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EXECUTIVE SUMMARY
Large Scale Integrated Testing (LSIT) is being planned by Bechtel National, Inc. to address
uncertainties in the full scale mixing performance of the Hanford Waste Treatment and
Immobilization Plant (WTP). Testing will use simulated waste rather than actual Hanford waste.
Therefore, the use of suitable simulants is critical to achieving the goals of the test program.
External review boards have raised questions regarding the overall representativeness of
simulants used in previous mixing tests. Accordingly, WTP requested the Savannah River
National Laboratory (SRNL) to assist with development of simulants for use in LSIT. Among the
first tasks assigned to SRNL was to develop a list of waste properties that matter to pulse-jet
mixer (PlM) mixing ofWTP tanks.
This report satisfies Commitment 5.2.3.1 of the Department of Energy Implementation Plan for
Defense Nuclear Facilities Safety Board Recommendation 2010-2: physical properties important
to mixing and scaling. In support of waste simulant development, the following two objectives
are the focus of this report:
•

Assess physical and chemical properties important to the testing and development of
mixing scaling relationships.

•

Identify the governing properties and associated ranges for LSIT to achieve the
Newtonian and non-Newtonian test objectives. This includes the properties to support
testing of sampling and heel management systems.

The test objectives for LSIT relate to transfer and pump out of solid particles, prototypic
integrated operations, sparger operation, PlM controllability, vessel level/density measurement
accuracy, sampling, heel management, PlM restart, design and safety margin, Computational
Fluid Dynamics (CFD) Verification and Validation (V&V) and comparison, performance testing
and scaling, and high temperature operation. The slurry properties that are most important to
Performance Testing and Scaling depend on the test objective and rheological classification of the
slurry (i.e., Newtonian or non-Newtonian).
The most important properties for testing with Newtonian slurries are the Archimedes number
distribution and the particle concentration. For some test objectives, the shear strength is
important. In the testing to collect data for CFD V&V and CFD comparison, the liquid density
and liquid viscosity are important. In the high temperature testing, the liquid density and liquid
viscosity are important. The Archimedes number distribution combines effects of particle size
distribution, solid-liquid density difference, and kinematic viscosity.
The most important properties for testing with non-Newtonian slurries are the slurry yield stress,
the slurry consistency, and the shear strength. The solid-liquid density difference and the particle
size are also important. It is also important to match multiple properties within the same simulant
to achieve behavior representative of the waste.
Other properties such as particle shape, concentration, surface charge, and size distribution
breadth, as well as slurry cohesiveness and adhesiveness, liquid pH and ionic strength also
influence the simulant properties either directly or through other physical properties such as yield
stress.
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The implementation plan includes a list of characteristics that would challenge the PlM mixing
and transfer systems and indicates that the assessment of simulants would include one or more of
the challenging characteristics. The recommendations for properties to be adjusted during Limits
of Performance testing, as related to the list of challenging characteristics, are as follows:
•

Proportion of irregularly shaped particles and the degree of irregularity
Recommended. Simulants should continue to include a variety of particle shapes.
Spherical particles should be considered for at least a portion of the particles at the
high end of the Archimedes number distribution. A spike of flat or elongated shapes
could be introduced into a baseline simulant mixture in incrementally larger
proportions.

•

Progressively larger particles
Recommended. For Newtonian vessels and low yield stress fluids in non-Newtonian
vessels, particle size should be increased to identify the limits of performance for
bottom motion/accumulation, transfer/pump out, and sampling. Heel management
tests should also involve increasing the particle size.

•

Progressively denser particles
Not recommended to extend beyond Performance Testing and Scaling simulant range.
Simulants with a range of selected densities within the range reasonable for actual
waste would be adequate for bounding the effect of increasing the particle-liquid
density difference through analogous increases in particle size.

•

Progressively higher shear strength of settled layers
Recommended. Testing to support PlM restart and heel management should involve
increasing the shear strength of settled beds of solids to beyond the range covered by
the Performance Testing and Scaling simulants.

•

Progressively lower and higher yield stress and consistency for non-Newtonian simulants
Recommended. Limits of performance in non-Newtonian vessels should be explored
both with simulants that have less than 6 Pa yield stress (at 1 cP consistency) and
with simulants that have greater than 30 Pa yield stress and 30 cP consistency.
Limits of performance in Newtonian vessels should be explored with simulants that
have greater than 1 Pa yield stress.

•

Progressively higher solids loading
Recommended for Newtonian mIxmg and heel management cases, but not
recommended for non-Newtonian case beyond influence on yield stress and
consistency. Heel management tests should also test increasing the quantity of
settled solids in the heel.

•

Progressive variation in the degree of thixotropic and rheopectic properties
Not recommended. Some of the flow curves for material in the M-12 program
showed degrees of hysteresis. As acknowledged by the authors of the M-12 reports,
factors other than thixotropic or rheopectic behavior could explain the hysteresis,
including solids settling out of the measurement gap, evaporation of water during
measurements, and sample degassing during measurements. The magnitude of the
observed hysteresis was not large enough to be significant to WTP.
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1.0 Introduction
In December 2010, the Defense Nuclear Facilities Safety Board (DNFSB) issued a
recommendation that voiced the following potential safety concerns related to the Pulse Jet Mixer
(PJM) and transfer systems of the Hanford Waste Treatment and Immobilization Plant (WTP):!
•
•
•

Accumulation of fissile material at the bottom of vessels leading to potential criticality.
Generation and accumulation of hydrogen resulting from the accumulation of solids.
The possibility that accumulating solids will interfere with the vessel-level detection
system leading to loss ofPJM control and overblows.

The DNFSB recommended in part that the U. S. Department of Energy (DOE) undertake large
scale testing to address uncertainties in full-scale PJM performance that could lead to safety
concerns. Bechtel National, Inc. (BNI) and DOE committed to undertake such a program to
address the uncertainties and increase confidence. 2 In November 2011, the DOE issued an
Implementation Plan (lP) agreeing to address the DNFSB's concerns. 3
This document summarizes the properties that matter for simulants used to evaluate mixing in the
Large Scale Integrated Testing (LSIT) of WTP. Property ranges are identified for the
Performance Testing and Scaling and Limits of Performance phases of the test program.

1.1 Hanford WTP Background
BNI is designing and constructing the WTP at the Hanford Site in order to pretreat and vitrify
waste stored in 177 single- and double-shell underground waste storage tanks. The WTP will
consist of three primary processing facilities: a pretreatment facility (PTF), a low-activity waste
(LA W) vitrification facility, and a high-level waste (HLW) vitrification facility. The PTF will
receive waste feed from the Hanford tank farms and will 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,
along with minimal soluble salt.
In the PTF, solids and radioisotopes will be removed from the waste received from the tank farms
by precipitation, filtration, and ion exchange processes, producing the LAW stream. The washed,
concentrated slurry will be blended with the ion exchange eluent streams containing soluble
radioisotopes to produce the HLW stream. The HLW and LAW vitrification facilities will receive
these streams from the PTF for conversion into molten glass, which will be poured directly into
stainless steel canisters for long-term interim storage.
Numerous vessels are used to process the LAW and HLW streams, many of which employ PJM
technology for mixing. The non-Newtonian vessels also include air sparging systems. These
technologies have been selected for use in black cells in WTP. Because of the high radiation in
the black cells, the maintenance of the vessels and components inside the cells is not feasible for

1
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the operating life of the WTP. PJM and air-sparger technologies were selected for use in the
black cells because they lack moving mechanical parts that would require maintenance.
PlM technology will be used in the WTP for slurry mixing applications requiring solids
suspension and solids mixing, as well as for fluid blending and release of hydrogen gas. The
PlMs operate in different modes. The suction phase draws process fluid into the pulse jet tube
from the vessel. The drive phase pressurizes the PlM tubes with compressed air, discharging the
fluid at high velocity back into the vessel causing mixing to occur. The drive phase is followed
by a vent phase, which allows for depressurization of the PlM by venting air into the pulse jet
vent system. These three phases (suction, drive, and vent) make up the PlM cycle. The
combined suction, drive, and vent cycle time for the major slurry processing vessels is
approximately three minutes, and is performed continually in normal operations. Planned
operation of the PJMs in the WTP is in the continuous pulsing mode. In PlM-mixed vessels,
solids will tend to settle between PlM drive phases.4
1.2 Hanford Waste Background
In assessing the data related to property ranges relevant to mixing operations within WTP, Pacific
Northwest National Laboratory (PNNL) developed an overview report on the Hanford waste
physical and rheological properties. 5 The overview compiled and updated data from previous
overviews and studies (for example from Refs. 6, 7, and 8) and discussed the data gaps. The
review ranked the most important waste properties based on the importance of parameters in
selected engineering design correlations. The properties were ranked in importance based on the
functionality exclusive of the property range in waste. Some of the rankings gave a high
importance for properties that vary over a very narrow range in WTP, such as liquid density.
Properties that vary over a narrow range are unlikely to be the most important properties with
respect to mixing, regardless of the relatively high sensitivity of the parameters in the correlations.
The PNNL review predominantly reflected characterization information for the as-stored waste
because that is the source of most of the available sampling data. This limitation must be
considered in the application of currently available tank characterization data to simulant
development for WTP mixing system test programs. Waste retrieval will influence some of the
properties of the waste (for example, by breaking-up layers, dissolving salts, and reducing
agglomerated particle sizes) and WTP processing will influence some of the properties important
to mixing. 9 The effects of retrieval and processing on waste properties, such as from caustic
leaching for aluminum removal and from filtration for slurry concentration, needs to be
considered in the development of simulants for testing these process steps.
1.3 Large Scale Integrated Testing
Some key aspects ofPlM-mixed vessel operation were not fully evaluated in previous small scale
testing programs. Full-scale PlM-mixed vessel performance will differ from the scaled tests
performed to date. To address the uncertainties from problems of scale, integrated testing at large
scale will be completed prior to cold commissioning to increase confidence in projected full-scale
vessel mixing performance and operation. This testing will evaluate PlM control strategies with
prototypic operating conditions and controls; the full range of vessel fill conditions; process
sampling; and the suction line transfer system?
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Three categories of testing will be performed: Computational Fluid Dynamics (CFD)
Verification and Validation (V&V), Performance Testing and Scaling (i.e., confirmation of
mixing performance scaling), and Limits of Performance testing. The CFD V&V testing and
Performance Testing and Scaling will be performed with waste simulants that have physical
properties covering the ranges that the WTP vessels and transfer systems have been designed to
handle, such as those identified in the Basis of Design 10 and the Interface Control Document
(lCD) 19. 1l Limits of Performance testing will use waste simulants with physical properties that
are systematically adjusted in a manner to challenge the PJM mixing effectiveness. The intent of
Limits of Performance testing is to define the envelope of waste physical properties that are
consistent with the requirements for acceptable mixing for the various LSIT test objectives by
probing the edge of the operability envelope to failure.
Specific LSIT test objectives (see Table 1) will be probed to assure that the design basis is
acceptable, and updated scaling relationships will be derived through testing in up to four
different test platforms. A 14-foot diameter test platform will be used for testing to support
vessel operation and control. The 14-foot diameter platform and smaller platforms (nominal 8foot diameter and 4-foot diameter platforms) will be used for testing to support design
verification. A single PJM test platform will be constructed to demonstrate the functionality and
control of a single large-scale pulse jet tube similar to those intended to be deployed into the
largest PTF vessels.

3
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Table 1: Planned LSIT Program (adapted from Ref. 2)
Test Objective
Categories

4-foot Diameter
Test Platform

8-foot Diameter
Test Platform

PJM Controllability

14-foot Diameter
Test Platform

SinglePJM
Test Platform

X

X
X

Vessel Level/Density
Instrument Accuracy

X

X

Sampling Capability

X

X

Transfer/Pump Out

X

X

X

Heel Management

X

X

X

Prototypic Integrated
Operation
Performance Testing and
Scaling

X
X

Integrated Vessel
Sparger Operation
Design & Safety Margin
for Mixing to Support
Safety Functions

X

X

X

X

X

X

X
X

PJM Restart
CFD Comparison and
Validation
High Temperature
Operation

X

X

X
X

1.4 Purpose and Scope
This report satisfies IP Commitment 5.2.3.1, physical properties important to mixing and scaling.3
In support of waste simulant development, the following two objectives are the focus of this
report:
•

Assess physical and chemical properties important to the testing and development of
mixing scaling relationships.

•

Identify the governing properties and associated ranges for LSIT to achieve the
Newtonian and non-Newtonian test objectives.

This document identifies the required characteristics for test simulants needed to perform the
program scope listed in Table 1. This includes the properties to support testing of sampling and
heel management systems.

4
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The DOE Implementation Plan for DNFSB Recommendation 2010-2 proposed a non-inclusive
list of simulant properties that should be adjusted to challenge the PJM mixing and transfer
system during Limits of Performance testing: 3
•
•
•
•
•
•
•

Proportion of irregularly shaped particles and the degree of irregularity
Progressively larger particles
Progressively denser particles
Progressively higher shear strength of settled layers
Progressively lower and higher yield stress and consistency for non-Newtonian simulants
Progressively higher solids loading
Progressive variation in the degree of thixotropic and rheopectic properties

The physical and chemical properties of Hanford waste applicable to LSIT are reviewed in
Section 2 of this report. Recommended simulant properties for LSIT testing for both Newtonian
and non-Newtonian conditions applicable to WTP are summarized in Section 3. The analysis
considered the properties and property groupings listed below in order to better address the needs
of the test program. Though not all properties are independent, they were considered and
evaluated for their relative importance to mixing and related LSIT objectives:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Particle size
Particle size distribution (PSD)
Particle density
Particle size and density distribution (PSDD)
Particle shape
Liquid phase density
Particle-liquid density difference
Liquid phase viscosity
Archimedes number distribution
Undissolved solids (UDS) mass and/or volume fraction
Slurry rheological properties
Slurry thixotropic and rheopectic behavior
Shear strength of settled waste
Critical shear stress for erosion
Slurry cohesiveness
Slurry adhesiveness
Liquid phase pH
Liquid phase ionic strength
Particle isoelectric points (i.e.p.)
Particle zeta potentials
Foam formation, air entrainment and gas retention

Some of the properties listed above are affected by operating and test parameters such as time and
temperature. Some of the properties are not well characterized for Hanford waste, but the fact
that data are not available for a property does not reduce its potential significance to mixing.
There are methods for preparing simulants with similar properties to actual waste based on first
principles. The basis for deciding which simulants can be physical simulants and which may
need to be chemical simulants was also evaluated. The analysis considered conditions both prior
to and after the caustic leaching step in PTF operations in order address potential changes in
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waste properties. This report provides technical justification for a set of simulant properties to be
tested over an extended range during Limits of Performance testing.
This document covers the properties that pertain to the appropriate mixing requirements from
"Determination of Mixing Requirements for PJM-Mixed Vessels in WTP.,,12
An additional property, particle/slurry abrasiveness, was considered as a potential simulant
property, but is not included in this document because it falls outside of the scope for the LSIT
test program.

1.5 Simulant Selection Basis
Simulant development, verification, validation, and documentation are governed by a WTP
simulant development guide. 13 The guide outlines five sequential steps to assure that a simulant
is relevant to the test objectives:
1. Define Scope for Simulant Use
2. Specify Simulant Requirements (chemical composition, physical and rheological
properties)
3. Design Simulant and Specify Preparation Procedure
4. Verify and Validate Simulant Meets Requirements
5. Finalize Simulant Design Documentation
For the analysis, References 2 and 3 provide the key input to the first step: define scope for
simulant use. This document begins to address the second step: specify simulant requirements.
Completion of the second step will occur as part ofIP Commitment 5.2.3.2, since the IP requires
that detailed simulant requirements be based on test plans (IP Commitments 5.1.3.6, 5.4.3.6, and
5.6.3.6) which have yet to be prepared.
This document pertains to waste and simulant properties and ranges for PJM testing, and
specifically for LSIT (IP Commitment 5.2.3.1). A separate task has been performed by the Tank
Operations Contractor (TOC) that pertains to Waste Feed Delivery Mixing and Sampling
Program Simulant Definition for Tank Farm Performance Testing (IP Commitment 5.5.3.5).14
Because these tasks intersect at the interface between the waste that is staged by the TOC and
received by WTP, there has been collaborative review of these two commitments.

