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Executive Summary

The Hanford Site in Washington State manages 177 underground storage tanks containing
approximately 250,000 m® of waste generated during past defense reprocessing and waste management
operations. These tanks contain a mixture of sludge, saltcake and supernatant liquids. The insoluble
sludge fraction of the waste consists of metal oxides and hydroxides and contains the bulk of many
radionuclides such as the transuranic components and *Sr. The saltcake, generated by extensive
evaporation of aqueous solutions, consists primarily of dried sodium salts. The supernates consist of
concentrated (5-15 M) aqueous solutions of sodium and potassium salts. The 177 storage tanks include
149 single-shell tanks (SSTs) and 28 double-shell tanks (DSTS).

Ultimately the wastes need to be retrieved from the tanks for treatment and disposal. The SSTs
contain minimal amounts of liquid wastes, and the Tank Operations Contractor is continuing a program of
moving solid wastes from SSTs to interim storage in the DSTs. The Hanford DST system provides the
staging location for waste feed delivery to the Department of Energy (DOE) Office of River Protection’s
(ORP) Hanford Tank Waste Treatment and Immobilization Plant (WTP). The WTP is being designed
and constructed to pretreat and then vitrify a large portion of the wastes in Hanford’s 177 underground
waste storage tanks.

The retrieval, transport, treatment and disposal operations involve the handling of a wide range of
slurries. Solids in the slurry have a wide range of particle size, density and chemical characteristics.
Depending on the solids concentration the slurries may exhibit a Newtonian or a non-Newtonian
rheology.

The extent of knowledge of the physical and rheological properties is a key component to the success
of the design and implementation of the waste processing facilities. These properties are used in
engineering calculations in facility designs. Knowledge of the waste properties is also necessary for the
development and fabrication of simulants that are used in testing at various scales. The expense and
hazards associated with obtaining and using actual wastes dictates that simulants be used at many stages
in the testing and scale-up of process equipment. The results presented in this report should be useful for
estimating process and equipment performance and provide a technical basis for development of
simulants for testing.

The purpose of this document is to provide an updated summary of the Hanford waste
characterization data pertinent to safe storage, retrieval, transport and processing operations for both the
tank farms and the WTP and thereby identify gaps in understanding and data. Important waste
parameters for these operations are identified by examining examples of relevant mathematical models of
selected phenomena including:

Pipeline Critical Velocity

Solid Settling Velocity

Effective Cleaning Radius

Vessel Wall/Bottom Erosion

Critical Suspension Velocity



Suspended Solid Cloud Height

Suspended Solid Concentration

Solid Dissolution and Filtration

Gas Generation, Retention, and Release

Typical engineering correlations are presented and discussed with the most important waste
parameters identified. The identification is based on the functionality of the parameter in the correlations.
The important parameters include physical and rheological properties of the waste. These properties of
the as-stored Hanford waste, including both the liquid and solid phases, are presented by tank and waste
type. In selected cases, composite results are presented that represent combinations of wastes.

The important parameters include:
e Liquid Density and pH
¢ Liquid Rheology (Viscosity)
e UDS Composition and Particle Density
o UDS Primary Particle Size and Shape
e UDS Particle Size Distribution
o UDS Particle Settling
o Slurry Rheology and Shear Strength

o Estimated Particle Size and Density Distributions

The data sets in Wells et al. (2007) (UDS composition and particle density, UDS primary particle size
and shape, UDS particle size distributions [PSDs], and estimated particle size and density distributions
[PSDDs]) and Poloski et al. (2007) (liquid and slurry rheology, and UDS particle settling) were updated
with additional data. The primary source of additional data is from a recent series of tests sponsored by
the WTP to support resolution of issue M12 raised by and External Flowsheet Review Team (EFRT).®
These tests involved an extensive suite of characterization and bench-scale process testing of 8 waste
groups representing approximately 75% of the waste expected to be processed through the WTP.
Additional information on the morphology of the waste solids was also included.

A summary of the updates from Wells et al. (2007) and Poloski et al. (2007) to the current work is
provided in Table S.1. The data sets of the prior reports are expanded with additional waste data, and a
more detailed list of UDS solid phase compounds is developed. The changes to the data set are generally
thus expansion and refinement, not alteration of the prior work. The parameters are presented by 1) tank,
2) waste type (general, i.e., sludge or saltcake, and specific), and 3) composite. As in Wells et al. (2007),
the composites are constructed using a volume weighted average of individual tanks or waste types. Data

(a) Barnes SM and R VVoke. 2006. “Issue Response Plan for Implementation of External Flowsheet Review Team
(EFRT) Recommendations — M12: Undemonstrated Leaching Process.” 24590-WTP-PL-ENG-06-0024 Rev 0.
Bechtel National Inc., Richland, Washington.



uncertainties are quantified where possible. Since this document contains the most extensive data and
analyses it is recommended for use over the prior work.

An analysis of the effect of sample storage was conducted to make sure that the data sets represent
equivalent or similar waste conditions. Further, the parameter values were evaluated with available in
situ data pertaining to waste mobilization and mixing and undissolved solid (UDS) settling. The data
therefore are as consistent and complete as possible.

Table S.1. Data Update Difference Summary

Praperties in Update Wells et al. Poloski et al. _
(2007) (2007) Update Difference
Density n/a n/a not included in prior work
Liquid pH n/a n/a not included in prior work
Rheology n/a included additional data
Particle Density included n/a 52 solid phase compounds from 16
Pr.lmary Particle included n/a 52 solid phase compounds from 16
Size and Shape
additional data,
. . alternate instrument configuration,
Particle Size . . . .
Distribution included n/a combined, maximum, and minimum
PSDs
by tank, waste type, and composites
Particle Size and
Solids Density included n/a by tank, waste type, and composites
Distribution
. . . additional data,
Particle Settling n/a included comparison to PSDDs
Shear Strength n/a included additional data
Bingham Rheology n/a included additional data

The final step in this effort was to conduct a gap analysis to identify gaps in characterization data,
analytical methods and data interpretation. The primary focus is on data gaps identified by considering
the parameters by waste type, percent of waste type mass or volume represented and the uncertainty of the
parameter. For the purpose of defining data gaps, a tank waste is treated as “represented” if the parameter
of interest has been measured for at least one sample of that tank's waste. In this approach, a number of
important factors are not considered beyond those used to select specific data for the overall data set.
These factors include the extent to which a sample represents the tank contents, the number of samples,
the number of measurements made on a sample or the measurement technique.

A summary of the number of tanks and waste types for which a given parameter is characterized is
provided in Table S.2. The report sections in which each parameter is described are listed, as well as




general categories of waste handling operations that are dependent on the parameter. The percentage of
the Hanford UDS volume represented is determined from the primary waste types represented and their
relative fractions to the waste inventory. In general, less than 50% of the Hanford UDS volume is
represented by the waste parameter data. The primary waste type of a given tank is defined as the most
prevalent waste type. The number of tanks and primary waste types are listed as well as the number of
waste types that are considered to have more than 50% of the UDS volume represented by the data. Some
of the information available from the WTP work to support resolution of the M12 issue is not reflected in
the data gaps identified in Table S.2 as some of the composite samples used were composed on a number
of different but similar waste types. The composite nature of these samples made it difficult to attribute
the results to a particular waste type.

Specific gaps in the waste properties data base for which relatively little information is available
include:

e Particle morphology: at least 50% of the solids are amorphous and are not well characterized
e Dry solids density
o Settled waste shear strength as a function of time
e Impact of sample storage on waste properties.
Specific gaps in analytical methods as applied to actual waste samples include:
e Methods to measure particle size and shape in a flowing fluid
e Routine methods for determining the volume fraction of solids in slurry and solids density
o Particle size and density distributions
¢ Routine methods for determining the fractal dimension of agglomerates
e Methods for determining the abrasive properties of tank waste slurries
e Solids settling rates in concentrated slurries.
Gaps in scale-up, data interpretation and analysis include:
e Interpretation of settling data
o Determination of technically defensible PSD uncertainties

e Critical shear stress for erosion.

Vi
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Table S.2. Summary of Waste Physical and Rheological Property Data Gaps

Waste Handling Number of Waste
Operation Number of Individual Tanks (177 | Types with >50%
Report Importance Hanford UDS Volume total), Waste Types (44 total) UDS Volume
Property Section (see Section 2.0) Represented Represented Representation
. storage, mixing, . .
Density 321 transfer not applicable all not applicable
Liquid pH 321 storage, treatment not applicable all not applicable
Rheology 322 storeigr;:r,];?;mg, not applicable 11 tanks, 7 waste types not applicable
Partlgle 3.2.3 storage, mixing, See discussion in Sections 5.1.2 and 5.1.3.
Density transfer
Primary . Images for limited solids phase compounds.
. . storage, mixing, - . o .
Particle Size 3.24 Finite set of images for specific solids phase compounds.
transfer, treatment g
and Shape Images from a limited number of tanks.
Particle Si . Flowing Sonicated, 40% 22 tanks, 16 waste types 5 waste types
a-rtlcl € -|ze 3.25 storage, mixing, Flowing Unsonicated, 58% 22 tanks, 16 waste types 5 waste types
Distribution transfer, treatment -
No-Flow Unsonicated, 41% 20 tanks, 11 waste types 3 waste types
Not a specific input
Solids Particle parameter for listed
. 3.2.6 storage, mixing, 23% 20 tanks, 13 waste types 3 waste types
Settling
transfer, and
treatment models.
General, 52% 36 tanks, 15 waste types 7 waste types
. Function of UDS Conc. 0.3% 4 tanks, 2 waste types 0 waste types
h h 2.7 - -
Shear Strengt 3 storage, mixing Function of Time, 0.2%® 1 tanks, 1 waste type 0 waste types
Function of Elevation, 39% 25 tanks, 12 waste types 3 waste types
Bingham 397 mixing, transfer, General, 51% 29 tanks, 18 waste types 5 waste types
Rheology - treatment. Function of UDS Conc. 26% 23 tanks, 13 waste types 4 waste types

(a) Data for pre-treated sample.
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AlSI
BBI
BBP
BDGRE
BNFL
BNI
BP
BR
Cl
CUF
DI
DOE
DST
ECR
EDS
EFRT
EM
EMSP
ER
ESP
FTIR
HAADF
HGR
HLW
ITS
LAW
LFL
LLW
LTL
MW
NCAW
NQA
ORP
PIM
PNNL
PSD

Acronyms and Abbreviations

American Iron and Steel Institute
Best Basis Inventory

butylbenzyl phthalate (sludge)
buoyant displacement gas release event
British Nuclear Fuels, Ltd.

Bechtel National, Inc.

bismuth phosphate (sludge)
buoyancy ratio

confidence interval

cells unit filter

deionized (water)

U.S. Department of Energy
double-shell tank

effective cleaning radius

energy dispersive X-ray spectroscopy
External Flowsheet Review Team
Environmental Management
Environmental Management Science Program
energy ratio

Environmental Simulation Program
Fourier transform infrared

high-angle annular dark field
Hydrogen Generation Rate (model)
high-level waste

in-tank solidification

low-activity waste

lower flammability limit

low-level waste

lower tolerance level

mixed waste (sludge)

neutralized current acid waste
Nuclear Quality Assurance

Office of River Protection

pulse jet mixing

Pacific Northwest National Laboratory
particle size distribution

Xi



PSDD
PUREX
QA
REDOX
RPL
SEM
SRR
SST
STEM
TBP
TEM
TGA
TI
TWINS
ucL
uDS

UL
UPA
UTL
WRPS
WTP
XRD

particle size density distribution
plutonium uranium extraction

quality assurance

reduction oxidation

Radiochemical Processing Laboratory
scanning electron microscopy

strontium recovery (waste)

single-shell tank

scanning transmission electron microscopy
tributyl phosphate

transmission electron microscopy
thermogravimetric analysis

tolerance interval

Tank Waste Information Network System
upper confidence limit

undissolved solids; those solids, whether soluble or insoluble, that are present as a
solid phase and are not dissolved in the liquid phase of the waste

upper limit

ultrafine particle analyzer

upper tolerance level

Washington River Protection Solutions LLC

Hanford Tank Waste Treatment and Immobilization Plant
X-ray diffraction
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Symbols

In a portion of this report, example models for phenomena of safe storage, retrieval, transport, and
processing operations for Hanford waste are summarized. The model terms are defined on a
model-by-model basis, and the symbols are typically preserved from the original reference. Given the
breadth of phenomena and models as related to the waste parameters, there are instances of repeated
terms and definitions as reflected in this list.

%LFLcha methane concentration at 100% LFL

%LFLy, hydrogen concentration at 100% LFL

%LFLys headspace flammable gas concentration following gas release
%LFLNH3 ammonia concentration at 100% LFL

a longest mutually perpendicular axis of particle, also, distance above the solid surface
A constant, also, filtering surface area

A area of sludge exposed to the bubble

A, area over which sludge strength applies

Ar Archimedes Number

b intermediate mutually perpendicular axis of particle, also, coefficient
c shortest mutually perpendicular axis of particle

C constant, also, solids concentration

Co solids volume percent at the tank bottom

C. solids concentration at elevation “a” above the tank bottom

Co drag coefficient

CF calibration factor

[CH4]re methane concentration in the released gas in nonconvective layer (vol%)
Crnax solids concentration (corresponding t0 Cymax)

C o reference case solid concentration (wt%)

Cv solids volume fraction

Cymax maximum solids volume fraction (the packing factor)

Cw maximum solid concentration in wt%

D tank or pipe diameter

d total liquid depth

dso median diameter of the solids by volume

Xiii



dmax

E pipe

E

vessel

E

vessel —ref

F

Fo
FgasReIease

F

PJM duty cycle

fractal dimension (between 0 and 3)
median floc size

nozzle diameter

design life (year)

maximum stable channel depth
mean pore diameter

particle diameter

spherical particle diameter

solids particle weighted-mean diameter from reference case

modulus of elasticity

void ratio

erosion rate for with 30° impingement angle
erosion rate for with 90° impingement angle
PJM duty factor

erosion rate of horizontal mild steel straight pipe circumference (mm/year)

PJM wall erosion depth at end of design life
PJM wall erosion depth rate of reference case

buoyant force on a particle or vessel usage factor or cumulative percentile of the
distribution up to a specified value x

Densimetric Froude Number

fraction of gas released (assumed to be 100%)
dimensionless factor (a densimetric Froude Number)
Solid Erosion by Jet shear

normal solids concentration (wt%) or Gibbs free energy

gravitational acceleration

initial shear strength

shear strength

volumetric gas generation rate per unit volume of gas-free slurry

equilibrium shear strength

Xiv



[Ha]re
Hec

H(BWNCL

Ko
ki, ke
LL;

N
[N HS]RG

I:>HS

I:>WNCL

waste thickness, height of saturated non-convective layer, or vessel operating height
hydraulic head

hydrogen concentration in the released gas in nonconvective layer (vol%)

cloud height

height of the lithostatic column above a bubble

hydrogen gas generation rate in saturated settled solid layer

fraction of time for maximum solids loading

constant

gel time constant, also, erodibility coefficient or permeability

hydraulic conductivity, also, a constant that relates bond strength to material
properties and surface chemistry condition

ratio between horizontal and vertical effective stress

multiplying factors (for one-sided and two-sided TIs, respectively)
lower prediction limit for the i" data point

constant, function of scale factor

constant, function of scale factor

sample size or number of operating jets/pulse tubes or the number of moles of
species j

Gas Holdup Number
ammonia concentration in the released gas in nonconvective layer (vol%)
particle roundness, also, total pressure across a filter system

pressure head or total pressure across a filter system or the number of linearly
independent mass-balance constrains

tank headspace pressure

representative retained gas pressure in the saturated settled solid layer
transfer pump discharge

specific discharge

Particle Reynolds Number or agglomerate size or radial distance from the pump
suction inlet

primary (crystal) particle size or filter resistance including possible solids built-up on
a filter

Jet Reynolds Number
undisturbed channel radius

solids particle radius

XV



Sc
Sk
St

tot/Z,n—p

Ts

TWNCL

UCS

UL,
Ur

ref

UTH

Ve
Vs
Vm
Vo
VR
VR
Vs
Vs

V(BWNCL

sample deviation

solid-to-liquid density ratio

scale factor

amount of solid eroded per unit bed surface area per unit time
Strouhal Number

time, also, gel time

liquid temperature in (K)

a student’s t statistic based on the prediction interval confidence level of 100(1-0)%
and degrees of freedom equal to n—p, where n is the number of data points, p is the
number of estimated model parameters, and for the 95% prediction limits calculated,
a=0.05

pulse jet mixing (PIM) cycle time, complete cycle includes discharge and re-fill
Non-dimensional Solids Settling Distance

temperature of the saturated settled solid layer

slurry or flow velocity

shear velocity

critical suspension velocity, all solids suspended at the end of the pulse

nozzle jet velocity

upper prediction limit for the i" data point

gas bubble rise velocity at the waste surface

PJM jet velocity of reference case

hindered terminal settling velocity
accumulated solids volume

critical velocity

volume of headspace after gas release
slurry velocity

initial interface velocity

Poisson ratio

radial velocity toward the pump suction inlet
solids settling velocity

hindered settling velocity

settling velocity of a single particle

calculated void fraction in saturated settled solid layer

XVi



x

< X

2y

ONB

¢
¢non

Per

S A <

=

weight of solids per unit volume of filtrate
mass fraction of UDS

nxp matrix of partial derivatives of the nonlinear model in Eq. (3.2.2.2) with respect
to the model parameters

i™ row of the matrix W

groundwater flow direction

sample mean

vertical distance above the solid surface
interface height

initial interface height

Greek Letters

constant, units of velocity

neutral buoyancy of saturated settled solid layer relative to the overlying convective layer
constant, also, scale parameter

fraction of eddies having velocities equal to or greater than the settling velocity
nonconvective layer strain at failure

constant, also, UDS concentration by volume

initial solids volume fraction in the well-mixed suspension

final solids volume fraction as time goes to infinity

jet density

volume fraction of non-salt solid

pulse volume fraction

ratio of pulse tube to vessel cross-section area

Solids volume fraction (a relative solids volume fraction to a reference solids volume
fraction)

ratio of pressure head of convective layer to the headspace pressure
von Karman constant
constant related to solids size

location parameter

XVii



Hi
e

f(x;,0)

PB
pc
PcL

PL

Pnon
Ps
Psalt

PwNCL

A

B

7c

75

TWNCL

true mean of the observed 75" percentiles

Bingham viscosity

carrier fluid viscosity

chemical potential of species j

liquid viscosity

model-predicted liquid viscosity obtained using the estimated model coefficients 0 and
the i data point x;

agglomerate density

bulk sediment density

density of carrier fluid

density of convective layer

liquid density

density of slurry

density of non-salt portion of solid

solid (UDS) density

density of salt portion of solid

density of saturated non-convective layer

surface tension, also, population standard deviation

estimate of the population standard deviation

estimated error variance
shear strength

bed shear stress exerted by an impinging jet or a stream on the solid layer surface, also,
Bingham yield stress

critical shear stress for solid erosion

shear strength of sludge and saltcake, also, non-dimensional solid erosion number by jet
impingement

yield stress of saturated non-convective layer
yield stress

fitting parameters

kinematic viscosity

mass fraction of non-salt in the solid

Xviii
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1.0 Introduction

This document will identify data gaps in the Hanford waste physical and rheological properties
characterization data by understanding the applications of the information and evaluating the currently
available information.

1.1 Background

The Hanford Site in Washington State manages 177 underground storage tanks containing
approximately 250,000 m® of waste generated during past defense reprocessing and waste management
operations. These tanks contain a mixture of sludge, saltcake and supernatant liquids. The insoluble
sludge fraction of the waste consists of metal oxides and hydroxides and contains the bulk of many
radionuclides such as the transuranic components and ®°Sr. The saltcake, generated by extensive
evaporation of aqueous solutions, consists primarily of dried sodium salts. The supernates consist of
concentrated (5-15 M) aqueous solutions of sodium and potassium salts. The 177 storage tanks include
149 single-shell tanks (SSTs) and 28 double-shell tanks (DSTs).

Ultimately the wastes need to be retrieved from the tanks for treatment and disposal. The SSTs
contain minimal amounts of liquid wastes, and the Tank Operations Contractor is continuing a program of
moving solid wastes from SSTs to interim storage in the DSTs. The Hanford DST system provides the
staging location for waste feed delivery to the Department of Energy (DOE) Office of River Protection’s
(ORP) Hanford Tank Waste Treatment and Immobilization Plant (WTP). The WTP is being designed
and constructed to pretreat and then vitrify a large portion of the wastes in Hanford’s 177 underground
waste storage tanks.

1.2 Technical Need

The treatment and disposal operations involve the handling of a wide range of slurries. Solids in the
slurry have a wide range of particle size, density and chemical characteristics. Depending on the solids
concentration the slurries may exhibit a Newtonian or a non-Newtonian rheology.

