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Executive Summary 

Radioactive waste that is currently stored in large underground tanks at the Hanford Site will be 
staged in selected double-shell tanks (DSTs) and then transferred to the Waste Treatment and 
Immobilization Plant (WTP).  Before being transferred, the waste will be mixed, sampled, and 
characterized to determine if the waste composition meets the waste feed specifications.  Washington 
River Protection Solutions (WRPS) is conducting a Tank Mixing and Sampling Demonstration Program 
to determine the mixing effectiveness of the current baseline mixing system that uses two jet mixer pumps 
to mobilize and mix waste in DSTs and to determine the adequacy of the planned sampling method.  The 
overall purpose of the demonstration program is to mitigate the technical risk associated with the mixing 
and sampling systems meeting the feed certification requirements for transferring waste to the WTP. 

A critical aspect of meeting the feed certification requirements is ensuring that the collected samples 
will adequately represent the contents of the tank and that all batches of transferred waste are sufficiently 
uniform so that they all are equivalent to the characterized samples.  However, the tank waste contains 
slurries of solid particles that settle and may become progressively more concentrated towards the bottom 
of the tank.  Obtaining a perfectly uniform distribution of waste in the DSTs with a mixing system may 
not be possible.  To determine how close this ideal can be approached, the expected performance of the 
DST mixing and sampling systems must be quantified.  There have been a number of laboratory studies 
and full-scale tank farm studies that evaluated mixing behavior; these studies are discussed later in this 
report.  However, these studies do not provide adequate quantitative information to evaluate the 
performance of the planned sampling and the batch uniformity.  Accordingly, WRPS’ demonstration 
program is focusing specifically on quantifying the uniformity of samples and batch transferred material 
to reduce the technical risk associated with these systems. 

The first phase of the demonstration program is to conduct scaled tests that appropriately match full-
scale behavior and to evaluate sampling methodologies and the uniformity of batch transfers.  The initial 
scaled testing will use non-cohesive particles where the particles do not have cohesive interactions that 
would cause the particles to stick together.  The purpose of this report is to analyze existing data and 
evaluate whether scaled mixing tests with cohesive simulants are needed to meet the overall objectives of 
the small-scale mixing demonstration program.  This evaluation will focus on estimating the role of 
cohesive particle interactions on various physical phenomena that occur in parts of the mixing process.  A 
specific focus of the evaluation will be on the uniformity of suspended solids in the mixed region.  

The evaluation shows that cohesive particle interaction will have multiple effects through a number of 
different mechanisms.  Some of the effects improve solids uniformity while others will likely degrade 
uniformity.  An overall assessment was made that estimated the combined behavior.  A very striking and 
consistent observation from all the tank farm and scaled test data is that during jet mixing operations, the 
waste particles segregate into an upper mixed region of an essentially constant concentration that is 
independent of elevation and a region at the bottom of the tank that contains a higher concentration of 
particles.   

Tank farm and scaled-test data suggest that a substantial fraction of the waste solids is not lifted 
above the bottom region of the tank but remains towards the bottom as a stratified layer.  The evaluation 
suggests that the solids concentration in this layer is sufficiently high that the slurry will be non-
Newtonian with a small but still significant yield stress.  The non-Newtonian behavior and yield stress are 
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thought to be caused primarily by cohesive particle interactions.  Studies have shown that even a small 
yield stress reduces the jet momentum in the fluid at a distance from the jet and thus reduces the ability of 
the jet to mobilize solids.  It is expected that any significant shear thinning behavior in a non-Newtonian 
fluid will have the same effect as a fluid having a yield stress, which is a specific type of shear thinning 
fluid.  Accordingly, in the expected stratified condition of a jet-mixed tank, cohesive particle interactions 
will reduce the ability of the jet to lift particles into the upper region of the tank.  The conclusion of this 
overall assessment is that stratification will likely occur, and cohesive particle interactions will reduce the 
fraction of particles lifted into the upper region of the tank.  The cohesive particle interactions do not, on 
their own, cause the stratified layer and reduced particle lifting to occur, but the cohesive interactions if 
present will accentuate this behavior although the magnitude of the impact is difficult to estimate.  Hence, 
the conclusion is that testing with only non-cohesive particles will create technical uncertainty in meeting 
the objectives of the Tank Mixing and Sampling Demonstration Program. 

The evaluation also shows that for the particles that are lifted into the upper region of the tank, the 
total particle concentration and the relative amounts of different size particles are extremely uniform.  
However, in comparison to the overall concentration in the tank and the initial relative amounts of 
particles of different size, the material in the upper region is clearly different. 