2.0 Waste Properties Relevant to Mixing
Section 2 outlines properties that can potentially influence PJM-mixed vessel performance.
Expected property ranges are described, and the relative impacts of the properties on mixing
performance are discussed. A number of the properties considered in this section have well
established significance for mixing and transfer operations based on previous analyses and
Hanford-related testing. For these properties, the analysis primarily provides an estimation of the
relative influence of each property on PJM mixing and defines the expected WTP ranges. The
other properties considered are discussed in more or less detail depending on the likelihood of
their impact on mixing and transfer operations.
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2.1 Properties with a Well Established Influence on Mixing
The importance of a number of properties for WTP mixing is well established and these
properties are given only brief treatment in this document:
•
•
•
•
•
•
•

Particle size and PSD
Particle density and PSDD
Liquid density
Liquid viscosity
Non-Newtonian slurry rheology
Undissolved solids concentration
Properties for settled beds of solids

2.1.1 Particle Size and Particle Density Distribution

Hanford waste particles come in a wide range of sizes and densities, and this impacts how these
particles behave when suspended in a liquid or settled on the vessel floor. Both particle size, dp ,
and particle density, Ps, appear in numerous correlations describing particle suspension and
settling behavior. Analytical PSDs have been generated for some waste samples subject to the
limitations of the instrumentation and assumptions about the relationship between the shape of a
particle and its mean diameter. Mean particle density can be derived from the ratio of the particle
mass fraction and volume fraction. A PSDD can be calculated from an estimate of the solid
phases present in the particles, their inherent density, and the degree of agglomeration.
Calculations of this type have been performed for a number of waste samples for different
assumed degrees of agglomeration. 5 These PSDD calculations can be shown to be consistent
with overall waste characteristics, but a limited number of large waste particles have also been
found that are inconsistent with the corresponding PSDD calculations. 18
Fast settling particles are a potential concern to PJM-mixed vessels in WTP. The periodic nature
of the PJM drive phase creates periods when settling can be the dominant phenomenon,
especially in Newtonian slurry vessels. Fast settling particles need to be represented in LSIT
simulants. The particle size distribution impacts particle packing density and thus should affect
the settled layer shear strength and critical shear stress for erosion.
Certain particles are of greater interest due to safety related concerns such as criticality.
Plutonium compounds in most ofthe waste tanks were formed from co-precipitation of plutonium
with neutron absorbing isotopes of other elements. This is not the case for wastes from the
Plutonium Finishing Plant that are contained in several tanks. 15 Due to the potential impact of
this material on criticality safety, the behavior of particles similar to the non-coprecipitated Pu
should be included in the simulants used during LSIT.
The washing and caustic leaching operations of PTF are expected to change PSD and PSDD.
During testing of caustic leaching and washing of actual waste composites, order of magnitude
reductions in particle size were observed for two of the five feeds. 9 Dissolution and crossflow
filtration tend to break down agglomerates into smaller pieces. Caustic leaching tends to dissolve
compounds of aluminum and sodium preferentially, which are among the lower density species in
the waste solids. Thus, there also tends to be an associated change in the average particle density
toward more dense particles, since the dissolved species are primarily below the average solid
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density. For example, caustic leaching of high iron solids was shown to increase the average
particle density from 2.9 g/mL to about 3.8 g/mL. 9
Salt particles are included in the definition of what makes up ODS in the Hanford tank farm. Salt
particles may have relatively large sizes and a variety of crystal shapes. 16 The salts tend to be the
more soluble components of the waste at the conditions encountered in the PTF. Complete
dissolution is not expected for some salt components during mobilization in the tank farm.
Including salt particle information in the slurry PSDD analyses is not as important as including
particle information for less-water-soluble ODS.
The following are the recommendations for ranges of particle size and density. The Performance
Testing and Scaling should use particles with a size range of 0.2 - 700 f.lm.5.10 Particles as large
as 1441 f.lm have been measured for sludge. 5 The range of particle densities is 2.2 - 11.4 g/mL
based on assumed primary particle density.5 If plutonium metal is present, particle density would
be as high as 19 g/mL. These recommendations are consistent with those made for related TOC
simulants. 14 In order to preserve conservatism, the maximum and minimum particle size need not
be varied during design basis testing, even though the PSD and PSDD have been shown to
change as a result of WTP processing. The maximum particle size is important for suspending
particles in Newtonian fluids. The maximum particle size, breadth of the PSD and the fraction of
fine particles are important for suspension of particles in non-Newtonian fluids.
For limits of performance testing, the maximum particle size should be increased at selected
particle densities to determine how large of a particle the PJMs can mobilize for removal from the
vessel. This includes increasing the size of the PU02 equivalent particles to determine the
maximum size non-coprecipitated PU02 particle that can be mobilized.
Due to practical considerations based on the physical limitations of materials, WTP should not
attempt to increase the density of the particles beyond the range described above during the limits
of performance testing. Particle settling and suspension are affected by both particle size and
particle buoyancy (PsiPL - 1). Changing particle size can produce similar behavior to changing
particle density. Design equations being developed and tested during LSIT give guidance on the
equivalent size-for-density relationships when tests representing higher particle densities are
necessary. These relationships are expected to vary depending on test objective. The appropriate
relationship between particle size and buoyancy will be chosen during simulant development in
support of each test plan. Thus, the limits of performance can be evaluated by varying the
particle size at selected particle densities. However, it is important to maintain a significant
fraction of particles at sizes and densities reasonable for actual waste in order to maintain
simulant representativeness.

2.1.2 Liquid Density and Liquid Viscosity

Hanford waste particles are transported by the supernatant and interstitial liquid as they move
from the tank farm into and through the WTP tanks. This liquid is typically a multi-component
salt solution with a pH of 12 to greater than 14. Particle-free salt solutions typically exhibit
Newtonian fluid behavior, a linear relationship between shear stress, T, and shear rate, y, as ilL =
T /Y. The two liquid-phase properties generally associated with particle settling and suspension
are liquid density (PL) and liquid viscosity (JlL), which often appear together as a ratio, the
kinematic viscosity (VL == JlrlPL). The liquid-phase densities and viscosities of salt wastes have a
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weakly correlated direct relationship (Le., highest viscosities are typically encountered in the
highest density liquids).8
The majority of the LSIT program will not be performed at elevated temperatures even though
two process vessels in the WTP are mixed at elevated temperatures. 2 To simulate processes
requiring elevated temperatures, the kinematic viscosity could be adjusted to compensate. The
kinematic viscosity could also be impacted by salt dissolution at elevated temperatures.
A system containing a Newtonian liquid plus a dispersion of non-interacting, modest to largesized solid particles often behaves as a Newtonian liquid under shear. The slurry viscosity of
such a solid-liquid system, however, is typically greater than the Newtonian viscosity of the
liquid phase. The Newtonian slurry viscosity is typically a function of the particle volume
fraction and PSD.
The following are the recommendations for ranges of liquid density and viscosity for Newtonian
fluids. The LSIT should test liquids with a density of 1.00 - 1.46 g/mL. The slurry density of
LAW feed to WTP is limited to no more than 1.46 g/mL,lI thus also limiting the liquid phase
density in the LAW feed to no more than 1.46 g/mL. To reduce the liquid density below
1.0 g/mL would require heating the test vessel or adding a lower density solvent to the simulant.
The LSIT should test liquids with viscosity of 1 - 15 cP for Newtonian vessels 17 and 1 - 30 cP for
Newtonian fluids in non-Newtonian vessels. It may be challenging to achieve maximum density
and viscosity simultaneously for the Newtonian vessels. The expected range of the kinematic
viscosity is 1.0 x 10-6 - 1.1 X 10-5 m% for Newtonian vessels. These recommendations are
consistent with those made for related TOe simulants, although higher maximum densities and
viscosities are applicable to the tank farm. 14
Because of the small change in liquid density and the difficulty in obtaining a simulant with
density less than 1 g/mL, the liquid density range should not be expanded in the Limits of
Performance testing. Because the liquid viscosity has less impact on PJM mixing than particle
size, particle density, yield stress, and shear strength, the liquid viscosity range should not be
expanded in the Limits of Performance testing. For Newtonian fluids, the liquid portion of the
simulant used in the Limits of Performance testing should use the low end of the ranges of both
density (1.0 g/mL) and viscosity (1.0 cP). A confirmatory test should be conducted using a liquid
with density of 1.46 g/mL and a viscosity of 15 cP. Non-Newtonian rheology is considered in
Section 2.1.4.

2.1.3 Archimedes Number

The Archimedes number is a useful dimensionless group that combines several key properties
into one parameter. The Archimedes number, Ar, is defined as
[1]

where g is the gravitational acceleration constant. The Archimedes number is a measure of the
ratio of buoyancy forces to viscous forces. Viscous forces dominate at small Ar, while buoyancy
forces dominate at large Ar. The Reynolds number for a settling particle, Rep, is a function of the
particle size, kinematic viscosity, and terminal settling velocity, Vs, and is defined as
[2]

9

SRNL-STI-2012-00062
Revision 0

An analogous Reynolds number can be defined using the particle-to-liquid slip velocity, but this
has no impact on the properties that matter to mixing. The settling Rep is a two-constant function
of the Archimedes number in each of the three distinct settling regimes (Stokes, Intermediate, and
Newton) using the approximations for the drag coefficient given in Ref. 5 (page 2.2).
Rep = C *Ar n

Stokes
Intermediate
Newton

c= 1/18
C= 1/6.54
C= 1.74

[3]

n= 1 Rep variably defined as < 0.3 (or 0.1 or 1)
n=517 0.3 < Rep < 1,000
n=1/2 1,000 < Rep < 200,000

The Froude number is a third dimensionless group used in some studies that is related to the
Reynolds and Archimedes numbers. The square root of the Archimedes number equals the
Reynolds number divided by the Froude number. Knowing any two of these groups is equivalent
to knowing all three through this relationship. The Archimedes number was selected for use in
this document because it only contains chemical and physical properties. Both the Reynolds and
Froude numbers contain a characteristic velocity. Consequently, neither group was included in
the list in Section 1.4 which excludes parameters directly tied to momentum. Using the
Reynolds-Froude number pair in mixing correlations can give rise to a complex functionality for
the velocity design variable.
The Archimedes number has a distribution of values for a waste slurry (analogous to a PSD or
PSDD). It can be determined from a PSDD calculation with knowledge of the liquid viscosity
and liquid density.
Three properties are evident in the Archimedes number. The most significant property is the
particle size, which is present to the third power. Waste slurries span many orders of magnitude
in Archimedes number through the particle size alone. The second significant parameter is the
buoyancy, psiPL - 1, also called the dimensionless solid-liquid density difference. The buoyancy
can vary from about 0.5 to greater than 10 for primary particles and can approach neutral
buoyancy (PsiPL ~ 1) for waste agglomerates leading to order of magnitude ranges in Archimedes
number. The third property is the kinematic viscosity, which varies by about a factor of 10 for
the liquid concentrations and temperature ranges expected in actual waste.
Design equations for mixing, settling and transport typically have terms in particle size,
dimensionless solid-liquid density difference, and kinematic viscosity which can be grouped to
form an Archimedes number. The Archimedes number is a significant correlating term and it
spans a wide range of values when compared to the individual properties that it contains.
Previous analysis of Hanford waste showed Ar to vary from 1 x 10.7 to 1 X 105 . 14 That analysis
assumed 1441 /lm, 7.14 g/mL particles to be present. A 700 /lm N~U02CC03)3 particle (density
of3.0 g/mL)18 would have an Ar of6.7 x 103. This particle size is based on the WTP design limit,
this density is based on a large particle previously observed in a Hanford sample, and the liquid
kinematic viscosity is taken at the minimum value. The range of Ar for the LSIT Performance
Testing and Scaling should be 1 x 10.7 to 6.7 x 103. If a 100 /lm diameter PU02 particle existed in
WTP, its Ar would be 1.02 x 102, which is within the Ar range recommended for testing.
For Limits of Performance testing, the upper limit can be accomplished by increasing the particle
size of the large particles and the dense particles in order to determine the limits for mixing and
transport in WTP. The Archimedes number will be increased through increases in particle size
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(see Section 3.0) to cover both changes in size and density. It is recommended that relatively
dense particles be used to simulate other dense particles and that relatively light particles simulate
other light particles so that uncertainty of using size to account for density differences will be
minimized.

2.1.4 Non-Newtonian Suspensions ofSolid Particles

At sufficiently low solids concentrations, slurries of cohesive solids can act like Newtonian
liquids. Cohesive solids are those small enough to possess behaviors affected by interparticle
forces. At moderate and high solids concentrations, slurries of cohesive solids can exhibit nonNewtonian behavior (Le., shear-thinning, shear-thickening, creep/recovery and other mild
versions of viscoelastic behavior). Slurries of larger particles tend to be heterogeneous
suspensions that are not well modeled as pseudo-homogeneous media. Proper classification of
the slurry is important to understanding the expected rheological behavior.
The two-parameter Bingham plastic equation is generally sufficient for steady, non-Newtonian
irrotational shear flow applications and has been the primary method employed to characterize
HLW slurry test results to date. The two parameters in the model are the Bingham yield stress
(1"yS) and consistency (77), which are fit respectively to the intercept and slope of the flow curve
data (a graph of shear stress as a function of shear rate).
i

= iyS + 1] Y

[4]

The basis of design for yield stress and consistency in WTP non-Newtonian vessels is 6 Pa and 1
cP to 30 Pa and 30 cP. 10 This range is more appropriate for LSIT testing than the actual range of
yield stress and consistency measured on waste tank core samples. The as-received HLW slurry
is currently limited to a yield stress of less than I Pa, 11 and this serves as the upper limit for yield
stress in the Newtonian vessels.
While the Bingham plastic model can be used to describe some steady non-Newtonian flow
systems, pulse jet mixing of slurries in the WTP is not a steady shear application. The Bingham
model has no parameters for rotational or time-dependent phenomena, and thus has some
limitations. 19 Consequently, matching the two Bingham parameters in a simulant to those for a
waste sample does not guarantee identical mixing behavior in a PlM vessel. This possibility has
been recognized in earlier work (e.g. Ref. 20, Section 3.3.1) and is mentioned here because it
introduces uncertainty in the simulant testing. However, the Bingham yield stress is a measurable
property for which a large data set exists on Hanford tank wastes and has been used in WTP
design.
Performance Testing and Scaling will need to be performed at the design limit values for yield
stress and consistency, as well as at intermediate values. Intermediate values may potentially be
more challenging to some test objectives than the design limit values. The Limits of Performance
testing needs to evaluate lower values of yield stress (between 6 Pa and 1 Pa) and higher values of
yield stress and consistency (greater than 30 Pa and 30 cP). For non-Newtonian tests in the
Newtonian vessels, Limits of Performance testing needs to evaluate a yield stress of greater than
1 Pa.
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2.1.5 Properties for Beds ofSettled Particles

Shear strength (measured by vane rheometry) is the point at which a solid ceases to deform like a
solid and begins to flow like a liquid. The critical shear stress for erosion is the applied stress
above which a particulate would be removed from a surface or body. These are both related
properties for beds of settled particles. These waste properties should be simulated for tests that
represent conditions in which regions of settled solids can accumulate. These two properties
apply regardless of whether the vessels are classified as Newtonian or non-Newtonian based on
well-mixed bulk slurry properties. The critical shear stress for erosion is conceptually similar to
the shear strength of a bed of settled solid. However, the relationship between these two
properties will differ for different systems.
The shear strength of a settled bed that is held quiescent and allowed to become more
consolidated tends to increase as a function of time. Vane measurements of the settled layers are
quantitative lab-scale measures of the shear strength and are dependent on material history. The
shear strength is dependent on the particle shape, interparticle forces and microstructure. 21 Shear
strength is influenced by compaction time, weight under which compaction occurs, and degree of
saturation of the pore space.
Critical shear stress is typically measured in an engineering test bed rather than using a laboratory
instrument. Historically, Hanford and the Savannah River Site (SRS) have measured shear
strength rather than critical shear stress for actual waste samples.
Shear strength and critical shear stress for erosion are most applicable to the LSIT program where
resuspension of zones of settled particles from the vessel floor is important, including the PlM
restart and heel management test objectives.
Several reviews of Hanford waste properties and WTP testing included information on the
expected shear strength to be encountered in WTP PlM-mixed vessels. A typical shear strength
of 30 Pa is expected as the result of not mixing WTP slurries for 1 day.6 As a reasonable
minimum upper bound based on simulant testing, a settled layer shear strength of up to 200 Pa
can be expected after a day of not mixing, though there is uncertainty in this estimate?,6 WTP
design includes standby air compressors that will allow for at least an hour of mixing daily.
The design basis shear strength is up to 200 Pa.6 During the Limits of Performance testing, the
shear strength should be increased from 200 Pa to at least 1400 Pa (based on Ref. 22) to
determine the maximum shear strength slurry that the PlMs can remobilize sufficiently to release
trapped gases from settled solids. These higher shear strengths could be attained if the plant
experiences long outages.

2.1.6 Undissolved Solids Concentration

The UDS concentration, either as a volume or weight fraction, is not constant during WTP
processing. Several WTP processes, including caustic and oxidative leaching, washing, and
filtration, will change the UDS concentration of the waste. UDS concentration influences the
flow behavior of the jet produced by the PlMs as well as the slurry viscosity (Newtonian tanks)
or Bingham yield stress (non-Newtonian tanks). UDS concentration is also a variable that
impacts the settling regime, with lower solids concentration favoring free settling over hindered
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settling. For beds of settled solids, the solid particle concentration influences the settled solids
bed depth, shear strength, and critical shear stress for erosion.
DDS concentration of a simulant should approximate that of actual waste at each point in the
WTP process. Solids volume fraction controls the ratio of liquid volume to solid volume in the
system when particles are well suspended, as well as influencing the depth of settled solids that
can form when mixing is lost for an extended period. Attaining the proper ratio of the two phases
contributes to the representativeness of the simulant. If the ratio is significantly different from
that of actual waste, then it could be argued that the mixing problem being studied by LSIT is not
the same as what will occur during actual WTP operations.
For Newtonian simulants, the DDS concentration should range from nearly 0 to 10 wt%. UDS
concentration for CFD V&V testing will range up to 12 wt% in order to provide sufficient
margin. 17 Tests should be performed over this range of DDS concentrations, including but not
limited to either extreme because either may be the more challenging. Limits of performance
testing should increase the DDS concentration outside of this range.
For non-Newtonian simulants, the solids concentration will be varied to impact the yield stress
and consistency. The maximum concentration of DDS will be that needed to achieve a yield
stress of 30 Pa, a consistency of 30 cP, and a shear strength of 200 Pa. Ideally, the DDS
concentration for the simulant should be within the range required to achieve similar rheology in
actual waste. During limits of performance testing, the solids concentration should be changed as
needed to increase or decrease the yield stress and shear strength.

2.2 Particle Shape
Particle shape potentially influences two main physical processes within PlM-mixed vessels
during LSIT: 1) the settling of solid particles, and thus the ability to keep the large and dense
particles suspended; and 2) the remobilization of settled particles or beds of particles. The
particle shape influences these two processes differently, and thus they are addressed separately.
Particle shape and surface roughness also impact particle adhesion to surfaces, as discussed in
Appendix A. This section reviews what is known about particle shape in Hanford wastes, the
influence of particle shape on settling, and the influence of particle shape on suspension and bed
erosion.
Particle shape influences settling rate, with spherical particles providing the maximum settling
rate. Particle shape may influence the ability to suspend particles off the bottom of a tank, where
some evidence exists that nonspherical particles require an increased velocity for off-bottom
suspension. Particle shape is one of several factors that impacts the remobilization of solids
through its influence on the shear strength of beds.

2.2.1 Particle shape in Hanford waste
A tabulated summary of particle shapes in Hanford tank farm waste is included in the review of
property data and gaps (Ref. 5, Section 3.2.4.12, Table 3.13). This summary presents the data in
terms of Corey's shape factor (SF = c/{(iE), where a, band c are the longest, intermediate and
shortest mutually perpendicular axes of the particle, respectively. Shape factors are tabulated for
a limited set of waste constituents focusing on the most nonspherical particles, and only for
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primary particles. Additionally, no range, variability, or uncertainty is presented and no
information exists from which to construct a technically defensible basis for a distribution of
particle shapes in Hanford wastes. Of note, shape factors were included for boehmite (SF = 0.26)
and PU02 (SF = 0.5).5 Several other shape factors were presented in Ref. 5, but were for soluble
salts. The reported shape factors for the primary particles identified in Hanford tank samples
ranged from 0.26 to 1.5
Washing, caustic leaching, and oxidative leaching all can change the particles in the waste and
may change the particle shape. A basis for this potential shape change has not been developed.

