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Executive Summary

The Hanford Waste Treatment and Immobilization Plant (WTP) is being designed and built to pretreat
and vitrify a large portion of the waste in Hanford’s 177 underground waste storage tanks. Numerous
process vessels will hold waste at various stages in the WTP. Some of these vessels have mixing-system
requirements to maintain conditions where the accumulation of hydrogen gas stays below

acceptable limits, and the mixing within the vessels is sufficient to release hydrogen gas under normal
conditions and during off-normal events.

Some of the WTP process streams are slurries of solid particles suspended in Newtonian fluids that
behave as non-Newtonian slurries, such as Bingham yield-stress fluids. When these slurries are contained
in the process vessels, the particles can settle and become progressively more concentrated toward the
bottom of the vessels, depending on the effectiveness of the mixing system. One limiting behavior is a
settled layer beneath a particle-free liquid layer. The settled layer, or any region with sufficiently high
solids concentration, will exhibit non-Newtonian rheology where it is possible for the settled slurry to
behave as a soft solid with a yield stress. In this report, these slurries are described as settling cohesive
slurries. The slurry rheology will also depend on the particle characteristics and their interactions in
addition to the solids concentration. If a liquid region of the vessel exists with sufficiently few particles,
this region will be Newtonian. As has been observed historically within the Hanford waste tanks, the
non-Newtonian region with sufficient settled solids will retain hydrogen gas bubbles unless the mixing
system can mobilize the settled solids and release the hydrogen gas. An External Flowsheet Review
Team (EFRT) identified potential inadequate mixing of these vessels as a technical issue, and this issue is
referred to as M3—Inadequate Design of Mixing Systems—Pulse Jet Mixers (PJMs).

The purpose of this report is to define an approach to understanding cohesive slurry settling, mobilization,
and hydrogen gas retention in pulsed jet mixed vessels. An overall approach to the hydrogen gas issue is
presented, which illustrates the relationship between waste properties and PJM performance. This
approach underscores the importance of quantifying how waste becomes inhomogeneous when mixing
stops, the rate that solids settle, and the physical and rheological properties of the stratified waste.
Previous work for the Hanford tank farms and the WTP project is being evaluated to determine where
sufficient information exists and where needed information is uncertain or absent. A model of PJM
performance for mobilizing settling layers is presented, and the performance limits are compared with the
estimated strength of settling and stratified layers. The use of the settling and PJM performance models is
demonstrated to evaluate how well PJMs mobilize slurries during and after off-normal events with settled
or stratified layers and how the settling behavior of a slurry affects the capability of mixing systems to
remobilize waste.

Test Objectives

This section is not applicable. No testing was performed for this investigation.

Test Exceptions

This section is not applicable. No testing was performed for this investigation.

Xiil



Results and Performance Against Success Criteria

This section is not applicable. No testing was performed for this investigation.

Quality Requirements

Pacific Northwest National Laboratory’s (PNNL’s) Quality Assurance Program is based on requirements
defined in U.S. Department of Energy (DOE) Order 414.1C, Quality Assurance, and 10 CFR 830,
Energy/Nuclear Safety Management, Subpart A—Quality Assurance Requirements (a.k.a., the Quality
Rule). PNNL has chosen to implement the requirements of DOE Order 414.1C and 10 CFR 830,
Subpart A by integrating them into the laboratory’s management systems and daily operating processes.
The procedures necessary to implement the requirements are documented through PNNL’s Standards-
Based Management System.

PNNL implements the River Protection Project—Waste Treatment Plant Support Program (RPP-WTP)
quality requirements by performing work in accordance with the RPP-WTP Quality Assurance Plan
(RPP-WTP-QA-001, QAP). Work will be performed to the quality requirements of Nuclear Quality
Assurance (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 the RPP-WTP Quality Assurance Manual (RPP-WTP-QA-003,
QAM).

This report is based on data from testing performed under prior programs as referenced. PNNL assumes
that the data from these references have been fully reviewed and documented in accordance with the
analysts’ QA programs. PNNL only analyzed data from the referenced documentation, with the single
exception of some shear-strength estimates reported in Figure 3.4 (see Section 3) that were made
previously but not previously published. At PNNL, the performed calculations as well as the
documentation and reporting of results and conclusions were performed in accordance with RPP-WTP
QAM. Internal verification and validation activities were addressed by conducting an independent
technical review of the final data report in accordance with PNNL procedure QA-RPP-WTP-604. This
review verifies that the reported results are traceable and that inferences and conclusions are soundly
based. This review procedure is part of PNNL’s RPP-WTP QAM.

Test Conditions

This section is not applicable. No testing was performed for this investigation.

Simulant Use

This section is not applicable. No testing was performed for this investigation.

Results of Data Analysis

A review of existing studies on settling dynamics and waste shear strength is presented, and a new
evaluation of small- and large-scale laboratory settling tests and operational examples from Hanford tank
operations is provided. This evaluation shows that a wide range of settling dynamics and layer strength
can be expected. As a reasonable upper bound, an average settled layer shear strength of up to 200 Pa can
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be expected within a day, though there is uncertainty in this estimate. An estimated typical strength of 30
Pa can be expected within a day. The existing studies do not provide estimates for settling dynamics and
the settled-layer strength at shorter times, and there is no information showing the expected increase in
strength as a function of depth within a settling layer. As described below, for sufficiently strong layers, a
PJM mixing system will be unable to mobilize the layer. Accordingly, quantitative information on
settling behavior will be needed to establish the frequency of PJM operation to avoid the formation of
layers that are too strong to be readily re-mobilized.