Finally, this study conducted an extensive review of the literature on the uniformity of suspended 
solids in jet mixed tanks.  There are no existing studies or data that specifically quantify the role of 
cohesive interactions on uniformity.  The absence of definitive data further suggests that at least some 
testing with cohesive particles as part of the Tank Mixing and Sampling Demonstration Program will be 
needed to determine the impact of the cohesive particle interactions. 

Based on the evaluation presented in this report and the absence of definitive studies, the 
recommendation is to conduct scoping tests to determine the magnitude of the impact caused by cohesive 
particle interactions on mixing.  If the impact is determined to be significant, the recommendation is to 
conduct quantitative mixing tests at multiple scales with cohesive particles to augment the initial testing 
with non-cohesive particles.  If initial testing can demonstrate that the impact of cohesive interactions is 
small over the range of important test conditions, then extensive scaled testing should not be necessary.   
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Acronyms and Abbreviations 

ADMP advanced design mixer pump 
CFD computational fluid dynamics 
DOE U.S. Department of Energy 
DST double-shell tank 
ECR effective cleaning radius 
ESP Environmental Simulation Program  
ft feet 
HLW high-level waste 
hp horsepower 
ICD-19 Interface Control Document for Waste Feed 
in. inch(es) 
K C1 exp{-C2[tanθ]2} 
MVST Melton Valley Storage Tanks 
OHF old hydrofracture 
ORNL Oak Ridge National Laboratory 
PNNL Pacific Northwest National Laboratory 
PSDD particle size and density distribution 
SRNL Savannah River National Laboratory 
rpm revolutions per minute 
SRS Savannah River Site 
SSP suspended solids profiler 
TSPP tetra sodium pyrophosphate 
UDS undissolved solids 
WRPS Washington River Protection Solutions 
WTP Hanford Waste Treatment and Immobilization Plant  
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Symbols 

Av flow area between vanes 
D diameter of tank 
d average spacing between vanes or gap between vane and pump housing 
DC duty cycle = tD / tC 
D0 nozzle diameter 
D* nondimensional critical suspension parameter 
Ga Galileo number 
g  gravitational constant 
gc constant 
gpm gallons per minute 
HC* nondimensional cloud height 
hB sediment depth 
hT liquid surface level 
K C1 exp{-C2[tanθ]2} 
N number of installed jets or pulse tubes 
NJ number of operating jets/pulse tubes 
nv number of vanes 
Re  jet Reynolds number = U0D0/ν 

s density ratio, ratio of particle density to liquid density = ρs/ρl 
tC cycle time 
tD drive time, discharge time, pulse time, time at end of pressurization during pulse 

discharge 
u(z) maximum time averaged velocity 
UCS critical suspension velocity, all solids suspended at the end of the pulse 
UT unhindered terminal settling velocity 
UTH hindered terminal settling velocity 
U0 nozzle exit velocity 
V apparent velocity determined by total flow 
VP volume of pulse (per PJM) 
VPT volume of pulse tube 
VREF reference volume based on the volume of a right circular cylinder of diameter D 

where height equals diameter, VREF = (πD3)/4 
Vtip tip velocity 
wM UDS mass fraction 
wS UDS sediment mass fraction 
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X mass fraction 
z distance 

Greek Letters 
ρ density 
ρB bulk sediment density 
ρL liquid density 
ρS UDS density 
η Suspension viscosity in Figure 2.2 
ηo Suspension viscosity in the limit of zero shear rate in Figure 2.2 
η∞ Suspension viscosity in the limit of infinite shear rate in Figure 2.2 
ν kinematic viscosity = µ/ρl 
µ viscosity 
φJ jet density = NJd2/D2 

φmax packing fraction  
φp pulse volume fraction = N VP / VREF 

φPT ratio of pulse tube to vessel cross-sectional area = N DPT
2/D2  

φS ratio of volume of solids particulate to reference volume = VS/VREF = VS/(πD3/4) 
θ jet half angle 
τ0 yield stress 
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1.0 Introduction 

Radioactive waste that is currently stored in large underground tanks at the Hanford Site will be 
staged in selected double-shell tanks (DSTs) and then transferred to the Waste Treatment and 
Immobilization Plant (WTP) (Certa and Wells 2009).  Before being transferred, the waste will be mixed, 
sampled, and characterized to determine if the waste composition meets the waste feed specifications 
(Hall 2008).  Washington River Protection Solutions (WRPS) is conducting a Tank Mixing and Sampling 
Demonstration Program to determine the mixing effectiveness of the current baseline mixing system that 
uses two jet mixer pumps to mix and mobilize waste in DSTs and to determine the adequacy of the 
planned sampling method (Townson 2009).  The overall purpose of the demonstration program is to 
mitigate the technical risk associated with the mixing and sampling systems meeting the feed certification 
requirements for transferring waste to the WTP. 