2.2.2 Shape impacts on particle settling

Fluid mechanics relationships developed for the drag coefficient often consider the influence of
particle shape.23 ,24,25 The drag coefficient and terminal velocity of a nonspherical particle have
been related empirically to its equal volume sphere diameter (ds) and its sphericity,z6,27,28 Most of
these analyses are for the free fall of individual particles. Much less information is available for
the influence of particle shape on settling in the hindered settling regime.
A concern when comparing systems of different particle shapes is the use of a characteristic
particle size. Advantages of using ds are that it is used in the sphericity definition and the
resulting correlations, and that at constant ds spherical particles are the fastest settling shape.
Corey's shape factor used in Ref. 5 and the sphericity do share some characteristics: perfect
spheres would have a shape factor of 1 and deviations from spheres would have a shape factor
between 1 and O.
The influence of particle shape on the drag coefficient is dependent on the settling regime. Based
on expected WTP processing, the majority of individual particles are in the Stokes settling regime.
Towards the higher end of particle size and density expected in WTP, the particles will be in the
Intermediate settling regime. It is not expected that the Newton settling regime would be
encountered. A hypothesized bounding case of a large dense particle (dp = 1 mm, Ps = 11.4
g/mL) settling in water would still be in the Intermediate settling regime (Rep z 500).
Orientation during free fall is a function of Rep.25 In the low Rep Stokes regime, all settling
orientations are stable. As Rep is increased, settling is stable in the orientation of maximum drag.
At higher Rep, the particle orientation during settling becomes unpredictable, with wobbling and
rotation possible. At high Rep, particles rotate about the axis of least inertia.
With some minor exceptions, spheres are the fastest settling particles when compared to nonspherical particles of the same volume. For spheroids and ellipsoids with shapes ranging from
disks to needles, the minimum drag shape for a given particle volume when averaging over all
orientations is a sphere. 29 When considering specific orientations of such shapes with respect to
the flow direction, some objects have a very slight «5%) drag reduction from that of a sphere of
the same volume. 29 Because this occurs for orientations only stable in the Stokes settling regime,
this is not applicable to the most bounding or challenging situations for LSIT. The influence of
this slight reduction in the free settling velocity from that of a sphere is well within the other
uncertainties involved with PSDD, and thus free falling spheres can be considered to provide the
practical maximum settling velocity during testing.
For settling, particle surface roughness (small length scale roughness) does not strongly influence
settling until Rep is in the high Newton range that will not be encountered in WTP tanks,z9
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2.2.3 Shape impacts on particle suspension and bed erosion
Particle shape can influence the behavior of particles during suspension. Testing on suspension
by gas streams revealed that spherical particles start their motion by rolling and large nonspherical particles start their motion by sliding. 30 This change in mechanism in tum changes the
amount of particle-surface friction, thus leading to higher velocities required to initiate motion of
large non-spherical particles than for analogous spherical particles. 30 This incipient motion is
usually the precursor to particle pickup and entrainment in the liquid. Pickup velocity studies of
spherical and non-spherical particles proposed adjustments to the Archimedes number to
compensate for the higher velocities needed for the suspension of non-spherical particles. 31
For specific systems, particle shape influences removal of particles from a stationary bed by a
liquid?2 For some systems, the effect of particle shape on particle suspension can be less
pronounced for higher solids (i.e. 10 wt% UDS) loadings than for low solids loadings (isolated
particles).32
Particle shape is one of the factors that influence the shear strength of a settled layer. 21 This
influence can be due to factors such as surface forces, friction, and solids packing. While spheres
contact each other at a single point, non-spherical particles can contact each other at one or more
points, lines, or planes. For small non-spherical particles, surface forces can act over larger
particle contact areas than for spheres. 33 This can lead to large deviations (but similar average
values) for critical suspension velocities of non-spherical particles relative to those for spheres. 33
Non-spherical material can potentially have higher pickup velocity than spherical material due to
particle-particle interlocking that occurs for non-spherical particles. 33

2.2.4 Recommendations for particle shape
In testing settling of large dense particles, spherically shaped particles would provide the
maximum settling rate and thus would be conservative. In testing of the remobilization of beds of
solids, non-spherical particle shapes may contribute to an increased velocity needed for offbottom suspension.
As discussed in Section 2.2.1, Ref. 5 provides only limited data on the shapes of particles
observed in Hanford waste samples. The shape factors reported are for the most non-spherical
particles observed. The shape factors are for the primary particles, not the agglomerates. The
reported shape factors ranged from 0.26 - 1.0, with the lower end of the range corresponding to
small boehmite primary particles that would usually be present as agglomerates. No shape factor
distribution is reported.
For Newtonian and non-Newtonian simulants, LSIT should use a mixture of particle shapes,
including spherical and non-spherical particles. However, because of the absence of information
on the particle shape distribution in Hanford waste, the baseline simulant should not be matched
to any specific range of particle shape distributions. Previous M3 and LOAM testing used
simulants that contained dense nonspherical components, including irregularly shaped tungsten
carbide alloy and rod shaped bismuth oxide. 34 ,35 As spheres give the fastest settling rate, spheres
should be considered for use for at least a portion of the particles at the high end of the Ar
distribution.
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If desired, in the limits of performance testing, a spike of extremely flat or elongated shapes could
be introduced into a baseline simulant mixture in incrementally larger proportions to investigate
whether there is a discernible effect on the ability to suspend or transfer the material.

2.3 Time Dependent (Thixotropic/Rheopectic) Rheological Phenomena
Flow curve data from the M-12 program were examined, some of which showed hysteresis
between the up and down portions of the curves. 22,36,37,38,39 This hysteresis has been cited as
potential evidence for time-dependent rheological behavior of Hanford wastes. 37,38,39 The IP
suggests that the LSIT program could consider the progressive variation in the degree of
thixotropic and rheopectic behavior as potential characteristics to explore during Limits of
Performance testing. 3 Time-dependent rheological properties are not the only possible
explanation for the small amounts of hysteresis noted on certain flow curves in the discussion that
follows. This is particularly true when the sample matrix is heterogeneous (liquid-solid or gasliquid-solid) and the rheometer uses the concentric cylinder geometry with rotating inner cylinder.
As acknowledged by the authors of the M-12 reports, other explanations for the observed
hysteresis include solids settling out of the measurement gap, evaporation of water during
measurements, and sample degassing during measurements.
Hysteresis in the initial Group 7 characterization sample was described as significant, but the
flow curve in Figure 3.5 of that report showed that the area under the down curve was within 20%
of the area under the up curve and that the two converged· at roughly 4 Pa as the shear rate fell
below 25 S·I.37 This is not an unusual amount of flow curve hysteresis for a slurry sample,
particularly for systems containing a significant fraction of large particles. A subsequent flow
curve of the Group 7 sample at 60°C instead of 25 °C showed almost no hysteresis. Down flow
curves at three temperatures were almost identical suggesting that there may have been some
impact of the initial up flow curve on the nature of the sample. A constant rate of strain
measurement is preferred over a flow curve ramp analysis for determining time-dependent
rheological behavior.
Data for Group 8 were relatively free of hysteresis, as well as being nearly Newtonian. The up
flow curves for Group 8 measurements passed into the region of Taylor vortices. Because this
region was entered, the integrity of the down flow curves is potentially compromised for slurry
sample matrices. 38 Flow curves for the Group 1 and Group 2 initial characterization samples
showed essentially no hysteresis. 36 Measurements on Group 5 REDOX sludge showed very mild
negative hysteresis, which is analogous to rheopectic behavior. However, the changes in areas
beneath the up and down flow curves were only a few percent. 40
As time-dependent rheological properties are not the only possible explanation for the hysteresis
and the magnitude of the potential time-dependent rheology impacts does not appear to be
significant in comparison to the WTP non-Newtonian operating range, it is not recommended that
simulants of the Hanford wastes be formulated to exhibit time-dependent rheological behavior.

1.4 Waste and Simulant Chemistry
The effects of the chemical composition of Hanford waste slurries need to be considered in the
test program. Aqueous properties change during pretreatment. Caustic and oxidative leaching,
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coupled with washing and crossflow ultrafiltration, affect the pH and overall ionic strength of the
waste stream. While these changes in aqueous phase properties often do not produce large
changes in liquid viscosity or density, they can have more significant impacts on slurry properties
through their interaction with the surface characteristics of the particles.
Waste chemistry is highly significant in the testing of unit operations such as washing or
leaching. Some aspects of waste chemistry also affect waste properties important to vessel
mixing. These include ionic strength, pH, zeta potential, isoelectric point, cohesiveness, and
adhesiveness. Appendix A describes some of the chemical properties important to Hanford waste
and to simulant design and discusses their relationship to other properties such as yield stress and
shear strength.
Slurry cohesiveness will depend on particle size distribution, solid mass fraction, solid phase
composition, and liquid phase composition. Underlying mechanisms for cohesiveness are
discussed in Appendix A. Potential methods for representing cohesiveness in a waste simulant
involve matching some of the following aspects of the waste: chemical compounds, particle sizes,
surface charges, ionic strength and pH. Ideally such a simulant would also match yield stress,
consistency, and potentially shear strength when decanted to a comparable UDS concentration.
By preparing a non-Newtonian slurry with cohesive particles, there is a lower risk of missing an
effect that is not directly manifested in rheology.
Adhesive slurries have been observed at SRS, such as those that formed coatings on equipment
surfaces at the Defense Waste Processing Facility (DWPF). The underlying phenomena for
adhesion are similar to those for cohesion. Similarities between some wastes at Hanford and SRS
suggest that adhesive slurries could be encountered at some point during WTP processing.
Appendix A.4 gives additional background information.

2.5 Scaling of Simulants
The use of similitude and dimensional analysis is an approach that can be employed in
developing a technical basis for scaling complex systems. When using full similitude, testing at
reduced scale is designed to produce the same motion of liquids and solids relative to
characteristic length and time scales for both the full-scale and reduced scale systems.
The three types of similitude are geometric similitude, kinematic similitude, and dynamic
similitude. Geometric similitude means that the shape of all pertinent boundaries is the same at
both scales. Kinematic similitude means that the ratio of times for similar events is the same at
both scales. Dynamic similitude means that the ratio of like forces or fluxes is the same at both
scales. Full similitude is obtained by having all three types simultaneously.
To obtain full similitude between reduced scale and full scale requires scaling simulant properties
such as viscosity, particle size, and particle/liquid density difference to system size. Scaling of
these parameters can be problematic at reduced scale and could change the controlling physical
mechanisms of the process. For full similitude, the liquid viscosity must be smaller at reduced
scale than full scale, and in many instances would be much less than 1 cPo In addition to
viscosity, the particle size must be reduced. Reducing the particle size increases the surface to
volume ratio, increasing the relative importance of surface forces. Changing the particle size may
also change the flow regime in which the particles move (e.g., settling). Controlling particle size
during the precipitation of chemical simulants is problematic.
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Scaling the liquid or solid properties is not generally practiced in commercial mixing studies. In
addition, numerous studies by PNNL and SRNL to investigate mixing in the Hanford and SRS
Tank: Farms and radioactive waste treatment facilities were performed without scaling the
simulant properties. Changing the liquid viscosity, particle size, or particle density difference
with system size is not recommended for the large scale integrated testing. For a more detailed
discussion on similitude and scaling of simulants, see Reference 41.

3.0 Recommendations for Simulant Properties to Meet Test Objectives
This section examines the test objectives identified in Section 1.3 and assesses the simulant
properties that are important in testing different objectives. The test objectives are bottom
motion/accumulation, transfer and pump out of solid particles, prototypic integrated operations,
integrated sparger operation, PJM controllability, vessel level/density instrument accuracy,
sampling capability, heel management, PJM restart, design and safety margin, CFD V&V and
comparison, performance testing and scaling, and high temperature operation.

3.1 Performance Testing and Scaling
The LSIT testing will evaluate bottom motion and the accumulation of solids by measuring the
effective clearing radius (ECR) of the PJMs as a function of test parameters and feed simulant
properties. For Newtonian slurries, the Archimedes number distribution and the particle
concentration are the most important properties. The particle size distribution, solid-liquid
density difference, settled shear strength, and liquid kinematic viscosity are included in the
Archimedes number distribution. The liquid kinematic viscosity and PSD can have additional
impacts beyond the Archimedes number. For non-Newtonian slurries, the slurry yield stress,
slurry consistency, settled shear strength, solid-liquid density difference, and particle size are the
most important properties. Properties such as particle shape, breadth of the particle size
distribution, number of fine particles, ionic strength, pH, particle surface charges, and particle
concentration will affect the slurry yield stress, slurry consistency, and shear strength, and these
properties can affect the bottom motion and accumulation of particulate solids. These properties
should be considered when developing simulants.
The objectives of the transfer and pump out tests are: 2
•
•
•

Show that the transfer system will not plug under normal vessel operating conditions.
Demonstrate that the transfer performance meets the design requirements across the
range of slurry properties in Newtonian and non-Newtonian conditions.
Demonstrate that the pump suction nozzle in the vessel does not plug with solids.

For Newtonian slurries, the most important properties are the Archimedes number distribution
and the particle concentration. For non-Newtonian slurries, the important properties are the
slurry yield stress, the slurry consistency, the solid-liquid density difference, and the particle size.
Since the vessel contents will be mixed prior to starting a transfer or pump out, the shear strength
is not an important parameter for this test function. Chemical effects that are not reflected in
slurry rheology could impact the ability of the solids to plug the pump suction nozzle or transfer
system.

18

SRNL-STI-20l2-00062
Revision 0
Prototypic integrated operation will demonstrate pulse jet pump pair operation at full-scale. The
control of pressure and vacuum being applied to the PlM will be investigated in a prototypical
environment, i.e. full scale tank with functioning level indication, air sparging, etc. in a mock-up
test unit functionally identical to the actual PTF tanks. Confirmation of design correlations
(scaling relationships) for total bottom motion, etc. will need to be verified experimentally.
Ideally, no net accumulation of solids should occur from batch to batch.

The most important properties for the prototypic integrated operations testing with Newtonian
fluids are the Archimedes number distribution and the particle concentration. For non-Newtonian
fluids, the most important properties are the slurry yield stress, the slurry consistency, the solidliquid density difference, and the particle size.
Spargers are employed in non-Newtonian vessels to mix the vessel contents in the region outside
of the mixing cavern created by the PlMs. The objectives for integrated sparger operation
testing during LSIT are: 2
•
•

•

Demonstrate PlM controls with integrated sparger operation.
Demonstrate that sparger operation does not interfere with other required functions, such
as pump out, monitoring, vessel level/density instrument operation and accuracy, and
PlMmixing.
Gather data across the range of anticipated fluid properties to address unverified sparger
design assumptions for sparger sizing and placement.

The spargers are not placed in Newtonian tanks, but UFP-2 will experience Newtonian fluid
behavior when it contains low concentrations of solid particles. The important properties for
Newtonian slurries are the Archimedes number distribution and the particle concentration. For
non-Newtonian slurries, the important properties are the slurry yield stress, the slurry consistency,
the solid-liquid density difference, and the particle size. These are the quantities that should vary
across the range of anticipated fluid properties for both tests. Since the vessel bottom will be
mixed with PlMs when the spargers are operating, the shear strength is not an important
parameter for this test objective. If the LSIT wants to examine foaming or gas retention during
the sparger tests, testing should select a simulant with properties that reflect the foaming and gas
retention observed with actual waste.
PJM controllability involves testing to confirm that an actual process control system for the PlM
air-vacuum pulses will function correctly at large scale in representative systems prior to cold
runs. The following are the test objectives for PlM controllability:2

•

•
•
•

Perform level/density PlM control testing over the full range of processing parameters to
determine if the current PlM baseline controls will achieve the mixing requirements
should the pressure feedback approach be unsuccessful or an alternative design be
considered warranted.
Test the logic for normal PlM control during all operational modes.
Test the logic for off-normal PlM control during all operational modes.
Test the PlM controls in situations that involve operation of the PlMs at elevated
temperatures.

The important properties for Newtonian slurries are the Archimedes number distribution and the
particle concentration. For non-Newtonian slurries, the important properties are the slurry yield
stress, the slurry consistency, the solid-liquid density difference, and the particle size.
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The objective for the vessel level/density instrument accuracy tests is to evaluate the accuracy of
the submerged bubbler tubes in measuring the vessel fluid level with a slurry that has a density
changing with time and elevation. For Newtonian slurries, the simulant should be designed to
have a high solids concentration and either a broad particle size or Ar distribution. For nonNewtonian slurries, the simulant should be designed to have a broad particle size distribution and
a large solid-liquid density difference. If WTP is interested in evaluating the impact of air
entrainment on the vessel level/density accuracy, it needs to select a simulant that entrains air
similarly to an actual waste.

Sampling capability tests will be performed using a prototypic sampler. Testing is intended to
characterize sample variability relative to actual vessel content. Additional objectives for the 14ft platform include a demonstration of the ability to obtain representative samples of the solids
and liquids in PJM vessels, including demonstrating that representative samples can be obtained
if the assumed WTP design particle size or density is exceeded. This goal is tied to safety-related
issues in the WTP.
The test objectives related to sampling capability during LSIT are: 2
•
•
•
•
.•
•

Demonstrate sampling capability using a prototypic sampler configuration to gain an
understanding of the sample variability relative to the actual vessel content.
Determine the capability of the system to obtain samples for analysis that can be
compared to the vessel inventory at the pump suction location in the vessel.
Determine sample variability at different PJM cycle points.
Determine sample variability at different vessel levels.
Determine the maximum PSDD that sampling can detect.
Demonstrate that representative samples can be obtained if the WTP design basis particle
size or density is exceeded.

A statistically defensible number of different compounds should be used in the simulant. Due to
the relatively small inner diameter of the sampler needle (3.4 mm),42 particles that are sufficiently
large may encounter physical interference that would create a bias toward their exclusion from
samples. Thus for this test objective, it may become important to control particle size outside of
its effect on the Archimedes number. The important properties for Newtonian fluids are the
Archimedes number distribution (or individually, particle size, particlelliquid density difference,
and kinematic viscosity) and the particle concentration. The important properties for the nonNewtonian slurries are the slurry yield stress, the slurry consistency, the solid-liquid density
difference, and the particle size.

Heel management system testing will be performed on the 4, 8, and l4-foot diameter test
platforms. Residual heels containing elevated concentrations of solids may remain in the vessel
following batch transfers. The heel removal system is designed to remove these solids. Heel
removal equipment is currently planned for tanks HLP-22, -27A1B, and -28; UFP-OIAIB, 02AIB; and FEP-17AlB. Heel management will involve the use of a wash ring through which
chemicals can be added to the vessel, the lowering of pump suction position, and the use of
pumps that operate with less head. 2 The important properties for Newtonian slurries are the
Archimedes number distribution and particle concentration. Shear strength is also important if
immobilized regimes are postulated. The important properties for the non-Newtonian slurries are
the slurry yield stress, the slurry consistency, the shear strength, the solid-liquid density
difference, and the particle size. The slurry should consist of material that is challenging to
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mobilize, such as material containing irregularly shaped particles, large dense particles, and/or
adhesive particles.
Testing to support PJMrestart is expected to be performed using only the l4-foot diameter test
platform. During off-normal conditions when PJM operation is stopped for a period of time,
waste properties for pumping are expected to change. In both Newtonian and non-Newtonian
tanks, solid particles can settle into beds that will develop a shear strength that the PJMs will need
to overcome in order to resume waste mobilization.
The key data needs for PJM restart testing are: 2
•
•

Demonstrate that settled Newtonian waste can be remobilized
Demonstrate that large, fast-settling solids in non-Newtonian fluids can be remobilized
from a settled bed overlaid with non-Newtonian slurry particles.