Multi-phase mixing, suspension, and transport behavior is difficult to predict, in part, because slurry
chemical and physical properties are not fully understood. In addition, simulation tools for slurry systems
are not available or are inadequate. The difficulty of developing these simulation tools hinges on the lack
of accurate physical and chemical property information (e.g., thermodynamics, kinetics, viscosity, particle
size, and density, etc.). The lack of adequate slurry behavior predictive tools has resulted in an inability
to scale-up waste processing systems with confidence, which increases process risk.

A workshop on Slurry Retrieval, Pipeline Transport & Plugging and Mixing (Smith et. al. 2009)
indicated that a key lesson from industry-academia experts is that solids handling is many times more
difficult than handling gases or liquids. Difficulties handling slurries can severely reduce the expected
throughput and yield and increase startup time and cost. The workshop also highlighted the importance
of good chemical and physical characterization of the actual waste slurries for all unit operations to
underpin the design basis. The workshop noted that process design cannot be based on average slurry
properties but must cover a robust range of variable waste properties.
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To increase confidence for process scale-up, it is necessary to make sure that simulants are designed
to emulate the specific chemical or physical behaviors of actual radioactive wastes. Simulated wastes can
be developed to exhibit only a limited set of important properties for a specific application, or may be
tailored to exhibit a broader range of chemical, physical, and rheological properties for a wide range of
tests.

1.3 Purpose and Scope

The purpose of this document is to provide an updated summary of the Hanford waste
characterization data pertinent to safe storage, retrieval, transport and processing operations for both the
tank farms and the WTP and thereby identify gaps in understanding and data. Specific waste parameter
characterization needed to estimate waste operations are identified by examining examples of relevant
mathematical models of selected phenomena. The required waste characterization includes physical and
rheological properties of the waste. These properties of the as-stored Hanford waste, including both the
liquid and solid phases, are presented by tank and waste type. In selected cases composite results are
presented that represent and overall blend of the wastes.

Many of the properties of the as-stored waste will be significantly affected by the retrieval and
transport of the wastes. If low-salt solutions are used, soluble salts will be partially or completely
dissolved resulting in changes to the bulk slurry properties. Properties such as the shear strength of
settled solids will be altered as the solids structure is disrupted during the retrieval process. The particle
size and density of the insoluble solids may be unaffected by some retrieval and staging activities. Data
allowing the evaluation of potential property changes due to retrieval and staging activities are provided,
and the effect of pretreatment processes are considered.

Characterizations include density, pH, and rheology of the liquid, and composition, primary particle
size and shape, particle size distribution (PSD), settling behavior, and slurry rheology for the solid
fraction of the waste. The parameter data sets from Poloski et al. (2007) and Wells et al. (2007) are
evaluated and expanded with additional data sets, primarily the extensive laboratory testing conducted on
eight waste group composites in support of the WTP effort to resolve the External Flowsheet Review
Team (EFRT) issue M12.@

The measured PSDs are related to solid composition via particle size and density distributions
(PSDDs), the functionality of rheology with waste conditions is considered, and, where possible, these
data are compared to process phenomena. Examples of the PSD and rheological changes due to the
pretreatment processes of the WTP are also presented. Data gaps with respect to unquantified
information as well as the waste volume represented for characterization of a specific parameter are
discussed and a summary is provided.

(@) CCN 132846. 2006. Comprehensive Review of the Hanford Waste Treatment Plant Flowsheet and
Throughput - Assessment Conducted by an Independent Team of External Experts. Chartered by the Hanford
Waste Treatment and Immobilization Plant Project at the Direction of the U.S. Department of Energy, Office of
Environmental Management, Washington, DC.
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1.4 Approach

The initial step was to examine various engineering applications addressing waste storage,

mobilization, suspension, and transfer. These include:

Pipeline Critical Velocity

Solid Settling Velocity
Effective Cleaning Radius
Vessel Wall/Bottom Erosion
Critical Suspension Velocity
Suspended Solid Cloud Height
Suspended Solid Concentration
Solid Dissolution and Filtration

Gas Generation, Retention, and Release

A summary of the available approaches for each application is presented. The salient waste

parameters are identified and provide the basis for the waste parameters of interest. These parameters
include:

Liquid Density and pH

Liquid Rheology (Viscosity)

Undissolved Solid (UDS)® Composition and Particle Density
UDS Primary Particle Size and Shape

UDS Particle Size Distribution

UDS Particle Settling

Slurry Rheology and Shear Strength

Estimates of Particle Size and Density Distributions

For the available data, the parameters are presented by 1) tank, 2) waste type (general, i.e., sludge or
saltcake, and specific), and 3) composite.

The data sets previously presented in Wells et al. (2007) and Poloski et al. (2007) were updated with

the data from the additional waste types that have recently been characterized. An analysis of the effect
of sample storage was conducted to make sure that the data sets represent equivalent or similar waste
conditions. The parameter values were evaluated with in situ data pertaining to waste mobilization and
UDS settling. The data set is therefore as consistent as possible both internally and with actual waste

(@)

UDS; undissolved solids. Those solids, whether soluble or insoluble, that are present as a solid phase and are
not dissolved in the liquid phase of the waste.
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behavior. Data uncertainties were quantified to the extent possible. Since this document contains the
most extensive data and analyses, it is recommended for use over the prior work.

The final step in this effort was to conduct a gap analysis to identify gaps in characterization data,
analytical methods, and data interpretation. The primary focus is on data gaps identified by considering
the parameters by waste type, percent of waste type mass or volume represented and the uncertainty of the
parameter. Gaps in analytical methods and data interpretation are also noted but they do not represent a
comprehensive list. This gap analysis will help focus future efforts for waste characterization, method
development, and data interpretation.

1.5 Quality Requirements

In accordance with the Project Quality Assurance Plan for the Environmental Management (EM)-31
Support Project, this work was designated as Quality Level 2. This designation is based on the fact that
the work is eventually intended to support and could affect the quality of nuclear material applications,
structures, systems and components of nuclear facilities (i.e., waste management, nuclear material
processing, other related facilities). As such, the work was performed in accordance with applicable
requirements of PNNL-NQA-EQAM-1 (Nuclear Quality Assurance [NQA]-1 based). The data are from
numerous and varied sources as referenced. It is assumed that the data from these references have been
fully reviewed and documented in accordance with the analysts’ quality assurance (QA) programs.

Due to the large number of references and the length of elapsed time over which results were acquired
and reported, no attempt was made to qualify or otherwise validate the referenced data as NQA-1.
However, based on a survey of the major programs under which the data were acquired it is likely that a
large majority of the results were collected and reported under NQA-1 or equivalent quality programs.
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2.0 Waste Operations

Hanford waste characterization data are used to engineer safe storage, retrieval, transport, and
processing operations. Whenever waste is stored or handled, it is important to anticipate its behavior and
understand the physical phenomena behind its behavior. Several phenomena are particularly important to
waste operations, such as the tendency of the solids to settle from waste slurries and the rheological
behavior of settled layers of waste.

This section discusses selected phenomena known to be important to waste operations and identifies
specific waste parameters that are needed to estimate the phenomena by examining relevant mathematical
models of the phenomena. Both the phenomena and the models were selected as examples; the list of
phenomena considered is not complete nor are all the available models presented. Given the breadth of
phenomena and models as related to the waste parameters, there are instances of repeated terms in the
models, e.qg., solid volume fraction. The terms are defined on a model-by-model basis, and the symbols
are typically preserved from the original reference.

Based on the sensitivity of the models to the input parameters, the order of significance of the waste
parameters for specific phenomena can be established. However, the waste parameters can, in some
instances, vary by several orders of magnitude, while others vary much less. Thus, the order of
significance of the waste properties as indicated by the models can be affected by possible variations of
these waste properties themselves.

Phenomena of importance in waste storage, including solids settling and the generation, retention, and
release of flammable gases, are presented in Section 2.1. Section 2.2 discusses several phenomena of
importance to the mobilization of settled waste solids; Section 2.3 examines phenomena of interest to the
transport of waste; and Section 2.4 discusses phenomena of importance to waste processing operations.

In Section 2.5, a summary is provided of the order of significance of the waste parameters as indicated by
the sensitivity of the models to the input parameters.

2.1 Waste Storage

The Hanford waste consists of insoluble sludge solids, water-soluble salts, aqueous liquids, and
possibly some gas. Slurries of solid waste transferred into storage and process vessels will settle, if not
actively mixed, creating potential safety and solids accumulation problems. Section 2.1.1 discusses solids
settling, presents models for various scenarios, and identifies waste properties that are needed by the
models. Section 2.1.2 discusses the generation, retention, and release of flammable gas by Hanford
waste.

2.1.1 Solids Settling Velocity

The majority of the Hanford waste undissolved solid particles are more dense than waste liquids, and
thus suspended solid waste particles tend to settle.® At low solids concentrations, individual particles can
settle without interacting with other particles (individual particles undergoing unhindered settling). At

(a) Some tanks have floating crust layers comprised of solids, liquids, and gas. The buoyancy of these crusts is due
to the retained gas.
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higher solids concentrations, the upward flow of fluid between the particles can reduce settling rates
(hindering settling), and the interactions between particles may cause them to flocculate and settle as flocs
or agglomerates (floc and agglomerate settling). In general, solid settling velocity is a function of

o solids particle size, shape, and density
e liquid density and viscosity
o waste chemistry affecting solids agglomeration

o suspended solids concentration.

2.1.1.1 Examples of Solids Settling Velocity Models

Example models for solids settling velocity under different scenarios are presented below.

Individual Particle (Unhindered) Settling

The settling velocity of an individual spherical particle is described by Vanoni (1975) as

V52 :ﬂ gds [ps _pLj (21)
3Cp PL
where Cp = drag coefficient
ds = spherical particle diameter
g = gravitational acceleration
Vs = solids settling velocity
p. = liquid density

ps = solid density.

Figure 2.1 shows the drag coefficient, Cp, as a function of the particle Reynolds Number, R, defined
by Equation (2.2).

R=VsPds 2.2)

Hie

where p_is the liquid viscosity.

Equation (2.1) is applicable to spherical particles and all particle Reynolds numbers. As will be
discussed later, Equation (2.1) can also be used for non-spherical particles by calculating equivalent
spherical particle diameters for the non-spherical particles.
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Figure 2.1. Variation of Drag Coefficient with Particle Reynolds Number (Vanoni 1975)

Because R (Equation 2.2) contains the settling velocity in it, an iterative procedure is generally
required to calculate the settling velocity with Equation (2.1). There are several ways to avoid iterations
to estimate the solid settling velocity. One way is to use the third parameter, F/pv? (where pis p in this

case, and v= g /p is the kinematic viscosity of the liquid) to obtain the drag coefficient from Figure 2.1.
F is defined as

F= (ps —p.) (2.3)

An alternative way to estimate the solid settling velocity is to divide Figure 2.1 into the following
three Reynolds number ranges:

1. The Stokes Law range, where R < 0.3

In the Stokes Law range is variably defined as R < 0.1, R < 0.3 or R < 1. In this report, we selected
the Stokes Law range to be R < 0.3. As can be seen in Figure 2.1, in the Stokes Range, the drag
coefficient, Cp, is

Co== (2.4)

Substituting Equation (2.4) into Equation (2.1) yields the following well-known Stokes settling
velocity formula (Wasp et al. 1977).
2

VS gdS

= 181, (ps _pL) (2.5)
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2. The intermediate range, where 0.3 < R <1000

In the intermediate range, the drag coefficient is (Perry and Chilton 1973)

185

T (2.6)
Substituting Equation (2.6) into Equation (2.1), the settling velocity can be estimated as
6.54u, " p
3. The Newtonian Law range, where 1000 < R < 2x10°
In the Newtonian Law range, the drag coefficient is (Perry and Chilton 1973)
Cp ~0.44 2.8)
and the settling velocity is given by
1
V, ~ 1.74[gds(psp_—mﬂ2 (2.9)
L

Non-Spherical Particle Shape Factors

The particle shape affects its settling velocity. Equations (2.2) through (2.9) are for a spherical
particle or an equivalent spherical particle of a non-spherical solid. There are several approaches to
express the shape factor of an arbitrarily shaped solid for the settling velocity, including the following
(McNown et al. 1951, Vanoni 1975, Lansen et al. 1979, Simons and Senturk 1977):

e Corey’s shape factor,

Sp = —— (2.10)

where a, b, and c are the longest, intermediate and shortest mutually perpendicular axes of the particle,
respectively.
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o The sphericity is the ratio of the surface area of a sphere with equal volume as the particle to the
surface area of the particle considered (or the ratio of the diameter of a sphere with equivalent volume
to the diameter of a circumscribed sphere).®

e The roundness, P, is the ratio of the average radius of curvature to a radius of circle inscribed in the
maximum projected area of a particle.

Corey’s shape factor, calculated by Equation (2.10), is commonly used for an equivalent spherical
diameter of a non-spherical particle. Equations (2.2) through (2.9) can then be used to obtain the settling
velocity with Equation (2.1).

Another approach is to use the following to estimate the settling velocity of a non-spherical particle
(Wu and Wang 2006).

S|

v, = Mv L(“Nz Djj _ 2.11)
Nd, | |2 \3m

N| -

where

Wl

Ps )
7_1 g
D. =d, [”L— 2.12)

VZ

d, =¥abc

M = 53.5¢ 6%+
N = 5.65e %%
n=0.7+0.9S,

v =y, | p_=kinematic viscosity.

Note that the parameter D? is the Archimedes number, Equation (2.47).
The equivalent sphere is defined by Wu and Wang (2006) as a sphere having a settling velocity the

same as the solid. The diameter of the equivalent sphere, dg, is calculated by solving the following
equation with the above calculated Vs and known p(, ps and v:

V.d 0.625 2 1 0.625
(L] +05| =0.25+ d . P51 % (2.13)
60.22v 86.69 oL v

(@) A circumscribed sphere of a polyhedron is a sphere that touches each vertex of the polyhedron and contains the
polyhedron.
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These models would determine the solids settling velocity for Reynolds numbers up to 2x10° shown
in Figure 2.1.

An alternative to Wu and Wang’s model (Equation 2.11) to cover the Stokes Law, the intermediate,
and the Newtonian Law ranges, is the following from Camenen (2007):

2

Voo E(AJM 407 _l(éjm (2.14)
*pds [{4lB 3 B 2\ B

where

A=a, +a{1—sin(

J

by
B=b, +b2[1—sin %SFH

m = mlsinmz(%SFj

a; = 24
a, = 100
a3 = 2.1+0.06P
b, = 0.39+0.22(6 - P)
b2 = 20
b; = 1.75+0.35P
m; = 1.2+0.12P
m, = 0.47
P = particle roundness.

NN

Camenen (2007) provides A, B and m values for a sphere as 24, 0.4 and 2, respectively, so that
Equation (2.14) for a spherical particle is

3
v, =M | sy [P0 s (2.14a)
p.de 0.3

Solids Floc and Agglomerate Settling

When primary particles are small, normally less than 20 um for Hanford waste, they tend to
flocculate and form agglomerates (Rector and Bunker 1995a). Although the agglomerate density, which
includes the interstitial liquid, is less than the primary particle density, agglomerates usually settle faster
than primary particles (MacLean 1999).
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When cohesive solids concentrations exceed some level, typically around 0.3 g/L, the small primary
particles start to form agglomerates (Mehta and Pertheniades 1973). Two possible approaches to estimate
the settling velocities of agglomerates are discussed here, the first based on a fractal analysis and the
second based on measurements of silt and clay in estuaries and coastal waters.

From Wells et al. (2007), and as applied in Section 3.3, a fractal analysis indicates that the density of
an agglomerate can be estimated by

De-3
p:($] (pS_pL)+pL (2.15)

where Dk is the fractal dimension (between 0 and 3), R is the agglomerate size, and r is the primary
(crystal) particle size.

Equation (2.15) provides a relationship between the agglomerate size and its density. The
agglomerate density decreases as the size increases for a constant value of Dg < 3. A further discussion
for the fractal dimension is provided in Section 3.3. Given an appropriate fractal dimension value and
agglomerate size, the density of the agglomerate can be estimated. With known size and density, the
settling velocity equations presented above can be used to estimate the agglomerate settling velocity.

An alternative to the fractal dimension approach is an empirical approach developed with silt and clay
particles. Krone (1962) conducted a series of experiments with San Francisco Bay sediments with
densities of 2,650 kg/m® and solids sizes varying from 1 to 50 um. The solids settling equation,

Equation (2.16), accounts for flocculation and estimates the settling velocity of agglomerates as a function
of solids concentration (see Figure 2.2).

Vg = AC? (2.16)

where A is the constant, C is the solids concentration, and Vs is the solids settling velocity.
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(Krone 1962)

Because Equation (2.16) was derived with silt and clay in salt water, the use of an equation in the
form of Equation (2.16) for waste solids settling tests would need to be conducted to determine the value
of the constant, A, possibly for each solids mixture of interest.

Hindered Solids Settling

When the solids concentration exceeds a certain level, typically around 10 g/L, hindered settling
occurs (Krone 1962, 1993; Mehta and Pertheniades 1973). Perry and Chilton (1973) suggest the
following equation for hindered settling:
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b
C
Vg =vso(1— Vj (2.17)

V max

where b = coefficient (= 4.65 for the Stokes Law range)
Cy = solids volume fraction (volume of UDS per volume of suspension
during settling)
Cvmax = Mmaximum solids volume fraction (volume of UDS per volume of sediment)
Vo = settling velocity of a single particle.

Equation (2.17) was used in the computational chemical-fluid dynamic code ARIAL to assess waste
pump jet mixing and retrieval in DSTs (Onishi 1999, Onishi et al. 2000, 2003). MacLean (1999) reported
that a form of Equation (2.17) matched reasonably well with settling velocities of Hanford wastes
(Tanks C-106, C-107, S-107, AZ-101, AZ-102, BY-104, BY-110 and SX-108) and simulants. Figure 2.3
shows three different modes of solids settling, possibly due to solids floc or agglomerate settling,
hindered settling, and solids consolidation in that sequence over 50 days (MacLean 1999).

30
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15
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Settling Time, days

Figure 2.3. Measured Solids Settling Times of Hanford Waste (adopted from MacLean 1999)

Poloski et al. (2007) reported the following equation to represent sedimentation. This equation can
also be used to estimate solids settling as done in Section 3.2.6.

_a,
z_Co (1 _ %je pea (2.18)
2, « a
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where = interface height (m) between the slurry layer and clarified liquid above at time t

= initial interface height (m)

initial solids volume fraction in the well-mixed suspension (average volume fraction of
UDS in initial well-mixed sample)

= adjustable constant found by fitting the model, units of velocity

adjustable constant found by fitting the model, units of velocity

= time

-~ O S & N
|

Unified Solids Settling Velocity Methodology

Onishi et al. (2009) developed a unified settling velocity calculation method to seamlessly cover the
solids settling through a range of an individual particle settling, solids flocculation, and hindered settling,
as discussed below.

The following three equations provide an approach to calculate the settling velocities of Hanford
waste fine particles, whose single particle fall velocity is in the Stokes Law range.

d 2
Vg =g—s(,oS —p.) ForC<03g/L (2.19)
184
4
Vg = AC3 For03g/L<C<10g/L (2.20)
C 4.65
Vg = B[l— v J ForC>10g/L (2.21)
CV max
where A and B are constants.
Note that
C Crax
CV =— and CV max =T (222)
Ps Ps

where C is the solids concentration (g/L), and C is the solids concentration (g/L), corresponding to

CVmax-

Substituting Equation (2.22) to Equation (2.21) yields

max

C 4.65
Vg = B(l— J For C>10g/L (2.23)

The coefficients A and B must be determined for each given waste and set of conditions. Equations
(2.19), (2.20), and (2.23) are unified to seamlessly cover all the solids concentration ranges.
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2.1.1.2 Waste Properties That Affect Solids Settling

Relevant waste properties and their degree of importance to solids settling velocities may be
identified by examining Equations (2.2) through (2.23). For R < 0.3 (the Stokes Law range),
Equation (2.5) reveals that

Vs Ocdsz(/?s _PL)ﬂL_l (2.24)

Thus, considering the sensitivity of the solids settling velocity to waste properties, the most important
waste property is solids size (reflecting a shape factor), followed by the difference between the solids and
liquid densities and the liquid viscosity. Note that the difference between solids and liquid densities is the
solid’s submerged weight in liquid divided by the gravitational acceleration constant; thus, both the solids
and liquid densities are needed in Equation (2.24).

Note that the solids size can vary several orders of magnitude (Section 3.2.5), while both the liquid
viscosity (Section 3.2.2) and solid density (Sections 3.2.3 and 3.3) can vary one order of magnitude, and
the liquid density can increase by 50% from water to salt-saturated liquid (Section 3.2.1). Thus, the order
of importance of waste properties must also consider possible variations of these waste properties
themselves. This is true throughout Section 2.0.