A critical aspect of meeting the feed certification requirements is ensuring that the collected samples 
will adequately represent the contents of the tank and that all batches of transferred waste are sufficiently 
uniform so that they all are equivalent to the characterized samples.  However, the tank waste contains 
slurries of solid particles that settle and may become progressively more concentrated towards the bottom 
of the tank.  Obtaining a perfectly uniform distribution of waste in the DSTs with a mixing system is an 
ideal that can be approached, but is not practically achievable.  Accordingly, the expected performance of 
the planned DST mixing and sampling systems must be quantified.  There have been a number of 
laboratory studies and full-scale tank farm studies that evaluated mixing behavior; these studies are 
discussed later in this report.  However, these studies do not provide adequate quantitative information to 
evaluate the performance of the planned sampling method and the batch uniformity.  Accordingly, 
WRPS’ demonstration program is focusing specifically on quantifying the uniformity of samples and 
batch transferred material to reduce the technical risk associated with these systems. 

The first phase of the demonstration program is to conduct scaled tests that appropriately match full-
scale behavior and to evaluate sampling methodologies and the uniformity of batch transfers.  
Computational models are also being developed to support the program objectives.  The initial scaled 
testing will use non-cohesive particles.  A simple definition of cohesiveness is when particles stick 
together by surface forces (Parker 1984), and non-cohesive particles do not stick together.  The distinction 
between cohesive and non-cohesive materials is commonly used in the discussion of sediments and their 
behavior (Winterwerp and Van Kesteren 2004; Day 2006), even though it is recognized that it is difficult 
to give a sound scientific definition of a cohesive sediment (Winterwerp and Van Kesteren 2004).  In tank 
mixing systems, slurries of non-cohesive or cohesive particles may behave differently depending on the 
particle characteristics and solids concentrations (Gauglitz et al. 2009; Meyer et al. 2009).  For 
sufficiently dilute systems, many slurries will behave as Newtonian fluids and cohesive interactions may 
be negligible (Gauglitz et al. 2009).  As discussed throughout this report, there are numerous studies on 
mixing of both non-cohesive and cohesive slurries.  However, these studies do not specifically show 
whether the presence or absence of cohesive particle interactions will play a significant role in waste 
uniformity during mixing.  Accordingly, it is not clear if testing is needed with cohesive particles to 
supplement the initial tests using non-cohesive materials.  

The purpose of this report is to analyze existing data and evaluate whether scaled mixing tests with 
cohesive simulants are needed to meet the overall objectives of the small-scale mixing demonstration 
program.  This evaluation will focus on estimating the role of cohesive particle interactions on the vertical 
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distribution of suspended solids.  The specific objectives are to describe the difference between cohesive 
and non-cohesive materials during the processes of sediment (settled sludge) mobilization and the vertical 
distribution of solids and to discuss the role of cohesive particle interactions on scaled tests.  The final 
result of this evaluation will be a recommendation on whether scaled mixing tests with cohesive particles 
are needed to augment the initial testing with non-cohesive particles. 

In the following subsections, the general role of cohesive particle interactions is described and the 
significant relationship between cohesive forces and non-Newtonian slurry rheology is introduced.  In 
Section 1.2, the general problem of jet mixing in DSTs is divided into a series of regions that each has 
specific physical behavior that can be described and evaluated.  Section 1.3 is a summary of specific 
previous studies that are pertinent to jet mixing behavior and Section 1.4 summarizes the overall 
objectives and approach for the tank mixing and sampling demonstration program.  Section 2 focuses on 
an evaluation and examples of how solids concentration and the magnitude of cohesive particle 
interactions affect slurry rheology.  Section 3 provides data and analysis on waste properties for the 
anticipated waste feed that will be staged for transfer to the WTP.  In Section 4, each region that was 
described in Section 1.2 is evaluated in detail, and the specific studies that highlight the role of cohesive 
particle interactions are presented.  Section 4 also includes brief discussions on previous studies that 
provide information on the scale-up behavior.  Finally, Section 5 provides a discussion of the overall 
impact of cohesive interactions on the uniformity of solids in the mixed region of the tanks, and Section 6 
summarizes the conclusions and recommendations. 