The important properties for Newtonian fluids are the Archimedes number distribution, the
particle concentration, and the settled solids shear strength. For non-Newtonian slurries, the
important properties are the slurry yield stress, consistency and shear strength. Chemical
properties of the simulant could impact the behavior of the settled bed due to factors such as
cohesiveness and adhesiveness. Once the shear strength is overcome and portions of the bed are
remobilized, the properties that matter for the PJM restart task will mirror those that are important
for other mixing functions (e.g., bottom motion).
Testing in support of the design and safety margin for mixing to support safety functions will be
performed. Two of the key safety functions of mixing in PJM tanks are:
•
•

Avoiding solids accumulation to prevent a buildup of fissile solids
Attaining full bottom motion to prevent a buildup of retained flammable gas

The important parameters for Newtonian slurries are the Archimedes number distribution, the
particle concentration, and the shear strength. The important parameters for the non-Newtonian
slurries are the slurry yield stress, the slurry consistency, the shear strength, the solid-liquid
density difference, and the particle size.

Computational fluid dynamics modeling is being used to verify the design of the PJM-mixed
vessels. In order to verify the WTP design, testing will be conducted to V & V the CFD model?
Additional testing will be conducted to collect data for comparison to CFD calculations. The
important parameters for Newtonian slurries are the Archimedes number distribution, the particle
concentration, the liquid viscosity, and the liquid density. While the liquid density and viscosity
typically have less importance than the Archimedes number and particle concentration, they will
be important in the testing to measure fluid velocities and miscible liquid blending. The planning
documents for CFD V&V testing contain particle Reynolds number ranges rather than
Archimedes number distributions. 17,43 While no testing is currently planned with non-Newtonian
slurries, the important properties for these slurries are included in case the test objectives should
change. The important properties for the non-Newtonian slurries are the slurry yield stress, the
slurry consistency, solid-liquid density difference, and the particle size.
Performance testing and scaling related testing will be performed on the 4-foot, 8-foot, and 14foot diameter test platforms. Mixing performance testing is to determine that the key mixing
criteria are maintained and do not deteriorate as test vessel size increases. The focus is the effect
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of vessel size on performance. Scaling testing will evaluate the scaling of the PJMjet velocity for
on-bottom motion and accumulation. The focus is on determining the velocity at which the
criteria are no longer met at each scale.
The properties that are important for Newtonian slurries are the Archimedes number distribution,
the particle concentration, and the shear strength. The properties that are important for nonNewtonian slurries are the slurry yield stress, the slurry consistency, the shear strength, the solidliquid density difference, and the particle size.
The objective of the high temperature operation testing is to demonstrate the ability of the PJM
control system to operate the PJMs without producing overblows. At high temperatures, the
liquid density and viscosity will be less than at ambient temperature. In addition, the yield stress
and consistency may be different. The important parameters for the Newtonian slurries are the
liquid density and viscosity, and solids concentration. For the non-Newtonian slurries, the
important parameters are the slurry yield stress, slurry consistency, and the slurry density.

3.2 Limits of Performance Testing
The Limits of Performance testing will look at four types of tests: Newtonian, non-Newtonian,
heel management, and PJM restart. The test objectives involve bottom motion/accumulation,
transport/pump out, and sampling capability.
The important properties for Limits of Performance testing with Newtonian fluids are particle size,
particle concentration, and range of selected densities. The bottom motion/accumulation tests
should use progressively larger particles and higher solids loading with particles of selected
densities. Limits of Performance testing should use particles with a large particle size and water
as the liquid. The same simulant particles from the Performance Testing and Scaling tests for
bottom motion and accumulation should be used for the background matrix. The tests will
initially add spikes of solid particles at selected densities with increasing size until the PJM
cannot obtain complete bottom motion. Once the maximum particle size is determined,
additional tests should be conducted with increasing particle concentration to determine the limit
for complete bottom motion. Once the limits for particle size and particle concentration are
determined, an additional confirmatory test with the maximum particle size and concentration
should be conducted using a liquid with density of 1.46 glmL and a viscosity of 15 cP.
Additional tests should be conducted with the maximum particle size and particle concentration
to determine if complete bottom motion can be obtained with a slurry of yield stress greater than
1 Pa.
The approach used for bottom motion/accumulation should also be employed to determine the
maximum size particle and the maximum particle concentration that can be transferred from the
Newtonian vessels and the maximum size particle and particle concentration that can be sampled
effectively with the WTP samplers.
The important properties for Limits of Performance testing with non-Newtonian fluids are yield
stress, consistency, and particle size. These rheological properties can be increased by increasing
the wt% DDS. The bottom motion/accumulation limits tests with non-Newtonian fluids should
examine the upper and lower limits of slurry yield stress and consistency. The design basis is 6
Pa, 1 cP to 30 Pa, 30 cP. LSIT tests should be performed with slurries of yield stress less than 6
Pa to determine the conditions at which the PJMs cannot mobilize large, dense solid particles, and
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with increasing yield stress above 30 Pa and consistency above 30 cP to determine the conditions
where complete bottom motion is not achieved.
The approach used for bottom motion/accumulation should also be employed to determine the
minimum and maximum yield stress slurry that can be transferred from the non-Newtonian
vessels, as well as the minimum and maximum yield stress that allows the slurry to be sampled
effectively with the WTP samplers.
The important property for Limits of Performance testing of PJM restart is shear strength. The
limits of performance testing for the PJM restart objective should increase the shear strength
above 200 Pa (for Newtonian and non-Newtonian vessels) until the PJMs cannot clear sufficient
area on the vessel bottom to release trapped gases. No transfer/pumpout or sampling tests are
needed for this objective. Suspension will be verified visually during LSIT. Newtonian vessel
testing should be performed at a viscosity of 1 cP in water. Non-Newtonian vessel testing should
be performed with a slurry with a yield stress of 30 Pa and consistency of 30 cPo Once the
particles are suspended, the transfer and sampling behavior would be the same as that for tests
supporting other test objectives.
The important properties for Limits of Performance testing for heel management are particle size,
shear strength, solids concentration, and solids quantity. There are two types of testing to
determine the Limits of Performance for heel management. The first type of test should use
progressively larger particles and higher solids loading with particles of selected densities. The
second type should increase the shear strength and quantity of a settled solid layers to determine
when heel particles are no longer mobilized sufficiently to be removed from the vessel. The same
approach will be used to determine the Limits of Performance for transfer/pumpout and sampling
as related to heel management.
The behavior of systems containing irregularly shaped particles spanning a wide range of particle
sizes may not be as unusual as the behavior seen for monodisperse systems of irregularly shaped
particles in the literature. Furthermore, simulants used in the various tests are expected to contain
some degree of deviation from spherical shapes. If desired, a spike of extremely flat or elongated
shapes could be introduced into a baseline simulant mixture in incrementally larger proportions to
investigate whether there is a discernible effect on the ability to suspend or transfer the material.

3.3 Summary of Properties Important to LSIT Simulants
From examining the test objectives and the discussion of the properties that matter, the most
important properties for Newtonian simulants in the LSIT are the Archimedes number
distribution, the particle concentration, and the shear strength. For the CFD V&V, CFD
comparison, and the high temperature tests, the liquid density and viscosity are important. The
most important parameters for the non-Newtonian simulants are the slurry yield stress, the slurry
consistency, the shear strength, the solid-liquid density difference, and the particle size.
Table 2 summarizes the important properties for Newtonian fluids, while Table 3 does the same
for non-Newtonian fluids. Properties were ranked by potential significance as high, medium, or
low for each test objective. The effects of some properties were seen as either negligible or
unknown, and these were omitted from the tables. Two factors were considered in making the
ranking determinations. These were the exponents (coefficients) on the property in typical
scaling correlations as well as the range of property values likely to be encountered in actual
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Table 2: Properties important for LSIT with Newtonian Slurries
Test Objective

Ar&

Concentration

Bottom
motion/accumulation
TransferlPumpout

High
High
High

Proto~picIntegrated

High

Shear
Strength
Medium

Liquid
Density
Low

Liquid
Viscosity
Low

High
High

Low
Low

Low
Low

Low
Low

Operations
High
High
Low
Low
Sparging
Low
High
Low
Low
Low
PlM Controllabili~ High
Low
High
High
Low
Low
Vessellevelldensity
Low
High
High
Low
Low
Sampling
High ~
High
Low
High
Low
Heel Management
High
High
High
Low
Low
PlM Restart
High
Low
Low
High
High
Design and Safe~
Margin
Low
Medium
Medium
CFDV&Vand
High
High
Comparison
Medium
Low
Low
High
High
Performance and
Scaling
High
Low
Low
High Temperature
Medium
Medium
&
When both Ar dlstnbutlOn and concentratlOn are hsted the same level, Ar dlstnbutlOn IS more
important than concentration.
$ important if immobilized regimes are postulated.

Table 3: Properties important for LSIT with non-Newtonian Slurries
Test Objective

Yield stress

Consistency

Density
difference
Medium

Particle size

High

Shear
Strength
Medium

Bottom
motion/accumulation
TransferlPumpout
Proto~pic Integrated
Operations
Sparging
PlM Controllability
Vessellevelldensity
Sampling
Heel Management
PlM Restart
Design and Safe~
Margin
CFD V&V and
Comparison
Performance and
Scaling
High Temperature

High
High
High

High
High

Low
Low

Medium
Medium

Medium
Medium

High
High
Low
High
High
Medium
High

High
High
Low
High
High
Medium
High

Low
Low
Low
Low
High
High
High

Medium
Medium
High
Medium
Medium
Low
Medium

Medium
Medium
Medium
Medium
Medium
Low
Medium

High

High

Low

Medium

Medium

High

High

Medium

Medium

Medium

High

High

Low

Low

Low
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waste slurries. For example, a property with a wide range of possible values and a large
coefficient was considered highly important while a property with a narrow range of possible
values might be rated low even though it had a higher coefficient. Scaling correlations for PJM
tanks were preferred to those for other configurations when available, but a broad range of
equations was examined in order to make the ranking judgments.

3.4 Recommendations on Chemical versus Physical Simulants
Chemical simulants attempt to match the chemical makeup of the waste, with or without
matching the physical aspects of the waste. Physical simulants attempt to match some of the
physical aspects of the waste, but do not contain the same chemical species as the waste. There
are also simulants that have characteristics of both.
Chemical simulants can be prepared by matching chemical species present in the waste, by
matching chemical compounds present in the waste, or by co-precipitation of the chemical
compounds by processes that match the processes to which the waste is subject. For such testing,
chemical simulants would typically be also required to match physical properties ofthe waste.
Clay slurries possess chemical effects although they are categorized as physical simulants
because they match properties such as yield stress and shear strength. Physical simulants could
also be composed of non-chemically matched minerals having particle sizes and densities
representative of the waste.
Physical simulants are adequate for most testing of bottom motion and solids accumulation.
Simulants need to cover the property ranges expected in the WTP. If performing testing with
non-Newtonian fluids and using a physical simulant, the simulant needs to match both yield stress
and shear strength of actual waste or be conservative. The simulant needs to be comparable on
solids concentration. Properties such as particle shape, breadth of the particle size distribution,
ionic strength, pH, and particle surface charges can affect the bottom motion and accumulation of
particulate solids, and should be considered in developing the simulant.
Physical simulants are adequate for the majority of testing of pump outs and transfers. The
simulants need to cover property ranges expected in the WTP. If using a Newtonian fluid and
testing for salt precipitation in the transfer line, WTP needs to use concentrated salt solution. If
using non-Newtonian fluids, WTP needs to match yield stress and shear strength of actual waste
or be conservative. The simulant needs to be comparable on solids concentration. The addition
of cohesive and adhesive particles should be considered when developing the simulant, as these
particles could affect the ability of a simulant to plug a transfer system.
Physical simulants are adequate for most testing of PJM controllability and prototypic integrated
operations. The simulants need to cover the property ranges expected in WTP. Confirmation
tests with chemical simulants during the prototypic integrated test would be valuable.
Physical simulants are adequate for the majority of sparger testing in the LSIT program.
Simulants need to cover property ranges expected in WTP. If interested in foaming, slurry air
entrainment (swelling), or carryover to the off-gas system, LSIT needs to use chemical simulants.
If performing testing with non-Newtonian fluids and using a physical simulant, the simulant
needs to be comparable to actual waste in terms of both solids concentration and non-Newtonian
rheological properties simultaneously.
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Physical simulants are adequate for testing the sampling system with Newtonian and nonNewtonian fluids. A statistically defensible number of different compounds should be used in the
simulant. The simulants need to cover the property ranges expected in WTP.
Physical simulants are adequate for most testing of level/density instrument accuracy. Simulants
need to provide variations of fluid density with respect to time and position in the vessel.
Chemical simulants may be necessary if testing to simulate specific chemical phenomena (e.g.,
foaming or plugging) that could influence instrument accuracy.
Chemical or physical simulants could be used for testing heel management. WTP needs to match
yield stress and shear strength of actual waste, or be conservative. When matching yield stress
and shear strength, the solids concentration needs to be comparable to actual waste. Chemical
simulants should be used in some testing, since they could match more of the waste properties
that are not reflected in yield stress and shear strength. If process chemistry, such as nitric acid
addition, is part of LSIT, WTP needs to use chemically matched simulants to actual waste. If
simulants are needed to represent long-term settled solids in WTP, chemical simulants are
recommended.
Chemical or physical simulants could be used for testing PJM restart and design and safety
margin. WTP needs simulants to match both yield stress and shear strength of actual waste, or be
conservative. When matching yield stress and shear strength, the solids concentration needs to be
comparable to expected actual waste levels. Chemical simulants could match more of the waste
properties that are not reflected in yield stress and shear strength. If simulants are needed to
represent long-term settled solids in WTP, chemical simulants are recommended.
Physical simulants are adequate for the CFD V& V testing and the CFD comparison testing. The
simulants need to cover the ranges of properties that are expected in the WTP and identified in
this document. The CFD calculations need to match the properties of the simulants used in the
testing.
If additional test objectives are added in order to simulate unit operations that perform chemical
processes, a chemical simulant should be used.

3.5 Ranges for Important Simulant Properties
This section outlines the properties that matter to PJM mixing in the WTP. The expected range of
the properties is reviewed and the influence of the property on mixing performance is discussed.
Table 4 contains the recommended ranges for Performance Testing and Scaling and Limits of
Performance testing. The Performance Testing and Scaling values are based on the conservative
WTP operating envelope, both before and after caustic leaching. Limits of Performance testing
will base simulants off of the ranges investigated during Performance Testing and Scaling, with
ranges of some parameters expanded to challenge the mixing in PJM-mixed vessels.
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Table 4: Summary of simulant property ranges recommended for LSIT
Performance Testing and Scaling

Limits of Performance Testing

10-7 to 6.7 X 103
1 to 15 cP
1. to 1.46 g/mL
2.2 - 11.4 g/mL
nearly 0 to 10 wt%
up to 200 Pa

10-7 to >6.7 X 103 +
1 cP, confirm at 15 cP t
1 g/mL, confirm at 1.46 g/mL
2.2 - 11.4 g/mL
>10%
200 Pa UP to 2000 Pa

6 to 30 Pa
1 to 30 cP
1.2 to 10.4 g/cm3
0.2 - 700 /lm"
up to 200 Pa

1 to 6 Pa, 30 to 40 Pa
1 to 30 cpo
1.2 to 10.4 g/cm3
0.2 - >700 /lm#
200 Pa up to 2000 Pa

Newtonian Test Objectives
Archimedes Number
ilL
PL

Pst
UDS concentration
Shear strength
Non-Newtonian Test Ob.iectives
TyS

17
Ps- PL t

dv ~
Shear strength
..
+test to fmlure at selected densIties
tlimits testing will transition into non-Newtonian rheology, with yield stress>1 Pa.
t solid density for primary particles
*Consistency may increase as yield stress is increased
t use a range of particle sizes
"minimum particle may actually be less than 0.2 /lm
#for lower yield stress testing, increase particle size of spikes above 700 /lm up to the maximum
determined during Newtonian testing.

4.0 Conclusions
This report satisfies Commitment 5.2.3.1 of the DOE IP for DNFSB Recommendation 2010-2:
physical properties important to mixing and scaling. In support of waste simulant development,
the following two objectives are the focus of this report:
•

Assess physical and chemical properties important to the testing and development of
mixing scaling relationships.

•

IdentifY the governing properties and associated ranges for LSIT to achieve the
Newtonian and non-Newtonian test objectives. This includes the properties to support
testing of sampling and heel management systems.

The slurry properties that are most important to the Performance Testing and Scaling portion of
WTP LSIT depend on the test objective and rheological classification of the slurry (i.e.,
Newtonian or non-Newtonian).
The most important properties for testing with Newtonian slurries are the Archimedes number
distribution and the particle concentration. For some test objectives, the shear strength is
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important. In the testing to collect data for CFD V&V and CFD comparison, the liquid density
and liquid viscosity are important. In the high temperature testing, the liquid density and liquid
viscosity are important. The Archimedes number captures effects of the particle size distribution,
solid-liquid density difference, and kinematic viscosity.
The most important properties for testing with non-Newtonian slurries are the slurry yield stress,
the slurry consistency, and the shear strength. The solid-liquid density difference and the particle
size are important also. It is also important to match multiple properties simultaneously to
achieve representative behavior.
Properties such as particle shape, particle size distribution breadth, fraction of fine particles,
cohesiveness, adhesiveness, particle surface charges, liquid pH, particle concentration, and liquid
ionic strength affect the simulant properties directly and also through other physical properties
such as yield stress.
The IP includes a list of characteristics that would challenge the PlM mixing and transfer systems
and indicates that the assessment of simulants would include one or more of the challenging
characteristics. The recommendations for properties to be adjusted during Limits of Performance
testing, as related to the list of challenging characteristics, are as follows:
•

Proportion of irregularly shaped particles and the degree of irregularity
Recommended. Simulants should continue to include a variety of particle shapes.
Spherical particles should be considered for at least a portion of the particles at the
high end of the Ar distribution. A spike of flat or elongated shapes could be
introduced into a baseline simulant mixture in incrementally larger proportions.

•

Progressively larger particles
Recommended. For Newtonian vessels and low yield stress fluids in non-Newtonian
vessels, particle size should be increased to identify the limits of performance for
bottom motion/accumulation, transfer/pump out, and sampling. Heel management
tests should also involve increasing the particle size.

•

Progressively denser particles
Not recommended to extend beyond Performance Testing and Scaling simulant range.
Simulants with a range of selected densities within the range reasonable for actual
waste would be adequate for bounding the effect of increasing the particle-liquid
density difference through analogous increases in particle size.

•

Progressively higher shear strength of settled layers
Recommended. Testing to support PlM restart and heel management should involve
increasing the shear strength of settled beds of solids to beyond the range covered by
the Performance Testing and Scaling simulants.