For 0.3 <R < 1,000 (the intermediate range), Equation (2.7) yields

VS «d S1.14 (ps - p, )0.714 ,uL—O.428pL—O.286 (225)

This equation indicates that the main waste properties controlling the solids settling velocity are
solids size (and shape factor), the difference between solids and liquid densities, the liquid viscosity, and
the liquid density, in that order of importance.

For 1,000 <R < 2x10° (the Newtonian Law range), Equation (2.9) yields

Vg ocds™ (o5 —p ) o (2.26)

Thus, for this range of R, waste properties affecting settling velocity are solids size (and shape factor),
the difference between solids and liquid densities, and liquid density. According to Equation (2.26), these
are of equal importance.

When agglomeration and hindered settling become important, waste chemistry, temperature, and
solids concentrations can affect the agglomerate size and density of solids, which in turn can affect the
solids settling velocity, as indicated by Equations (2.19) through (2.23). Required waste chemistry
information includes the identities and concentrations of aqueous chemical species as well as the
identities and concentrations of solids phases.

2.1.2 Gas Generation, Retention, and Release

Tank waste generates flammable gases through thermo-chemical reactions, radiolysis of water and
organic materials, and corrosion processes (Meacham 2009). Flammable gas generation, retention, and
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release are safety issues, and improved predictions of these phenomena can impact waste processing and
WTP design margins.

2.1.2.1 Gas Generation, Retention, and Release Discussion

The primary flammable gases generated by Hanford waste are hydrogen, methane, and ammonia
(Weber 2009). Hydrogen has been identified as the principle flammability concern, with methane
generation assumed to be less than 10% that of hydrogen, and ammonia contributing no more than 2% of
the mixture’s lower flammability limit (LFL) (Meacham 2009).

Some fraction of these gases may be retained in sediment and crust layers, and some is released into
the headspaces of the tanks. Gas bubbles are retained in solids layers by

o capillary force
o waste strength

¢ attachment to solid particles (sometimes called an “armored bubble™).

Gas releases can be essentially continuous, as when the amount of retained gas approaches a
maximum level, and the gas release rate approaches the gas generation rate. Gas releases can also be
episodic, as when the amount of retained gas exceeds criteria for a buoyant displacement gas release
event (BDGRE), and a significant amount of gas is released over a short time (Meacham 2010). Retained
gases can also be released by agitating the waste (e.g., by waste pump jet and pulsed jet mixers [PJMs]) to
alter any or all of the three factors listed above.

2.1.2.2 Example Gas Generation, Retention, and Release Calculation Models

Hanford waste gas generation, retention, and release models are discussed in the following
subsections.

Gas Generation Models

The Hydrogen Generation Rate (HGR) model has been used to estimate Hanford waste hydrogen gas
generation (Hu 2004, Meacham 2009). It considers the primary three hydrogen generation pathways
(thermo-chemical reactions, radiolysis, and corrosion), and estimates the rates of each. The three
pathways are found to depend on waste temperature and chemistry (e.g., concentrations of nitrate, nitrite,
total organic carbon), mass of waste present, liquid fraction, radiolytic heat load (alpha, beta, and gamma
levels), and surface area of steel that can be corroded. Methods to estimate other flammable gases are
described by Weber (2009).

Gas Retention and Release Models

Gauglitz et al. (1995, 1996, 2009) developed the following Bond Number to address the gas retention
by capillary force and waste strength:
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(Ps _pL)gHSDP + 7yDp A,

Bond Number = 2.27
ond Number . 4o A (2.27)
where A; = area of sludge exposed to the bubble
A, = areaover which sludge strength applies
Dr = mean pore diameter

Hs = height of the lithostatic column above a bubble (depth of the solids layer above the
bubble in the solids layer)
o = surface tension
1, = Yieldstress.

The value of A,/A; in Equation (2.56) is 2.8 based on experiments (Gauglitz et al. 1996). The mean
pore diameter, Dp, in this equation may be represented by the solids particle diameter, ds, (Gauglitz et al.
2009).

When the Bond number is greater than unity, a bubble is retained by capillary force and is a
dendritic-shaped bubble, fingering between particles. When the Bond number is less than 1, bubbles
displace some solid particles to form a rounder bubble.

When the surface tension and/or waste strength are not high enough, gases are released from a solids
layer (also called a non-convective layer). Bubbles retained by these two forces are released when solids
holding them are mobilized by mixing. However, bubbles attaching to the surface of a solid particle may
still remain attached to the solid particles and may even be suspended in the supernatant liquid layer (a
convective layer) (Gauglitz et al. 1995). Thus, gas release phenomena discussed here depend on capillary
forces and/or waste strength (i.e., shear strength or yield stress).

Gas retention and release from the Hanford high-level waste (HLW) by PJMs and air spargers were
evaluated experimentally with several scale models. The data obtained were evaluated by using similarity
analysis to derive the following gas retention correlation (Stewart et al. 2006):

N, =8.32R, "z, *016 g ** (2.28)
where
H
Ny = ?JV = Gas Holdup Number (2.29)
R
Uud.p
R, =—=  Jet Reynolds Number (2.30)
L
* T
Ts = —Sz = Solid Erosion by Jet Impingement (2.31)
P
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S, =
(djj = Strouhal Number (2.32)
Ui
where d; = nozzle diameter
gv = Vvolumetric gas generation rate per unit volume of gas-free slurry
H = waste thickness (depth in vessel)
Tc = pulse jet mixing (PIM) cycle time, complete cycle includes discharge and re-fill
U; = nozzle jet velocity
Ur = gas bubble rise velocity at the waste surface
ts = shear strength of sludge and saltcake.

and the gas holdup number, Ny, is the volume fraction of gas bubbles in the waste during mixing.

As shown in Figure 2.4, this similarity-based gas retention correlation is independent of the physical
model scale and thus is directly applicable to the WTP waste processing vessels (Stewart et al. 2006).

0.04
(o)
O  Large Scale
<o 1:4.5 Scale
0.03 - a 1:9 Scale
] R®=0.90
7 0.02 | '
3
3 0
T 2o
pd
001 ¢ %
0.00 | | |
0.00 0.01 0.02 0.03 0.04

8.32R, ", ¥ 5,2
Figure 2.4. Retained Gas Correlation (Stewart et al. 1996b)

Based on the possible flammable gas concentration in the headspace of a tank and the possibility of a
BDGRE for a safety analysis, a tank waste is assigned to a waste group (A, B, or C) (Weber 2009).

o Waste Group A: Tank waste has possibly enough flammable gas to exceed 100% of the LFL in the
tank headspace, and can have BDGRE

o Waste Group B: Tank waste has possibly enough flammable gas to exceed 100% of the LFL level in
the headspace, but does not have potential spontaneous BDGRE flammable gas hazard

o Waste Group C: A tank does not have a potential gas release event for flammable gas hazard.
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Weber (2009) provides equations to determine these waste groups, as described below.

Criterion 1: Retained gas flammability at headspace criterion; %LFLys < 100%

%LFLHS =( [HZ]RG + [CHA]RG + [NH3]RG j*VGWNCL*FGasReIease (233)
%LFL,, %LFL,,, %LFL,,, Vis
where %LFLcns = methane concentration at 100% LFL
%LFLs, = hydrogen concentration at 100% LFL
%LFLys = headspace flammable gas concentration following gas release
%LFLyys = ammonia concentration at 100% LFL
[CH4re = methane concentration in the released gas in nonconvective layer (vol%)
[HJre = hydrogen concentration in the released gas in nonconvective layer (vol%)
[NH:]Jre = ammonia concentration in the released gas in nonconvective layer (vol%)
Foasreleasss = fraction of gas released (assumed to be 100%)
Vus = volume of headspace after gas release
VGwner = calculated void fraction in saturated settled solid layer.

If %LFLys is less than 100% of LFL, the waste group is Group C. Otherwise, the waste group is A
or B.

Criterion 2: Energy Ratio (ER); ER < 3; The ER represents the buoyant potential energy of
gas-bearing gobs to the energy required to yield the waste and release gas from these gobs, and is
calculated by

* ., %
ER=]. %7 R *{(uij* In(1+ 7/)—1} (2.34)
(1_aNB)*TWNCL*5y Ve
where Pus = tank headspace pressure
ons = heutral buoyancy of saturated settled solid layer relative to the overlying
convective layer
gy = nhonconvective layer strain at failure
y = ratio of pressure head of convective layer to the headspace pressure
twnel = Yield stress of saturated non-convective layer.

If the energy ratio is less than 3 and is not in Group C, the waste group is B.

Criterion 3: Buoyancy Ratio (BR); BR < 1. The BR is the ratio of saturated settled solids layer gas
fraction to the neutral buoyancy gas fraction. It is estimated by

HG el *T
CE [H] WNCL ,
BR = * 22RG *Hyned (2.35)
PuncL ~ PeL Runet
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where CF = calibration factor

H = height of saturated non-convective layer
HGwnee = hydrogen gas generation rate in saturated settled solid layer
Pwnel = representative retained gas pressure in the saturated settled solid layer
Twner = temperature of the saturated settled solid layer
pc. = density of convective layer
pwnee = density of saturated non-convective layer.

If the BR is less than 1 and the waste type is not Group C, the waste group is Group B. If the BR is
equal to or greater than 1, the waste group is A.

Meacham (2010) cites analogies between Hanford wastes and sludge deposits studied by van Kessel
and van Kesteren (2002). Van Kessel and van Kesteren found that cracks and channels form and remain
open in sludge with high shear strength as long as the depth of the sludge is less than a maximum value.
The presence of stable cracks and channels in a layer of settled waste solids is desirable because they
facilitate gas release and limit the amount of retained gas. The maximum sludge depth for stable channels

is given by
2 2
d. = _ z(ive) 1+41n] 2 zdf +In( E j (2.36)
Ko(ps _pL)g di 273(1+UR)
where dmax = maximum stable channel depth (m)
s = shear strength (Pa)
e = void ratio (ratio of liquid volume to solids volume of the sediment matrix)
Ko = ratio between horizontal and vertical effective stress
ps = dry settled solids density (kg/m°)
p. = liquid density (kg/m?)
g = acceleration from gravity, 9.8 m/s®
ro = undisturbed channel radius (m)
d: = median floc size (M)
E = modulus of elasticity (Pa)
vg = Poisson ratio.

2.1.2.3 Waste Properties That Affect Gas Generation, Retention and Release

Gas generation rates are strongly affected by waste chemistry (e.g., concentrations of nitrate, nitrite,
organic compounds), liquid weight fraction in the waste, waste temperature, alpha, beta, and gamma
radiation levels and their heat load, waste volume and weight, and the tank carbon steel liner area exposed
to wet waste.

Based on Equation (2.27), the waste properties affecting how gas is retained by slurry are solids
density and particle size, solids layer thickness and weight, and surface tension. Waste properties
affecting the amount of gas retained in the waste may be evaluated by examining Equation (2.28), as

N,, o pL-o.gzﬂLo.mTS 0.16 (2.37)

2.16



Thus, the main waste properties affecting the volume fraction of gases retained in the waste during
mixing operations are liquid density, liquid viscosity, and shear strength of the solids layer, in that order
of importance. Shear strength depends not only on the waste itself but the history of that waste as well.
The BDGRE models, Equation (2.34) and Equation (2.35), depend on these parameters as well as the
sediment depth and density.

Equation (2.36) provides a means to estimate how deep a layer of waste could be before the beneficial
cracks and channels are closed by lithostatic loads, given the waste parameters of shear strength, solids
and liquid densities, mean floc size, and the modulus of elasticity.

2.2 Waste Mobilization

Wastes currently stored in the Hanford DSTs will be retrieved and transported to the WTP or a
supplemental treatment facility for pretreatment and immobilization. The mobilization of settled solids in
the DSTs using jet pumps, and specifically the effective cleaning radius (ECR) of a jet pump, is
considered in Section 2.2.1. The jet mobilization of waste is also important to the WTP where arrays of
stationary PIJMs will be used to mix the contents of the process vessels. Correlations developed to
characterize the effectiveness of PJMs to resuspend solids are discussed in Section 2.2.2. Models that
predict the resulting cloud height and suspended solids concentration within the cloud are presented in
Sections 2.2.3 and 2.2.4, respectively. Lastly, the erosion of vessel walls due to the abrasive nature of
waste jets is discussed in Section 2.2.5.

2.2.1 ECR of a Submerged Jet

Hanford tank waste in DSTs and WTP waste process vessels will be mobilized by water and slurry
jets. Thus, it is important to determine if these jets are capable of eroding the required amounts of settled
sludge and saltcake in these tanks and vessels. The ECR is often used in the Hanford, the Savannah
River, and the Oak Ridge Sites to express the jet eroding capacity. The ECR is the distance between the
jet nozzle exit and the base of the non-mobilized sludge bank.

2.2.1.1 Examples of ECR Calculation Models

Various ECR models have been developed at the DOE sites (Powell et al. 1995a, b, Tedeschi 2000,
Poirier 2004). Some examples of ECR models are presented here.

For pump jet mixing, Powell et al. (1997) and Gauglitz et al. (2009), respectively, derived the
following ECR formulas for Hanford Site waste.

ECR=4.0d U s (2.38)
-0.5
ECR=5.78d ;| —>— (2.39)
P
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Historically, the Hanford Site has used shear strength as a measure of the solids layer strength, while
the Savannah River and the Oak Ridge Sites have used yield stress of a Bingham fluid to represent the
solids layer strength. Poirier (2004) and Reshma et al. (2007) developed the following formula for the
Savannah River and Oak Ridge Sites, respectively.

-05
T
ECR =0.97d U (—yj (2.40)
PL
- -0.5
ECR=4.4d,U, (—VJ (2.41)
PL

where 7 is the yield stress of the Bingham fluid.

There are many literature studies on solids erosion by water jets and streams (Pertheniades 1962,
Onishi et al. 1993, Hanson and Simon 2001, Clark and Wynn 2007). These studies usually express the
solids erosion model as

Sk =k(rg —7¢) (2.42)
where k= erodibility coefficient
Sk = amount of solid eroded per unit bed surface area per unit time
75 = bed shear stress exerted by an impinging jet or a stream on the solid layer surface
e = critical shear stress for solids erosion.

The solids erosion rate, Sg, can be determined by the solid layer’s critical shear stress for erosion and
the erodibility coefficient with the known bed shear stress of an imposing flow on the solids layer
(e.g., Wells et al. 2009). The critical shear stress for erosion may be estimated from the shear strength
and the plasticity index of the sludge (Dunn 1959). The erodibility coefficient is usually determined by
an erosion experiment. Because necessary data have not been collected at the Hanford Site,
Equation (2.42) has not been applied to Hanford tank waste to determine the solids erosion by a jet.

For the vertical jet representing the PJM, Gauglitz et al. (2009) derived the following
non-dimensional ECR formula:

-0.5
ECR =1.16d | — (2.43)
pY;

2.2.1.2 Waste Properties That Affect ECR

Equation (2.38) indicates that

ECRocd,U rs " (2.44)
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while Equations (2.39) through (2.41) imply that

ECRocd;U;p *°zs *°(or 7,7) (2.45)

y

These formulas indicate that key parameters for the ECR are the jet nozzle diameter, the jet exit
velocity, the sludge shear strength (or yield stress), and possibly the liquid density, in that order of
importance. Shear strength is expected to be the dominant property for ECR, and liquid density will have
a smaller effect.

As stated above, the shear strength of a cohesive solid depends on both the waste itself and the
history. For the solids erosion, the shear strength is the most critical parameter. For non-cohesive solids,
the critical shear stress for erosion is the critical waste property and is inherent to a slurry containing a
given specific solid size, density, and shape (Garcia 2008).

2.2.2 Pulsed Jet Mixer Resuspension of Settled Solids

The WTP design for mixing in storage and process vessels incorporates PJMs. These require no
moving parts within the vessels, but their mixing performance differs from other industrial mixing
systems (e.g., rotating impeller mixers), and much of the literature on other mixers is not directly
applicable to PJMs. This section discusses some available models for describing solids resuspension by
PJMs.

2.2.2.1 Critical Resuspension Velocity

The WTP defines critical suspension velocity as the lowest jet nozzle velocity that can suspend all
solids in a process vessel. The critical suspension velocity depends on waste and jet properties as well as
vessel and mixing equipment configuration, i.e., vessel dimensions and the positions, orientations, and
number of jets.

2.2.2.2 Examples of Critical Suspension Velocity Calculation Models

The critical suspension velocity, Ucs, correlation derived by Meyer et al. (2010) is

0.478 0.261
Ug = 2.302(UTH +%j {D(%—ljg} ¢, "HDC 0 OBy BN OE (2 46)
PP L

where the Archimedes Number, Ar, (referred to as the Galileo Number, Ga, in Meyer et al. (2010) is

('Ds—ljgds?’
Ar="Pt ) _Ga

(%]
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where D = tank diameter
DC = PJM duty cycle
d; = PJM nozzle diameter
n = number of operating jets/pulse tubes
Uty = hindered terminal settling velocity
¢ = jet density (= nd;’/D?)
¢ = pulse volume fraction
¢er = ratio of pulse tube to vessel cross-section area
= Solids volume fraction (volume of UDS per a reference tank

>
[

volume defined as %D3).

Onishi (2008) used the same scaled model data (Meyer et al. 2009) used to develop Equation (2.46) to
derive the following correlation for the critical suspension velocity.

2 d. -2.0
u (;S PL — 304[31] (Fs )0.483 (¢s )0.352 (DC)—O.SZG (n)—O.SOS (¢P )—0.775 (Ts )0.326 (248)
S
where F - Tg = Solid Erosion by Jet shear
* (ps - pL)uds

T V T. = Non-dimensional Solids Settling Distance

e
H

H = vessel operating height
Vs = solids settling velocity.

2.2.2.3 Waste Properties That Affect Critical Suspension Velocity

Equation (2.46) has the critical suspension velocity, Ucs, in both sides of the equation, and the
right-hand side of the equation contains the power of a term consisting of the sum of Ucs and another
variable, Ury. Thus, Equation (2.46) does not allow a direct evaluation of the importance of various
waste properties based on the degree of powers of waste properties. Equation (2.46) contains the solid
size, solid density, liquid density, and liquid viscosity. Thus, these waste properties would influence the
critical suspension velocity.

The critical suspension velocity expression, Equation (2.48), contains the solids settling velocity.
Subsection 2.1.1 provides the relationships between the solids settling velocity and waste properties.
Thus, these relationships were used to assess the importance of the waste properties included in
Equation (2.48).

For the Stokes Law range (particle Reynolds Number, R < 0.3), substituting Equation (2.24) into
Equation (2.48) yields

U s € Tg 0.742pL70.500 ¢S 0.176/uL70.163d S 0.084 (,05 -p, )70.079 (249)
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In this range, the most important waste property affecting the critical suspension velocity is the shear
strength of the solids layer. This is consistent with models developed to describe the ECR of a waste
pump jet on waste having a shear strength (or yield stress), as discussed below in Subsection 2.2.1. This
is expected because both the ECR and the critical suspension velocity are addressing the capability of an
impinging jet to mobilize the settled solids at a specific distance from a jet nozzle. Equation (2.49)
indicates that Ucs increases with increasing shear strength (as does critical shear stress for erosion).

The other waste properties affecting the critical suspension velocity in the Stokes Law range are
liquid density, solids volume fraction, liquid viscosity, solids diameter, and difference between solids and
liquid densities (i.e., the submerged weight of the solids divided by the gravitational acceleration
constant). Note that the solids volume fraction is a process parameter, not a waste property, and that ¢ is
a relative solids volume fraction selected by Meyer et al. (2009). Although the liquid density has an
impact on the magnitude of the critical suspension velocity, the liquid density does not usually change
significantly from one waste to another (compared to some other waste properties). The solids size and
the submerged weight of the solids have relatively weak effects on the critical suspension velocity in the
Stokes Law range.

It should be noted that the shear strength, solids density, and solids diameter are not independent of
each other. For example, for a fine cohesive solid, the smaller the solids particle size, the greater the
shear strength and the critical shear stress for erosion in general (Vanoni 1975). On the other hand, in
general, for larger non-cohesive solids, the larger and/or the denser the solids, the greater the shear
strength. Thus, Equation (2.49) and similar equations below should be carefully viewed with this
variation in mind.

For Reynolds Numbers in the intermediate range (0.3 <R < 1,000), substituting Equation (2.25) into
Equation (2.48) yields

U s € Tg 0.742pL—0.547 ¢3 0.176 (,03 -p, )—0.126 IuL—0.070d s -0.056 (250)

Here the most important waste property affecting the critical suspension velocity is again shear
strength, followed by liquid density, solids volume fraction, the difference between solids and liquid
densities (thus, solids density), liquid viscosity, and solids diameter, in that order of importance. Liquid
viscosity and solids size have relatively weak effects on the critical suspension velocity.