1.1 Cohesive Material Behavior  

Particles that may stick together due to surface forces are classified as cohesive particles, while 
particles with negligible surface attractive forces are non-cohesive (Parker 1984).  The phenomenon of 
particles sticking together causes a slurry of cohesive particles to behave differently than a non-cohesive 
slurry in a number of significant ways.  Figure 1.1 depicts the particle behavior with cohesive and non-
cohesive materials.  For the cohesive particles, when the material is stagnant or being sheared very 
slowly, the particles stick together.  If the connected particles span a sufficient distance, the material is 
essentially a gel and will possess a yield stress or shear strength or simply behave as a strongly shear 
thinning fluids (for a discussion of yield stress, shear strength, and shear thinning behavior see Poloski 
et al. 2007).  If the material is sheared, the connections between particles are progressively disrupted as 
the shearing increases, and the particle networks get broken into progressively smaller aggregates of 
particles.  This is depicted in Figure 1.1 and results in the cohesive slurry being a shear thinning (non-
Newtonian) fluid.  Figure 1.1 also shows the qualitative behavior of a slurry composed of non-cohesive 
particles.  Here, the particles do not stick together, so the suspension does not form connections between 
particles and does not behave as a gel.  Suspensions of non-cohesive particles may be slightly shear 
thinning and may be a bit more viscous than the suspending fluid due to the presence of the particles.  
However, as we will show in Section 2, a slurry of cohesive particles will have a significantly higher 
viscosity than an equivalent slurry of non-cohesive particles.  This difference in fluid behavior, such as 
the increased viscosity and presence of a yield stress (or shear strength), is one of the main differences 
between a cohesive and non-cohesive slurry.  It is important to note that when sufficiently dilute, a slurry 
of cohesive particles will be unable to form connections of attached particles that span long distances, and 
these dilute slurries will behave similar to non-cohesive slurries. 
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Figure 1.1.  Cohesive and Non-Cohesive Material Particle Behavior 

Cohesive and non-cohesive slurries will also behave differently in terms of the tendency of the 
particles to flocculate into aggregates.  For cohesive particles, aggregates may form that will settle more 
quickly than the individual primary particles.  The behavior will be important in the mixed region of the 
tank.  As reported in Wells et al. (2007), high-level waste (HLW) includes insoluble solids consisting 
primarily of oxides and hydroxides of metals used in the fabrication and reprocessing of nuclear fuels.  
These solid particles range in size and density from small dense primary particles to large, low-density 
diffuse flocs or soft agglomerates and large, relatively dense, cemented aggregates and stable 
agglomerates (collectively termed hard agglomerates).  Figure 1.2 (from Ilievski and White 1994) depicts 
these different particles.  Individual primary particles can combine to form flocs and partially cemented 
aggregates.  In the absence of surface forces to bind the primary particles together (i.e., non-cohesive 
particles), large, soft, and hard agglomerates will not be developed.  The settling rates of the individual 
primary particles, soft agglomerates, and hard agglomerates are different, and thus, the cohesive 
properties of the primary particulate can affect the settling rate of the material. 

 
Figure 1.2.  Solid Particles and Soft and Hard Agglomerates (from Ilievski and White 1994) 
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1.2 Regions of Behavior during Jet Mixing and Settling of Cohesive 
Slurries 

In tank mixing systems, slurries with cohesive particles will affect different regions of behavior.  
Figure 1.3 shows the important regions of jet mobilization and suspension. 
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Figure 1.3.  Regions of Behavior During Jet Mixing and Settling of Cohesive Slurries 

Region 1 – Pump Discharge Velocity.  This region is associated with the pump performance.  For a 
specific pump, the performance is typically characterized by the manufacturer using water.  How 
cohesive properties affect pump performance will impact jet mobilization and suspension. 

Region 2 – Jet Velocity Decay.  This region is associated with the decay in jet velocity downstream 
of the nozzle and the lateral velocity distribution.  The impact of cohesive properties on the jet 
velocity decay will affect jet mobilization and suspension. 

Region 3 – Mass Erosion.  This is the region in which the jet removes large portions of the sediment 
material independent of particle action at the surface of the sediment.  The cohesive properties of the 
sediment impact the extent of mass erosion. 