Though vessel mixing to avoid the formation of strong layers is planned, existing data on the strength of
settled layers are analyzed to obtain an estimate on the highest strength that might occur in a vessel if
long-term settling and compaction are allowed to occur. This analysis considers the entire data set rather
than selecting maximum values as was done in previous work. The analysis presented here argues that
the 95™ percentile strength is an appropriate choice, and this shear strength is 7,000 Pa.

Previous work on PJM mixing of non-Newtonian fluids is used to develop a model for predicting the
waste properties of settled non-Newtonian layers that can just be mobilized by PJMs, which is the
performance limit of the PJM system for releasing hydrogen gas and eliminating stagnant regions. The
predicted performance limit is compared to the estimated strengths of settling and stratified layers. The
model included the effects of the settled-layer strength and thickness, jet velocity and diameter, vessel
size, and the number of PJMs. The model assumes the limit of steady jets, which occurs for sufficiently
large pulse volumes. The effects of reduced pulse volume are not included but would reduce the
estimated performance. The model is based on having a uniform density slurry, which does not occur
with settling slurries, and the impact of this assumption has not yet been determined. The results show
that mobilizing settled layers becomes more difficult with increasing layer thickness and shear strength.
For a layer that is half the full-vessel depth in HLP-22, 8 m/s jets (4-in. diameter) will be just capable of
mobilizing layers that are up to 13 Pa, and 12 m/s jets will just mobilize layers up to 30 Pa, which is the
typical strength that can be expected within a day of settling. This report uses 200 Pa as a reasonable
upper bound for a settled layer after a day of settling, and the PJM performance prediction for HLP-22
conditions with 12 m/s jets shows that a thin 200-Pa layer would be mobilized. In contrast, the model
predictions show that if HLP-22 was half full with a 200-Pa layer, the PJM systems would be incapable of
mobilizing the layer (see Section 4.1). Unfortunately, there are no data to evaluate the accuracy of the
PJM performance predictions for settling non-Newtonian (cohesive) layers.

A review is given for gas-bubble retention and release mechanisms, and the existing information is
sufficient to determine that all the pertinent mechanisms have been fully considered and that waste
mobilization will release retained gas. Existing correlations for gas holdup in PJM-mixed vessels are
reviewed, and one correlation is applied to estimate full-scale behavior of a number of WTP vessels at
plant conditions. The results show that the steady-state hydrogen holdup can be as high as 18% of the
lower flammability limit (LFL) in the vessel headspace should all of the gas be released instantaneously.

Finally, a number of technical uncertainties are identified based on an analysis of existing literature and
data. Some of these uncertainties are associated with a lack of quantitative results for PJM mobilization
of settling cohesive slurries, and other uncertainties are associated with a lack of information for waste
properties needed for quantifying PJM performance and gas retention. Table S.1 groups these
uncertainties in two categories; the first category is Technical Uncertainties for PJM Behavior with
Settling Slurries, and the second category is Technical Uncertainties for Waste Characterization.
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The first two uncertainties are the most significant and are both associated with the scarcity of testing data
for PJM performance on settled or stratified cohesive layers, and it is unclear if the existing correlations
developed for vessels without layers can be used for settling waste. While the previous studies on PJM
mixing of uniform non-Newtonian materials quantified many aspects of the PJM performance, data to
quantify the roles of important operational parameters (jet velocity, pulse size, and duty cycle) and
geometry (number of PJM tubes, nozzle size, bottom shape) are absent. In the category of waste
characterization, the most significant uncertainty is that the existing models and data on settling dynamics
and the strength of settled layers have not included experimental testing to confirm the scaling behavior or
to determine the increasing strength with depth into a settled layer. It is expected that a sound
understanding of settling dynamics will be needed to design, or to determine the operating limits of, a
mixing system capable of managing the strength and thickness of settled layers.
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Table S.1. Key Technical Uncertainties

Technical Uncertainties for PJM Behavior with Settling Slurries

PJM performance behavior for off-normal® events with settled cohesive layers has technical uncertainty
based on existing data and models. The uncertainty includes quantifying the role of settled-layer
properties (theology and density) and determining how existing PJM correlations for non-settling
cohesive slurries need to be modified for settling slurries.” The effect of PIM operational parameters
and geometries also needs to be developed.

a) Off-normal events refer to situations where PJM operation ceases for a period of time.

b) Settling slurries are mixtures of particles in Newtonian fluids where the particles can settle and
become progressively more concentrated toward the bottom of a vessel, resulting in non-Newtonian
rheology.

PJM performance behavior for normal operations with settling cohesive slurries that form stratified
layers has technical uncertainty, including a lack of data and models to quantify the role of slurry
rheology and density and to determine how existing PJM correlations for noncohesive slurries need to
be modified for settling cohesive slurries. The effect of PJM operational parameters and geometries
also needs to be developed. If the performance of a PJM system is sufficient to mobilize a completely
settled slurry following an off-normal event, where the layer is expected to be stronger than when this
same slurry is stratified during normal operations, then this PJM system should be sufficient to mobilize
this slurry under normal operations.

