIM
velocity in that the former is constant over scale (same simulant) while the latter varies (e.g., to
exceed the bottom clearing velocity) (Section 3.4.2)

4. The bottom clearing velocity should be determined by maintaining geometric and kinematic
similitude while measuring the fraction of solids cleared versus PJM velocity (Section 3.4.2)

5. The concentration of solids entering the transfer line should be measured with the inlet volumetric
flow rate (Q) scaled differently in different experiments: as O~UD?, and as Q~u,D* (Section 5.6),
where D is the tank diameter, U is the PJM velocity, and ug is the settling velocity.

6. Plugging tests should be done in a separate, large flow loop where the inlet concentration is controlled
to match that found from bottom clearing tests in LSIT equipment (Section 6.5)

7. Blending requirements should be evaluated in terms of measurements of the concentration difference
in the vessel of a tracer species while maintaining geometric and kinematic similitude to the extent
possible (Section 9.3).

This entire document addresses specifically the mixing requirements established by WTP. Table S.1
summarizes the mixing requirements, performance metrics, and the recommended approach to
scale-down from WTP to LSIT for test planning and to scale up to predict WTP performance.
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XIX

Table S.1. Summary of Recommended Technical Approaches

Mixing Technical Technical Key Key Use of
Requirement Strategy Scaling Basis Controls Measurements Measurements
Mix to Release Gas The requirement is only to ensure Conservation of momentum and Match: Fraction of Fraction cleared is
Chapter 4 solids are disturbed sufficiently to self-similarity in wall jets are the basis &5, (s-1), bottom cleared  the fundamental

release gas. However, given an
opaque slurry, this will be difficult to
establish unless one observes from
below that the entire tank floor has
been swept clear of solids by fluid
motion by the end of the PJM pulse.
Thus, bottom clearing is assumed as
the strategy to ensure the requirement
is met.

for descri