For the Newtonian Law range (1,000 < R < 2x10°), substituting Equation (2.26) into Equation (2.48)
yields

U o o 2_SO.742pL—0.582¢S 0.176 (ps _ ,OL )—0.160 dS—O.160 (251)

In this range, Onishi’s Ucs model predicts that the key waste property affecting the critical suspension
velocity is the shear strength again, followed by liquid density, solids volume fraction, difference between
solids and liquid densities (thus, solids density), solids diameter, and liquid viscosity, in that order of
importance.
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2.2.3 Jet Mixing Cloud Height

When a pulsed jet hits the sludge layer in a WTP waste process vessel, some eroded solids are lifted
upward, often forming a distinct slurry layer above which a clear liquid exits. The cloud height expresses
the height of this slurry layer above the sludge layer.

2.2.3.1 Example Cloud Height Calculation Models

Pacific Northwest National Laboratory (PNNL) conducted a series of experiments in scaled physical
models to assess the PJIM performance of WTP vessels (Meyer et al. 2009) and derived the following
cloud height expression (Meyer et al. 2010).

) . 0.1364
He = DC-Uni'dy "¢y "0 ""R, ™ -exp{8.223(ij } (2.52)
U
(,05 - 1}9% "
PL
deij .

where the Jet Reynolds Number, Rqy, is R,; =
H

Onishi (2008) used the same scaled model data reported in Meyer et al. (2009) to derive the following
correlation of the cloud height.

1.10
H_DC —2.39x10 -5 L%j (Ar )—0.20 (FS )—6.89 (FD )1.41(2)—2.35 (Re* )—2.14 (¢5 )—0.606 (DC)0.059 (St )—0.497 (¢p )0.645

(2.53)
where
U, ) .
Fo = = Densimetric Froude Number (2.54)
(ps —PL ng
PL
0.05U d
R, = udsp =Pt _ particle Reynolds Number (2.55)
He H
Vv Vv
z S S _ = Rouse Number (2.56)

N \F
PL

u~ = Shear velocity
S = constant (= 1.0)
x = von Karman constant (~ 0.4).
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2.2.3.2 Waste Properties That Affect Cloud Height

Equation (2.52) contains both an exponential term and terms with powers in the right hand side of the
equation. Thus, this equation cannot be used to obtain degrees of powers for waste proprieties to
determine the order of importance of these waste properties. Because this equation contains solid size,
solid density, liquid density, and liquid viscosity, these waste properties would affect the cloud height.

The alternative model for the suspension cloud height, Equation (2.53), was examined in the same
manner that importance of waste properties to the critical suspension velocity was examined.

For Reynolds Numbers in the Stokes Law range (particle Reynolds Number, R < 0.3), substituting
Equation (2.24) into Equation (2.53) yields

689 489 3649 1745 , —0.606, 055
Heocrg py (pS_pL) PL s dg (2.57)

Thus, based on Equation (2.53), the most important waste property affecting the suspension cloud
height model is the shear strength of the solids layer. This is again consistent with ECR models,
Equations (2.38) through (2.45), which contain shear strength (or yield stress), as discussed in
Section 2.2.1. Equation (2.57) indicates that the greater the shear strength, the smaller the cloud height.

The other waste properties affecting the suspension cloud height in the Stokes Law range are liquid
viscosity, the difference between solids and liquid densities (i.e., submerged weight of solids divided by
the gravitational acceleration constant), liquid density, solid volume fraction, and solid diameter, in that
order of the importance. As indicated under the critical suspension velocity section above, the
relationship between shear strength (and critical shear stress) and solid particle size/density are opposite
for a fine cohesive solids and coarser non-cohesive solids. Liquid viscosity is important in the Stokes
Law range, as expected.

For Reynolds Numbers in the intermediate range (0.3 <R < 1,000), substituting Equation (2.25) into
Equation (2.53) yields

H c o TS —6.89 (pS _ pL )4.31 IULS.SSd S1,47p|_71.08¢S —0.606 (258)

Here the most important waste property is again the shear strength, followed by the difference
between the solids and liquid densities (thus, solid density), liquid viscosity, solids diameter, liquid
density, and solids volume fraction, in that order of importance. The solids volume fraction has a
relatively weak effect on the suspension cloud height in the intermediate range.

For Reynolds Numbers in the Newtonian Law range (1,000 < R < 2x10°), substituting Equation
(2.26) into Equation (2.53) yields

H c oc 74 -6.89 (/)S - p, )4.81d82.97lul_2.54¢5S —0.606pL—0.57 (259)

In this range, the key waste property affecting cloud height is shear strength again, followed by liquid
density, solid volume fraction, difference between solids and liquid densities (thus, solid density), solid
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diameter, and liquid viscosity, in that order of importance. The liquid viscosity has a relatively weak
effect on the critical suspension velocity, as expected in the Newtonian Law range.

2.2.4 Suspended Solids Concentration

Transfer pumps will be used to retrieve waste slurries in the Hanford tanks and WTP waste
processing vessels. The efficiency of solids retrieval depends on the degree to which solids are
suspended, and thus, it is important to evaluate the suspended solids concentration distribution within a
tank.

For many DSTs, the solids mobilized by mixer pumps have been predicted by PJM modeling
(Onishi et al. 2000, Onishi and Wells 2004). The predicted vertical distributions of suspended solids
concentrations are generally quite uniform due to fine solid particles having medium particle diameters
equal to or less than 10 um. AZ-101 PJM tests also imply that vertical distribution of the suspended
solids was quite uniform during the PJM operation (Onishi and Recknagle 1997, Carlson et al. 2000,
2001). PNNL also conducted a series of scaled model experiments to obtain the solids concentration of
suspended solids by PJMs.

2.2.4.1 Examples of Suspended Solids Concentration Calculation Models

Meyer et al. (2009) assumed that 1) the vertical distribution of suspended solids is linear and that
2) the radial concentration distribution is uniform within the suspended solid’s cloud. With these
assumptions, Meyer et al. (2009) derived the following suspended solids concentration correlation at the
tank bottom, Cy:

c, = 2% (2.60)

's)

Equation (2.60) implies that the relative importance of these variables in the Cq correlation is almost
the same, but is inversely related to those in the cloud height correlation in Equation (2.52).

where Cy is the solids vol% at the tank bottom.

Substituting the H¢ correlation (Equation 2.52) into Equation (2.60), the C, correlation based on the
suspension cloud height model of Meyer et al. is

k@D(’)S— jggxﬁs
Yo,

L

C, = (2.61)

TH

0.1364
DC - UTH 2¢PO.539¢J1.662n—0.658 Rej0.143 . exp{8223[uuj }

With these two correlations, the vertical distribution of the suspended solids concentrations may be
expressed as
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C

c- co{ -HLJ @62)

where y is the vertical distance above the solid surface.

The vertical distribution of the suspended solids is a result of the solids settling toward the tank
bottom, counter-balanced by the upward component of the flow turbulence to lift solids upward. The

turbulence intensity is usually related to the shear velocity, u«=4/75 / p, . 1g is the bed shear stress. For

a simple one-dimensional (vertical direction) steady state (longitudinally constant) uniform flow with the
Prandtl-von Karman velocity distribution, the vertical distribution of the solids is given by (Vanoni 1975)

(d-y a ’
_(—y Hc—aj (2.63)

c
Ca

where a = distance above the solid surface
C = solids concentration
C. = solids concentration at elevation “a” above the tank bottom
d = total liquid depth.

The Rouse Number, Equation (2.63), is the ratio of the solids settling velocity and the shear velocity,
as discussed above. Equation (2.62) indicates that the Rouse Number, z, uniquely determines the vertical
distribution of the suspended solids concentrations. This is shown in Figure 2.5, indicating that the
vertical solids concentration distribution is a function of the Rouse Number only.
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Figure 2.5. Vertical Distribution of Suspended Solids Concentrations for VVarious Rouse Number, z
(\Vanoni 1975)

Although Equation (2.63) provides a reasonably accurate picture of the vertical solids distribution in a
vertically varying, horizontally constant (uniform), one-dimensional flow, a PJIM-induced velocity field
has a complex three-dimensional distribution, which is different from that expressed by the Prandtl-von
Kéarman velocity distribution (Vanoni 1975).

2.2.4.2 Waste Properties That Affect Suspended Solids Concentration

Relevant waste properties for the suspended solids concentration are basically the same as those
associated with the suspension solids cloud height discussed in Section 2.2.3.
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2.2.5 Wall Erosion from Pulse Jet Mixers

In the WTP, radioactive waste will be mixed by PIJMs in process vessels. A study on the 316-L
stainless steel mixing vessel wall erosion by PJM operations has been conducted and reported by Papp
(2008) and Papp and Duncan (2009). In their reports, the empirical relation to predict the extent of PJM
vessel wall erosion is given as

E U 3.08588 d 1.982 G 0.8247 C 0.8247
vessel — i S 1—1)— +1 w FNE D Sc 2.64
Evessel—ref (Uref ] (dSref J ( {Cref J [Cref ] ( )( d)( L)( ) ( )

PJM wall erosion depth at end of design life (in.)

where E

vessel

E = PJM wall erosion depth rate of reference case (in./year)

vessel —ref
U; = PJM jet velocity (m/s)
U . = PJM jet velocity of reference case (m/s)

d, = solids particle weighted-mean diameter (m)
= solids particle weighted-mean diameter from reference case (m)

| = fraction of time for maximum solids loading
G = normal solids concentration (wt%)
Cw = maximum solids concentration (wt%)
C.. = reference case concentration (wt%)

F = vessel usage factor
Eq = PJM duty factor
D, = design life (year)
Sc = scale factor.

2.25.1 Waste Properties That Affect Surface Erosion

In Equation (2.64) the vessel wall erosion due to PJM operation is correlated with parameters of
slurry concentration, particle diameter, and PJM jet velocity. Although particle hardness is likely a
parameter affecting the wall erosion, no parameter for hardness is included in Equation (2.64). Based on
this equation, PJM jet velocity is the dominant factor for the erosion of this system, having the largest
exponent, 3.08588. As seen from Equation (2.64), the solids particle diameter is the only WTP waste

property for the vessel wall erosion of the PJM system, so E dg®

vessel &

2.3 Waste Transport

Once mobilized in the DSTs, waste solids will be transported by pumps and pipelines to other DSTs
and eventually to WTP storage or process vessels. This section considers the effectiveness of the transfer
pump suction to collect the solids (Section 2.3.1), the prevention of stationary beds of solids in the
transfer pipes (Section 2.3.2), and pipe erosion (Section 2.3.3).
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2.3.1 Pump Suction

Waste sludge stored in tanks is usually removed as slurry by a waste transfer pump. The
effectiveness of the pump suction is considered in this section.

2.3.1.1 Examples of Solids Suction Calculation Models
The flow induced by a waste transfer suction pump may be treated as an irrotational flow, and its

velocity may be approximated by (Rouse 1961)

Vg = zﬂ?az (2.65)

where Q is the transfer pump discharge, R is the radial distance from the pump suction inlet, and Vr is the
radial velocity toward the pump suction inlet.

The magnitude of the transfer pump-induced flow at any given location must overcome the critical
shear stress for erosion to mobilize the settled solids at that location (Wells et al. 2009). The critical shear
stress is usually expressed as a relationship between these two non-dimensional parameters:

Fsc= fe = Non-dimensional Critical Shear Stress for Erosion (2.66)
(ps _PL)g s
T
u.d pidspL
Ry = ——> =1L = Particle Reynolds Number (2.67)
v He

where u- is the shear velocity, 73 is the shear stress acting on the solids surface layer, and = is the critical
shear stress for erosion.

The Shields Diagram (Vanoni 1975, Garcia 2008) provides the relationship between Equations (2.66)
and (2.67). For non-cohesive solids, the Shields Diagram uniquely determines the critical shear stress.
For fine cohesive solids, the Shields Diagram provides a qualitative trend of the critical shear stress, but
does not provide specific critical shear stress values.

2.3.1.2 Waste Properties That Affect Pump Suction of Solids

As shown in Equations (2.66) and (2.67), the waste properties affecting the solids suction by a
transfer pump are the density and the viscosity of the liquid and the size and the density of solids for a
non-cohesive solid. Note that the solids density is needed to estimate the submerged solids weight,

(os - P9

For a cohesive solid, the critical shear stress is not only a function of these four waste properties, but
also of the cohesiveness of the solids and its history and condition. Thus, waste chemistry and history
also play roles in critical shear stress. Critical shear stress is usually obtained through laboratory or field
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measurements and is related to shear strength (Dunn 1959, Pertheniades 1962, 1993, Teeter 1988,
Mazurek et al. 2001). There are no reported measurements of critical shear stress for Hanford waste.

2.3.2 Pipeline Critical Velocity

Sludge and saltcake wastes at the Hanford Site will be transferred through pipelines within tank
farms, between tank farms, from tank farms to the WTP, and between process vessels within the WTP
(Julyk et al. 2000, Slurry Transport Expert Panel 2002, Onishi et al. 2002). It is important that solids do
not deposit in pipelines during slurry pipeline transfer to avoid pipe plugging. Deposition is prevented by
making certain that the pipeline velocity exceeds the deposition velocity.

The velocity of a slurry pipeline flow and its relationship to the pipeline pressure gradient are shown
in Figure 2.6 (Govier and Aziz 1987), together with the velocity-pressure drop relationship of a pure
liquid. As depicted in Figure 2.6, the following four regimes of slurry pipeline flow occur as the slurry
velocity, Vy, is decreased.

o Regime 1, symmetric suspension (Vi > Vuy)
All solids of the slurry flow are transported as suspended load, and the vertical distribution of the
solids concentration is uniform across the pipe cross-section.

o Regime 2, asymmetric suspension (Vpz2 < Vm < Vui)
All solids are transported as suspended load, but the vertical distribution of the suspended solids
concentrations is not uniform across the pipe cross-section.

o Regime 3, moving bed (Vms <Vm < Vuz)
Solids in the slurry are transported as a bed load; solid particles are saltating (solids are rolling,
sliding, hopping, and jumping along the pipeline bottom), and solids are not transported as suspended
load. For slurry with mixed-size particles, some solids may be in suspension.

o Regime 4, stationary bed (Vs < Vm < V)
Some solids in the slurry are deposited on the bottom of the pipe. The upper part of the solid layers is
in saltation, but the lower part of the solid layers is in stationary. With mixed-size particles, some
solids can be in suspension. For the velocity below Vg, the pipe would be blocked.
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Figure 2.6. Pipeline Slurry Velocity and Pressure Gradient (Govier and Aziz 1987)

As shown in Figure 2.6, the pressure drop is the smallest at or around the slurry velocity of V.. At or
above that velocity, all solids are suspended if sizes, densities, and shapes of all solids are the same. A
slurry with a velocity less than Vy, would be in danger of plugging a pipeline. Thus, slurry transport is
usually operated at or above the velocity of Vi, (Wasp et al. 1977). This velocity, Vi, is defined here as
the pipeline critical velocity.

The velocity must also be large enough to produce a turbulent flow. Note that the existence of the
solids generally tends to reduce the turbulence. Wasp et al. (1977) discuss how to determine the
transition from a laminar flow to a turbulent flow. Wasp et al. (1977) and Liu (2003) discuss how to
handle non-Newtonian slurry, e.g., a Bingham flow.

2.3.2.1 Examples of Pipeline Critical Velocity Calculation Models

There are many formulas and models to estimate the critical velocity, Vy,. The following subsections
give examples of critical velocity calculation models.

Models for Coarse, Non-Cohesive Solids

The following two example models may be applied to estimate critical velocity for coarse,
non-cohesive solids.
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Durand Model (Durand 1952)

Vy, = F{ZgD(p—SAﬂ (2.68)

where D = pipe diameter (m)
F_ = dimensionless factor (a densimetric Froude Number)
g = gravitational acceleration constant (m/s?)
Vmz = critical velocity (m/s)
p. = liquid density (kg/m®)
ps = solid density (kg/m®).

The coefficient F_ is affected by the particle size and solid concentration as shown in Figure 2.7,
where Cy is the volume fraction of UDS in the flow (Wasp et al. 1977). This classical model was
developed with sand and coal slurry with particle diameters of 440 to 2,000 um in water. The good
agreement between measured and computed critical velocity incorporated in the value of F_ is shown in
Figure 2.8 (Wasp et al. 1977).

2

Gy = 10% Cy = 15%

0 1 2 3
PARTICLE DIAMETER (MM)

Figure 2.7. Parameter F_ of the Durand Model (Wasp et al. 1977)

2.31



10.0
s
o
25 DURAND
& CORRELATION 4 00
Q / P
b T 2 E
) il LEGEND
i e Sinclair _ (Ref. 20)
= » Durand (Ref. 16)
0 0 Durand (Ref. 16)
i #r Yotsukura (Ref. 19)
O Yotsukura (Ref. 19)
®m Yotsukura (Ref. 19)
& Wicks (Ref. 18)
@ Wicks (Ref. 18)
0.1 T
1.0 10 100

SOLIDS CONCENTRATION, Cy (Volume %)

Figure 2.8. Comparison of Measured and Computed Critical Velocities Incorporated in the Value of F,.
(Wasp et al. 1977)

Oroskar-Turian Model (Oroskar and Turian 1980)

{ 2
d -0.378 Dp|_ qd S [ps - 1)
Vi, =1.85 |gd (”—S - 1]0V 0%, 0¥ [—Sj : 2% (2.69)
PL D Hc
2 2
4= i{iyexp[_ 4y j+f exp(_ 4y ]d}/}
/4
N7 d d (2.70)
Vv
y= VSH
M2 (2.71)
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where Cy = solid volume fraction
ds = particle size (median particle diameter, "dso") (m)
Vsy = hindered settling velocity (m/s)
y = fraction of eddies having velocities equal to or greater than the settling velocity
uc = carrier fluid viscosity (Pas).

Note that the viscosity in Equation (2.69) is that of a carrier fluid, which includes any uniformly
suspended particles, and not the viscosity of the pure liquid. It is known that when different size particles
are transported in a pipeline, some fine solids are vertically uniformly mixed and become a part of the
carrier fluid (Wasp et al. 1963, 1977). Because the suspended particles make the carrier fluid denser and
more viscous than the pure liquid, larger solids can be transported with less possibility of deposition.
Which slurry solids would become a part of a carrier fluid is a complex problem to determine, depending
on many factors, e.g., liquid density, liquid viscosity, solid density and size, pipe diameter, pile flow
velocity, solid concentration, slurry rheology, etc. Wasp et al. (1963) developed a method to determine
which portion of solids becomes a part of the carrier.

The variation of y as a function of y (Equation 2.70) is shown in Figure 2.9. The value of y is about
0.96 for the slurry pipeline velocity of between 0.06 ft/s and 5.3 ft/s (Oroskar and Turian 1980).

1.0
08}
0.6}
»
04 |
02}
i i 1 1 :
0 0.5 1.0 1.5 2.0 25 3.0
(Ve/ ve)

Figure 2.9. y as a Function of the Ratio of Vs/Vc. Vs is the slurry pipeline velocity and V¢ is the critical
velocity. In this figure, V¢ = Vi, (Oroskar and Turian 1980).

For slurry consisting of mixed size solids, the median diameter of the solids by volume, dso, would be
appropriate to use as the value of ds (Oroskar and Turian 1980). Beside this model, Turian developed

2.33



many different models (Turian and Yuan 1977, Turian et al. 1987). Turian et al. (1987) states that a
theoretical model developed by Oroskar and Turian (1980) and empirical models by Turian et al. (1987)
have the best fit to the tested data. Oroskar and Turian (1980) reported that Equation (2.69) has a better
overall fit with data than their theoretical model. The WTP design guide assigns Equation (2.69) as its
slurry critical velocity model (Hall 2006).

Many slurry pipeline transport models have a particle diameter as one of the model parameters to
determine the critical velocity. Some practitioners suggest the use of the median particle diameter, some
others suggest different values, as large as a 95" percentile value. Specific particle size selections also
depend on the data that the model developers used to derive their critical velocity models. In some
instances, a larger particle size is selected for design safety margins. In general, there is no universally
accepted selection of the particle diameter for slurries with particles of various sizes.

Models for Fine Solids

The following three example models may be applied to estimate pipeline critical velocity for slurries
of fine particles.

DG Thomas Model (Thomas 1962, Wasp and Slater 2004)

2.71
v d.u.
M2 :0.0J{ s pc) 2.72)
Hc

u. = |2 2.73)
P

where u~ = friction velocity (or shear velocity) (m/s)
pc = density of carrier fluid (kg/m?)
o = density of slurry (kg/m°)
1g = wall shear stress (Pa).

This model is for fine particles. It was developed by experiments with ion exchange resins and glass
beads with diameters of 0.75 to 66 um in water. Wasp et al. (1977) describe how to obtain the wall shear
stress. In general, it is better to obtain the density and viscosity of the slurry by actual measurements than
to estimate these values with mathematical formulas.

AD Thomas Model (Thomas 1979)

0.37
9.8 (,05_ j D 0.11
V,3 =9.0 Pe ( ch 2.74)
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This model is also for fine particles. Above this velocity of Vs, no stationary bed is formed, but
there would be the moving bed in a pipeline. This model was based on experiments with 17- and 26-um
silica sand in water and was derived from an equation similar to Equation (2.77) with some additional
assumptions. This model uses S.1. units.