Determine if low shear at the design distance from the PJM is sufficient to release bubbles. A slow
release in poorly mixed regions is an unresolved issue—cohesive layer mixing studies might resolve
this.

Extend existing correlations for gas holdup to fully account for settling cohesive materials that can form
layers with shear strengths higher than about 40 Pa. Gas holdup in vessels without spargers has
received less study than mixing systems with PJMs and spargers. Depending on the testing results for
mixing performance with settling waste, additional gas retention and release studies may be needed to
reduce the uncertainty in holdup predictions.

Technical Uncertainties for Waste Characterization

Scaling behavior, including the role of vessel size, of the settling dynamics and the buildup of strength
in the settled layer with a particular emphasis on shorter settling times and strength increase with depth
into a layer is not well quantified with existing data and analysis. The best current estimates are
presented in this report, but these estimates have uncertainty. Accurate predictions of the settling
behavior and strength formation are needed, so the mixing system is designed to prevent settled layers
that will exceed remobilization capabilities. Tank-farm studies of full-scale settling have shown
substantially faster settling than expected based on laboratory tests. This inconsistency needs to be
understood.

The foaming behavior of untreated actual wastes should be characterized to determine if there is a
potential gas-retention mechanism in these waste materials prior to waste transfer to the WTP.
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Discrepancies and Follow-on Tests

This section is not applicable. No testing was performed for this investigation.
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1.0 Introduction

The Waste Treatment and Immobilization Plant (WTP) at Hanford is being designed and built to pretreat
and vitrify a large portion of the waste in Hanford’s 177 underground waste storage tanks. Numerous
process vessels will hold waste at various stages in the WTP. Some of these vessels have mixing system
requirements to maintain conditions where the accumulation of hydrogen gas stays below

acceptable limits and the mixing within the vessels is sufficient to release hydrogen gas under normal
conditions and during off-normal events (WTP 2008).

Some of the WTP process streams are slurries of solid particles suspended in Newtonian fluids that
behave as non-Newtonian slurries. When these slurries are contained in the process vessels, the particles
can settle and become progressively more concentrated toward the bottom of the vessels, depending on
the effectiveness of the mixing system. One limiting behavior is a settled layer beneath a particle-free
liquid layer. The settled layer, or any region with sufficiently high solids concentration, will exhibit non-
Newtonian rheology. In this report, these slurries are described as settling cohesive slurries. The slurry
rheology will also depend on the particle characteristics and their interactions in addition to the solids
concentration. If a liquid region of the vessel exists with sufficiently few particles, this region will be
Newtonian. The non-Newtonian region with sufficient settled solids will retain hydrogen gas bubbles
unless the mixing system can mobilize the settled solids and release the hydrogen gas An External
Flowsheet Review Team (EFRT) identified potential inadequate mixing of these vessels as a technical
issue, and this issue is referred to as M3—Inadequate Design of Mixing Systems—Pulse Jet Mixers
(PJMs).

The focus of this report is to define an approach to understanding cohesive slurry settling, mobilization,
and hydrogen gas retention in pulsed jet mixed vessels.. An overall approach to the hydrogen gas issue is
presented, which illustrates the relationship between waste properties and PJM performance. The
approach underscores the importance of quantifying how waste becomes inhomogeneous when mixing
stops, the rate that solids settle, and the physical and rheological properties of the stratified waste.
Previous work for the Hanford tank farms and WTP project is evaluated to determine where sufficient
information exists and where needed information is uncertain or absent. Previous studies have developed
theories and conducted scaled tests to quantify how PJMs release bubbles (Stewart et al. 2007, 2006a,
2006b; Bontha et al. 2005; Russell et al. 2005). These previous studies only considered essentially non-
settling non-Newtonian slurries that were uniform throughout the vessels, so the capability to retain
bubbles was also uniform throughout the vessel. These studies did not consider waste materials where the
materials in the tank could segregate into a settled layer with non-Newtonian properties below a liquid
layer with Newtonian properties. Numerous other studies have investigated PJM mixing performance,
but with the exception of the earliest study by Bontha et al. (2000), these studies also focused on vessels
filled with non-Newtonian slurries that did not settle (Bontha et al. 2000, 2003a, 2003b; Enderlin et al.
2003; Johnson et al. 2003; Bates et al. 2003; Bamberger et al. 2005; Meyer et al. 2005; Johnson et al.
2005; Poloski et al. 2005; Bontha et al. 2007; and Kurath et al. 2007). Accordingly, additional
understanding is needed for PJM mobilization of settled cohesive layers, including the role of important
parameters, such as the shear strength and height of the settled layers, to allow the quantitative prediction
of the gas retention and release from these layers.

1.1



For waste slurries that settle and form layers, these layers can compact with time and with the added
weight from the settled layer itself. The strength of these settled layers has an interdependent relationship
with the settling and compaction behavior of the layers.”’ The bubble-scale mechanisms of gas retention
depend, in turn, on the properties of the settled layer. Figure 1.1 depicts this interdependence and
represents the approach to quantifying the hydrogen gas retention and release behavior. The combination
of waste configuration and settled layer strength are significant factors in determining the PJM mixing
mechanisms and quantitative mixing performance. The key issues of gas holdup, gas-release
mechanisms, and gas-release volumes are dominated by the geometry and performance of the mixing
system for a given waste configuration and strength.