Region 4 – Surface Erosion.  This is the region in which the sediment material is eroded by the jet 
via the removal of individual particles from the sediment surface.  The cohesive properties of the 
sediment impact the extent of surface erosion and the non-Newtonian rheology of the jet, which is 
influenced by the cohesive properties of the particles, will also affect surface erosion. 
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Region 5 – Shear Strength.  The initial sediment will be eroded by the jet via surface or mass 
erosion.  If the shear strength of the sediment is sufficient, erosion resistance will be increased.  The 
sediment shear strength is a function of the cohesive properties of the material. 

Region 6 – Erosion of Weak Newly Settled Bed.  This region is associated with the erosion, or 
resuspension, of recently mobilized material that has settled to form a new sediment.  As with Region 
5, the cohesive properties of the material will affect the extent of erosion due to the jet. 

Region 7 – Lifting and Settling of Suspended Particles.  The particle lifting and settling that occur 
in this region are the critical behaviors affecting the overall uniformity in the mixed region.  Whether 
or not the particles are cohesive can impact the particle lifting and settling in this region. 

1.3 Overview of Previous Work Relating to Solids Mixing and 
Mobilization 

This overview summarizes research published by the U.S. Department of Energy (DOE)’s Savannah 
River National Laboratory (SRNL), Pacific Northwest National Laboratory (PNNL), WTP, tank farm, 
etc.), industry, and university sources that demonstrate similarities and differences in mixing behavior 
observed between cohesive and non-cohesive particulates.  This overview augments several broadly 
based and thorough reviews including:  1) the historical perspective regarding jet mixing at Hanford and 
other DOE sites by Powell et al. (1997), 2) assessments of jet mixing by Fort et al. (2007), 3) retrieval 
issues identified by Fellinger et al. (2009), and 4) a summary of research and tank farm operations related 
to mobilization, mixing, and transport across the DOE complex by Dimenna et al. (2008). 

1.3.1 Savannah River Studies 

Savannah River Site (SRS) activities related to mixing and mobilization including: 1) scaled testing 
and computational fluid dynamics (CFD) modeling of mobilization and mixing, 2) development of the 
advanced design mixer pump (ADMP), and 3) evaluation of Flygt mixers for solids suspension are 
summarized in the following subsections. 

1.3.1.1 Mixer Pumps 

In the late 1970s, SRNL introduced the precursor to the mixer pump concept currently in use, 
replacing the use of fresh water added through high-pressure (~3000 psig) nozzles to resuspend the sludge 
and slurry (Hill 1967).  The benefits of the new system were elimination of dilution and a 1/6th reduction 
in required power.  The mixer pumps were used for two activities:  salt dissolution and sludge 
mobilization and mixing (Hill and Parsons 1977). 

SRS research included scaled tests with clay simulant (Bradley et al. 1977) to develop effective 
cleaning radius (ECR) relationships (Churnetski 1981, 1982).  Horowitz (1980) conducted 1/12-scale 
tests to demonstrate the ability to remove residual piles of solids discovered under risers in Tank 16.  
Motuka (1981) conducted 1/12-scale tests to evaluate the effectiveness of mixer pumps to remove thick 
sludge deposits trapped between cooling coil assemblies.  Poirier et al. (2003) conducted ~1/6 scale tests 
to evaluate resuspension of sludge and monosodium titanite slurries using a four-blade, flat-blade impeller 
using three scaling approaches:  equal power per unit volume, equal tip speed, and equal cavern diameter.  
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Hamm et al. (1989) developed models for ECR and suspension rate as a function of time.  Full-scale 
sludge suspension experiments conducted with sludge simulants (Hay and Lee 1994) using rotating mixer 
pumps showed that cleaning radius was determined to be less than expected.  Poirier (1995) evaluated 
slurry pump operation in Tank 48.  Poirier and Monson (1998) evaluated gas-liquid mass transfer in 
agitated tanks containing non-Newtonian fluids. 

Full-scale demonstrations and operations included a one-pump test in Tank 16 to demonstrate using 
low-velocity hydraulic cleaning to slurry and transfer sludge (West 1979), tests with three mixer pumps 
installed in Tank 16 to determine the minimum number of pumps required to slurry all the sludge in the 
waste tank (Comley 1979), and removal of over 1-million gallons of radioactive waste salt from Tank 19 
through dissolution (Goslen 1984).  Tests of a new submersible mixer pump showed that the pump was 
permitting solids stratification to occur (Hansen and Williams 2005) based on particle size analysis of the 
kaolin/sand slurries used during the testing. 