Wasp and Slater (Wasp and Slater 2004)

0.5 0.22
Vy, = 0.18(& —1J (d%pc— VgDJ exp(4.34C, ) (2.75)

Pc Hc

where dgs is the particle diameter which is greater than the diameter of 95% of the particles by volume.

This model is for mixtures of mostly fine solids with some coarse particles. Note that for slurries of
very fine particles, Vi and Vi, values are almost the same. This model was developed with data for coal,
copper, sulfur, phosphate magnetite having 62 < dgs < 850 um in water, and oil. The right-hand side of
this equation is non-dimensional, except the coefficient, 0.18. Thus, as Wasp and Slater (2004) use S.I.
units of (m/s), the units of the coefficient are likewise (m/s).

Poloski Model (Poloski et al. 2009b, c)

F, =0.59A. " (2.76)
where,

. . VM2

Densimetric Froude Number, F, = ————= (2.77)
Jop(? -1
PL
gdss(& _1):0L2
A, =— A (2.78)
3 He

This model was developed for slurries with Ag < 80 comprising glass beads, alumina, and stainless
steel in water.

Summary of Models

Equations (2.68) through (2.78) are examples of models used to determine the critical velocity of
slurry pipe flow. These are summarized in Table 2.1.

As indicated in Section 2.3.2.1, the critical velocity must be such that the resulting slurry flow is
turbulent and overcomes the resistance of the slurry, e.g., the yield stress of a Bingham plastic.
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Table 2.1. Summary of Some Examples of Critical Velocity Models

Oroskar and Turian
(1980)

Calculates Solids -
Model Comments Type Size, pm Liquid
Velocity Sand, Coal 440~2000 Water
1. Large solid sizes
Durand (1952) 2. Narrow solid size distribution
3. Slurry of the single solid density
Velocity Sand, Coal, Iron 100~2040 Water, Kerosene,
Ethylene glycol

. Extension of the Durand Model

. Theory based on the ratio of solid settling velocity to upward turbulent intensity
. Large solids

. Narrow solid size distribution

. Slurry of the single solid density

g b~ wN -

DG Thomas (1962)

Glass bead,

lon exchange resins Dsp =0.75 ~ 66

Friction velocity Water

. Theory based on the ratio of solid settling velocity to upward turbulent intensity

AD Thomas (1979)

. Fine particles
Velocity | Silica Sand | D= 17, 26 | Water

1. Theory based on the Sliding Bed concept and the ratio of settling velocity to upward turbulent
intensity

2. Fine particles

3. Wide size distributions

4. Slurry of the single solid density

5. Converts the deposition friction velocity to the deposition flow velocity

Wasp and Slatter
(2004)

Coal, Copper, Sulfur, Dyc= 62 ~ 850

Phosphate Magnetite Water, Oil

Velocity

1. Extension of the Durand Model

2. Theory based on the ratio of solid settling velocity to upward turbulent intensity
3. Fine particles

3. Wide size distributions

4. Slurry of the single solid density

Poloski (2009c)

Glass bead, Alumina,

Stainless steel Water

Velocity Dsg = 6.2 ~ 140.3

1. Extension of the Shook et al. (2002) model
2. Wide solid distribution
3. Each slurry of single solid density

23.2.2

Waste Properties That Affect Pipeline Critical Velocity

For coarse non-cohesive solids, waste properties needed to use Equations (2.68) and (2.69) are the

density and viscos
velocity. With Eq

ity of liquid (or carrier fluid), the size and density of solids, and the solids settling
uations (2.68) and (2.69), one may obtain the following equation for the order of

magnitude of these waste properties:

Vi, o ps“p"ds” 1. exp(Vs)C, °D°

assuming that F_ in the Durand model (Equation 2.67) may be expressed as

F ocds’C,*
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where ¢ = 0.5~0.545

= 0.455~0.5
y = 0.167~¢
5=0186~051~¢
¢ = 0.33~0.468

¢ = positive constant
& = positive constant.

Equation (2.79) implies that key waste properties are, in order of their importance, densities of solid
and liquid, solid diameter, and liquid or carrier fluid viscosity. The settling velocity also affects the
critical velocity. Its relative importance with respect to these three key waste properties is discussed in
Section 2.1.1.

For fine solids, Equation (2.74) reveals that the critical velocity to avoid formation of a stationary bed
is

Vs o€ ,Oc_l'zeps0'37,uc0'15DQll (2.81)

Thus, the critical velocity above which no stationary bed exists is affected by carrier fluid density,
solids density, carrier fluid viscosity, and pipe diameter, in that order of importance.

Because they depend on the amount of suspended solids, the carrier fluid density and viscosity are
affected by many parameters, e.g., liquid density, liquid viscosity, solid density and size, pipe diameter,
pipe flow velocity, solids concentration, etc. Thus, for a given slurry and specific operating conditions, it
is best to determine carrier fluid properties by running a model such as given by Wasp et al. (1963) and
supporting experiments. To gain a preliminary idea of carrier fluid properties for a given condition, one
might arbitrarily assume that solids with diameters less than say, 10 um, would be a part of a carrier fluid
at several ft/s slurry flow velocity. However, this preliminary assumption needs to be tested by both
modeling and experimental measurements.

For fine solids, Equation (2.75) indicates that the critical velocity to achieve the homogeneous solid
concentration is

Vi < ps O'SPC —0.28d950.22ﬂc s exp(Cy ) (2.82)

The critical velocity for homogeneous vertical distribution of solids at a given solids concentration
depends on solids density, carrier fluid density, and solids size and carrier fluid viscosity, in that order of
importance. The key waste properties are solids density and solids size, in that order of importance. The
carrier fluid density and viscosity are also important, so waste properties affecting the carrier fluid also
need to be assessed.

Equation (2.76) indicates that the critical velocity is

0.65 d 045 035 03

Viua € (Ps _pL) s P H (2.83)
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Thus, the key waste properties are the density difference between the solid and liquid, solid size, and
density and viscosity of the liquid.

2.3.3 Pipeline Erosion

Wall surface erosion is a process in which a part of the wall material is removed by solids particle
impingement on a wall surface. Two types of erosion processes are considered: 1) breaking loose pieces
of surface material due to repeated surface deformation during collisions between particles and a surface,
and 2) cutting a surface material due to impinging particles (Bitter 1963a, b).

To guide the design and maintenance of pipeline systems, a large number of models have been
developed to predict wall erosion (Meng and Ludema 1995). However, the actual wall erosion processes
are complex, and models to provide accurate predictions of wall surface erosion are still under
development. The following subsection discusses several models that estimate wall surface erosion by jet
and pipe flow.

2.3.3.1 Examples of Surface Erosion Calculation Models

Gupta et al. (1995) studied the effects of velocity, solids concentration, and particle size on erosion
wear around the circumference of a horizontal mild steel pipeline conveying slurries of tailing materials.
They derived the following reasonably accurate empirical correlation for the wear rate prediction of
multi-sized particulate slurries:

E e =0.223 Cv?,'556d§'344u 2148 (2.84)
where Epipe = erosion rate of horizontal mild steel straight pipe circumference (mm/year)
U = slurry velocity (m/s)
d, = solids particle weighted-mean diameter (m)

Cw = solids concentration (wt%).
Gupta et al. (1995) reported that Equation (2.84) has an uncertainty margin of £14%.
Wood (1999) obtained empirical correlations to predict the extent of carbon steel American Iron and

Steel Institute (AISI) 1020 substrate erosion with 30° and 90° impingement angles of 2.1 wt%
concentration sub-angular quart sand slurry flow as

Eyp =17.711 L8250y 2962 (2.85)

Eqg. = 2.345 pLioordory 23 (2.86)
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where E,,. = erosion rate for with 30° impingement angle (units of um?®/solid impact, where
solid impact = (solids volumetric flow rate)(time) /(particle volume)
Eq- = erosion rate for with 90° impingement angle (um*/solid impact)
U = flow velocity (m/s)
ps = solids particle density (kg/m®)
ry = solids particle radius (cm).

2.3.3.2 Waste Properties That Affect Surface Erosion

The pipeline systems consist of pipes, pumps, valves, and fittings. Equation (2.84) through
Equation (2.86) may be used to estimate the wall surface erosion of these components to the extent that
the Hanford waste properties resemble those of tailing materials.

It is seen from Equation (2.85) that the erosion rate of mild steel straight pipe depends on slurry
concentration, solids particle diameter, and slurry velocity. Velocity is the dominant factor, with the
largest exponent of 2.148. The solids particle mean diameter is the only waste property in
Equation (2.84). Thus, this equation implies that the straight pipe wall erosion depends only on the solids
particle mean diameter as

E e oc A3 (2.87)

pipe

Haugen et al. (1995) reported that the maximum erosion was obtained at the 30° impingement angle
of angular sand particles in an air stream. Therefore, Equation (2.85) is expected to provide conservative
erosion prediction of pumps, valves, and fittings of a flow system. However, from Equation (2.85) and
Equation (2.86), it is pointed out that the flow with 30° particle impingement angle produces higher
erosion than that of 90° particle impingement angle only for the particle kinetic energy larger than 0.2 pJ
(see Wood 1999). Therefore, both Equations (2.85) and (2.86) need to be used for conservative erosion
estimations of pumps, valves, and fittings.

The solids particle density, solids particle radius, and slurry velocity are the parameters for the
erosion caused by the slurry flow with 30° and 90° particle impingement angles against the wall of a
pipeline system. The particle radius is the dominant factor for the erosion of this system because it has
the largest exponent of 5.944 for a 30° impingement angle and 3.507 for a 90° impingement angle in
Equations (2.85) and (2.86), respectively. From these equations, it is also found that the solids particle
density and radius affect erosion of pumps and valves, giving the expressions of

E30° Ocpé.9812r55.944 (288)

Egpe o ps 21 (2.89)

Similar to wall erosion due to PJM operation as discussed in Section 2.2.5, while not apparent from these
correlations, particle hardness is also expected to influence surface erosion.
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2.4 Waste Processing

The WTP will process (i.e., pretreat) waste received from tank farms to reduce non-radioactive
species in the high-level glass stream that limit the waste loading of the glass. Specifically, Al and Cr
sludge solids need to be dissolved and removed from the high-level stream to allow greater amounts of
waste to be added to the high-level glass. Filtration will then be used to concentrate and wash the
remaining solids (removing the dissolved Al and Cr as well as certain salts). Section 2.4.1 considers
available filtration models and the waste characterization data needed by the models. Section 2.4.2
briefly addresses the thermodynamic models used to determine which solids may dissolve under a given
set of process conditions.

2.4.1 Solids Filtration

The WTP plans to use filtration in pretreating waste to increase the solids concentration in a slurry by
removing liquid. The driving force to move liquid through a filter is the pressure difference through a
filter.

2411 Examples of Solids Filtration Calculation Models

Flow through a filter is similar to groundwater flow through porous media. Groundwater flow is
usually described by Darcy’s Law (Hemond and Fechner 1994):

q :_K$:_L@ (2.90)
X 4, dx

where h = hydraulic head
K = hydraulic conductivity
k = permeability
p = pressure head
g = specific discharge
x = groundwater flow direction.

The specific discharge (Darcy flux) is the amount of liquid flowing across a unit area perpendicular to
the flow direction per unit time.

A governing equation for filtration is (Green and Perry 2007)

1dv _ P (2.91)

A dt wV
,UL ﬂ/ T +r
where A = filtering surface area

r = filter resistance including possible solids built-up on a filter
t = time
V = accumulated solids volume
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weight of solids per unit volume of filtrate
total pressure across a filter system
A = constant related to solids size.

w
P

2.4.1.2 Relevant Waste Properties for Solids Filtration

Darcy’s Law, Equation (2.90), shows that filter flux depends on liquid viscosity. Because fine solids
may go through a filter, the solids size is also a relevant waste property to assess waste solids filtration.
Equation (2.91) also indicates that liquid viscosity and solids size are the primary waste properties
affecting filtration.

2.4.2 Solids Dissolution

The rate and extent to which waste solids dissolve are important to retrieval and processing
operations. Chemical thermodynamics can be applied to determine the possible extent of dissolution, and
two chemical equilibrium models have been used to predict Hanford waste solubilities. Establishing the
extent of solids dissolution is important to leaching and washing operations in the WTP Pretreatment
Facility. Solids dissolution may also occur when one waste is mixed with a second waste in a tank or
when water or chemicals are added. This includes adding water to low-activity waste in DSTSs to reduce
the concentration of solids (Herting 1997, Onishi et al. 1999, 2003). It is not practical to predict solids
dissolution in the very complex Hanford wastes without using chemical simulation computer codes to
simulate all relevant chemical reactions.

2.4.2.1 Waste Properties That Affect Solids Dissolution

Relevant waste properties for chemical dissolution are aqueous species, gas and solid phases, and the
concentration for each of these chemical species. The waste temperature is also important in many cases.

2.5 Summary of Physical and Rheological Parameters

Available models and correlations for waste storage, mobilization, transport, and processing were
reviewed in Sections 2.1, 2.2, 2.3 and 2.4, respectively, to identify the waste parameters important to
guantifying the phenomena. Table 2.2 summarizes the key waste properties that are considered to be
important for these phenomena. The order of significance of waste properties was derived through the
sensitivity of the models to the waste properties. The numbers in the table indicate their expected
significance in order of their importance with 1 indicating the most important and 5 the least important.

As stated previously, the order of significance of the waste properties in Table 2.2 must be used in the
context that some waste properties vary much more than some other waste properties do. For example,
the solids size can vary several orders of magnitude (Section 3.2.5), while both the liquid viscosity
(Section 3.2.2) and solid density (Sections 3.2.3 and 3.3) can vary by one order of magnitude, and the
liquid density can increase by 50% from water to salt-saturated liquid (Section 3.2.1). Thus, the order of
importance of waste properties must also consider possible variations of these waste properties
themselves.
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Table 2.2. Important Waste Properties

Waste Properties
22 gs|55(22(28 |25
88|32 |52 (558|358 |88
n > <
Phenomena @)
Solids Settling 2 1 3 3
Critical Suspension | Meyer et al. (2010) model N N N N
Velocity Onishi (2008) model 3 3 1 2 3
Suspended Solids Meyer et al. (2010) model N N N N
Cloud Height Onishi (2008) model 2 5 1 2 2
Suspended Solids Meyer et al. (2010) model N N N N
Concentration Onishi (2008) model 2 5 1 2 2
Jet Erosion of Wall 1
Gas Generation, Gas Generation/ 1
Retention and Steady-State Release
Release Gas Retention 3 1 2
ECR 1 1
Pump Suction™* Cohesive solids v v v v v V
Non-cohesive solids N N N N
Pipeline Critical Velocity 1 3 2 4
Pipeline Erosion 1
Solids Filtration 2 1
Solids Dissolution 1

*: No specific order of importance is given

V: Important
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3.0 Waste Performance Data

Hanford waste characterization data are used to engineer safe storage, retrieval, transport, and
processing operations. The specific waste parameters for evaluating process operations are identified in
Section 2.0 by examining relevant example mathematical models of the phenomena.

The parameter characterizations of the as-stored Hanford waste, including both the liquid and solid
phases, are presented in this section. Variations of these waste properties by tank and waste type are
included. Data gaps with respect to 1) unquantified information (e.g., identification of amorphous solid
phases, Section 3.2.3) and 2) waste volume represented for characterization of a specific parameter, are
listed. Data allowing the evaluation of potential property changes due to retrieval and staging activities
are provided. The effect of pretreatment processes on specific properties is considered in Section 4.0.

The data are from numerous and varied sources as referenced. It is assumed that the data from these
references have been fully reviewed and documented in accordance with the analysts’ QA programs.

3.1 Waste Parameter Basis

The Hanford waste parameters and data gaps are presented on bases of 1) tank, 2) waste type
(general, i.e., sludge or saltcake, and specific), and 3) composite where possible and meaningful. Besides
providing information for a specific tank, Basis 1 can be useful to investigate waste feed streams. Basis 2
provides an intermediary basis and allows for meaningful determination of data gaps, and Basis 3 is
useful for broad considerations of waste properties.

The as-stored waste properties are presented for the characterizations made on various subsets of the
177 large underground storage tanks on the Hanford Site. The 177 storage tanks include 149 SSTs and
28 DSTs.

The general waste types, sludge and saltcake, are classified as such, based on the relative
concentrations of soluble and insoluble UDS®. As specified in Weber (2009), a tank is classified as
sludge if at least 75 vol% is sludge solids (insoluble UDS), and similarly, saltcake if it is at least 75 vol%
saltcake/salt slurry solids (soluble UDS).

Waste type definitions have evolved over time as additional information on the composition of wastes
transferred to the Hanford tanks has been identified. The latest modifications were included in Revision 5
of the Hanford Defined Waste Model (Higley and Place 2004). As described in Section 3.2.3, the UDS
composition information, following Wells et al. (2007) and Poloski et al. (2007), is based on the
May 2002 Best Basis Inventories (BBIs). The majority of waste sampling was conducted before 2002,
and thus the parameter characterizations from these samples are consistent with the 2002 BBI. Some
tanks’ wastes have been diluted or leached since 2002, changing both the solid and liquid compositions of
the waste remaining in the tanks.

(@) UDS; undissolved solids. Those solids, whether soluble or insoluble, that are present as a solid phase and are
not dissolved in the liquid phase of the waste. The UDS inventory (mass and volume) in each tank was
determined by thermodynamic modeling that used 2002 Best Basis Inventory (BBI) data and by adjustments to
modeling results, as described in Section 3.2.3.2. The UDS inventory does not include interstitial liquid.
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The primary and secondary waste types as specified in the 2002 BBI by volume of UDS
(Section 3.2.3) for the individual tanks are provided in Table 3.1. Approximately 80% of the tanks have
at least 95% of their UDS volume inventory characterized by the listed first and second most prevalent
waste types. The waste type acronyms of Table 3.1 are defined in Table 3.2 as adopted from Agnew
(1995), Meacham (2003), and Higley and Place (2004).