Waste Configuration (" Gas Holdup
(settling behavior) ~ (vessel scale
.. . tenti
\ Mixing Mechanisms retention)
Bubble-Scale Gas-
. . > —> . a.nd .. —> < Gas-Release
Retention Mechanisms Quantitative Mixing .
Mechanisms
/ Performance

Settled Waste ~ Gas-Release

Strength \_ Volume

Figure 1.1. Important Parameters and Behavior for Quantifying Gas Retention and Release in Settling
Cohesive Waste

As mentioned previously, the purpose of this report is to define an approach to understanding cohesive
slurry settling, mobilization, and hydrogen gas retention in pulsed jet mixed vessels. The qualitative
behavior of gas holdup with and without mixing is discussed in the remainder of Section 1 together with a
discussion of information needed for understanding hydrogen retention in PJM mixed vessels. This is
followed by a review of bubble-scale retention and release mechanisms. In Section 2, previous
evaluations and data on waste settling and the strength of settled layers are reviewed. Section 3 provides
a new evaluation of settling behavior and strength from full-scale waste operations conducted in Hanford
double-shell tanks (DSTs). Section 4 describes the key behavior of PJM mobilization of cohesive layers
and identifies technical uncertainties in understanding the PJM performance with settled layers. Section 5
predicts the steady-state holdup in WTP vessels at plant conditions using existing correlations (for non-
settling slurries). Finally, within each of the sections, technical uncertainties are identified that are
pertinent to understanding hydrogen-gas retention in PJM mixed vessels. Section 7 lists these technical
uncertainties.

(a) The property of waste qualitatively described as the strength can be quantified by a number of different
parameters and measurements. Shear strength is one example, and in this report, shear strength refers to
measurements made with the shear vane method or related measurements where the results are expressed as
equivalent shear strength results. The Bingham yield stress is a second example. Here, the yield stress
parameter in the Bingham model is determined from rheological measurements. Shear strength and yield
strength are closely related, but are different parameters and determined from different measurements. For a
discussion of these measurements, see Poloski et al. (2007).
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1.1 Quality Requirements

Pacific Northwest National Laboratory’s (PNNL’s) Quality Assurance Program is based on requirements
defined in U.S. Department of Energy (DOE) Order 414.1C, Quality Assurance, and 10 CFR 830,
Energy/Nuclear Safety Management, Subpart A—Quality Assurance Requirements (a.k.a. the Quality
Rule). PNNL has chosen to implement the requirements of DOE Order 414.1C and 10 CFR 830,
Subpart A by integrating them into the laboratory's management systems and daily operating processes.
The procedures necessary to implement the requirements are documented through PNNL’s Standards-
Based Management System.

PNNL implements the River Protection Project—Waste Treatment Plant (RPP-WTP) quality requirements
by performing work in accordance with the RPP-WTP Quality Assurance Plan (RPP-WTP-QA-001,
QAP). Work will be performed to the quality requirements of Nuclear Quality Assurance (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 the RPP-WTP Quality Assurance Manual (RPP-WTP-QA-003, QAM).

This report is based on data from testing performed under prior programs as referenced. PNNL assumes
that the data from these references have been fully reviewed and documented in accordance with the
analysts’ quality assurance (QA) programs. PNNL only analyzed data from the referenced
documentation, with the single exception of some shear-strength estimates reported in Figure 3.4 (see
Section 3) that were previously obtained but not previously published. At PNNL, the performed
calculations as well as the documentation and reporting of results and conclusions were performed in
accordance with the RPP-WTP QAM. Internal verification and validation activities were addressed by
conducting an independent technical review of the final data report in accordance with PNNL procedure
QA-RPP-WTP-604. This review verifies that the reported results are traceable and that inferences and
conclusions are soundly based. This review procedure is part of PNNL’s RPP-WTP QAM.

1.2 Hydrogen Gas Retention and Release in Process Vessels

Figure 1.2 depicts the hold-up of gas bubbles during normal PJM operations and during and following an
off-normal event where PJM mixing stops. During normal operations, there is a steady-state holdup of
gas bubbles, which is shown in the first schematic as bubbles rising in a well-mixed slurry. These gas
bubbles are continuously being released during the PJM operations. Quantifying the steady-state holdup
during normal operations is a primary technical need and is discussed further in Section 5. Determining
the PJM mixing system and operational parameters that will eliminate stagnant zones throughout the
vessel is also a technical need, and this is discussed in Section 4. The first schematic in Figure 1.2 shows
a fully mobilized vessel with a small holdup of rising bubbles throughout the waste where the gas bubbles
are continuously being released. With anything less than perfect mixing, the concentration of solids will
increase towards the bottom of the vessels and this is also depicted in the first schematic in Figure 1.2.
During a period when the PJMs stop, such as during an off-normal event, the particles in the waste settle
in the suspending fluid. It is expected that the settled layer will be non-Newtonian and will have
sufficient shear strength to retain all of the gas bubbles that are generated in the settled layer. Once the
waste is sheared or mobilized, the bubbles will be released and are free to rise. The release of bubbles
and some stagnant regions is depicted in the fourth schematic in Figure 1.2. If the PJM operations
following an outage return to the same normal operations as before the outage, the settled layer should be
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fully mobilized, and the waste configuration should be the same as before the outage. The last schematic
in Figure 1.2 shows this situation with gas bubbles being continuously released.