•

Progressively lower and higher yield stress and consistency for non-Newtonian simulants
Recommended. Limits of performance in non-Newtonian vessels should be explored
both with simulants that have less than 6 Pa yield stress (at I cP consistency) and
with simulants that have greater than 30 Payield stress and 30 cP consistency.
Limits of performance in Newtonian vessels should be explored with simulants that
have greater than I Pa yield stress.
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•

Progressively higher solids loading
Recommended for Newtonian mlxmg and heel management cases, but not
recommended for non-Newtonian case beyond influence on yield stress and
consistency. Heel management tests should also test increasing the quantity of
settled solids in the heel.

•

Progressive variation in the degree of thixotropic and rheopectic properties
Not recommended. Some of the flow curves for material in the M-12 program
showed degrees of hysteresis. As acknowledged by the authors of the M-12 reports,
factors other than thixotropic or rheopectic behavior could explain the hysteresis,
including solids settling out of the measurement gap, evaporation of water during
measurements, and sample degassing during measurements. The magnitude of the
observed hysteresis was not large enough to be significant to WTP.

5.0 Future Work
The focus of this report is the definition of waste simulant physical properties important to
mixing for WTP Performance Testing and Scaling and Limits of Performance testing portions of
the LSIT. This document has been written to fulfill IP Commitment 5.2.3.1. 3 Future work
includes the simulant development, production, and verification for the LSIT in support of IP
Commitment 5.2.3.2.
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A. Appendix A: Waste Chemistry and Chemistry of Simulants
Chemical composition is a significant property of Hanford waste slurries. Aqueous properties
change during pretreatment. Caustic and oxidative leaching, coupled with washing and crossflow
ultrafiltration, have associated changes in the pH and overall ionic strength. While these changes
in aqueous phase properties often do not produce large changes in liquid viscosity or density, they
can have more significant impacts on slurry properties through their interaction with the surface
characteristics of the particles.
Most of the insoluble material in the Hanford tanks was formed by precipitation. Much of the
material is amorphous (soft forms), but some of the material has crystallized over time into
identifiable mineralogical forms (hard forms). Insoluble compounds of different elements have
different properties including particle density and shape, but also including the characteristics of
the exposed surfaces. Some waste particles were not formed by caustic precipitation, such as a
portion of the waste contained in several tanks that originated in the Plutonium Finishing Plant. ls

A.l Colloidal Properties
Inorganic chemical particles formed by precipitation contain a significant fraction of colloidal
material (0.01 to 1 !-tm). The interparticle forces are an important factor influencing the behavior
of colloidal solids. Interparticle forces include surface electrostatic forces, induced dipole forces,
and van der Waals forces. These forces become more important when the particle size is in the
colloidal size range.
The isoelectric point, i.e.p., of a particle surrounded by a liquid corresponds to the pH where the
number of positively charged surface sites equals the number of negatively charged surface sites,
i.e., zero net surface potential. The electrostatic repulsive force, that normally tends to prevent
small particles from agglomerating together, is minimized at the i.e.p. The range of i.e.p. for
oxides and hydroxides of common elements is at least 2 < pH < 12. 44 Electrostatic repulsive
forces between like particles diminish as the liquid pH moves toward the i.e.p. Electrokinetic
experiments measure a potential in the double layer (the surrounding counterions) called the zeta
potential. This measurement gives a lower bound for surface charge and helps in the
determination of the i.e.p. Yield stress often reaches its maximum value when the system is near
the net i.e.p. of the assembled particles. Visual changes have been observed during the
precipitation of SRS waste simulants as the pH passes through the neutral region. Measured
rheology during acidification has also showed a maximum in yield stress passing through the
neutral region.
The extent to which the particle surfaces interact electrostatically is modified by both the ionic
strength and the pH of the surrounding liquid. Increasing ionic strength shields more of the
surface charges from nearby particles, while pH changes the net charge of the surface itself.
Ionic strength, pH, zeta potential, and isoelectric point are all quantities that help to describe the
behavior of a slurry of colloidal solids at microscopic scale. These four quantities impact
macroscopic slurry physical properties such as the yield stress, consistency, viscosity, particle
size, adhesiveness, and shear strength that have been established to be significant in Section 2.
Ionic strength and pH change during waste mobilization and transfer to WTP and during pre-
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treatment activities such as caustic leaching of aluminum and washing in the UFP vessels. The
zeta potential also changes during these processing steps due to changes in the composition of
solid particle surfaces, the particle size, the pH, and the ionic strength.

A.2

Colloidal solids in flowing fluids

In dilute systems, such as Newtonian WTP waste slurries, relative motion of the liquid past the
particle surface distorts the counter-ion charge cloud around a particle and produces additional
stresses (the primary electro-viscous effect). In effect, the velocity field attempts to sweep the
counter-ions near the particle surface back into the bulk liquid phase. In non-dilute systems the
particles tend to interact with each other as well as with the flowing liquid. Two electrostatically
stabilized particles approaching each other behave differently from two inert particles. Collisions
are "soft" rather than "hard". Shear-induced flocculation is possible (this was postulated as one
explanation for an increased fraction of larger particles in some systems following caustic
leaching).3 6 ,39
During flow, repulsive forces tend to keep particles farther apart than in uncharged particle
systems. This results in energy dissipation, and the observed viscosity becomes larger. This
energy dissipation is known as the secondary electro-viscous effect. Electrostatic forces are
independent of shear rate, and their influence is greater at low shear rates (less competition) than
at high shear rates. This leads to shear thinning, and ultimately to yield stresses.
A simulant could incorporate representative ionic strength liquid, particle surface charge, and
PSD to more closely match electro-viscous effects and determine the significance of the electro
viscous effects to PlM energy dissipation and mixing.

A.3

Cohesive Characteristics of Slurries

All liquids and solids are cohesive to some extent. Cohesion and adhesion are similar
thermodynamic concepts, defined as either a work term or a Gibbs energy associated with
creating new free surface area. 45 Cohesion and adhesion as defined thermodynamically can be
either microscopic or macroscopic scale quantities. Cohesive work creates a surface from within
a homogeneous material by subdividing it, while adhesive work creates a surface where there
formerly was a phase boundary, e.g. the surface of contact between a fluid and the wall confining
it. Cohesion and adhesion at the molecular scale are related to the macroscopic scale phenomena
of surface tensions and interfacial tensions, that is, forces involved in changing surface area or the
spreading of one material on another. The cohesive and adhesive behavior of macroscopic scale
slurries is derived from the cumulative effect ofthe surface forces described in A.l (summed over
all sizes, compositions, etc.) coupled with the aqueous phase properties.
For a slurry, cohesive forces increase resistance to motion. However, cohesion is not equivalent
to yield stress; some fluids have high cohesive strengths but exhibit no yield stress. Cohesiveness
can also give rise to solid-like behavior. For example, partial recovery from deformation, or
strain, has been observed in SRS simulants once the applied stress is removed. The addition of
solids to a liquid can increase the cohesiveness of the slurry relative to the solid-free liquid. For a
given composition, finer solids have a larger impact on cohesion because of their greater surface
area per unit mass. The magnitude of slurry cohesiveness can impact yield stress, shear strength,
critical shear stress for erosion, etc. A change in cohesiveness is not expected to impact all of the
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affected properties by the same amount in different systems. Slurry cohesiveness is difficult to
measure directly.
Slurry cohesiveness will depend on the particle size distribution, solid mass fraction, solid phase
composition, and liquid phase composition for the reasons outlined above. Potential methods for
representing cohesiveness in a waste simulant involve matching some of the following aspects of
the waste: chemical compounds, particle sizes, surface charges, and ionic strength and pH of the
liquid phase. The goal would be to match yield stress, consistency, and shear strength with a
simulant that also is comparable in DDS concentration. By preparing a non-Newtonian slurry
with cohesive particles, there is a lower risk of missing an effect that is not directly manifested in
rheology.

AA

Adhesive Characteristics of Slurries

Cohesive slurries may also be adhesive, that is exhibit significant interaction with surrounding
surfaces. At SRS, three of the eight batches processed thus far through DWPF exhibited some
degree of adhesive behavior in waste both prior to and during waste processing. 46 In one case, an
adhesive slurry caused an approximately quarter-inch thick coating of slurry on equipment
internals that was resistant to removal. In other cases, adhesive slurries at neutral to basic pH
caused coil fouling in equipment, where sludge adhered to coils and filled the narrow gaps
between tubes. Tank farm samples of caustic slurries of these sludge batches tended to stick to
the stainless steel sample containers when the sludge was removed for testing in the SRNL
Shielded Cells. Other DWPF batches were relatively free flowing. Rheological properties of all
of the DWPF sludge batches were similar. The observed behavior indicates that phenomena not
captured in the yield stress and consistency produced effects that were visible during sludge
handling and processing.
Similarities between some wastes at Hanford and SRS would suggest that adhesive slurries could
be encountered at some point during WTP processing. When that occurs, it can potentially
interfere with some operations in PJM mixed vessels. Literature studies indicate that particle
shape and surface roughness playa part in the adhesiveness of particles toward surfaces. 47 ,48,49
However, there is currently no technical basis to underpin forecasting when adhesion may occur,
what the degree of adhesion might be, or what factors affect the onset or extent of adhesion.

A.5

Foaming, air entrainment, and gas retention (effects ofbiphylic particles)

Agglomerates of precipitated inorganic chemical species made up of compounds of different
elements have the ability to form biphylic particles. 50 These particles can behave similarly to
surfactant chemicals (polar head/nonpolar tail). Non-Newtonian tanks in WTP will have air
spargers, which would provide a method of introducing air bubbles into the vessel contents.
Foaming may occur, as was reported during the PEP tests, which used chemical simulants. 51
Small bubbles in a yield stress/strength medium have insufficient buoyant force to rise through
the medium and be released. Accumulation of bubbles becomes a bigger issue as the yield stress
increases. When gas molecules are generated in a settled solid bed, they may diffuse out, or
migrate to other locations to nucleate and grow bubbles, but the bubbles may be constrained by
the surrounding bed of settled solids and unable to rise. The cohesiveness of the settled solid bed
is important to gas retention because a growing bubble will attempt to displace the particles
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around it, and the cohesiveness of the bed works in opposition to the growing bubble. The yield
strength of samples of different bed materials is one quantitative measure of the relative
cohesiveness of different settled beds. The density of the bed material is also important, since
mass per unit height contributes to the force that a rising bubble must overcome to push upwards
through the settled solids.
Biphylic particles are important to gas retention as well. These particles preferentially reside at
the gas-slurry interface instead of in the bulk slurry. The presence of one or more layers of
biphylic particles around a bubble increases the drag force which can lead to the formation of a
gas-in-slurry emulsion. This occurred during the early processing of the third DWPF sludge
batch, but was mitigated by an increase in the acid added during processing. Mixing was not able
to cause gas release in this waste slurry.
A previous analysis of PlM-mixed vessels concluded that mixing systems that establish full
bottom motion and displacement of particles would adequately release gas. 52 Thus, testing for
on-bottom motion will be used rather than direct testing of gas retention and release. Simulants
need to primarily replicate the shear strength of a settled bed, the bulk average density, and the
depth of a settled bed release. Testing of foaming and air entrainment is not explicit within the
LSIT scope,2 but such simulant characteristics may be important to PlM controllability and
integrated sparger operation testing. Anti-foaming agents have already been developed and tested
for use in WTP.

A.6
44

45
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ATTACHMENT 2
TO
12-WTP-0155
TRANSMITTAL OF DEFENSE NUCLEAR FACILITIES SAFETY
BOARD (DNFSB) RECOMMENDATION 2010-2 IMPLEMENTATION
PLAN (IP) DELIVERABLE 5.2.3.1

EXPERT REVIEW TEAM (ERT)
COMMENTS & RESPONSES
Total Number of Pages: 37

ERT-13 Physical Properties

large-Scale Integrated Mixing System Expert Review Team

(L. Peurrung, Chair; R. Calabrese, R. Grenville, E. Hansen, R. Hemrajani)

To: Phil Keuhlen, ERT Coordinator
Subject: Concurrence on Hanford Waste Treatment Plant Pretreatment Mixing Large
Scale Integrated Testing: Properties That Matterfor Design Basis Testing (ERT-13
Physical Properties)
Date: April 30, 2012

Dear Mr. Keuhlen:
The Large-Scale Integrated Mixing System Expert Review Team (ERT) concurs with WTP's
disposition of ERT comments documented in ERT-13 Physical Properties (dated March 21,
2012) as described in your response letter CCN 211786.
This letter closes review ERT-13.

1

ERT-B Physical Properties

Large-Scale Integrated Mixing System Expert Review Team

(L. Peurrung, Chair; R. Calabrese, R. Grenville, E. Hansen, R. Hemrajani)

To: Dale Knutson, WTP Federal Project Director; Frank Russo, WTP Project Director
cc: Phil Keuhlen, ERT Coordinator; Bob French, VCT Project Manager; Russell Daniel, VCT Technical
Manager; Bill Gay, VCT Project Director; ERT members
Subject: Hanford Waste Treatment Plant Pretreatment Mixing Large Scale Integrated Testing:
Properties That Matterfor Design Basis Testing (ERT-B)
Date: March 21, 2012

The Large Scale Integrated Mixing System Expert Review Team (ERT) was asked to review the document
Hanford Waste Treatment Plant Pretreatment Mixing Large Scale Integrated Testing: Properties That
Matterfor Design Basis Testing (SRNL-STI-2012-00062 Revision Draft B, authored by Koopman, Martino,
and Poirier). This document is intended to meet Commitment 5.2.3.1 ofthe Implementation Plan for
Defense Nuclear Facilities Safety Board (DNFSB) Recommendation 2010-2. Per the commitment, "An
assessment of physical properties important to testing and development of mixing scaling relationships
will be completed. The report will identify the governing properties and associated ranges that need to
be addressed to achieve Newtonian and non-Newtonian test objectives." The sub-recommendation
addressed by this commitment is specific to simulant selection and notes the need for simulants that are
"representative of the waste's Newtonian and non-Newtonian properties and particle shape, e.g.
irregularly shaped simulant particles." The IP notes that "The assessment of simulants will include one
or more, but not limited to, the following characteristics that challenge the PJM mixing and transfer
systems:
•
•
•
•
•
•
•

Proportion of irregularly shaped particles and the degree of irregularity.
Progressive larger particles.
Progressively denser particles.
Progressively higher shear strength that tests the limits ofthe PJM mixing systems to
remobilize waste after it has settled.
Progressively lower and higher yield stress and consistency (plastic viscosity) simulants for
non-Newtonian testing.
Progressively higher solids loading.
Progressive variation in the degree of thixotropic and rheopectic properties."

The lines of inquiry for the ERT's review were: are the correct governing properties and ranges
identified? Is the assessment of the relative importance of the various characteristics correct? Is
anything missing?

1

ERT-13 Physical Properties

The ERT first observes that a great deal of pedagogical material is included in the document related to
basic principles of fluid mechanics and solids settling. Given the audience for this document, we don't
feel that material is needed. Moreover, including it creates opportunity for technical arguments that do
not necessarily advance the purpose of the document. Similarly, a substantial amount of background
information and argument is included to justify the importance of certain physical properties that are
well understood to be important, e.g. particle size and density distribution, liquid density and viscosity,
certain non-Newtonian rheological properties, and solids concentration. We recommend trimming this
material as well since there is both consensus within the technical community that these properties do
matter and a wealth of information on their importance to treatment of Hanford tank waste in the
literature.
Secondly, while there are areas of consensus within the technical community, there are several such as
particle shape and the need for chemical simulants where there is not good general agreement about
whether these properties or aspects matter. We suggest that the document put more emphasis on the
case for and against inclusion ofthese factors in future testing and take a clear position.
Third, the commitment states that ranges will be provided for relevant physical properties. We presume
that these ranges should envelope the properties for waste to be received at WTP and should moreover
reflect changes to properties that occur as a result of pretreatment operations. The ERT observes that
the document does not consistently establish and justify a quantified range for all of the properties
identified as important. The ERT recommends that the document include a table of the important
properties and their ranges to show that the document meets the intent ofthe commitment. Similarly,
it is not clear that the document addresses each characteristic identified in the IP as described in the
bullets above.
In addition to these observations and recommendations that address whether the document meets its
intended purpose and communicates well to its intended audience, the ERT has two technical
recommendations:
•

•

The DNFSB has raised the issue as to whether particle shape is an important physical property.
The document does not answer this question in a compelling way. It provides little data about
the expected distribution of particle shapes in the waste WTP will treat, and it does not present
any evidence from the literature on the effect of particle shape on suspension. The ERT
observes that WTP will need to defend excluding particle shape as an important physical
property either by providing a stronger technical analysis or by generating data that support this
position.
The ERT recommends not using a chemical simulant for large-scale integrated testing as long as
non-chemical simulants can be identified with appropriate physical rheology. If need be, simple
benchtop tests could be done to understand the effects of chemistry on rheology and on
suspension, settling, and cohesion.

The ERT hopes you find this review helpful, and we look forward to your response per the ERT Charter.

2
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Review Participants:

March 6, 2012: Rich Calabrese, Richard Grenville, Ramesh Hemrajani, Loni Peurrung
March 12, 2012: Rich Calabrese, Richard Grenville, Erich Hansen, Ramesh Hemrajani, Loni Peurrung,
Phil Keuhlen, Fred Damerow, P. Sundar, Chris Martino, Michael Poirier, Dave Koopman
March 15,2012: Rich Calabrese, Erich Hansen, Ramesh Hemrajani, Loni Peurrung
March 19, 2012: Rich Calabrese, Richard Grenville, Erich Hansen, Ramesh Hemrajani, Loni Peurrung
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Dr. Loni M. Peurrung, Ph.D.
Chair, Large-Scale Integrated Mixing System Expert Review Team
Pacific Northwest National Laboratory
902 Battelle Boulevard
Richland, WA 99352

CCN: 211786

Dear Dr. Peurrung:

VESSEL COMPLETION TEAM (VCT) RESPONSES TO EXPERT REVIEW TEAM
(ERT) COMMENTS ON PROPERTIES IMPORTANT TO MIXING FOR WTP LARGE
SCALE INTEGRATED TESTING (ERT ~13)
References: I) SCT-MOSRV00028-00-011-02-00001, Rev. OOA (SRNL-STI-2012~00062),
Properties Important to Mixing for WTP Large Scale Integrated Testing, dated .
April20J2.
2) eCN 234499, Memorandum, from P. J. Keuhlen, WTP, to 1. Berkoe, BNI,
R. B. Daniel,WTP, R. F. French, WTP, and W. W. Gay, WTP, "Distribution of
Expert Review Team (ERT) Comments on ERT review of Hanford Waste
Treatment Plant Large Scale Integrated Testing: Properties that Matter for
Design Basis Testing (ERT-13)," dated March 22,2012..