Table 3.1. Primary and Secondary Waste Types by Tank, 2002 BBI, UDS Volume Basis

Volume Volume
Fraction Fraction
Primary Waste Primary Secondary Waste Secondary
Tank Type! Waste Type® Type? Waste Type®
A-101 Al saltcake 0.99 P2 sludge 0.01
A-102 Al saltcake 1.00 N/A* N/A
A-103 Al saltcake 0.99 AR sludge 0.01
A-104 AR sludge 0.96 P1 sludge 0.04
A-105 P2 sludge 1.00 N/A N/A
A-106 Al saltcake 0.37 SRR sludge 0.37
AN-101 Liquid® N/A N/A N/A
AN-102 A2 saltcake 1.00 N/A N/A
AN-103 A2 saltcake 1.00 N/A N/A
AN-104 A2 saltcake 1.00 N/A N/A
AN-105 A2 saltcake 1.00 N/A N/A
AN-106 Al saltcake 1.00 N/A N/A
AN-107 A2 saltcake 1.00 N/A N/A
AP-101 Liquid N/A N/A N/A
AP-102 Liquid N/A N/A N/A
AP-103 Liquid N/A N/A N/A
AP-104 Liquid N/A N/A N/A
AP-105 A2 saltcake 1.00 N/A N/A
AP-106 Liquid N/A N/A N/A
AP-107 Liquid N/A N/A N/A
AP-108 Liquid N/A N/A N/A
AW-101 A2 saltcake 1.00 N/A N/A
AW-102 CWHP1 sludge 1.00 N/A N/A
AW-103 CWZr2 sludge 0.87 Al saltcake 0.13
AW-104 A2 saltcake 0.71 PL2 sludge 0.29
AW-105 CWZr2 sludge 0.92 PL2 sludge 0.08
AW-106 A2 saltcake 1.00 N/A N/A
AX-101 Al saltcake 0.99 SRR sludge 0.01
AX-102 Al saltcake 0.80 BL sludge 0.20
AX-103 Al saltcake 0.90 P2 sludge 0.10
AX-104 P2 sludge 1.00 N/A N/A
AY-101 Unidentified sludge 1.00 N/A N/A
AY-102 BL sludge 1.00 N/A N/A
AZ-101 P3 sludge 1.00 N/A N/A
AZ-102 P3 sludge 1.00 N/A N/A
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Table 3.1. (contd)

Volume Volume
Fraction Fraction
Primary Waste Primary Secondary Waste Secondary
Tank Type' Waste Type® Type? Waste Type®
B-101 B saltcake 0.68 BL sludge 0.23
B-102 B saltcake 1.00 N/A N/A
Mixed waste (MW)
B-103 B saltcake 0.97 sludge 0.03
B-104 2C sludge 0.51 1C sludge 0.34
B-105 B saltcake 0.90 2C sludge 0.06
B-106 TBP sludge 0.65 1C sludge 0.35
B-107 1C sludge 0.53 B saltcake 0.39
B-108 B saltcake 0.64 CWP2 sludge 0.36
B-109 B saltcake 0.53 CWP2 sludge 0.47
B-110 2C sludge 0.99 P2 sludge 0.01
B-111 2C sludge 0.89 P2 sludge 0.11
B-112 2C sludge 0.53 BY saltcake 0.47
B-201 224 Pre-1949 sludge 1.00 N/A N/A
B-202 224 Post-1949 sludge 1.00 N/A N/A
B-203 224 Post-1949 sludge 1.00 N/A N/A
B-204 224 Post-1949 sludge 1.00 N/A N/A
BX-101 CWP2 sludge 0.74 TBP sludge 0.26
BX-102 DE sludge 0.61 CWP2 sludge 0.39
BX-103 CWP2 sludge 0.67 TBP sludge 0.33
BX-104 CWR1 sludge 0.44 MW sludge 0.42
BX-105 CWHP1 sludge 0.58 TBP sludge 0.29
BX-106 CWHP1 sludge 0.50 TBP sludge 0.50
BX-107 1C sludge 1.00 N/A N/A
BX-108 TBP sludge 0.68 1C sludge 0.32
BX-109 TBP sludge 1.00 N/A N/A
BX-110 BY saltcake 0.62 A2 saltcake 0.38
BX-111 BY saltcake 0.81 1C sludge 0.19
BX-112 1C sludge 1.00 N/A N/A
BY-101 BY saltcake 0.89 TFeCN sludge 0.11
BY-102 BY saltcake 1.00 N/A N/A
BY-103 BY saltcake 0.98 CWP2 sludge 0.02
BY-104 BY saltcake 0.86 PFeCN sludge 0.14
BY-105 BY saltcake 0.89 PFeCN sludge 0.09
BY-106 BY saltcake 0.93 PFeCN sludge 0.07
BY-107 BY saltcake 0.94 PFeCN sludge 0.06
BY-108 BY saltcake 0.80 PFeCN sludge 0.20
BY-109 BY saltcake 0.90 CWP2 sludge 0.10
BY-110 BY saltcake 0.88 PFeCN sludge 0.12
BY-111 BY saltcake 1.00 N/A N/A
BY-112 BY saltcake 0.99 MW sludge 0.01
C-101 CWHP1 sludge 0.62 TBP sludge 0.38
C-102 CWP2 sludge 0.71 CWHP1 sludge 0.10
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Table 3.1. (contd)

Volume Volume
Fraction Fraction
Primary Waste Primary Secondary Waste Secondary
Tank Type' Waste Type® Type? Waste Type®
C-103 CWP1 sludge 0.60 AR sludge 0.40
C-104 CWP1 sludge 0.34 CWRP2 sludge 0.23
C-105 CWP1 sludge 0.90 TBP sludge 0.10
C-106 AR sludge 1.00 N/A N/A
C-107 1C sludge 0.54 SRR sludge 0.36
C-108 1C sludge 0.44 TBP sludge 0.38
C-109 TFeCN sludge 0.38 CWP1 sludge 0.36
C-110 1C sludge 1.00 N/A N/A
C-111 TFeCN sludge 0.41 CWHP1 sludge 0.28
C-112 TFeCN sludge 0.69 CWP1 sludge 0.16
C-201 HS sludge 1.00 N/A N/A
C-202 HS sludge 1.00 N/A N/A
C-203 HS sludge 1.00 N/A N/A
C-204 HS sludge 1.00 N/A N/A
S-101 S1 saltcake 0.27 R1 (boiling) sludge 0.27
S-102 S2 saltcake 0.59 S1 saltcake 0.35
S-103 S1 saltcake 0.51 S2 saltcake 0.44
S-104 R saltcake 0.47 R1 (boiling) sludge 0.43
S-105 S1 saltcake 0.99 R1 (non-boiling) sludge 0.01
S-106 S1 saltcake 1.00 N/A N/A
S-107 R1 (boiling) sludge 0.36 CWR1 sludge 0.35
S-108 S1 saltcake 0.99 R1 (non-boiling) sludge 0.01
S-109 S1 saltcake 0.97 R1 (non-boiling) sludge 0.03
S-110 S1 saltcake 0.73 R1 (boiling) sludge 0.21
S-111 S1 saltcake 0.77 R1 (non-boiling) sludge 0.19
S-112 S1 saltcake 0.99 R1 (non-boiling) sludge 0.01
SX-101 R1 (non-boiling) sludge 0.41 R saltcake 0.31
SX-102 S1 saltcake 0.78 R1 (non-boiling) sludge 0.14
SX-103 S1 saltcake 0.83 R saltcake 0.16
SX-104 S1 saltcake 0.59 R1 (boiling) sludge 0.32
SX-105 S1 saltcake 0.85 R1 (non-boiling) sludge 0.15
SX-106 S2 saltcake 0.82 S1 saltcake 0.18
SX-107 R1 (boiling) sludge 0.87 R saltcake 0.13
SX-108 R1 (boiling) sludge 1.00 N/A N/A
SX-109 R saltcake 0.76 R1 (boiling) sludge 0.24
SX-110 R1 (boiling) sludge 0.51 R saltcake 0.49
SX-111 R1 (boiling) sludge 0.72 R saltcake 0.28
SX-112 R1 (boiling) sludge 0.80 R saltcake 0.20
SX-113 DE sludge 0.89 R1 (boiling) sludge 0.11
SX-114 R saltcake 0.67 R1 (boiling) sludge 0.33
SX-115 R1 (boiling) sludge 1.00 N/A N/A
SY-101 S2 saltcake 1.00 N/A N/A
SY-102 Unidentified sludge 0.51 Z sludge 0.49
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Table 3.1. (contd)

Volume Volume
Fraction Fraction
Primary Waste Primary Secondary Waste Secondary
Tank Type' Waste Type® Type? Waste Type®
SY-103 S2 saltcake 1.00 N/A N/A
T-101 T2 saltcake 0.56 CWR?2 sludge 0.44
T-102 CWP2 sludge 0.89 MW sludge 0.11
T-103 CWP2 sludge 0.74 CWR1 sludge 0.22
T-104 1C sludge 1.00 N/A N/A
T-105 2C sludge 0.74 CWRL1 sludge 0.12
T-106 CWR1 sludge 0.54 1C sludge 0.46
T-107 1C sludge 0.85 TBP sludge 0.10
T-108 T1 saltcake 0.60 1C sludge 0.40
T-109 T1 saltcake 1.00 N/A N/A
T-110 2C sludge 0.97 224 Post-1949 sludge 0.03
T-111 2C sludge 0.55 224 Post-1949 sludge 0.45
T-112 2C sludge 0.56 224 Post-1949 sludge 0.44
T-201 224 Pre-1949 sludge 1.00 N/A N/A
T-202 224 Post-1949 sludge 1.00 N/A N/A
T-203 224 Post-1949 sludge 1.00 N/A N/A
T-204 224 Post-1949 sludge 1.00 N/A N/A
TX-101 R1 (non-boiling) sludge 0.81 T2 saltcake 0.15
TX-102 T2 saltcake 0.99 MW sludge 0.01
TX-103 T2 saltcake 0.98 T1 saltcake 0.02
TX-104 R1 (non-boiling) sludge 0.59 T2 saltcake 0.41
TX-105 T2 saltcake 0.99 MW sludge 0.01
TX-106 T2 saltcake 0.98 R1 (non-boiling) sludge 0.01
TX-107 T2 saltcake 0.73 R saltcake 0.27
TX-108 T2 saltcake 0.95 TBP sludge 0.04
TX-109 1C sludge 1.00 N/A N/A
TX-110 T2 saltcake 0.92 1C sludge 0.08
TX-111 T2 saltcake 0.88 1C sludge 0.12
TX-112 T2 saltcake 0.97 T1 saltcake 0.03
TX-113 T2 saltcake 0.85 1C sludge 0.15
TX-114 T2 saltcake 0.90 T1 saltcake 0.09
TX-115 T2 saltcake 0.98 TBP sludge 0.02
TX-116 T1 saltcake 0.48 T2 saltcake 0.41
TX-117 T2 saltcake 0.59 T1 saltcake 0.35
TX-118 T2 saltcake 0.69 Unidentified saltcake 0.31
TY-101 1CFeCN sludge 0.61 T1 saltcake 0.39
TY-102 T2 saltcake 0.55 T1 saltcake 0.45
TY-103 TBP sludge 0.40 1CFeCN sludge 0.31
TY-104 1CFeCN sludge 0.70 TBP sludge 0.30
TY-105 TBP sludge 1.00 N/A N/A
TY-106 DE sludge 0.76 TBP sludge 0.24
U-101 R1 (non-boiling) sludge 1.00 N/A N/A
U-102 T2 saltcake 0.58 S2 saltcake 0.27
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Table 3.1. (contd)

Volume Volume
Fraction Fraction
Primary Waste Primary Secondary Waste Secondary

Tank Type' Waste Type® Type? Waste Type®
U-103 S1 saltcake 0.69 S2 saltcake 0.28
U-104 DE sludge 0.72 R1 (non-boiling) sludge 0.28
U-105 S2 saltcake 0.71 T2 saltcake 0.19
U-106 S1 saltcake 1.00 N/A N/A
U-107 S2 saltcake 0.91 CWR1 sludge 0.05
U-108 S1 saltcake 0.51 S2 saltcake 0.41
U-109 S1 saltcake 0.48 S2 saltcake 0.41
U-110 R1 (boiling) sludge 0.60 CWR1 sludge 0.22
U-111 S2 saltcake 0.59 S1 saltcake 0.32
U-112 R1 (non-boiling) sludge 0.39 CWR1 sludge 0.34
U-201 CWR1 sludge 1.00 N/A N/A
U-202 CWR1 sludge 1.00 N/A N/A
U-203 CWR1 sludge 1.00 N/A N/A
U-204 CWR1 sludge 1.00 N/A N/A

N

The primary waste type indicates which waste is present in the highest volumetric quantity for the listed tank.
Secondary wastes are any other wastes present in that tank.

UDS volume basis.
N/A, not applicable.
Liquid only tank.
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Table 3.2. Waste Type Definitions

Waste Type

Definition

1C sludge

BiPQ, first cycle decontamination waste (1944-1956)

1CFeCN sludge

Ferrocyanide sludge from in-farm scavenging of 1C supernatants in TY-Farm
(1955-1958)

224 Post-1949 sludge

Lanthanum fluoride process 224 Building waste (1950-1956)

224 Pre-1949 sludge

Lanthanum fluoride process 224 Building waste (1944-1949)

2C sludge

BiPO, second cycle decontamination waste (1944-1956)

Saltcake from first 242-A Evaporator campaign using 241-A-102 feed tank

Al saltcake (1977-1980)

A2 saltcake Saltcake from the second 242-A Evaporator campaign (1981-1994)

AR sludge Washed plutonium uranium extraction (PUREX) sludge (1967-1976)

B saltcake Saltcake from 242-B Evaporator operation (1951-1953)

BL sludge Low-level waste from B Plant Sr and Cs recovery operations (1967-1976)
BY saltcake Saltcake from in-tank solidification (ITS) in BY-Farm (1965-1974)
CWHP1 sludge PUREX cladding waste, aluminum clad fuel (1956-1960)

CWP2 sludge PUREX cladding waste, aluminum clad fuel (1961-1972)

CWR1 sludge Reduction oxidation (REDOX) cladding waste, aluminum clad fuel (1952-1960)
CWR2 sludge REDOX cladding waste, aluminum clad fuel (1961-1966)

CWZr2 sludge PUREX zirconium cladding waste (1983-1989)

DE sludge Diatomaceous earth

HS sludge Hot semi-works 90Sr recovery waste (1962-1967)

MW sludge BiPQO, process metal waste (1944-1956)

P1 sludge PUREX HLW (1955-1962)

P2 sludge PUREX HLW (1963-1967)

P3 sludge PUREX HLW (1983-1990)

PFeCN sludge Ferrocyanide sludge from in-plant scavenged supernatant

PL2 sludge PUREX LLW (1983-1988)

R saltcake Saltcake from self-concentration in S- and SX-Farms (1952—-1966)

R1 (boiling) sludge

Boiling REDOX HLW

R1 (non-boiling) sludge

Non-boiling REDOX HLW

Saltcake from the first 242-S Evaporator campaign using 241-S-102 feed tank

S1 saltcake (1973-1976)
Saltcake from the second 242-S Evaporator campaign using 241-S-102 feed tank
S2 saltcake (1977-1980)
SRR sludge Sr recovery waste from sluiced P sludge
T1 saltcake Saltcake from the 242-T Evaporator campaign (1951-1956)
T2 saltcake Saltcake from the last 242-T Evaporator campaign (1965-1976)
TBP sludge Tributyl phosphate waste (from solvent based uranium recovery operations)
TFeCN sludge Ferrocyanide sludge produced by in-tank or in-farm scavenging
Z sludge Z Plant waste
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3.2 Data

Parameter characterization data for as-stored Hanford waste are provided for liquid density and pH,
Section 3.2.1, liquid viscosity, Section 3.2.2, UDS particle composition and density, Section 3.2.3, UDS
primary particle size and shape, Section 3.2.4, UDS particle size, Section 3.2.5, UDS particle settling,
Section 3.6, and slurry rheology, Section 3.2.7. Gaps in the data are discussed and summarized in
Section 5.0.

As specified previously, the data are from numerous and varied sources as referenced. It is assumed
that the data from these references have been fully reviewed and documented in accordance with the
analysts’ QA programs.

3.2.1  Liquid Density and pH

The density and pH liquid properties of tank wastes have been quantified as listed in Appendix A.
Predictions of these and other liquid properties had been made by the Environmental Simulation Program
(ESP)® chemical thermodynamic model for all 177 Hanford waste tanks based on 2002 BBI composition
information. However, the pH predictions generated by ESP were frequently overestimates compared to
measured values, as was determined for tanks where data were available to evaluate them (Table D-1,
Cowley et al. 2003). For this reason, the pH and density data presented in this report are taken from other
sources.

The liquid density data for each tank were taken from the liquid densities given by the gas release
document (Table A-3, Meacham 2009) for the liquid in bulk waste. The reference gave data for both
interstitial liquid (in the bulk solids layers) and supernatant liquid where present. The reference’s data for
densities of supernatant liquid were not used. The liquid densities used for the liquid present within
sludge and saltcake waste types were then calculated from the densities for the tank or tanks representing
the waste types. More information on selecting representative tanks for waste types is given in
Section 3.2.3.4 where the selected representatives are listed.

The pH and hydroxide data were not available for all 177 tanks. Three different references were
checked: the gas release document (Table A-1, Meacham 2009), the Tank Waste Information Network
System (TWINS) database, and a document containing historical pH and hydroxide data for SSTs
(Wodrich et al. 1992). This last reference contains OH and pH measurements from the 1960s through the
1980s. In this period there were a number of uncertainties in measurement because of the presence of
OH-complexing ions and the ionic strength of the solutions. In many cases, the pH was biased low
because of glass electrode limitations. Some of the information in the historical pH report (Wodrich et
al.) consisted of indirect estimates of pH based on concentrations of other species (e.qg., dissolved
aluminum) that were present.®

(@) ESP was supplied and developed by OLI Systems, Inc., Morris Plains, New Jersey (OLI 1998).

(b) The historical pH/OH data are supplied strictly on the basis of being the only available data. Their uncertainty
is substantial not only because of the analytical issues but because various reactions could have changed the
hydroxide concentration since the time of measurement.
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The hydroxide concentrations from Meacham (2009) were the preferred source of data for all tanks
where the concentrations were derived from measurements for liquid samples (not bulk solids samples).®
For the remaining tanks, the hydroxide data provided by Meacham were estimates, consistent with the
BBI current at the time of the report, and were not based on measurements. For the present purpose,
when tanks lacked actual measurements in TWINS, the estimates from Meacham (2009) were used when
they were consistent either with TWINS data for other tanks that contained a similar waste type or with
historical (pre-1992) data from Wodrich et al. (1992) for the tank. When the Meacham
non-measurement-based estimates were not found to be consistent with those data sources, one of three
approaches was followed: 1) pre-1992 historical data for the tank were used, 2) data from another tank
containing similar waste were used, or 3) the pH/OH were marked as not available.

In the present study, when the available data consisted of pH measured by a glass electrode, the
hydroxide concentration was calculated using the standard relation for an aqueous solution wherein the
activity coefficient for the hydroxy!l anion is assumed to be equal to 1:

OH (g /mL)=1000*17.08*10""** (3.1)

When the available data consisted of the hydroxide concentration measured by titration, the same
equation was used and rearranged to solve for pH. This relation is expected to underestimate the pH at
high ionic strength and high pH.

As noted in Appendix G of Wodrich et al. (1992), many historical data were taken using glass pH
electrodes, whose readings are lower than actual values for sodium concentrations greater than 2 M and
pH readings between 8 and 14. It was unclear whether any correction for sodium had been made for
many of the historical measurements. The more recent data located in TWINS include warnings that at
pH of 12 or greater, the hydroxide data obtained from titration are to be used instead of data from pH
electrodes. This rule was followed in using TWINS data.

It should be noted that much of the information for liquid density and pH is derived from sources that
are more recent than the 2002 BBI used to define the UDS composition and density (Section 3.2.3).
Some tanks’ wastes have been diluted or leached since 2002, changing both the solid and liquid
compositions of the waste remaining in the tanks. This inconsistency between liquid- and solid-phase
information is one of the gaps in the present study’s characterization.

3.2.2 Liquid Rheology

Rheology data are available for the liquid of a limited number of Hanford tanks. The data were
obtained from laboratory measurements of samples retrieved from the tanks, including push- and
rotary-mode core samples, auger samples, and grab samples. A discussion of rheological characterization
and measurement techniques is provided in Poloski et al. (2007).

Hanford liquid supernatant is generally a Newtonian fluid, so Newtonian viscosity is used to
characterize the liquid rheology (Poloski et al. 2007). Liquid viscosity data of as-received samples at
various temperatures are available for the tanks and waste types listed in Table 3.3. The data are included

(@) The Meacham (2009) values for hydroxide concentration were checked against the data in TWINS, as of
October 2010, to determine whether or not values were based on measurements (those present in TWINS).
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as part of Appendix I. Diluted sample measurements are available in some cases. References are
provided in the table.

The liquid temperature can have an effect on liquid viscosity. The Andrade correlation is often used
when evaluating the relationship between increasing temperature and decreasing viscosity of liquids
(Poloski et al. 2007). However, it is not accurate for high-temperature fluids or highly polar mixtures.
The Andrade correlation can be written as

B

where p_ is the Newtonian viscosity (cP), T is the liquid temperature in (K), and A (in cP) and B (in K)
are the fitting parameters.

All the tanks listed in Table 3.3 have liquid viscosity measurements over a range of temperatures,
typically between 20 and 65°C. The liquid comprises water and dissolved solids. In addition to
temperature, the chemical composition and concentration of the dissolved solids in the liquid also may
have a significant effect on the viscosity. The chemical composition and concentration thereof were
represented by the liquid density in Poloski et al. (2007). Viscosity data as a function of liquid density is
available for 7 of the 11 tanks listed in Table 3.3.

A liquid viscosity model accounting for both temperature and liquid density was developed in Poloski
et al. (2007) as

(aeb(pL—l) k(c(pl-_l)ﬂi)/T

W, = (3.3)

where p,_is the liquid density (g/mL), and a (cP), b (g/mL)™, ¢ (K-mL/g), and d (K) are the fitting
parameters.

Table 3.3. Liquid Viscosity Data Set

Tank Reference(s) Primary Waste Type
AN-103 HNF-7153 A2 saltcake
AN-104 | WSRC-TR-2003-00295, Rev. 0, HNF-3352 A2 saltcake
AN-105 HNF-SD-WM-DTR-046 Rev 0 A2 saltcake
AP-104 WTP-RPT-069, Rev. 0, PNWD-3334 N/A
AW-101 HNF-4964 Rev. 0 A2 saltcake
AY-102 RPP-8909 BL sludge
AZ-101 RPT-7078, Rev. 0, TWINS P3 sludge

C-104 RPP-5798 CWP1 sludge

C-107 RPP-18799, Rev 0; TWINS 1C sludge

S-112 RPP-10984 Rev. 0 S1 saltcake
SY-101 82100-99-017 S2 saltcake
N/A Not applicable, liquid only tank
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In Table 3.4, the fitting parameters for Egs. (3.2) and (3.3) are provided for the tanks that are
dependent on the available data set (i.e., temperature only or both temperature and liquid density). The
best fits were determined via a least-squares regression. The standard deviations of the fit parameters for
primary waste type A2 saltcake, the only waste type with multiple tank characterization, are similar to the
standard deviations across all of the represented waste types with the exception of parameter b. This
result may suggest that, for the limited data set, the liquid viscosity functionality is not dependent on the
UDS waste type. A comparison of the measured and predicted values is provided in Figure 3.1. At
measured viscosities greater than approximately 15 cP, the model fits are shown to underpredict the
measured data.