Figure 1.3 shows the qualitative behavior of the gas holdup (time averaged so the fluctuation with each
PIM cycle is not shown) within the vessel for these different stages. During normal operations, there is a
small steady-state holdup associated with the gas bubbles that are continuously being released. What is
shown at the beginning of this time line is typically small but can be an important fraction of the allowed
holdup. When the PJMs stop and the slurry begins settling into a layer, the gas holdup increases. When
the PJMs restart, gas begins to be released and the gas-release volume and time-scale for release depend
on the mixing-system performance and the configuration and strength of the settled layer. Eventually, a
holdup of gas returns to the steady-state level before the outage.

Figure 1.2.
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Gas Retention and Release Behavior in Settling Waste During Normal Operations, During
an Outage in PJM Mixing and During the Re-Start of PJM Mixing
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Figure 1.3. Conceptual Gas Holdup During Normal Operations, an Outage in PJM Mixing, and the Re-
Start of PJM Mixing

1.3 Approach to Managing Retention and Release of Hydrogen Gas

The current approach to managing the safety risk associated with hydrogen gas is to always maintain the
inventory of hydrogen gas in each process vessel below specific acceptable levels (Eager 2008). During
off-normal events, the holdup of hydrogen must be below the amount that could make the vessel
headspace reach 100% of the lower flammability limit (LFL) if all of the retained hydrogen were
instantaneously released. For normal operating conditions under the current safety basis, the maximum
allowed holdup must be below the amount that would make the vessel headspace reach 25% of the LFL.
Eager (2008) has reported calculations for the time to LFL, which is the amount of time, following a PJM
outage, that it would take for the holdup to reach the level that could make the vessel headspace be 100%
of the LFL. This calculation assumes all of the generated gas is retained in the waste.

Figure 1.4 depicts a conceptual example of how gas holdup is managed to maintain the holdup below the
allowed levels. On the initial portion of the time line, the holdup has a steady-state value, which is
determined by a range of parameters, including the gas-generation rate, the PJM mixing system geometry
and operational parameters, and specific waste properties. The red line identified as the allowed gas
holdup during normal operations depicts a holdup limit to keep the dome space below 25% of the LFL if
that gas were released instantaneously. During this period of normal operation, the PJM mixing system
must be sufficiently effective to maintain the holdup below the allowed maximum. Figure 1.4 also
depicts the holdup at the end of the time line following an outage returning to the same level as before the
outage with the PJMs also returning to normal operations. The middle portion of Figure 1.4 shows the
situation during an off-normal event. When the PJMs stop mixing, the gas holdup rises. The PJMs must
restart with sufficient mixing capability to release gas before the holdup reaches the value allowed during
an outage.

The current calculation for the maximum retained gas assumes that the steady-state holdup during normal
operation is negligible. Section 5 uses existing correlations for steady-state holdup to make preliminary
(conservative) estimates of steady-state holdup.
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Figure 1.4. Conceptual Comparison of Gas Holdup to the Maximum Allowed Holdup During Normal
Operations, an Outage in PJM Mixing, and the Re-Start of Reduced PJM Mixing

1.4 Approach to Managing the Strength and Thickness of Settled Layers

For waste materials that settle into cohesive layers, the depth of the layer and its strength increase with
time. Previous studies of PJM mixing have shown that both increasing the layer depth and increasing the
strength of the settled layer makes mobilization of these layers more difficult. For a specific PJM system,
there is also a limit on layer depth and strength that represents the maximum capability of the mixing
system. Accordingly, there is a time to remobilize limit, or frequency of PJM operation, which represents
the maximum amount of time that the waste can be allowed to settle to avoid layers that are too deep and
strong to mobilize completely with planned normal PJM operations.

1.5 Approach to Understanding Hydrogen Retention in PJM Mixed Vessels

Understanding hydrogen gas retention in PJM mixed vessels involves the physical phenomena of
cohesive slurry settling and mobilization and how mobilization affects the retention and release of
hydrogen gas bubbles. Table 1.1 shows the information needed to create a technical understanding of
these key phenomena. The table organizes the information by topical areas, identifies the needed
information, and briefly gives the current status of information. The first key question that needs to be
addressed is whether the mechanisms of gas-bubble retention are sufficiently understood to conclude that
all the pertinent mechanisms have been considered. For this information need, the existing work is
considered sufficient. The second information need is to confirm that retained gas is released by waste
mobilization. In this report, waste mobilization is defined as shearing the waste. The existing work is
also considered sufficient to conclude that the mobilization will release gas, but a better understanding is
needed to quantify the degree of slurry shearing that is sufficient to cause gas release due to mobilization.
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Table 1.1. Information Needed for Understanding Hydrogen Retention in PJM Mixed Vessels

Information Needed for
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. 1
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For waste properties and PJM performance, the topical areas are separated into normal operations and off-
normal events. For waste properties, information is needed on the yield stress and shear strength that can
develop as a function of depth within the waste during normal operations and off-normal events. For off-
normal events, information is needed on the frequency of waste mobilization to avoid the formation of
difficult-to-mobilize layers with planned normal PJM operations. Existing data were analyzed, but
additional analysis and some additional data are needed. An alternative to obtaining this information is to
select and use bounding values. For PJM performance, the key information need is to determine the
capability of the PJM systems to overcome the shear strength or yield stress and mobilize the waste. A
new model is proposed in this report, but data to confirm the model accuracy and whether it is adequate
are still needed. Again, an alternative to obtaining this information is to develop bounding analyses.
Finally, information is needed to estimate gas holdup during normal operations, and existing correlations
have been found to be sufficient.