The VeT appreciates the ERT reviews of the subject document, (Reference 1). Addressing the
review comments provided in Reference 2 has made this a stronger document. The top level
observations and recommendations from Reference 2 are summarized below. All of these
recommendations have been accepted, and the related discussion revised along the lines
suggested by the ERT.

1. The ERTfirst observes that a great deal ofpedagogical material is included in the
document related to basic principles offluid mechanics and solids settling. Given the
audience for this document, we don't feel that material is needed. Moreover, including it
creates opportunity for technical arguments that do not necessarily advance the purpose
ofthe document. Similarly, a substantial amount ofbackground information and
argument is included to justifY the importance ofcertain physical properties that are
well understood to be important, e.g., particle size and density distribution, liquid
density and viscosity, certain non-Newtonian rheological properties, and solids
concentration. We recommend trimming this material as well since there is both
consensus within the technical community that these properties do matter, and a wealth
ofinformation on their importance to treatment o.fHanford tank waste in the literature.

BECHTEL NATIONAL, INC.

2435 Steven. Center Place
Richland, WA 99354

tel (509) 371-2000
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We agree. Most of the background information hasbeen removed from the document.
Much ofthe remaining discussion the authors felt was important to retain has been
moved to an appendix.
2. Secondly, while there are areas ofconsensus within the technical community, there are
several such as particle shape and the needfor chemical simulants where there is not
good general agreement about whether these properties or aspects matter. We suggest
that the document put more emphasis on the case for and against inclusion ofthese
jactors infuture testing and take a clearposition.
The discussion of particle shape and physical versus chemical simulants have both been
increased. As there is minimal waste particle shape infonnation available, and no- shape
distribution data, the report currently recommends that a variety of shapes be employed
for the testing with shape factors consistent with Beric Wells' documents, and that a
spherical shape be used for the largest particles. This is discussed in Section 2.2. The
report also concludes in Section 3.4 that chemical simulants not be used unless the
desired properties cannot be achieved, or for cases where the plant vessel would have
settled solids for an extended period.
3. Third, the commitment states that ranges will be providedfor relevant physical
properties. We presume that these ranges should envelope the properties for waste to be
received at WTP, and should moreover reflect changes to properties that occur as a
result ofpretreatment operations. The ERT observes that the document does not
consistently establish andjustify a quantified range for all ofthe properties ident~fied as
important. The ERT recommends that the document include a table ofthe important
properties and their ranges to show that the document meets the intent ofthe
commitment. Similarly, it is not clear that the document addresses each characteristic
identified in the IP as described in the bullets above.
The revised document discusses the properties important to the individual tests and
proposes test ranges. These key test properties and ranges are summarized in a table at
the end of Section 3.5
4. In addition to these observations and recommendations that address whether the
document meets its intended purpose and communicates well to its intended audience,
the ERT has two technical recommendations:
• The DNFSB has raised the issue as to whetherparticle shape is an important
physical property. The document does not answer this question in a compelling
way. It provides little data about the expected distribution ofparticle shapes the
waste WTP will treat, and it does not present any evidence from the literature on
the effect ofparticle shape on suspension. The ERT observes that WTP will need
to defend excluding particle shape as an important physical property either by
providing a stronger technical analysis or by generating data that support this
position.

Dr. Peurrung
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• The ERT recommends not using a chemical simulantfor large-scale integrated
testing as long as non-chemical simulants can be identified with appropriate
physical rheology. Ifneed be, simple benchtop tests could be done to understand
the effects ofchemistry on rheology and on suspension, settling, and cohesion.
The text discussing particle shape impacts has been revised as discussed in our
teleconference. The revised document also concludes that physical simulants should be
sufficient for the LSIT test scope.
Attachment 1 provides the final version of the issued report, while Attachment 2 provides the
responses to individual ERT member comments that have been discussed with the ERT. We
believe this should allow the ERT to concur with disposition oftheir recommendations and
closeout ERT-15.
If you have any questions concerning this matter, please contact me at 509-371-3816, or Mr.
Phillip Keuhlen at 509-371-3418.

Very truly yours,

flkft-

Robert F. French
Project Manager
Vessel Completion Team

PJKldfo
Attachments: 1) SCT-MOSRV00028-00-011-02-00001, Rev. OOA (SRNL-STI-2012-00062),
Properties Important to Mixing for WTP Large Scale Integrated Testing, dated
April 2012.
2) Responses to ERT Comments on ERT 13
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Number
1
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RKG
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REVIEW NUMBER:

ERT-13 Physical Properties

DOCUMENT
NUMBER:

SRNL-STI-2012-00062 Draft B

DOCUMENT TITLE:

Hanford Waste Treatment Plant Pretreatment
Mixing Large Scale Integrated Testing:
Properties That Matter for Design Basis
Testing

Comments and Recommendations:

Resolution:

Page v: I thought that the tests were being
carried out to V & V the CFD model - at
least that is stated in section 3.

Executive summary has been revised to
show that LSIT scope includes CFD
V&V, scaling tests, sampling tests, etc.

If this is the purpose of the work it should be
stated in the Executive Summary.
Page 5: It is the density difference - not the
absolute densities of the solid and liquid
phases that determines the power input
required to suspend particles.

Agree. Text changed to emphasize
density difference as important property.
Scope of work requested that we address
particle density.

Type*

Why is density difference listed as a
secondary variable?
Once the particles are mobilized in the Tank
Farm how likely is it that the cohesive
properties of the particles will be important?
I assume that once they are mobilized they
will be "in motion" in a pipe or vessel.

RKG

3

RKG

4

Page 7: The exponent n in equation 1 should
be quantified. How do equations 20,21 and
22 relate to equation I?
Archimedes number is the particle Reynolds
number squared divided by the particle
Froude number. Archimedes number does
not contain the Settling Velocity as a result.
Page 9: What is the Poloski reference cited
in Ref I?

Density difference is not a secondary
property. It is a property beyond what
we were asked to examine in the scope
of work. The properties are now
presented without distinguishing which
were or were not mentioned in the scope
of work.
Cohesiveness will impact yield stress,
consistency, shear strength, and possibly
others.
Yes, but they could settle out if the PlMs
are off for an extended time.
Exponent is quantified (equation moved
to section 2.1.3). Equations 20-22
removed.
Text changed

Equation 8 has been removed
References are WTP-RPT-175, rev 0 and
the Can J. Chem Eng article.

I am familiar with the Can J Chem Eng paper
in which the following relationship is given:
(Embedded image moved to file:
pic23811.jpg)

*Type:

E - Editorial, addresses word processing errors that do not adversely impact the integrity of the document.
0- Optional, comment resolution would provide clarification, but does not impact the integrity ofthe document
M - Mandatory, comment shall be resolved, reviewer identifies impact on the integrity of the document
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DOCUMENT
NUMBER:

SRNL-STI-2012-00062 Draft B

DOCUMENT TITLE:

Hanford Waste Treatment Plant Pretreatment
Mixing Large Scale Integrated Testing:
Properties That Matter for Design Basis
Testing

Note also that in this paper they fit their
correlation to data taken at Ar < 80 - not 60.
Which is correct?

80 is correct

This also shows that there are other
relationships between Froude and
Archimedes number at higher values of Ar.
Do you expect to see a similar change in
the PJM vessels?

Present relations are for settling.
Properties that matter are the same for
settling and suspension, but the
functionality is different. Purpose was to
define important properties, not to select
a design correlation.

This has been reported for solid suspension
in stirred tanks.

5

RKG

Page 14: Do you expect the PJM's to have to
mix a fluid with a viscosity of38 cP?
Or will the 38 cP fluid be added to a bulk
with lower viscosity?

No, not as the bulk fluid.
Yes, as the NaOH mixes with the test
liquid, the viscosity will decrease
quickly.
Density difference more important

RKG

6

RKG

7

Should viscosity difference be an
independent variable in the blending tests?
Page 16: Slurries with rapidly settling
particles cannot be considered pseudohomogeneous single phase fluids. Is this
paragraph relevant?
Can cohesiveness be modelled in CFD?
Page 17: The two parameter Bingham
plastic model tends to over estimate the
slurries' Yield Stress.
Would the Herschel-Bulkley model be better
in this case?

*Type:

Text removed.

Non-Newtonian fluids not modeled by
CFD
Bingham model has been used
historically at SRS and Hanford. Large
data set with this model.
While other rheological models may be
more accurate, the large data that was
modeled as Bingham plastic fluids favors
using that model.

E - Editorial, addresses word processing errors that do not adversely impact the integrity of the document.
0- Optional, comment resolution would provide clarification, but does not impact the integrity ofthe document
M - Mandatory, comment shall be resolved, reviewer identifies impact on the integrity ofthe document

QA-F0601-02, Rev. 0

Page 2 of29

LSIMSERT
DOCUMENT REVIEW RECORD

RKG

8

REVIEW NUMBER:

ERT-13 Physical Properties

DOCUMENT
NUMBER:

SRNL-STI-20 12-00062 Draft B

DOCUMENT TITLE:

Hanford Waste Treatment Plant Pretreatment
Mixing Large Scale Integrated Testing:
Properties That Matter for Design Basis
Testing

Page 18: How well do the data fit the
Bingham Plastic model? What are the
regressions statistics? Does HerschelBulkley do a better job?

Bingham plastic used as this is how
historic waste data has been presented.

How do the rheologies of the Core Samples
relate to what will be processed in WTP?

They do not relate. The core samples are
from a tank where the sludge has settled
for a long time

Is the Yield Stress time dependent? Once a
"gel-like" structure is disrupted how quickly
do you expect it to recover? So fast that it
will change between jet pulses?

9

RKG

Page 19: If adhesiveness or tackiness have
not been quantified analytically (can they
be?) how will this property be built into the
CFD model?

10

RKG

Page 28: Are we expecting the PlMs to ever
operate in the laminar regime?

11

RKG

12

RKG

13

RKG

There is a paper by Nienow (Etchells was a
co-author) on blend times in the presence of
particles. I will find it and make copies.
Page 31: Do you really believe a correlation
(equation 24) that has exponents of 0.00179
and 0.06623?
Page 34: As mentioned earlier, if you can
find a simulant that is cohesive and/or
adhesive how do you quantify this property?

Page 41: There are some studies that have
looked at Njs in stirred tanks with a broad
PSD and/or particles with different densities.

Section 2.3 discusses time dependent
behavior. WTP has observed clay
simulants develop gel structure between
pulses.
Cohesiveness (particle-particle)will be
observed through the yield stress and
shear strength. Adhesiveness (particlesolid surface) cannot be quantified at this
time but potential methods exist (see
resolution #121). This phenomenon
could be examined as part of simulant
development.
CFD will not model those properties.
While the PlM discharge jet will be
turbulent. Some regions of the vessel
could be laminar. When the PlM is not
pulsing, some flow will be laminar.

Equation removed
Small exponents indicate small effects
Cohesive properties will be partially seen
in yield stress and shear strength.
Adhesiveness (particle-solid surface)
cannot be quantified at this time but
potential methods exist (see resolution
#121). -This phenomenon could be
examined as part of simulant
development.
WTP will assess the test data with
available jet based Njs correlations

Generally, the power to just suspend each
class of particle is calculated and the total
*Type:
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power required is the sum of each individual
power.

14

LMP

M

I am not sure if they have been published in
the literature.
The charter for this document per IP
commitment 5.2.3.1: "An assessment of
physical properties important to testing and
development of mixing scaling relationships
will be completed. The report will identify
the governing properties and associated
ranges that need to be addressed to achieve
Newtonian and non-Newtonian test
objectives."
The recent WRPS Simulant Definition
Document (RPP-PLAN-51625) covers much
of this same territory in 2.5 pages.
The difference is two-fold:
1. There is too much pedagogical
material in the document related to
basic principles of fluid mechanics and
solids settling. It isn't needed, but
errors in some of this material gives
your audience something to argue
about.
2. The SDD simply points to a collection
of references that concur on
importance for the attributes PSD,
PSDD, critical shear stress for erosion,
fluid density and viscosity, nonNewtonian rheology, and slurry
concentration. You may need to say a
little more, but not too much more.
Additional background information is useful
when it applies to areas where there is not
consensus, e.g., particle shape, adhesiveness,
cohesiveness, time-dependent nonNewtonian behavior, etc. Chemical
simulants are a hot topic. This is where the
document needs depth to propose and defend
choices of whether to include or not include
those effects.

*Type:

Discussions have been shortened.

Discussions on the "obvious properties"
have been reduced.

Focused discussions of particle shape,
cohesiveness, and adhesiveness have
been added where needed to support
recommendations and conclusions.

E - Editorial, addresses word processing errors that do not adversely impact the integrity of the document.
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M

16

LMP

E

17

LMP

E
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LMP

0

19

LMP

OlE
?

20

LMP

0

21

LMP

0

22

LMP

0

23

LMP

0

24

LMP

M/O
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For other generally accepted properties, e.g.,
fluid viscosity, what's simply needed is
"Yes, it's important to the physics of mixing,
transfer, and blending (citation, citation,
citation), and it would be prudent to use a
range from x to y."
The commitment indicates a need for
"ranges" for important properties. These are
not tabulated, though some ranges appear in
the text. Some properties (like adhesiveness)
are not really quantified.
The document uses the terminology "design
basis testing", which is inconsistent with
WTP's designation of "performance testing".
Very bottom of page 1: Suggest changing to
" ... settle between PlM drive phases..."
since cycles are continuous.
Page 2: Discussion of oscillatory mixing
systems causing separations seems to raise
an issue without closing it. What would this
effect look like?
Does Table 1 still reflect current thinking at
WTP?

Strike second paragraph of Section 2.0.
Remove pedagogy from 2.1, cite the
literature, and focus on whether particle
shape matters.
Page 8: Are you concluding that shape does
not matter? Is that your conclusion just for
lumpy agglomerates or for "irregular
shapes"? Later (in Section 2.3) you seem to
conclude that shape matters, or maybe not
(see below).
Top of page 9: What's the basis for the
statement that the most credible large silica
particle is 100 urn?
End of section 2.1: Are you implying the
need for a "chemical simulant"? Not sure
what is meant by this statement.
Section 2.2: The whole subject ofPSDD as
a function of retrieval and processing could
really bear a fuller treatment. Much of the

Additional information on ranges of
properties has been added.

Design basis testing changed to Scaling
and Performance per WTP.
Text changed

Discussion has been removed.

The test objectives at this time are
contained in 24590-WTP-RPT-ENG10-001, Rev. 1, which is the source
of our Table 1.
Removed

We have developed a conclusion which
is discussed in section 2.2.4.

Reference to 100 micron silica removed.
Particles sizes are from reference 1
No. Text has been changed.

PSDD matters before and after process
steps. PSDD discussed with Archimedes
number.
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Hanford tank waste characterization data
reflect in situ waste. What changes when the
waste is retrieved and staged, diluted during
waste feed to WTP, and then processed
through various stages at WTP? Do we
know? Some data is given on page 10. Does
reference 14 (Gimpel) have the ranges for
the properties that matter?

25

LMP

E

26

LMP

E

27

LMP

0

28

LMP

0

29

LMP

0

30

LMP

0

31

LMP

0

Section 2.2, second paragraph: Suggest
" .. .increase the average density to about
3.8 gicm3 ."
Basis for size and density info in last
paragraph of page 10 should be cited.
Section 2.3: Again, too much pedagogy.
Isn't the drag coefficient important in all
three regimes, not just Stokes? Vs is the
settling velocity - no analogy required.
End of Section 2.3: It really isn't clear to me
by the end of this section whether you think
shape matters or not. The argument on page
11 seems to be that it's a potentially
significant factor for settling. End of the
section seems to state that you can just use
more spherical particles as long as you match
the rheology to get the non-Newtonian
behavior right.
It isn't clear to me that you need Section
2.5.2 on Newtonian slurry rheology. You
don't control it except through solids
fraction, and then it is what it is. Most of the
text seems to indicate problems with the
correlations used for it.
Section 2.6.1: Too much pedagogy. Real
content starts about mid page 18, though I
would omit "Bingham model yield stress
values below about 1 Pa generally come
from flow curve data that could be fit almost
equally well with a Newtonian viscosity." It
would be better to indicate that the error on
yield stress is about +/- 1 Pa. Paragraph that
starts "Pulse jet mixing ..." near the bottom
of page 18 has good value.
Section 2.6.2 has some good value.

Gimpel data shows different effects for
different waste groups. Difficult to draw
a good conclusion. Overall size ranges
(min & max) either do not seem to
change appreciably during WTP
processing or change within the
bounding ranges (per the Gimpel & M12
reports) The precise PSDs were seen to
change on a case-by-case basis.
Changed

Added
Text changed

We have developed a conclusion which
is discussed in section 2.2.4.

This section has been removed and
important properties discussed in section
2.1.2 as viscosity

Text has been condensed.

Slurry cohesiveness will be seen in yield
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However, is this property quantifiable?

32

LMP

0

33

LMP

0

34

LMP

0

35

LMP

0

36

LMP

0

37

LMP

0

38

LMP

E

39

LMP

0

40

LMP

0

41

LMP

0

42

LMP

0
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End of Section 2.9.2: This is a really meaty
new subject that may need to be addressed in
more detail.
End of Section 2.9.3: Good discussion. But
will foaming affect mixing and the other
phenomena being tested in LSIT?
Section 2.9.4: Don't see why abrasiveness
needs to be considered for mixing.
Section 3: Is evaluating properties against
each test function important? Required?
Top of page 42 seems to acknowledge that
for the most part they're the same.
Section 3.1.1: a) Don't bring up diffusivity
ifit doesn't matter. b) It isn't clear to me
that salt solubility matters for miscible fluid
blending as long as the fluids are
chemically/thermodynamically compatible.
c) The scenario proposed is for hydroxide
addition (more dense) from above. No need
to consider vice versa. d) "The simulant in
the testing needs to have the same properties
as the feed in the CFD calculations" seems
obvious unless you mean something special
by "feed" ...?
Section 3.1.2: List of important properties
seems to omit liquid viscosity. Not sure how
fraction of fines is different from particle
size.
Page 29: Equations are really 20-22, not
15-17. Shape factor does not appear in them
the way text would seem to suggest.
Bottom of page 29: IfPNNL correlations
have functional dependencies that are
counterintuitive, has anything been done to
reconcile this?
Page 30: Particle size and its distribution
matters more than just for the shear strength
of settled beds.
Section 3.2.1 seems a little sparse or unclear
or both.
Section 3.4: There's a lot ofTBD in heel

stress and shear strength. Particlesurface adhesiveness cannot be
quantified at this time. (see resolution #
121 for a potential method)
Discussed in Appendix

It can affect some of the testing

(sparging). Antifoam can be added to
WTP if needed.
Text removed from document. Not in
LSIT scope. Studied separately.
Required for some. Other functions use
same properties listed in revised text.

I would prefer to bring it up and dismiss
it. This discussion has been reduced.
WTP needs to make sure they do not
precipitate salts during the test
Test Spec requires this test.
It is obvious, but it needs to be done.