Due to the limited liquid viscosity data set, the functionality of viscosity with liquid temperature and
density are evaluated for the data set as a whole. For the entire data set, as referenced above for the
individual tanks, the model (fit parameters determined via least-squares regression, minimum viscosity set
to unity) underpredicts the measured data for viscosities greater than approximately 15 cP, and
overpredicts below (Figure 3.2). Within the limitations of the data set, this result may suggest an
additional functionality not addressed by the model.

As described above, the chemical composition and concentration of the dissolved solids in the liquid
are represented by the liquid density in Eq. (3.3). The functionality of the dissolved solids concentration
and liquid density for Hanford liquid was shown by Onishi et al. (2005), shown herein as Figure 3.3. The
linear trend of increasing density with increasing dissolved solids concentration (i.e., decreasing water
concentration) is shown to level off starting at approximately 1.4 g/mL liquid density. Thus, Eg. (3.3)
was applied to the entire data set partitioned into two by liquid density.

The least-squares regression minimized the combined sum of the square of the errors for the
liquid-density-partitioned data sets, and the liquid density at which the partition occurred was included as
a fit parameter. The best fit, Figure 3.4, was achieved with the liquid density partition set to
approximately 1.41 g/mL, which agrees well with the density-concentration functionality break indicated
in Figure 3.3. This partitioning by density shows a reduction in the under-and-over-prediction of the
model. The residual (measured viscosity minus predicted) of Figure 3.2, -31.9 cP, is reduced to -9.5 cP in
Figure 3.4. The Eq. (3.3) fit parameter estimates for the density-partitioned entire data set are provided in
Table 3.4. These model parameter estimates can be used to calculate predicted liquid viscosity values for
specific density and temperature combinations.

Statistical methods appropriate for the nonlinear model form in Eq. (3.3) were used to calculate 95%
lower and upper prediction limits associated with the predicted liquid viscosities that result from applying
the model form in Eq. (3.3) and corresponding parameter estimates given in Table 3.4 to each density and
temperature combination included in the sample data. These prediction limits were calculated using the
formulas (Myers 1990)

LL, ={(x;,0) —t, 5, ,/62 L+ W, (W'W)?w, ) and

UL, = [i(X;,0) + to 50,62 L+ W, (W W) w, ). (3.4)
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where LL; = lower prediction limit for the i" data point
UL; = upper prediction limit for the i"" data point
a(x, ’6) = model-predicted liquid viscosity obtained using the estimated model coefficients

0 and the i" data point x;, which is a vector containing the i" observed density
and temperature pair

tw2n-p = @ student’s t statistic based on the prediction interval confidence level of
100(1-a)% and degrees of freedom equal to n—p, where n is the number of data
points, p is the number of estimated model parameters, and for the 95%
prediction limits calculated, o = 0.05

6t = . ., SSE
estimated error variance calculated using ¢° = MSE =
n-p

denotes the sum of squared residuals, and n—p is the associated degrees of freedom
W = nxp matrix of partial derivatives of the nonlinear model in Eq. (3.2.2.2) with
respect to the model parameters (i.e., a Jacobian matrix) evaluated at each of the
n data points and using the p estimated model parameters
w; = i" row of the matrix W, which represents the i" data point x; evaluated in
each of the partial derivatives using the parameter estimates.

where SSE

Separate prediction limit calculations were conducted using the appropriate part of the model labeled
“Entire Data Set” in Table 3.4. Thus, for a data point with liquid density greater than or equal to
1.41 g/mL, the parameter estimates listed in the final row of the table were used to calculate the
corresponding predicted liquid viscosity value and corresponding prediction limits. Likewise, the values

of nand G2 and the matrix W used in the prediction limit calculations were determined using the data
from the appropriate liquid-density-partitioned subset of the observed data. So again, in calculating the

prediction limits for a data point having a liquid density of 1.41 g/mL or higher, the values of n and &°
and the matrix W were determined from the subset of data points that had observed liquid densities of
1.41 g/mL or higher. Finally, the number of model parameters (denoted as p in the equations above)
represented in the degrees of freedom involved in the prediction limit calculations was 5 for all cases.

As described above, the model fit parameter estimates for the density-partitioned data set associated
with the nonlinear model in Eq. (3.3) were determined using an optimization routine that sought to
minimize the sum of squared residuals. The process involved estimating nine parameters: a partition
point among liquid density values, four model parameters to use when applying the model form to data
points having density below the partition point, and four model parameters to use when applying the
model form to data points having density at or above the partition point. However, the calculations
relative to a given data point did not involve all of the nine parameter estimates. Based on the observed
liquid density relative to the partition point at 1.41 g/mL, only the four parameter estimates included in
the appropriate part of the model were used to calculate a predicted viscosity value and corresponding
prediction limits. Of course, both parts of the model shared the 1.41 g/mL as the partition point on liquid
density. The number of estimated model parameters, p, was therefore assumed as p = 5, and hence, a
degrees of freedom of n — 5 in all prediction limit calculations. The overall data set included 45 data
points with liquid density values below 1.41 g/mL and 18 data points with liquid density values greater
than or equal to 1.41 g/mL.
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As Eq. (3.3) can be used to calculate predicted liquid viscosity values for new density and
temperature pairs (over conditions and domains comparable to those seen in the data used to develop the
liquid viscosity model), Eq. (3.4) can be used to calculate corresponding prediction limits. Alternatively,
for this study, a much simpler approach was found for approximating the 95% prediction limits associated
with a given predicted value. Because the estimated standard error of an individual predicted liquid

viscosity value (\/62 (1+ w, (W'W)w, ) in Eq. [3.4]) was found to be relatively constant for each of

the liquid-density-partitioned data subsets as shown in Figure 3.5, the lower and upper prediction interval
limits can be accurately approximated with linear relationships involving the predicted viscosity. The
linear relationships that approximate the 95% prediction limits are given in Table 3.5.

The fact that these linear relationships have been shown to produce accurate approximations to
calculated prediction limits for the observed data suggests that they offer a simple and reasonably
accurate method for approximating the prediction interval limits associated with a given predicted
viscosity, provided that the predicted value was the result of applying Eq. (3.3) to a reasonable (with
respect to experimental conditions and domains represented by the model development data) density and
temperature data point.

Table 3.4. Liquid Viscosity Model Parameters

Tank Primary Waste Eq. (3.2) Eq. (3.3)
Type A | B a b c d
AN-103 A2 saltcake 8.47E-04 | -2.15E+00 | 3.65E+03 | 1.66E+03
AN-104 A2 saltcake - 7.13E-04 | 5.97E-01 | 9.90E+02 | 2.54E+03
AN-105 A2 saltcake 3.83E-03 | -8.05E+00 | 3.75E+03 | 1.84E+03
AP-104 N/A 3.75E-04 |  2.73E+03 -
AW-101 A2 saltcake - 3.29E-04 | -5.22E+00 | 3.93E+03 | 2.18E+03
AY-102 BL sludge 5.91E-04 | 2.40E+03
AZ-101 P3 sludge 4.38E-02 | 1.19E+03 -
C-104 CWP1 sludge 2.69E+00 | -2.41E+02
C-107 1C sludge 9.14E-04 | -9.95E+01 | 1.11E+03 | 3.10E+03
S-112 S1 saltcake - 1.86E-03 | 4.52E+00 | 4.82E+02 | 1.86E+03
SY-101 S2 saltcake 1.45E-05 | 4.32E+00 | 1.11E+03 | 3.10E+03
Liquid Density < 1.41
. @ g/mL 1.01E-01 | -6.06E+00 3.49E+03 7.46E+02
Entire Data Set Liquid Density > 1.41
g/mL 1.25E-04 8.16E-01 3.98E+03 1.59E+03
- See other model.
(&) In application, the liquid density at which the liquid viscosity of the Liquid Density < 1.41 g/mL Entire Data Set
model at 1.41 g/mL and that of the Liquid Density > 1.41 g/mL Entire Data Set model at the temperature of interest are
equivalent must be determined. If that density is > 1.41 g/mL, the liquid held constant with increasing density above
1.41 g/mL until the Liquid Density > 1.41 g/mL Entire Data Set model viscosity is equivalent, and then the liquid
viscosity increases via the Liquid Density > 1.41 g/mL Entire Data Set model as shown in Section 3.4.
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Table 3.5. Linear Relationships that Approximate 95% Prediction Limits

Model Partition Lower Prediction Limit* Upper Prediction Limit
Liquid Density < 1.41 g/mL | Maximum of 0.90u-4.77, or 1.0 1.02u+5.41
Liquid Density > 1.41 g/mL | Maximum of 0.96u-7.09, or 1.0 1.03u+7.25
1. urepresents a predicted viscosity obtained using Eg. (3.3).
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Figure 3.1. Comparison of Liquid Viscosity Measurements and Model Predictions by Tank. Diagonal
lines indicate measurement and prediction parity.
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3.2.3 Undissolved Solid Composition and Particle Density

This section describes the approach for defining UDS® phases present in the individual 177 Hanford
tanks, in the Hanford defined waste types, and in the 177-tank composite waste. The definition of solid
phases (UDS phases) is a major basis for the definition of particulate density. A summary table of the
defined UDS phases and densities is provided.

This section includes both salt and non-salt solid phases, as in prior work (Wells et al. 2007, Poloski
et al. 2007), with non-salt solids being the primary focus. New information has been used to update and
improve the non-salt-solid-phase definitions used in prior work. In addition, this section discusses gaps in
the information that is available to define solid phases.

A hybrid approach was taken to identify and quantify the UDS phases present in the Hanford tanks.
The solids predicted by the ESP® chemical thermodynamic model from 2002 BBI composition
information were taken as a first approximation of the phases present. Overview documents were then
reviewed to find information on what solid phases were actually present in the tank wastes. These
documents included Rapko and Lumetta (2000), the five solids characterization reports from the M12
project (Lumetta et al. 2009a, Snow et al. 2009, Fiskum et al. 2008, Edwards et al. 2009, Fiskum et al.
2009a), and the 2010 waste mineralogy report (Disselkamp 2010). The M12 project was performed in
response to issue M12 (Undemonstrated Leaching Processes) as identified by the EFRT, which conducted
an in-depth review of the process flowsheet of the WTP, have been used as a source of new data on
sludge particle types.) The UDS phase predictions that were made, based on the solids characterization
information in the documents, were reviewed and revised by a panel of experts (Appendix B).

3.2.3.1 Information Gaps

The gaps in available data (or in data interpretation) that pertain to the definition of solid phases are
summarized below. In some cases, existing observations and measurements might answer the questions
posed, if the existing data were to be collected together and compared from tank to tank. In other cases,
new measurements on existing or new samples, might be needed.

Mixed Phases

Many solid phases in the non-salt part of the waste are composed of mixtures of compounds of
different metals. The fraction of the solids present in the mixed phases in each tank or waste type is not
known, nor are the density and size distribution of the mixed solid phases. The mixtures of metals that
have been observed in Hanford tank wastes include Al-Cr, Fe-Cr-Ni-Mn, Fe-Pb, Fe-Bi-P, Fe-Zr, and
others.

(@) UDS; undissolved solids. Those solids, whether soluble or insoluble, that are present as a solid phase and are
not dissolved in the liquid phase of the waste.

(b) ESP was supplied and developed by OLI Systems, Inc., Morris Plains, New Jersey (OLI 1998).

(c) CCN 132846. 2006. Comprehensive Review of the Hanford Waste Treatment Plant Flowsheet and
Throughput - Assessment Conducted by an Independent Team of External Experts. Chartered by the Hanford
Waste Treatment and Immobilization Plant Project at the Direction of the U.S. Department of Energy, Office of
Environmental Management, Washington, DC.
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Some examples of mixed phases, though certainly not an exhaustive list, were found in the

characterization studies carried out for the M12 task:

High-bismuth BiPO, sludge (Group 1, Lumetta et al. 2009a): Fe was a major part of the washed
solids composition. No crystalline Fe phases were identified by X-ray diffraction (XRD), but an
amorphous phase that was a dominant part of the solids was identified as a mixture of hydrous Fe(lll)
phosphate, BiFeOs, and small amounts of BiPO, by using a combination of Fourier transform infrared
spectroscopy (FTIR), mapping with scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM/EDS), transmission electron microscopy (TEM), and thermogravimetric analysis
(TGA) (Lumetta et al. 2009b).

High-phosphate BiPO, saltcake (Group 2, Lumetta et al. 2009a): SEM/EDS mapping of the washed
solids showed an association of Na, Al, Si, and P that was thought to indicate cancrinite (sodium
aluminosilicate) with some entrained sodium mono-H phosphate. Some aluminosilicates were found
to have incorporated transition metals (Cr and Fe). Cr, Ca, U, and Fe were evenly distributed across
SEM/EDS maps, suggesting that these were present as oxides or hydroxides mixed together.
However, Fe and U were also observed in separate particles.

High-aluminum plutonium uranium extraction (PUREX) cladding sludge (Group 3, Snow et al.
2009): A minimal amount of amorphous material was present in the washed solid. Different phases
were usually found in separate particles, not mixed. One exception was Zr, which was most often
found associated with U and Fe, with the Zr/U ratio being variable.

High-aluminum reduction oxidation (REDOX) cladding sludge (Group 4, Snow et al. 2009): The
washed solids were primarily composed of gibbsite. EDS analyses indicated that some agglomerate
particles contained a mixture of phases. One particle was a mixture of an amorphous Fe compound,
Ca-U oxide, and cancrinite. An EDS probe of a region of another material showed Al, Si, Pb, Fe, Ca,
U, Cr, Mn, and P. It was not clear whether the U-containing phases that were found also contained
other elements.

High-aluminum REDOX sludge (Group 5, Fiskum et al. 2008): The report did not explicitly discuss
any mixed phases in this waste, but stated that about 60% the Cr phase was apparently entrained in
boehmite, based on parallel Al and Cr leach behavior.

High-chromium REDOX saltcake (Group 6, Fiskum et al. 2008): The washed solids were described
as being primarily a mixed amorphous agglomerate of Al-Cr phase with Cr (at small particle size)
scattered throughout the matrix. In many cases, Fe and Mn were present at the same discrete
locations as Cr.

Tributyl phosphate (TBP) sludge (Group 7, Edwards et al. 2009): A significant number of the
washed solid particles tended to form agglomerates with a complex composition including O, Na, Al
P, Caand Fe. Gibbsite was also found in separate particles. TEM images showed that an Fe-Ca
phosphate occurred as a finely divided phase that was tenaciously attached to larger crystals that were
rich in Fe and U. TEM also showed iron and uranyl phosphates that were separate in some cases and
mixed in others.

FeCN sludge (Group 8, Fiskum et al. 2009a): The washed solid particles tended to form

multi-component agglomerates with a range of particle densities, sizes, and morphologies represented
in them. The major elements present, based on SEM/EDS analysis, were O, Al, and Fe, with Ca, Na,
Si, P, U, Ni, and sometimes Sr and Bi present in smaller proportions. Scanning transmission electron
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microscopy (STEM)/high-angle annular dark field (HAADF) identified Fe oxide, U oxide, Sr
phosphate, and Fe-Ni phases.

Some of the mixed phases were formed by co-precipitation resulting in inclusion of impurities or
occlusion of one particle within another. As a result, the mixed phases consist of non-stoichiometric
ratios of various metals. Thus, the proportions of the compounds present may vary from tank to tank.
The densities of the mixed phases, which are between those of the individual compounds in the mixture,
will vary correspondingly. The presence of mixed phases therefore introduces a potentially large
uncertainty in density. If the size distribution of mixed phases differs from the distribution expected for
the average of the individual phases in the mixture, there could be an uncertainty in size distribution as
well.

For example, 10 wt% of AI(OH); plus 10 wt% of Cr,O3; would have a mixture density of about
3.3 g/mL and so would produce 20 wt% of solid that settles at a corresponding rate. If those two phases
were completely separate, then 10 wt% each would settle at rates corresponding to particle densities of
2.4 g/mL and 5.2 g/mL. The more mass that is present in mixtures rather than single compounds, the
more the particles will tend to settle (or be mixed or be transported) at intermediate average densities
rather than at the relatively low and high densities of the separate compounds.

Some questions that need to be addressed are

e What proportion of each metal is present in mixed phases and what proportion is in identified
individual phases?

o How do these mixed phases differ in size distribution from the individual compounds present in
them? Mixed-phase PSDs could differ from those of the individual compounds when not mixed
because different processes could have formed them. Mixed-phases that are amorphous are likely to
have been formed by very rapid precipitation, a process that does not allow crystals to form and
produces sub-micron primary particles. A small particle size is not guaranteed, however, because
particles may be cemented together.

o Are there any apparent mixing rules? For example, in Al-Cr mixed phases, is the ratio of Cr to Al
always small? Mixing rules, if they exist, would mean that mixed-phase densities could be estimated
with less uncertainty.

To some extent, these questions could be addressed by reviewing existing observations and
cross-comparing findings from particle observations (XRD, SEM/EDS, TEM, FTIR, etc.) with the results
of dissolution experiments, TGA curves, and other indirect evidence. These types of information are
often in reports written by different authors at different times for different purposes. To the extent that
this is the case, existing information needs to be collated and viewed as a whole.

The M12 solids characterization reports provide a variety of detailed information on waste types that,
taken together, represent about 75 wt% of the Al, Cr, and phosphate inventory that will remain in
water-washed solids and require leaching. The information in the present report should be used to
evaluate which waste types represent the greatest risk in terms of mixing and transport so that existing
samples of those wastes can undergo the same type of study if information is not already available to be
collated.
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Extent of Hydration

The present extent of hydration of some phases that originally precipitated as hydroxides has been
questioned.® For example, iron is a major contributor to insoluble solids in Hanford tank wastes; it is
present in all tanks and iron phases make up more than 20% of the insoluble solid mass in more than
30 tanks. Iron has been observed in wastes in various crystalline forms such as oxides (Fe,Os, either
hematite or magnetite) and partially hydrated goethite (FeOOH). In one case, Group 2 washed solids,
TGA indicated that Fe was present in all three degrees of hydration, goethite, magnetite, and ferric
hydroxide (Lumetta et al. 2009a). However, amorphous phases of Fe and other metal elements have also
been observed and may be present in significant quantities.

Amorphous phases cannot be identified by XRD. They may be hydroxides, which are frequently
amorphous or only slightly crystallized. Some of the phases in question are Fe(OH)s, FeEOOH, and Fe,04
for iron, Cr(OH);, CrOOH, and Cr,05 for chromium, Bi(OH)s, and Bi,O3 for bismuth, Na,U,0-,
NaUO,00H, UQO3, U30g, and UO, for uranium, and Zr(OH),, ZrO(OH),, and ZrO, for zirconium. The
densities range from 3 to 4 g/mL for hydroxides up to 5.2 g/mL for Fe,O3, 8.9 g/mL for Bi,Os, and 11.0
for UO,. Assuming that these amorphous phases are anhydrous oxides would significantly overestimate
the densities of any hydroxides that are present. Conversely, assigning the metals to hydroxide phases
would underestimate the densities of anhydrous oxide phases.

The relative importance of hydroxides versus oxyhydroxides versus oxides needs to be better defined.
Many of the observed amorphous phases that might be hydroxides are also mixed phases, so an
examination of the mixed phases should include a direct determination of their particle density, or some
form of thermogravimetric testing that can define the extent of hydration. The compounds in mixed
phases could be either more or less dehydrated than those in single compounds, depending on whether the
mixed structure tends to interfere with solid-state reactions (such as Fe(OH); — Fe,0s) and
dissolution/re-precipitation (such as Fe(OH); — FeOOH).

It would be worth reviewing the tanks in which the oxide phases have been found to see whether a
disproportionate number of them have histories of high waste temperature. The temperature increases the
rate of the dehydration reactions that can occur during metal hydroxide aging.

3.2.3.2 Definition of In-Tank Solid Phases

As for the studies reported by Wells et al. (2007) and Poloski et al. (2007), the output of ESP
modeling of the wastes in all 177 tanks was the basic data source. The May 2002 BBIs were used as
whole-tank-average composition inputs to the ESP model, which uses thermodynamic data to calculate
the liquid- and solid-phase compositions at equilibrium. This modeling effort (Cowley et al. 2003) was
carried out to support the development of a tank-by-tank toxic source term for use in tank farm safety
analyses.

In some cases, non-salt phases not predicted in ESP but observed by microscopic analysis were added
in a manner that maintained the mass balances on the main analytes in the phases. In other cases, non-salt
phases were removed because they were present only in trace quantities.