1.6 Bubble-Scale Mechanisms of Retention and Release

The overall gas holdup in a process vessel is determined by both the retention and release mechanisms at
the bubble scale and the macroscopic phenomena that determine the bubble rise velocity, such as mixing
and vessel depth. This section summarizes the bubble-scale mechanisms of retention and release.

1.6.1 Mechanisms of Bubble Retention at the Bubble Scale

The generation, retention, and release of gas bubbles in high-level waste (HLW) storage tanks at Hanford
have been the subject of detailed studies. In general, it was found that gas retention would occur in any
tank that had a settled layer of wet solids provided there was sufficient gas generation and the layer had
sufficient strength to hold bubbles. The retention of bubbles is not surprising and is known to occur in a
variety of materials, ranging from yield stress fluids and pastes (Chhabra 1993) to ocean sediments
(Wheeler 1990). Johnson et al. (1997, 2001) give overall summaries of the investigations for Hanford
waste tanks. In one study evaluating gas retention in K-basin sludge, Gauglitz and Terrones (2002)
evaluated existing literature on bubble retention and estimated that the maximum gas fraction that might
be retained in settled materials would be 35%.

The bubble-scale mechanisms of gas retention and bubble behavior in tank waste have been the subject of
a number of studies (see, for example, Gauglitz et al. 1994, 1995, 1996, 2001; Stewart et al. 1996; Rassat
et al. 1997, 1998, 1999; Bredt et al. 1995; Bredt and Tingey 1996; and Walker et al. 1994). The principal
mechanisms of bubble retention can be grouped into three categories:

¢ bubbles retained by direct attachment to particles (often called armored bubbles)

e bubbles retained by the strength of the surrounding waste

e bubbles retained between particles by capillary forces.

In layers of liquid-saturated settled solid particles, called sediment, capillary forces and waste strength
dominate bubble retention. In well-mixed vessels, bubbles directly attaching to particles can play an
important role in the overall gas holdup within a vessel. The two dominant bubble-retention mechanisms
in settled layers are discussed first below, followed by a summary of bubble retention via armored bubble
formation.
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Figure 1.5 shows representative configurations of bubbles retained by these three bubble-scale
mechanisms. Bubbles can be held in the interstitial spaces or pores between particles by capillary forces
when the lithostatic load is sufficient to hold the particles in contact against the force of the bubbles’
internal pressure trying to push them apart. The lithostatic load at any elevation is given by the weight of
the particles above. The capillary-force retention mechanism requires either relatively large pores, which
reduces the internal bubble pressure, or a deep waste column, which increases the lithostatic load, or both.
These bubbles assume an irregular, dendritic shape conforming to the passages between the particles.
When the internal pressure of a bubble overcomes the effect of the lithostatic load, it pushes the
surrounding particles apart. The bubble is then restrained by the yield strength of the bulk waste as a
particle-displacing bubble. The difference between these two types of bubbles is illustrated in Figure 1.5.

Bubble held within Bubble displacing Armored Bubbles
pores by capillary particles and held by Resisting Coalescence
forces waste strength

Figure 1.5. Bubbles Retained by Capillary Forces and by Waste Strength and Armored Bubbles

Whether a bubble is held by yield strength or capillary force is indicated by the Bond number criterion
developed by Gauglitz et al. (1994, 1995, and 1996). This dimensionless number contains two
parameters, a ratio of gravitational force to surface-tension force and a ratio of waste-strength force to
surface-tension force. If the number exceeds unity, the bubbles are in a pore-filling configuration
between particles and held by capillary forces. The Bond number is expressed as:

_ AngSDp . rpr A

B 4o 4o (b
where Hg = height of the lithostatic column above the bubble
Dp = mean pore diameter through which a bubble must pass to escape retention. Assumed
to be represented by the particle diameter.

Ap = difference between bulk sediment and liquid density

c = surface tension

1, = yield stress

g = acceleration due to gravity.

A is an area ratio related to how the yield stress resists bubble expansion; it was estimated to be 2.8 by
Gauglitz et al. (1995) based on laboratory experiments.
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The term “armored bubbles” is often used in the field of mineral flotation to describe the capability of
particles to stabilize bubbles against coalescence, and Figure 1.5 shows an example of two armored
bubbles. In tank waste, this effect potentially leads to smaller, shielded bubbles that are not easily
released into the vessel headspace. The attachment of waste particles to bubbles indicates that the waste
particles are not completely wetted by the aqueous waste.

A number of studies have been done to evaluate the role of armored bubbles in causing foaming and gas
retention in WTP vessels, and these studies have also investigated the role of antifoam agents (AFAs) in
mitigating this problem (for example, see Guerrero et al. 2007; Burket et al. 2005; Josephs and Calloway
2001; and Stewart et al. 2007, 2006a). Wasan and co-workers have also investigated the fundamental
mechanism for foaming and antifoam mechanisms in waste slurries (Wasan et al. 2004; Bindal et al.
2001, 2002). It was determined that small insoluble particles that attach to bubbles can inhibit the
coalescence of bubbles by creating particle-stabilized foam lamellae that create stable foams. This is
caused by the fact that the particle surfaces have intermediate or mixed wettability. These studies also
determined the major mechanisms of antifoam action in foams stabilized by these solid particles.