Other properties would have more
significant effect
When looking at particle size, we need to
look at more than mean.
Equations removed

Reference to correlation removed

Agree, I hope that our text conveys this
point.
This testing has not been fully defined.
Section 3 significantly revised.
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removal, which is creating a lot ofTBD here.
Page 42: Unachievability of20 wt % solids
would seem to be a pretty big deal. Is this
statement accepted?
Page 42 again mentions the possible need for
chemical simulants to relieve constraints.
Does this refer to pH? To solutes added to
the liquid phase? To using minerologically
correct simulants? This is such a hot topic
that it really deserves its own standalone
discussion.
The report has numerous statements that may
need to be changed or removed. Some are
incorrect, some irrelevant, and some overdiscussed even though conclusions involve
not using them. This will be explained in
detailed comments.
The title indicates that discussions are for
Design Basis Testing. However it also
includes CFD V & V activity in Section 3.1.
The report does not provide firm ranges of
recommended properties in a tabular form.
Some of the discussions are vague and
inconclusive.
P.7 2ua Para: Most statements are incorrect,
e.g., Mixing is a fluid dynamic process
governed by Navier-Stokes equations, and
Matching Reynolds numbers provide similar
dimensionless flow fields. I suggest
requesting Rich Calabrese to re-write this
paragraph with academic understanding.
P.7: In Equation 1the exponent n for Ar has
different values based on Rep. Different
values of n should be presented based on
Equations 20-22.
P.8: Equation 4 is same as Equation 2.
P.9: Njs calculated from Zwietering
correlation is not a property. Njs is a design
parameter specific to Agitated Tank
technology.
Section 2: Several arguments are presented
to establish importance of dp, PSD and
liquid viscosity. Couple of them with Njs
and Recrit are not relevant to Jet Mixing, I
suggest simply using settling velocity and Ar

Statement removed. Concentration
discussed in section 2.1.6
This has been removed

See responses to specific RRH
comments below.

Added CFD V & V to LSIT testing

Ranges added

Paragraph removed

Discussion of Archimedes number
updated.

Text changed
Equation removed

We have combined particle size, density
difference, and viscosity in an
Archimedes number.
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should suffice.
P.ll 5m Para: "In the Newtonian settling..."
is incorrect. There Are three regimes based
on Rep; Stoke's Law for Rep <3,
Intermediate Law for Rep =3-1000, and
Newton's Law for Reo>1000.
Section 2.3: Argument is made for nonspherical particles to have lower settling
velocity and easier to suspend. Also
argument is made that slurries of nonspherical particles can become nonNewtonian and difficult to re-suspend. It is
not clear how these opposite impacts can be
incorporated in the simulant design.
Matching yield stress may not be sufficient.
I agree with using shear strength of settled
solids, but this is difficult to measure.
P.14 3fd Para, Last Sentence: Flow regimes
based on Rep are not defined as laminar or
turbulent. There are three regimes based on
Reo as discussed in Comment 9.
Section 2.5 .2: Since it is stated that Equation
10 hardly ever works, I suggest removing it
and keeping only Equation 11.
P.15, Bottom: It is mentioned that high
concentration slurries can become shearthickening at high shear rates. Shearthickening behavior is generally observed in
polymer solutions and emulsions, and not
slurries. Please present any data to establish
this property.

Changed text to Newton's Law

Agree. Recommendation for simulant
clarified in 2.2.4.

Text changed

Both equations removed

This text has been removed
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Section 2.6.1: Arguments about importance
of non-Newtonian slurry rheology are too
confusing and somewhat academic. I
suggest streamlining them because this is an
extremely important property. For example:
+ there is no evidence of time-dependent
(rheopectic/thixotropic) behavior; and should
be dropped.
+ a statement includes 'laminar flow
properties' -laminar is a flow regime in
fluid flow and not used in particle motion.
+ description of Bingham Plastic fluid is not
clear. These fluids have a yield stress that
must be exceeded to initiate the flow. Once
yield stress is exceeded, the rheological
behavior may be shear-thining or shear
independent.
+ cohesive particles do not reduce ability of
the jet, they have higher shear strength and
cause reduction ofjet effectiveness.
+ the authors recommend scoping tests for
impact of cohesive particles. It would be
important to first establish ifthe waste
material delivered to WTP will contain
cohesive particles.
+ Equation 13- apparent viscosity is not
identified as Newtonian viscosity. It is
simply apparent viscosity of a nonNewtonian fluid.
+ P.18 5th Para Last Sentence: It should be
recognized that high viscosity and high yield
stress can make suspension of solids more
difficult because decay ofjet velocity can be
faster, thereby reducing size of cleaning
distance.
+ I agree with the conclusion that rheological
properties are very important.

Discussion shortened and placed in 2.1.4
and 2.1.5

Discussed in 2.3. The Implementation
Plan directs us to consider this topic.
Statement removed

Discussion of Bingham plastic fluids
shortened and placed in sections 2.1.4

This text has been removed.

Cohesiveness will contribute to yield
stress and shear strength. We will
include cohesiveness through those
properties.
Equation 13 removed

It is. That is one limit oftesting.
Another limit is large particles with low
yield stress and consistency.
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Section 2.6.2, Adhesive Solids: This
property is difficult to measure and quantify.
While adhesive solids have been experienced
in couple ofDWPF sludge, evidence has not
been presented on presence of adhesive
particles in Hanford waste. If these particles
are anticipated in the WTP material, it
should be addressed in experiments
independent ofLSIT.
Section 2.6.3, Time Dependent Rheological
Phenomenon: This 1.5 page discussion is
academic and ends with statement that
Hanford wastes do not exhibit this behavior.
I suggest taking out the explanation of these
properties as they do not apply.
Section 2.7, Shear Strength: Several values
of shear strength are described from
30Pa-7000Pa. Guidance should be provided
on a conservative value of shear strength.
Section 2.8, Critical Shear Stress for
Erosion: This topic is very important and
should be explained more clearly. It is
mentioned that critical shear stress is similar
to shear strength, which I agree. Therefore
perhaps Sections 2.7 and 2.8 can be
combined. It is mentioned that Eq.l9 is
consistent with data for Re<2. If this is
Reynolds number for flow, it will be much
higher. Therefore applicability ofEq.19 is
questionable. It also should be explained
that shear stress of the jet flow decays with
downstream distance. This leads to ECR
when decayed shear stress is insufficient to
overcome critical shear stress for erosion.
Section 2.9, Chemical Effects: It is generally
believed that in solid-liquid systems, liquid
density and rheology determine suspension
capability ofjet mixers. Only when
chemicals in the liquid alter surface charges
on the particles that could lead to
agglomeration, chemistry can be important.
This condition should be first established for
Hanford waste material and this issue can be
addressed in a separate experimental study
on a smaller scale.

These effects contribute to yield stress,
consistency, and shear strength.

Agreed

Discussion required to address per
Implementation Plan is less academic
and in section 2.3

Ranges added

Combined the discussions of shear stress
and critical shear strength for erosion.

Equation removed

We understand this, but did not include it
in the discussion.

Chemical effects section has been
rewritten
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P.42, 2nd Para: There is mention of timedependent (viscoelastic) rheological
behavior. Viscoelastic behavior is not
necessarily time dependent and involves
normal stresses when the fluid is subjected to
tangential stresses. This behavior is typical
of polymer solutions. Evidence should be
provided if this behavior has been observed
in Hanford waste material.
P.44, 1st Para: It has been stated that there is
no evidence of time dependent rheological
behavior with Hanford waste. Therefore
extended discussions of these properties and
viscoelastic property should be eliminated.
I was expecting a table(s) or section that
provided a range or properties that had to be
tested. This is for "all" properties that
matter.
This is the line of inquiry that was asked of
us on this document, it was not satisfied:
This document is intended to meet
Commitment 5.2.3.1 of the Implementation
Plan for DNFSB Recommendation 2010-2.
Per the commitment, "An assessment of
physical properties important to testing and
development of mixing scaling relationships
will be completed. The report will identify
the governing properties and associated
ranges that need to be addressed to achieve
Newtonian and non-Newtonian test
objectives." The sub-recommendation
addressed by this commitment is specific to
simulant selection and notes the need for
simulants that are "representative of the
waste's Newtonian and non-Newtonian
properties and particle shape, e.g. irregularly
shaped simulant particles." The IP notes that
"The assessment of simulants will include
one or more, but not limited to, the following
characteristics that challenge the PJM mixing
and transfer systems:
•
Proportion of irregularly shaped
particles and the degree of
irregularity.

Acknowledged. This section has been
rewritten.

See discussion in Section 2.3, required to
address Implementation Plan

This document differentiates between
"all properties" and "properties that
matter to LSIT". Ranges for properties
that matter to LSIT are now included as
Table 4 in Section 3.
Accepted. We edited the document to
satisfy the ERT lines of inquiry that were
based on IP Commitment 5.2.3.1
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Progressive larger particles.
Progressively denser particles.
Progressively higher shear strength
that tests the limits of the PlM
mixing systems to remobilize waste
after it has settled.
Progressively lower and higher
yield stress and consistency (plastic
viscosity) simulants for nonNewtonian testing.
Progressively higher solids loading.
Progressive variation in the degree
of thixotropic and rheopectic
properties."

Lines of inquiry:

67

EKH

M

68

EKH

M
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Are the correct governing properties and
ranges identified? Is the assessment of the
relative importance of the various
characteristics correct? Is anything missing?
General: Ifrecommending a property that
has not been performed on real samples,
provide technically why this measurement
has to be performed on the simulant since
there is no basis with respect to real waste.
If real waste properties have not been
measured for a specific property and this
property is important, provide a range and
reason. If the property is recommended for
measurement is not quantifiable using
commercially available instruments (or via
another measurement and calculated), either
remove its requirement or provide a means
for this measurement. Providing such
recommendations without a path to assess
the property is meaningless.
Executive Summary, pg. v: Provide two lists
of properties that are important, one that is
easily measureable and has been measured
on actual waste and one that has not been
measured on real waste or the measurement
to assess that property not been adequately
developed.

Our preference is to suggest an
alternative to direct measurement.
For example, we believe that
cohesiveness contributes to yield stress
and shear strength. While we cannot
measure it directly, we can measure yield
stress and shear strength, which they
contribute to. Particle-surface
adhesiveness cannot be measured at this
time. See resolution #121

The lists are no longer applicable to the
rewritten executive summary
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Executive Summary, pg. v, NN slurries, 1:
Remove critical shear stress and
adhesiveness unless you can provide a means
to quantify this property. 2: Stay consistent
with description of physical property. For
instance Bingham consistency has been
described as Bingham viscosity in this
document. Use one terminology to define
the property. 3: Buoyancy, should this be
the difference between the fluid (solids that
affect the rheology, considered part ofthe
carrier fluid) and the solids of interest.
Executive Summary, pg. vi, Newtonian fluid,
1: Why are particle size, density, and
distribution not important? 2: How is
critical shear stress determined?
Executive Summary, pg, vi, last paragraph:
If chemistry is important, then it should be
listed as properties that are important. Note
that time for settling will also increase the
shear strength. This all leads to what is the
target and end product.
Introduction, pg 1: 200 sentence states
property ranges considered are applicable to
the design basis. Have not seen a summary
of the property and range in this document.
Page 2: There should be a clear objective
statement in what this report will accomplish
or satisfy?
Page 2, last burger dot: State PSDD is
calculated.
Page 2, 6th burger dot: State that this
property is calculated, not measured.
Page 2, 4th burger dot: What is considered a
primary particle? Be more definitive.
Page 2: Add references of the various
activities that PNNL or WTP has completed
that has characterized the performance ofjet
mixing!spargers for NN vessels and jet
mixing for N vessels. The questions that are
being asked by the DFSNB are specific on
the performance of the jets based on recent
testing and "waste" analyses.

No longer in Executive Summary
Agreed and corrected
Difference between solids and liquid

2.

1. In Archimedes number
Not in Executive Summary see 2.1.5

It affects other properties listed as
important

Agreed. Ranges are now included in the
document in Sections 2.1.1, 2.1.2, 2.1.3,
2.1.4,2.1.5,2.2.4 and 3.5.
Agreed. The clear and official objective
is at the start of Section 1.4, though it is
summarized in other places such as at the
start of section 1.0
The bulleted list from Draft B has been
removed.
The bulleted list from Draft B has been
removed.
The bulleted list from Draft B has been
removed.
Partially implemented. We reference
many of these in Section 2.
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EKH

0

79

EKH

E

80

EKH

E

81

EKH

E

Page 7: Ar number should be described first.

82

EKH

0

83

EKH

0

Page 7: What is "n" for the various flow
conditions. This is not obvious based on
section 3.1.2.
Page 8, last para: Is this a recommendation
on what particle size range and density for
testing?

84

EKH

M

Remove Njs information, unless you're only
stating where Ar comes into play. PlM
operations cannot be modeled by Njs.

85

EKH

0

86

EKH

M

Eq. [8], should Ar be less than 80? Does this
bound the waste?
Page 9, last paragraph: What is the expected
kinematic viscosity range such that this
property can be potentially significant, based
on actual waste?

87

EKH

M
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Page 2, last sentence: Explanation of why
segregation is bad (I assume it to be the
case)? It only states that the pulsing
frequency can cause segregation, not its
impact on any specific performance function.
Page 4: DNFSB quote, is this an objective
of this document?
Page 5: The objective of this document
should be near the beginning, not this far
back into the document.

Page 10, first para: Sentence that starts with
"Nevertheless .......settling related behavior
of actual Hanford waste has been simulated."
Has this ever been confirmed with actual

We have removed the related discussion,
thus this comment is no longer
applicable.

Quotation removed.
The objective as described in the
Implementation Plan is now in the
executive summary p. v and again in the
middle of page 4. This is consistent with
its placement in other documents, such
as RPP-PLAN-51625.
Agreed. Section 2.1.3 now describes Ar
first.
This information for different settling
regimes has been added to Section 2.1.3
This discussion has been removed. The
particle size and density range
recommendation for testing is now given
in the third-to-last paragraph of Section
2.1.1
Agreed. This section has been removed.
The original intent of this example was
do describe some various relations
between Rep and Ar in response to a
comment by another reviewer
Not applicable, the equation has been
removed.
This discussion has been removed.
Kinematic viscosity may vary over an
order of magnitude entering and within
the WTP. This is significant, but not as
significant as some of the other
properties. Basis: the design basis is
density of 1.0 - 1.46 g/mL density and 1
-15 cP viscosity. Since the largest
density will correspond to the largest
viscosity, the kinematic viscosity range
will be 0.01 - 0.11 cm2/sec
Agreed. Statement has been removed
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waste? If so, provide me a reference where
such activity has been performed. If not,
remove this statement.
Page 10, Section 2.2: What were the fractal
ranges? State that assuming a fractal
dimension of 3 is the most conservation
position to take and why.
Page 10, Section 2.2, 2na para, last sentence:
What should be tested? Provides no
direction.
Page 10, Section 2.2, last para: What is this
paragraph trying to convey?
Page 11, first para: What are you trying to
say, need to test larger/denser particles, but
to what point? Are the tailings from the
milling operations outside the present PSDD
window?
Page 11, sec para: This document should
only recommend what is necessary for WTP.
Let the other programs determine their
needs.

Page 11, Sect 2.3, 1sl para: Is drag
coefficient is only applicable to settling in
the Stokes regime? I believe this not to be
the case. Correct it.
Page 11, Sect 2.3, 2na para: I thought
sphericity is given as:
1
)2

w==
95
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7f"3"(6~ :r

Not applicable, discussion of fractal
dimension pertaining to PSDD has been
removed.
Agreed, document now contains ranges
in Section 2.1.1, third-to-last paragraph.
Not applicable, this paragraph has been
removed.
A few large particles with densities
larger than the PSDD would indicate
they have been found, possibly from
crystal growth or Oswald ripening.
Agreed, but no changes made beyond
editorial. The document still
acknowledges salt particles as part of
UDS and contains this defense that salt
particle properties are not important for
particle size and shape assessments for
WTP. This document does not comment
on the needs of other programs.
Agreed. Entire section revised.

Agreed. Entire section has been revised
and does not describe the sphericity in
detail nor provide an equation.

.Li p

, Vp is the volume of
the particle and Ap is the surface area of the
particle. Provide reference for your
description of sphericity.
Page 12, 2 nd para: Does this statement
directly related to keeping particles in
suspension or picking them off the bottom of
the vessel (e.g. critical shear stress is
lower?)? Not clear if this is a bottom
clearing activity. Provide supporting
references to support your statement.

This statement has been removed when
the section was reworded. To answer
your question, it was meant to refer to
pat1icles already in suspension rather
than bottom clearing.
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Page 12, 3ra para: This really makes no
conclusion on what non-spherical irregularly
shaped particles (NSISP) do. For instance,
particle shape influences solids compaction
(HOW and in what direction). Note that
NSISP settle slower, hence will not be
located near the bottom of the settled bed as
compared to more spherical particles (given
all else is equal). Not clear.
Equation f9] is missing.
Pg. 13: Example settling curves for Sf.
Shows the same type of attributes.
'j
'''~:;~' '''r:;"'

Agreed. The discussion of this topic has
been rewritten in Section 2.2.3. It is now
better referenced. Unfortunately, this
topic appears to be complicated enough
that it resists generalizations, which
impacts the clarity of the writing.

This glitch has been corrected.
Acknowledged.
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Pg. 13, 2M paragraph: What importance
would settling and resuspension ofPu02
particles have on PlM operations for both
cohesive and non-cohesive materials? No
conclusion is stated.
Pg. 13, 3ra and 4th para: There is no hard
conclusion on if irregular shape particles are
required/necessary for LSIT testing and no
references to support these statements. For
instance, is there data to support the very last
sentence in the 4th paragraph. A lot of hand
waving in these paragraphs.

Pg 13, last para, last sentence: This is
contrary to the last paragraph on page 9.
Which one is correct?

Pu02 settling and suspension is
important for criticality concerns. This
importance is stated in Section 1.