(@) In this report, “hydration” refers not only to bound waters of hydration but to the water that can potentially be
removed by reactions that convert hydroxides to oxyhydroxides or oxyhydroxides to anhydrous oxides.
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ESP Solids Basis

The ESP predictions constitute the only solid-phase composition information that 1) is available for
all 177 tanks, and 2) was prepared using a consistent method for all 177 tanks. Although it was
advantageous to draw on this database, this application of ESP had certain limitations from a
mineralogical point of view:

o Compositions were calculated on a whole-tank basis, as if all the different layers of waste had been
mixed and allowed to come to equilibrium. The average composition that was input to ESP was a
weighted average calculated from layer volumes, densities, and analyte concentrations.

o ESP required charge-balanced composition inputs, but the BBIs were not charge-balanced. Elements
that were not of primary toxicological concern were adjusted to provide a charge balance
(Appendix D of Cowley et al. 2003). The concentrations that were most often changed were those of
Na, K, and OH, but in some cases, other metals and anions were affected.

o Because the goal of the Cowley et al. study was to obtain toxicological risk factors, and some
conservatism was considered acceptable, charge balances frequently erred in the direction of
overpredicting hydroxide. The OH concentration had a relatively minor effect on toxicological risk,
compared to other species present, but has more effect on the nature and density of the phases present
in the solid.

o ESP, as an equilibrium model, is not expected to predict the correct concentration of any compounds
that have not yet come to equilibrium with an in-tank chemical environment different from those in
which they formed (e.g., different temperature, pH, etc.). In this sense, ESP predicts the phases to be
found in completely aged waste.

o Some compounds were excluded from precipitating to reflect kinetic limitations, to reduce
computational time, or to avoid nonconvergence of the solution algorithm. As one significant
example, boehmite was excluded. Boehmite is thermodynamically preferred to gibbsite only at low
water concentrations and temperatures above 100°C. It exists in tank wastes only because it was
formed at historically high temperatures and has been kinetically limited from transforming to
gibbsite. Because the presence of boehmite could not be modeled by ESP, which models
thermodynamic equilibrium, it was excluded from the ESP-modeled solids database because
including it would have increased computational time with no gain.

e Because of computational time constraints, the REDOX equilibrium was not calculated on a
tank-by-tank basis in the 2002 study. Rather, expert judgment and generic-composition runs of ESP
were used to fix the metal oxidation states in all tanks (Appendix C, Cowley et al. 2003). Iron was
fixed as Fe(l11), manganese as Mn(l1), chromium as partly Cr(l11) and partly Cr(\V1), uranium as
U(VI), and so forth. The ESP predictions could not include compounds formed by metals in any
other oxidation states.

o The study assigned solid compounds to the trace analytes (including thorium, cadmium, copper, tin,
and many others) without employing the ESP model; thus, these metals are not present in the
compounds in the ESP-predictions database.

e Thermodynamic data were not available for all the compounds that could potentially form in the tank
waste, which led to the omission of some compounds.
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The waste in a number of tanks has been retrieved since 2002, leading to changes in both the retrieved
and receiver tank compositions. In cases where waste was diluted with 0.01 M NaOH but not leached
with strong caustic or other chemicals, the composition of the non-salt part of the waste would not have
been changed substantially, though much of the salt would have dissolved. In rare cases leaching—the
oxalic acid addition to the C-106 heel or the 19 M caustic addition to the S-112 heel—is known to have
changed the compositions of non-salt compounds. Because most of the leaching, dilution, and transfer
took place after 2002, a prominent exception being SY-101, the non-salt solid compositions are more
representative of the original waste types than post-retrieval compositions would be.

Adjustments to ESP Solids

The set of solid compounds predicted by the ESP model was recognized to be incomplete. Therefore,
several reports were reviewed that gave overviews of the available information on waste mineralogy.
Many tank-specific reports are available, but these were reviewed only in a few cases, not systematically.

The overview documents included Rapko and Lumetta (2000), the five solids characterization reports
from the M12 task, and the 2010 waste mineralogy report (Disselkamp 2010). Table 3.6 summarizes the
phases that were predicted and those that have been observed. The densities in the table are taken from
Wells et al. (2007), CRC (1975), or (as a last resort) the website webmineral.com.

Table 3.6. Overview of Predicted and Observed Non-Salt Compounds and Their Densities

Maximum ESP-Predicted wt% in Non-Salt

Element | Solids, and Tank Where Maximum is Predicted Observed Phases <Density (g/mL)>®
Ag Ag,COs: 0.41%, AW-105 Ag oxide <7.1>
(Ag,Hg) oxide <NA>
Ag (zero-valence) <10.5>
Al AI(OH);: 99.4%, AP-108 gibbsite <2.4>
aluminosilicates <2.4 — 2.8>
(NaAlO,)»*2.5H,0: 63.0%, AN-103 boehmite <3.0>
compounds of Al and Cr, Fe, U, Bi, or
NaAICO;(OH),: 91.2%, TY-102 mixtures of their compounds <NA>
Al phosphates <1.8 — 2.6>
NaAISiO,: 91.8%, BY-111 Na-Al phosphates <NA>
other hydroxides <2.4 — 2.5>
KAISiIO,: 34.7%, AW-101 diaspore <3.4>
NaAICO;(0OH), <2.4>
NagAIFe <3.0>
(NaAlO,),*2.5H,0 <2.5>
(Ca,Sr);(Cr,Al)x(OH)y, <~3>
Bi Bi,03: 53.1%, T-201 BiFeO; <7.9>
BiPO, <6.3>
BiOCI: 32.5%, B-104 Bi,0; <8.9>

compounds of Bi combined with Al, Cr, Fe
compounds <NA>
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Table 3.6. (contd)

Element

Maximum ESP-Predicted wt% in Non-Salt
Solids, and Tank Where Maximum is Predicted

Observed Phases <Density (g/mL)>®

Ca

CasOH(POy): 18.9%, C-112
CaCOj: 7.8%, C-201
CaC,040H,0: 2.5%, C-203
Ca(OH),: 3.6%, A-104

CaF,: 8.4%, B-202

Ca.5OH(PO4)3 <3.1>

Other apatites <NA>

CaC0O; <2.7>

CaC,04°H,0 <2.2>

Ca hydroxide (portlandite) <2.2>

Ca phosphates <2.4>

Ca sulfates <2.3 - 3.0>

Ca-U compounds or mixtures <4.1>

Ca-Cr compounds or mixtures <~3>

compounds of Ca combined with Al
compound

(Ca,sr)3(cr,A|)2(OH)12 <~3>

Cr

CrOOH: 44.8%, S-109

Cr,0; <5.2>

CrOOH <4.1>

FeCr,0O, <4.8>

oxides of Cr with Fe and Mn <~5>
compounds of Cr combined with Al, Ca
(Ca,Sr)3(Cr,Al),(OH);, <~3>

Cr phosphate <NA>

Cr(OH); <NA>

Fe

FeOOH: 63.6%, A-104

Fe,0s3, Fes0, <4.9 - 5.2>

goethite FeOOH <4.3>

FeCr,0, <4.8>

Fe,MnO, <4.8>

BiFeO; <7.9>

oxides of Fe with Cr and Mn <4.8 - 5.0>

compounds of Fe combined with Bi, Pb,
Cr <NA>

Fe phosphates <~3>

Fe(OH)3 <~3>

Fe oxalates <2.3>

lepidocrocite FeOOH <4.0>

Hg

HgO: 0.25%, TY-105

(Ag,Hg) oxide <NA>

La

LaPO,2H,0: 21.7%, T-203

La(OH)s: 4.3%, T-201

La4(P207)3 <NA>

Mn

Mng(PO4)2: 19.2%, T-111
Mn(OH),: 21.6%, B-204

MnCOs;: 9.2%, T-109

Fe,MnO, <4.8>

other oxides and oxyhydroxides of Mn
with Fe
<NA>

Mn,CrO,, MnsCrzOg <5.0>

MnO, <5.0>

Mn,MnO, <5>
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Table 3.6. (contd)

Maximum ESP-Predicted wt% in Non-Salt

Element Solids, and Tank Where Maximum is Predicted Observed Phases <Density (g/mL)>®
Ni Ni(OH),: 9.8%, AX-102 Ni3O,(0OH), <4>
oxides or phosphates of Ni with Al, Cr,
NiC,0422H,0: 4.3%, C-203 Fe, Mn <NA>

Nis(PO,),: 1.0%, TY-101

Pb Pb3(PO,),: 0.71%, C-111 phosphates or oxides of Pb with Fe, Mn,
Ni, Al <NA>
Pb(OH),: 31.8%, C-201 Pbs(PO,4)3;0H <7.2>

Pb-Cl or Pb-O <NA>
PbCO3: 33.8%, C-204

Pu Pu(OH),: 0.20%, TX-118 PuO, <11.4>
Si NaAlSiO,: 91.8%, BY-111 aluminosilicates <2.4 — 2.8>
KAISiO,: 34.7%, AW-101 Si0, <2.6>

SiO;: 54.4%, SX-113

Sr Srg(PO4)2: 1.5%, BX-109 SrC0O; <3.5>
NaSrPO, ¢« 9H,0 <2.0>
SrCOs: 4.1%, BY-104 related phosphates <NA>
(Ca,sr)3(cr,A|)2(OH)12 <~3>
Tc TcO,: 0.17%, S-109 not observed
U Na,U,07: 28.2%, BX-109 Na,U,0; <5.6>

UO,, UO3, U,07, U305 <7.3 - 11.0>
NaUO,00H <6.4>

U and U-Al phosphates <3.4 — 3.5>
Na,UO,(CO3); <3.8>
Ca(UOZ)3CO3OH'3H20 <4.1>
CaU,0; <NA>

Zr ZrO,: 75.0%, AW-105 Zr0, <5.7>
oxides of Zr with Fe, Mn <NA>

NA = “not available”

(@) Density is expressed to one decimal place, at most, because the purpose of this table is to show the range of
densities that have been observed. More precise densities are used in solid-phase calculations. Except where values
are noted as estimates with a “~” symbol, they are derived from measured values.

As a result of the mineralogical data review, the ESP-predicted, non-salt, solids set was modified to
improve the match of the design-basis insoluble solids to observations. They do not address the
limitations that were stated in Section 3.2.3.1 as information gaps, but provide an improved representation
of the solids to the extent that non-mixed solid phases can do so.

The soluble salts were not modified, except that the quantities were changed as needed to account for
modifications in non-salt species and to maintain an anion balance in the solids phase. However, in some
cases, the modifications changed the solid-phase inventory of Na, bound water, bound hydroxide, and/or
Cl. These changes in inventory are in addition to the changes that were made, for many tanks, in the
original ESP inputs to obtain charge balance. Thus, the solid inventories of these species that are used in
this study are not the same as those in the 2002 BBI.
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The most significant changes to solid phases were these:

e Asin Wells et al. (2007), boehmite was substituted for gibbsite as the aluminum hydroxide/oxide
phase in the tanks containing REDOX boiling waste.

o In tanks where most of the waste was bismuth phosphate (BP) sludge, BiFeO3; and FePO,¢2H,0 were
substituted for the ESP-predicted Bi and Fe phases.

¢ In tanks where most of the waste was BP saltcake, FePO4*2H,0 was substituted for the
ESP-predicted Fe phase.

¢ In tanks where most of the waste was TBP sludge, Nax(UO,),(PO4),*2H,0 was substituted for the
ESP-predicted U phase.

e PuO, was substituted for Pu(OH), only in those tanks where Pu was known to have been added to the
tank as PuO, not in others where Pu co-precipitated as a trace contaminant of other phases.

The details of these and other conversions from the ESP solids set to the final set are tabulated in
Table 3.7. A more detailed discussion of the bases for the final set of solid phases follows.

The modified set of non-salt solid phases was reviewed and revised by a panel of experts
(Appendix B). The primary focus was on non-salt compounds; therefore, the salt phases predicted by
ESP were used without expert review.

Detailed Rationale for Solids Adjustments

The tables in Appendix C contain lists of the non-salt phases that have been identified, or partially
identified, for each of the metals that are part of the solids set. In general, the densities used in this
section are taken from Wells et al. (2007), CRC (1975), or (as a last resort) the website webmineral.com.

Ag phases. Silver is a small contributor to sludge solids but was retained in the distribution because
images of Ag-rich particles were available for three different tank wastes (AY-102, C-106, and SY-102)
and because it is a high-density solid. In Wells et al. (2007), it was taken to be the ESP-predicted phase
silver carbonate, with a crystal density of 6.077 g/mL. In this study, the predicted silver carbonate is
modified to silver metal (zero valence) in tanks containing predominantly AR sludge and to silver oxide
(Ag20) in all other tanks. The AR tanks were A-104 and C-106.

Observations of Ag in solid phase are rare because it is a trace contributor. Zero-valence Ag was seen
in as-received waste samples from C-106, which was 100% AR waste type. Heel samples from C-103
and leached C-106 samples contained silver oxide.

Silver carbonate was converted to other forms by adding as much sodium carbonate salt to the solids
as was needed to balance the loss of carbonate from the silver carbonate. No attempt was made to
balance the sodium, oxide oxygen, or water of hydration that was added to the solids by the conversion.

Al phases. The treatment of Al phases, and the reasons for it, is nearly the same as given in Wells
et al. (2007). The details can be found in that report. The following rules were used:

o Asin Wells et al. (2007), dawsonite (NaAICO3(OH),), which was predicted by ESP, was left as is to
reflect the chemical environment that made the carbonate thermodynamically possible.
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o Asin Wells et al. (2007), the Al in the predicted Al(OH); was divided between gibbsite and boehmite
(with the appropriate stoichiometric conversion to boehmite), depending on whether REDOX boiling
waste had ever been added to the tank. The R1-boiling tanks were S-101, S-104, S-107, S-110,
SX-103, SX-104, SX-107 through SX-115, and U-110 (Meacham 2003). In all other tanks, those
without REDOX boiling waste, Al(OH); was considered to be gibbsite. The water lost from the solid
phase by converting Al(OH); to AIOOH was not accounted for.

o Sodium aluminate, (NaAIlO,),*2.5H,0, was predicted in only one tank (AN-103). As was done in
Wells et al. (2007), it was assumed that on dilution, this phase would be transformed to an
Al-equivalent amount of gibbsite, the Al phase present in wastes with lower hydroxide
concentrations. The changes in water, sodium, and hydroxide balances implied by the conversion
were not accounted for.

o The predicted sodium aluminosilicate (NaAlSiO,) was left as is, in terms of its composition and mass,
but was assigned the density of nitrate cancrinite [(NaAlSiO,)s*(NaNOs); ¢¢2H,0], a phase whose
composition and mass per mole Al are very similar to those of NaAISiO,4. In Wells et al. (2007),
NaAlSiO4 was converted to an Al-equivalent mass of nitrate cancrinite. Several kinds of
aluminosilicates have been observed in Hanford wastes, including nitrate cancrinite, carbonate
cancrinites, and hydroxycancrinites. In general, these are expected to be less dense than the nominal
NaAlSiO,: 2.365 g/mL for nitrate cancrinite, compared to 2.59 g/mL for NaAISiO,.

o The predicted potassium aluminosilicate (KAISiO,4) was left as is. It was deleted from the 177-tank
composition in Wells et al. (2007) because it was only a trace contributor in the all-tank composite.
However, it is a significant contributor in some individual tanks and therefore is retained in this study.

It should be noted that boehmite has been observed in waste samples from tanks other than the
R1-boiling set, including AN-102, AZ-101, AZ-102, C-106, C-109, and the Group 4 tanks (the
U-200 tanks and U-105). One of these tanks (C-106) experienced steam bubbles before being emptied. It
would be worth reviewing tank waste temperature histories to see whether there is a basis for expecting
boehmite presence in tanks other than the R1-boiling set.

Aluminum-phosphorus phases have been observed in a number of tanks that contain BiPO, or TBP
sludge. The density of AIPO, (as an example) is about 2.6 g/mL. The densities of aluminum phosphates
and gibbsite are similar, so it was not felt to be important to convert gibbsite to an aluminum phosphate
phase in the BiPO, and TBP waste types.

Bi phases. The ESP model, as used in the 2002 study, predicted bismuth precipitation primarily as
Bi,03, with small amounts of BiOCI in some tanks. While a number of other bismuth phases have been
observed in Hanford tank wastes, as shown in Table 3.6, BiOCI has not.

In Wells et al. (2007), it was assumed that Bi,Os represented all the Bi phases present in the tanks.
Since then, studies of BiPO, sludge samples (Lumetta et al. 2009a, b) have established that an amorphous
phase that was a dominant part of the solids in BiPO,4 sludge samples was a mixture of hydrous Fe(lll)
phosphate, BiFeOs, and minor amounts of BiPO,. Small amounts of crystalline BiPO, may also have
been present, based on the XRD results.

Bismuth hydroxide (density 4.36 g/mL) has not been observed, but may be present, unidentified, in
some amorphous solids. The hydroxide decomposes to oxide at 100°C, a higher temperature than has
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been present in most Hanford waste tanks. The presence of anions can impede the conversion of bismuth
hydroxide to Bi,O; (Patil et al. 2005).

The present study assumes that Bi is present only as Bi,Oz except in tanks where 1C and 2C waste
types (originally produced by the BiPO, process) made up more than 60 vol% of the bulk solid waste,
according to the 2002 BBI. In those tanks, Bi,O3 and BiOCI were converted into a Bi-equivalent amount
of BiFeO;. The amount of BiFeOs that could be generated was limited by whether enough Fe was present
in the tank solid-phase inventory to allow all the Bi to be converted. In other tanks, the BiOCl was
converted into Bi,O; and added to any Bi,O; already present. The resulting changes in the oxygen and ClI
inventories were not accounted for.

The conversion from Bi,O3 to BiFeO; was not applied to tanks containing BiPO, saltcake (BY and T
salt). The density of BiFeOs is 7.9 g/mL.® BiFeO; might be the main form of Bi in these saltcakes, but
is not documented. Bismuth compounds were not observed in these saltcake types (Lumetta et al. 2009a),
probably because Bi was a trace constituent in the solids remaining after the saltcake was washed for
characterization tests. It was not considered necessary to modify the ESP-predicted Bi phase.

Ca phases. The Ca phases predicted by ESP are CasOH(PO,)s, CaF,, CaCO3, Ca(OH),, and
CaC,04°H,0, in order of decreasing significance in tank inventories. Of these, CasOH(PQO,)s, CaCOs,
and CaC,0,4°H,0 have been observed in the waste. In Wells et al. (2007), the species CasOH(PQ,); and
CaF, were used to represent calcium phases. In the present study, all the Ca phases were left as predicted
by ESP.

Cr phases. Chromium oxyhydroxide (CrOOH) was the only Cr(l11) phase predicted by ESP to exist
in the solid phase. This phase was a small contributor to the 177-tank composite; consequently, it was
omitted from the set of phases in Wells et al. (2007). The phase is used as is in the present study.

Chromium is often found in mixed phases with other metals, particularly aluminum, iron, nickel, and
manganese. Caustic leaching tests on REDOX sludge (Fiskum et al. 2008) suggested that about 60% of
the solid-phase Cr was entrained in boehmite. The same report described the washed solids in S saltcake
as being primarily a mixed amorphous agglomerate of Al-Cr phase with Cr (at small particle size)
scattered throughout the matrix.

To the extent that Cr has been identified in single phases, it has appeared in all degrees of hydration:
Cr(OH)3, CrOOH, and Cr,03 or FeCr,04. Data taken in the M12 project tests also indicate that a range of
Cr phases may be present, depending on waste type. Minimal Cr was removed from the washed S
saltcake solids by caustic leaching with 3 M NaOH at 100°C, and this unleached Cr was found by TGA to
be at least 90% amorphous Cr,0O3 (Fiskum et al. 2008). BiPQO, sludge also contained Cr that remained
substantially undissolved (22% dissolved) after caustic leaching with 3 M NaOH at 80°C (Lumetta et al.
2009a). Higher Cr caustic leach factors, above 60%, were seen for REDOX cladding and PUREX
cladding wastes (Snow et al. 2009) when leaching was carried out with 3 M NaOH at 80°C. The higher
leach factors could have been caused by Cr being present in a more leachable phase [Cr(OH);, CrOOH],
in smaller particles, or both.

(@) Fruth et al. (2007) state that BiFeO3; density is 7.495 g/mL at 95% of theoretical density.
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There is no apparent rule for assigning degree of hydration according to waste type. A history of high
waste temperatures could lead to less hydrated phases and should be checked to find out whether
observations are in accord with this. As a compromise between low-density hydroxides and high-density
oxides, all Cr is considered to be CrOOH, an intermediate-density oxyhydroxide.

Fe phases. ESP uniformly predicted that Fe would precipitate as goethite (FeOOH). This prediction
resulted from excluding Fe,O; from the potential precipitates modeled by ESP because of the expectation
that FeOOH was more commonly observed in tank sludges. Observations show Fe phases in all degrees
of hydration and, in some cases, more than one valence: Fe(OH)z;, FeOOH, Fe,03, Fe;04, and spinels
formed with Mn and Cr. Observations of Fe(OH); are less frequent, possibly because it is amorphous and
not identifiable by XRD. The low frequency of observation, therefore, does not prove that the compound
occurs infrequently. The densities of the iron compounds range from about 3 g/mL for Fe(OH); to
5.24 g/mL for Fe,05.@

In general, rapid precipitation of ferric ion (Fe**) by base, which was the origin of much of the Fe
precipitate in tank waste, leads to the formation of Fe(OH)3;*xH,O. The hydroxide then ages into less
hydrated forms, 