In actual waste slurries, the insoluble sludge particles are a mixture of different chemical species. Each
particle species, with some level of dissolved organic species adsorbed on their surfaces, will have
different interactions at bubble/liquid interfaces and different interactions at the solid/liquid interface with
antifoaming chemicals. Previous studies elucidated key mechanisms, and the study by Stewart et al.
(2007) (see Section 7) specifically evaluated what simulant would comprise a bounding simulant.

In addition to the studies described above directly supporting the WTP, there have been a number of
previous studies involving the mechanism of armored bubbles in relation to Hanford tank waste. Bryan
et al. (1992a, 1992b, 1993) used simple frothing tests to highlight the importance of bubble/particle
interactions on bubble retention. The reported results showed that particles that were not completely
wetted by the aqueous solution (polymethylmethacrylate or PMMA) would attach to gas bubbles and
cause the bubbles to be retained in a froth. Similar results were observed for bubbles in SY-101 chemical
simulants with organics added. This work further showed that the wettability of the particles, which
involved adding organics in the case of the chemical simulants, was the mechanism dominating the
bubble/particle interactions.

Following the work of Bryan and his coworkers, Rossen, Gauglitz and their coworkers (Ali et al. 2000;
Rossen and Das 1996; and Rossen and Kam 1996) investigated the mechanisms of stability of armored
bubbles. They conducted a variety of frothing tests and also used interfacial rheology as a tool to probe
bubble/particle interactions. In addition, they conducted theoretical studies on a number of issues related
to how particles can stabilize bubbles through armoring. In the study by Rossen and Kam (1996),
conditions were derived for stabilizing bubbles against gas dissolution into the surrounding liquid and the
subsequent disappearance of these bubbles. Without this mechanism, isolated armored bubbles should
not persist for extended periods of time. The results of Rossen and Kam (1996) showed that long-lived
armored bubbles are plausible. However, other mechanisms, such as bubble coalescence, may still allow
armored bubbles to be readily released.

The literature contains a number of studies on how particles affect the stability of froths and foams
(relevant examples include Garrett 1979; Aronson 1986; Dippenaar 1982a, 1982b; Tang et al. 1989; Frye
and Berg 1989a, 1989b; Hudales and Stein 1990; Koczo et al. 1994; Aveyard et al. 1994; Kulkarni et al.
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1977) and the similar situation of emulsions (Van Boekel and Walstra 1981; Hassander et al. 1989;
Levine et al. 1989a, 1989b; Tambe and Sharma 1994, 1995). In these studies, particles both increased
and decreased the stability of the bubbles, and the role of the particles depended on subtle differences in
the bubble (droplet)/particle interactions.

While there have been extensive previous studies for resolving the performance of antifoaming agents in
WTP vessels where antifoam agents will be used (see, for example, Josephs and Calloway 2001 and
Stewart et al. 2007), there has been less attention given to some of the as-received wastes. There have
only been measurements on actual waste samples from AN-102, AN-104, and AW-101 (Crowder 2001,
2003, 2004), and these samples were pretreated in various ways before foaming tests. An interesting
example of stable froths in untreated waste are the observations reported by Rassat et al. (1997) where
very stable froths were observed in an as-received waste sample from AN-103. Due to the complexity of
bubble/particle interactions, coupled with the complex chemical behavior of actual tank waste, the role of
armored bubbles and the formation of stable froths in actual waste are difficult to predict with any
certainty. If a stable froth were to occur, the retained gas bubbles may not be readily released during
normal PJM operation. Accordingly, there is a technical uncertainty in understanding foaming behavior
and the role of armored bubbles in as-received wastes.

Uncertainty 1.1  The foaming behavior of untreated actual wastes should be characterized to
determine if there is a potential gas-retention mechanism in these waste
materials prior to waste transfer to the WTP.

1.6.2 Mechanisms of Bubble Release at the Bubble Scale

The mechanism of how gas bubbles will be released by waste mobilization depends on whether the
bubbles are retained by capillary forces or by the waste strength. For bubbles retained by capillary forces,
which is the expected retention mechanism for larger non-cohesive particles, it is expected that simply
mobilizing the settled particles will be sufficient to initiate bubble release. Specifically, once a bed of
settled non-cohesive particles is mobilized, individual particles can easily move away from their
neighboring particles. When this happens, the pore throats that were retaining the bubbles by capillary
forces can become much larger, and any retained bubbles can be readily released. The release of gas
bubbles from non-cohesive beds of particles via fluidization or mobilization is not a common research
topic, but the work of Ohshima et al. (1976) is one specific example explicitly showing that the holdup of
trapped (stagnant) gas bubbles approaches zero as the minimum fluidization velocity is reached. In the
review article by Cheremisinoff and Gupta (1983), this behavior reported by Ohshima et al. (1976) is
noted and accepted.