Agreed, recommendations added as
Section 2.2.4:
The LSIT should use a mixture of
particle shapes in their simulants.
However, because of the absence of
information on the particle shape
distribution, they should not attempt to
match the particle shape distribution in
Hanford waste.
Rewritten
The statement on page 13 is correct, and
a similar statement remains in Section
2.1.3. The information on page 9 has
been removed. However, these two
original statements were not contrary:
liquid phase density and viscosity are
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Pg. 14, Sec 2.5, 151 para: 1) Provide
reference for the 30 cP limit for Newtonian
vessels. 2) The last sentence is not
necessary, since there will not be a PlM
vessel in WTP pretreatment containing just
19 M NaOH solution. This is kind of
misleading unless you state what this is used
for.
Page 14, Sec 2.5, 2na para: Reword the last
sentence in this paragraph. The wording
assumes the particle is in laminar flow,
which may not be the case.
Page 14, Sec 2.5, 3ra para: This is contrary
to the last paragraph on page 9. Which one
is correct?
Page 14, Sec 2.5, last para: What type of
fluids would be recommended? Not
conclusive.
Page 15, Section 2.5: Why discuss the first
equation when it has so many drawbacks?
Remove it.
Page 15, Section 2.5: The second equation is
also not applicable to WTP. Has anybody
looked up the basis for this equation and how
it was derived and can it be used for WTP?
Remove it and find something that is
applicable if such a position on the effect of
particles impacting fluid viscosity is
important.
Page 15, Section 2.6.1: This sentence is
incorrect "Attractive (cohesive) forces acting
between fine particles tend to create a rest
state that is more resistant to flow than the
same system under a sustained steady shear
rate." Looking at a flow curve, you require
more stress (F/A) at flowing conditions that
at rest. Now the apparent viscosity does go
down. Make this statement clear on what
you mean by "resistant".
Page 15, Section 2.6.1: Why do you talk
about shear thickening? Has this been

important (p.9) but, due to the relatively
narrow ranges, not as important as other
parameters such as particle size
distribution (p.B)
1) Agreed, our value was incorrect and
has been replaced with 15cP and
referenced.
2) Agreed, this has been removed.

Not applicable, discussion has been
removed.

See response to comment 101. This is
similar to the statement now in Section
2.1.3 and is correct.
Recommendations are now made in
Section 2.1.2.
Agreed, removed.

Agreed, removed. No additional
equation added.

Agreed. this statement has been removed
during report reorganization.

Agreed, the description of nonNewtonian behavior has been adjusted.
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observed in Hanford waste that will be
processed in WTP at the rheological
operating conditions. Ifnot, why state it.
Page 16, 3fO para: Why is Einstein equation
discussed in this section? How would yield
stress (assuming its true) effect settling?
Page 16, last para: There is a report by
SRNL (back in the early 2000s) looked at
suspending large glass beads in slurries using
PlMs and bubblers. Mixing was fairly
uniform while both systems were operating.
Recommend you look at this document
rather than jet mixing in a tank.
Page 17, 1st (or this could be a continuation)
and 2nd para: The present operation of the
NN vessels in pretreatment are to use
spargers with PlM operations, hence this
stratification will most likely not exist.
Recommend removing this statement unless
you believe it can be applicable to the
Newtonian vessels that have slight NN slurry
behavior.
Page 17, 3rd paragraph: Remove it unless
you can relate this to PJMlsparger operations
and how would these recommendations be
used for PJMlsparger ops. The jet mixer
cannot provide adequate mixing for full tank
conditions and this is not part ofWTP
operations, its tank farm operations.
Page 17, 4tn para: Bingham Plastic model
has been used for mixing as well. Seems
you're only recommending that it be used for
piping.
Page 17, 4th para: Use Bingham Yield Stress
and Bingham Consistency in the document.
Wording must be consistent, which is not the
case in this document.
Page 17, 5th para: Never heard the "apparent
Newtonian viscosity", I've heard of apparent
viscosity. It also seems that you do not
recommend using the apparent viscosity,
hence why discuss it in such detail.
Page 18, 4th para: Why do I care about salt
cake?

Agreed, this discussion has been
removed.
Clay will gel and hold particles in
suspension.
SCT-MOSRLE60-00-198-0000 1

Acknowledged. The related discussion
has been reduced

Agreed, removed

Agreed. Removed the parenthetical
statement. Agree also that this model
has been used for systems that were not
irrotational shear flow..
Agreed, changed globally

Agreed, removed

Agreed, removed salt cake rheology
reference
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Page 18, 5th para: What is the pulsing
frequency (find this out)? Based on this
data, do you believe the NN fluids will have
time to recover "gelled" properties? Would
you expect the yield stress to be different
between flow curve measurements, given the
pulsing frequency? This will be a different
story during accident conditions where
continuous pulsing and sparging is not
performed.
Page 18, stn para: Do you expect that the
Bingham plastic yield stress will not be
recovered between pulses of the actual
waste? What data is there to support this and
how would you design any system that had
such a behavior? Additional, do the flow
curves show a very different response to the
down curve?
Page 19, 15t para: What is the range of
"cohesive" behavior that needs to be
captured? This is an open ended
recommendation. Close the loop.
Page 19, 15t para: Should point be removed
after 30 cP?
Section 2.6.2: If you're going to recommend
such a property is important, provide a
recommendation on how it is to be measured
or quantified (by any means). Stating that
such a property is important without
characterizing its behavior is totally
meaningless to this reviewer. Other
examples are cohesive and PSDD properties.
At least PSDD has a lot of input and is
calculated with a lot of caveats. I have no
problem you discussing what you've
observed and how it impacted DWPF
operations, these are lessons learned.
Section 2.62, last para: Specify what
property for oscillation measurements can be
used to determine tackiness or adhesiveness.
Section 2.6.2: Can you determine if a slurry
is more adhesive or cohesive or are these
properties such that you can't separate them,
since they can have similar behavior. If so,
explain this as well.

Approximately 3 minutes

Clay can recover

Section 2.3 references the hysteresis
observed in yield stress measurements.
Agreed, this recommendation has largely
been removed.
Cohesiveness is part of yield stress
Not applicable, this whole sentence has
been removed.
One potential method is proposed in
Salazar-Banda et. aI., "Determination of
the adhesion force between particles and
a flat surface, using the centrifuge
technique," Powder Technology, 173
(2007), p. 107-117. A discussion of the
measurement of adhesiveness was not
incorporated into the document.
Development of measurement techniques
are outside of the scope of this task as
described by IP Commitment 5.2.3.1.

Not applicable, paragraph has been
removed.
We can only measure the effects of
cohesion through its impact on the yield
stress and shear strength. See response
121 for adhesion.
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Page 20, 15t para: Are Pu02 (or other fissile
particles) particles adhesive to each other? Is
there data to show that this to be the case? If
so, reference it.
Section 2.7: Review existing WTP
rheological data to make a determination if
time-dependence is an issue or not. SRS
data can be used to support this assessment,
but you need actual data.
Page 21, Section 2.7, 15t para: How does the
height of the bed and time impact this
property?
Page 21, Section 2.7: Question, would a
material that has a higher Bingham yield
stress have a higher or lower shear stress
than a Bingham fluid (have the same
compositional makeup) with a lower
Bingham stress? Discuss this point.
Page 21, Section 2.7, 2nd para: Do you really
expect the yield stress to be near 7000 Pa and
how would you measure such using existing
rheological tools? Big number that means
nothing.
Section 2.7: No recommendation for NN
testing? What is the upper bound? How
uncertain is the 200 Pa limit.
Section 2.8: This section needs to be
rewritten. Need to discuss both Nand NN
critical shear stress and state that neither has
been measured of actual waste or simulants.
Then place an importance on such a property
that has not been measured and if important,
provide a means on how to obtain it. As
before, if you can't quantifY it, then what
good will the end user of this document do
with such information. Recommend you ask
WTP what they did to look at "cohesive"
sludges containing large solids (even there,
there are a lot of open questions) in assessing
a non-Newtonian fluid as a Newtonian fluid.
Would the denser Pu02 particle behave
differently?
Equation [19]: Does this cover the range of
WTP particles?
Section 2.9.2: Provide recommendations on

Agreed, and no reference exists.,
"criticality" has been changed to "solids
accumulation."
Completed and referenced. This did not
change the conclusion.

Not applicable, this discussion has been
removed.
Erich requested that we remove the
comment.

Agreed, recommendations have now
been reviewed with WTP for their
interpretation as well, 7000 Pa is well
outside of the range.
Recommendation for Newtonian and
non-Newtonian are now 200 Pa shear
strength. This is the design basis.
Agreed. section was rewritten and
combined with shear strength.

Not applicable, equation has been
removed.
Per the implementation plan, this will be
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what chemicals and in what quantities that
can be used with a slurry make of solids (you
specify this) that contains small particles that
are impacted by ionic strength and what
properties that need to be measured. Would
the height of the bed make a difference?
Since chemical reactions are important, does
this data have to be compared to actual
waste. If no actual waste data exists, what is
the maximum stress (settled, since Bingham
yield stress is controlling) will the bed have.
Section 2.9.3: Not clear if a foaming (or air
entrained) simulant is required for LSIT.
Agree that air will impact pump and filter
performance. Clarify the position.
Section 2.9.4: Not sure why this is included,
unless you're going to recommend that
measurements be performed before and after
tests to quantify the rate of erosion/corrosion.
There is some real waste data if you need
some beef up this section, not much out there
and the only instrument to date on real stuff
has been with the miller machine.
Section 2.9.5: There is simulant and scale
testing by PNNL. These items should be
discussed here.

Section 2.10: Provide more details on what
the team has determine to be bounding for
Pu02 size. What is the mass fraction that
should be tested?
Page 29: Remove Njs discussion
3.1.3: Yield stress also impacts the rate at
which fluid velocity is degraded with
distance.
Page 31, 1sl para: What is the zone of
influence from the pump suction? The
suction velocity can be modeled.
Page 31, 3fd para: Is scaling to be perfOlmed
on the Re and Hedstrom numbers? This is
not clear. How is the Hedstrom number used
for processing?

part of Commitment 5.2.3.2 and is not
part of Commitment 5.2.3.1, which this
document addresses.

Attempted to clarify this conditional
recommendation. It is not explicit in the
scope, but it is implicit in what will
matter during test functions such as
integrated sparger operation.
Text removed except for LSIT test
objectives.

The LSIT will evaluate gas release by
looking for the conditions needed to
achieve complete bottom motion. We
discuss the parameters that are important
in determining the conditions for
complete bottom motion.
PNNL identified Pu02 with dimensions
as large as 40 micron. Equivalent sphere
would be less than 10 micron. Per
WTP-RPT-153 Pu fraction is 0.0054wt%
Agreed, removed
Agreed, this relates to the last sentence.
Our recommendation that yield stress is
important has been clarified.
This is to be determined as part of
testing.
Agreed, NN properties important to this
test function have been clarified.
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Section 3.2, last para: How is the slurry
critical shear stress measured?
Section 3.2.1: How will sparging bias the
results and in what direction (worse, better,
etc.)?
Section 3.3.4: Should a prototypical (scaled
if possible) sampler be used, including all
piping, bends, elevation etc.. .. If so, state
that it is important that this be maintained.
I have read over and generally agree with the
detailed Document Review Record (DRR)
comments by the other ERT team members.
I do not believe that it would be that helpful
for me to provide another set of 25 to 50
comments along the same lines, since those
already given are sufficiently
comprehensive. Furthermore, my
recommendation would be to rewrite entire
subsections rather than to try to patch them,
for reasons given below.
General Comments: I would like to reemphasize the comment by EKH that the
document does not satisfy the Lines of
Inquiry asked of the ERT. It is important to
note that this document will be made
available to stakeholders and others who are
not involved in the everyday workings of the
project. As a result, the purpose, basis,
conclusions and recommendations, as well as
the technical material that support these,
must be clearly and succinctly
communicated using commonly accepted
language from engineering practice. It is not
safe to assume that the audience is familiar
with insider knowledge (or "lingo"). While
this is not a stated criterion for success, I will
list it as another one that the document does
not satisfy. In fact, some sections or themes
are so poorly developed and/or
communicated as to erode confidence in
WTP's ability to address the issues. Some
sections are confusing, evasive contradictory
and fail to make the case for the stated
conclusions. I will provide a few examples
below. Suffice it to say here that I do not

Outside of scope. Methods in referenced
literature
This is to be determined as part of
testing.
We agree that this is what we would
recommend. However, that
recommendation would be part ofthe
test specification and test plan.
Acknowledged

acknowledged
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know if the document falls short because it
was not written with care or if a sufficient
body of evidence does not exist to support
the conclusions and recommendations. For
either case, the impact at this point remains
the same. The lack of clarity and
commitment invites a degree of suspicion
that is difficult to dismiss, requiring
considerably more input and dialog before
the technical issues can be assessed in an
informed manner. The numerous comments
by other ERT members serve as testimony to
at least the lack of clarity.
Particle Suspension and Settling
(example):
Sections 2.1 to 2.3 reads like a primer for the
less informed, with pressing issues of
relevance to a somewhat more informed
audience being glossed over, hand waived
away or summarily dismissed. To begin
with, the particle Reynolds number contains
the slip velocity (V s), not the terminal
velocity (Vt - my notation); and the intended
audience already knows that Eqns. [2] and
[4] are the same. Reference to the Stokes,
Newton and Intermediate flow regimes is not
useful without the following information:
Stokes Law Region: Rep < 1

CD

Intermediate Region: 1 < Rep < 10
18.5 Re p-3/s

3

=

Discussion of particle size, particle size
distribution, particle density, particle size
and density distribution, liquid density,
and liquid viscosity have been condensed
Corrected

Changed

24/Rep
CD =

Newton's Law Region: 10 3 < Rep < 2 x lOs
CD = 0.44
These regions should be labeled on a drag
coefficient plot (e.g. the sphere curve of
Figure 1). Why are the expressions for
terminal velocity not provided until Eqns.
[20] to [22] of Section 3.1.2 (next to the less
relevant Njs with little discussion as to their
usefulness), rather than here before Eqn. [l].
Why do equations appear in Section 3,
labeled Recommendations for Simulant
Properties, at all rather than in Section 2?
Eqn. [1] is not useful without values ofn = 1,
*Type:

Moved to section 2
Values added

E - Editorial, addresses word processing errors that do not adversely impact the integrity of the document.
0- Optional, comment resolution would provide clarification, but does not impact the integrity ofthe document
M - Mandatory, comment shall be resolved, reviewer identifies impact on the integrity of the document

QA-F0601-02, Rev. 0

Page 24 of29

LSIMSERT
DOCUMENT REVIEW RECORD

REVIEW NUMBER:

ERT-13 Physical Properties

DOCUMENT
NUMBER:

SRNL-STI-2012-00062 Draft B

DOCUMENT TITLE:

Hanford Waste Treatment Plant Pretreatment
Mixing Large Scale Integrated Testing:
Properties That Matter for Design Basis
Testing

517, 1/2 for the Stokes, Intermediate and
Newton regions, respectively. AS a note, I
used the following expression for the
Intermediate Region (follows from drag
coefficient equation given below):
5/7

V. =0 153 g
t'

[

(Ps- fJ[.)

2/5 3/5
PL ilL

dan
]

P

I could not determine a value of n that
exactly mapped Eq. [1] to Eq. [21].
It is implied that the Reynolds number based
on terminal velocity governs suspension and
settling, rather than that based on the more
general and relevant slip velocity. As you
know, while a particle is being carried
upward, its slip velocity equals the local
fluid velocity minus the terminal velocity,
causing particle response to shift (for
instance) from the Newton toward the
Intermediate drag regime. You may not
have considered that large dense particles
being carried upward in a turbulent flow can
interact with their own wake. Furthermore, a
particle's motion can become erratic
(uncorrelated) as it falls from one eddy to
another (see Calabrese and Middleman,
1979). This "crossing trajectories" effect is
not accounted for in your analysis. If a
detailed discussion of particle dynamics is
warranted, the consequences of slip, etc.
could be discussed rather than the
relationship between Eqs. [2] and [4].
Otherwise, you might be better served by
saying less.

The discussion of particle shape is confusing.
Section 2.3 begins with the assertion that
particle shape/morphology is important and
ends with the conclusion that it is not
important. Which is it? A technical case
was not made for either side of the issue. As
a result, the ERT is concerned that particle
shape may be an unresolved issue. Based on
*Type:

Shape discussion expanded
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the written word, it is fair to ask WTP to
technically justify their conclusion that shape
is not of primary importance, or to propose a
program to answer the question. This is an
excellent example of how lack of familiarity
or care with the concerns, background and
charge of the audience can create angst that
mayor may not be warranted. If an
undeclared purpose of a document is to
minimize further work, costs and delays,
then the document should anticipate and
address questions and concerns. It is always
better to put expected issues to rest before
they can be raised.
Particle and Fluid Dynamics
Fundamentals:
I would like the address the comment by
RRH that the second paragraph of Section
2.0 on p. 7 should be re-written by someone
with "academic understanding". The motion
of particles in fluids is governed by
Newton's Laws of Motion, not the NavierStokes equations (N-S Eqns.). The N-S
Eqns. is a special case of the Equation of
Motion that applies to a pure Newtonian
fluid with constant physical properties. Even
then, when the flow is turbulent and the
process time scale is large compared to the
turbulent macroscale, the analysis is
simplified by use of the Reynolds Averaged
Navier-Stokes (RANS) Equations, which
requires a turbulence closure model. An
analysis of non-Newtonian flow begins with
the Equation of Motion of the fluid with an
appropriate constitutive relation for rheology
selected to close the stress tensor. Even for
Newtonian fluids, the N-S Eqns. must be
solved simultaneously with the Equation od
Motion of the Particle, which accounts for
drag, buoyancy, apparent mass, and pressure
variations across the particle. You can also
add turbulence and non-Newtonian effects.
In any event, when the coupled governing
equations are simultaneously made
dimensionless, a variety of dimensionless
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groups appear. For Newtonian fluids, these
can include Reynolds and Froude numbers
based fluid velocity and process (equipment)
dimensions, a Reynolds number based on
particle slip velocity and diameter, an
Archimedes number, etc. Other groups can
be made to suit your taste as combinations of
the independent dimensionless groups that
arise. For non-Newtonian fluids there are
additional groups whose form and
complexity depend on the constitutive model
for rheology. If you only consider the N-S
Eqns., then you can at most obtain the
process Reynolds and Froude numbers. The
particle Reynolds number does not appear.
All of this may be a bit too much for this
document. My suggestion is that you take
the time and care to state it correctly or look
for a simpler way to introduce Section 2.
Conclusion:

acknowledged

The above discussions only provide
examples of areas of the manuscript that lead
to confusion and skepticism, and undermine
the technical quality of the work behind the
document. Other examples include
intermixing the discussion of undissolved
and dissolved solids when discussing
particles; and including time dependence of
slurry rheological properties in the Executive
Summary and then later excluding it without
appropriate justification. Before you dismiss
my thoughts as the ranting's of an ivory
tower academic, I ask that you take a look at
Eq. [24] on p. 31 (see comment by RKG).
What practitioner believes that you can
extract empirical constants to 4 significant
figures from the experimental data? What
practitioner would place reliance on a
dimensionless group raised to the 0.00179
power? This document, as well as others, is
not intended exclusively for internal use. Its
conclusions and recommendations, with
supporting technical content, are subject to
review and concurrence. I would like to
suggest that WTP could save both time and
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money by providing documents that more
clearly speak to the heart of the technical
issues and their resolution.
Reference:
Calabrese, R. V. and S. Middleman, "The
Dispersion of Discrete Particles in a
Turbulent Fluid Field", AIChE J, 25, 10251035, 1979.
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