For bubbles retained by the strength of the waste, which is the expected retention mechanism for cohesive
materials, shearing the waste changes the waste from having solid properties to having fluid properties
where buoyant objects will always have a net rise velocity, even though it might be small. Once the
waste is a fluid, it will allow retained bubbles to begin rising and being released. The previous PIM
studies on gas release showed conclusively that simulants that easily retain gas bubbles when stationary
will release these bubbles when sheared (Stewart et al. 2007, 2006a, 2006b; Bontha et al. 2005; Russell

et al. 2005). The fundamental mechanism that bubbles are free to rise when a Bingham yield stress fluid
is sheared was demonstrated by Thomas (1979). In this study, slurries with a Bingham yield stress
ranging from 10 to 25 Pa were sheared in the annular gap between two rotating cylinders. The shear rates
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ranged from 1 to 100 s, and large suspended glass and steel particles were shown to settle once shearing
was initiated.

For bubbles that can be retained as armored bubbles, antifoaming agents are used to reduce or eliminate

this mechanism of retention. Mobilization or mixing of the waste should have a negligible effect on
releasing gas from armored bubbles, should they occur.
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2.0 Summary of Settling Behavior and Settled Waste Strength

A large body of information exists for the laboratory-scale gravity settling behavior of actual waste
samples and for laboratory measurements of the shear strength (shear vane) or yield stress (Bingham
model parameter from a rheogram) of waste samples taken from settled layers in Hanford waste tanks.
Poloski et al. (2007) provide an extensive compilation and evaluation of these data, including estimates of
the shear strength of a heel layer that would form as a result of the settling and compaction of settled
layers. It is important to note that the rheological and settling behavior of the waste will change as it
progresses through the WTP (Poloski et al. 2006a).

In addition to these laboratory measurements, there are four significant waste operations that were
conducted in the Hanford tanks that provide useful data for estimating settling behavior and the strength
of settled layers. These data are particularly useful because they are large-scale results obtained using
actual waste. The four waste operations are the mixing study in AZ-101, the AY-102 behavior as it
received sludge from C-106, the periodic mixing and settling of waste in SY-101, and the SY-102
behavior as it received waste from SY-101. An evaluation of pertinent data from these operations is
presented in Section 3.

In the sub-sections below, we further evaluate the laboratory-scale data, including additional data not
reported in Poloski et al. (2007), and select those data that are specifically important for estimating the
range of settled layer strengths that are expected for waste transferred to the WTP. We also present a
cumulative probability distribution of these strength data to allow an estimate to be selected for an upper
limit for the layer strength, such as the 95™ percentile strength. A detailed tabulation of the specific data
used in this report is given in Appendix A.

Table 2.1 presents a summary of the overall evaluation of the various existing data on settled layer
strength and also shows summary values from Poloski et al. (2007) for comparison. The categories for
settling time were chosen to help explain the range of settling behavior, but they are similar to those used
by Poloski et al. (2007). Due to the absence of models and data, there are no estimates for the time period
of 0 to 10 hours, except for the low estimate that assumes a slurry with a 1-Pa Bingham yield stress. For
the time period of 10 to 24 hours, estimates are given for all the bins, and the uncertainty in these
estimates is described. As discussed in Section 2.1, after settling for 24 hours, a typical layer strength is
estimated as 30 Pa, and 200 Pa is given as a reasonable minimum upper bound. The bases for these
estimates and their uncertainties are summarized in Table 2.1. For the compacted layer, our current
estimates give values for the median and lower estimates for the shear strength that are similar to those
presented in Poloski et al. (2007). Our current estimate for the higher shear strength that can be expected
is 7,000 Pa, which is noticeably less than the maximum value reported by Poloski et al. (2007). Part of
the reason for this difference is that we excluded the 25,000 Pa datum from our analysis because it is from
a crust sample rather than from a settled layer.
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Table 2.1. Estimated Shear Strength of Settled Layers

Settling Time Heel Shear Strength
hours Pa .
( ) ( _) - Basis
L.O\.N or Med@n ng_h or Uncertainty
Minimum Typical Maximum
Based on a single estimate for the ratio of shear
strength and yield stress. The ratio of shear
strength to Bingham yield stress for diluted
Low estimate assumes a 1-Pa Bingham | B-203 and T-203 waste is 5 and 8, respectively
Settled No No . . . .
3 . . yield stress slurry that has a shear (Tingey et al. 2003). A ratio approaching 1,000
0-10 hours estimate estimate . . .
strength ~3 times higher may be determined from core-sample analyses
of AZ-101 waste (see Urie et al. 2002 and
Appendix A, Table A.1). For recently settled
waste, the three-fold increase is used.
Settled 3 30 200 Minimum—as above. The high value of 200 Pa is given as a
10-24 hours Median—Pretreated AZ-101 waste reasonable and plausible minimum upper bound.

sample; see Section 2.1.
Maximum—AZ-101 in situ data; see
Section 3.2 and uncertainty discussion
at right.

There is, however, uncertainty in this estimate as
discussed in Section 2.1.2. In particular,

Figure 3.5 and Figure 3.6 (see Section 3) for the
in situ settling of AZ-101 waste showed settled
material exceeding 200 Pa within 24 hours in
two locations. It is possible that this is a
localized behavior and not representative of the
waste in general. The method of estimating the
shear strength of the layer that is at least 200 Pa
is also an approximation (see Appendix B).
Also, additional recent laboratory measurements
on settled material from actual cladding waste
composites showed unusually fast settling and
high strengths with settling occurring over a 3-hr
peri