CFD studies were used to assist in tank farm operations including:  code benchmarking (Lee and 
Dimenna 1995, 2005), recommending pump operating strategies for heel removal (Lee and Dimenna 
2002, 2004, 2008; Lee 2003b, 2004), modeling transfer of liquid salt solution (Tamburello et al. 2008a, 
2009), and evaluating mixing and sedimentation characteristics using transfer and recirculation pumps 
(Tamburello et al. 2008b).  Savannah River Technology Center also used CFD to model conventional 
bladed mixer performance (Lee 2002).  

Transport studies included evaluating the flow characteristics of simulated slurries (Carstens 1982), 
and pipeline plugging tests (Fazio and Ebra 1987; Motyka 1981a, b, 1983). 

1.3.1.2 Advanced Design Mixer Pump Tests 

SRS installed an ADMP in the center riser of Tank 18F.  Enderlin et al. (2003) tested a geometrically 
scaled (1/4.53 of full scale) mockup of the ADMP and found that for fast settling (>1 cm/s) zeolite 
simulant, solids stratification occurred:  the solids concentration passing through the ADMP was on the 
order of two to four times of that passing through the transfer pump.  CFD was used to model the ADMP 
and modified ADMP performance (Lee and Dimenna 2001a, b). 

Lee (2003a), Leishear et al. (2004), and Lee et al. (2007) used the FLUENTTM CFD code to simulate 
Tank 18 operations with and without a cohesive sludge mound.  Sensitivity results show that higher tank 
level and lower elevation of pump nozzle would result in better performance in suspending and removing 
the sludge. 

1.3.1.3 Flygt Mixers 

 SRS teamed with PNNL, Oak Ridge National Laboratory (ORNL), and ITT Flygt Corporation to 
evaluate shrouded axial propeller mixers (Flygt mixers) for heel removal (Poirier et al. 1998a, b, c, 1999) 
in SRS Tank 19 (Powell et al. 1999a, b, c; Poirier and Rodwell 1999) in scaled and full-scale tests.  Key 
conclusions and recommendations (Powell et al. 1999c):  scale-up of the Flygt mixers for the mixing of 
rapidly settling particles apparently follows a constant-power-per-unit-volume relationship over the range 
of tank sizes and simulant compositions tested, and sludge mobilization tests imply a correlation exists 
between sludge shear strength and required mixer thrust. 
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Lee and Dimenna (2000) developed CFD models of the FLYGT mixer using FLUENTTM:  a 
sensitivity analysis showed that pump speed, not non-uniform inlet velocity or surface roughness of the 
shroud inner wall, was the most sensitive parameter in terms of flow performance and pump loading. 

Pacquet and Leshikar (2000) evaluated using Flygt mixer propellers for DST HLW auxiliary solids 
mobilization. 

1.3.2 PNNL Mixer Pump Studies 

Staff at PNNL conducted experimental studies to understand jet mobilization, mixing, and slurry 
transport, which are described in the sections below. 

1.3.2.1 Sludge Mobilization Studies  

At PNNL, Powell et al. (1995a, b) and Powell (1996) conducted scaled research to investigate jet 
mobilization.  Powell et al. (1997) reviewed a wide range of ECR data and correlations from a number of 
studies that used cohesive sediments and concluded that the ECR scales with U0D0 and also depends on 
the shear strength of the sediment being mobilized for some but not all materials.  Shekarriz et al. (1997) 
examined fundamental mechanisms expected during mobilization of the waste within the DSTs at 
Hanford to develop scaling relationships based on experiments conducted at 1/50th, 1/25th and 1/12th scale.  
They concluded that the use of the current empirical correlations for ECR should be done cautiously 
taking into account the appropriate properties of the material for yielding.  Mahoney and Trent (1995) 
developed correlation models for waste tank sludge and slurries.  Others also studied bank erosion 
(Thorne 1981) and erosion by jets (Rajaratnam 1980, 1981, 1982; Rajaratnam and Berry 1977; 
Rajaratnam and Beltaos 1977).  In addition to mobilization, jet forces on in-tank components were studied 
(Allemann 1989; Bamberger 1992; Bamberger et al. 1990a, 1992, 1999c; Waters and Heimbigner 1992). 

For solidified wastes, a scarifier was developed and tested (Bamberger and Steele 1993; Bamberger 
et al. 1993a, 1994; Hatchell et al. 1995). 

1.3.2.2 Mixing and Uniformity Studies 

SY-101 Studies 

Fort et al. (1993) conducted 1/12-scale experiments to support hydrogen mitigation in tank SY-101.  
The tests included ultrasonic characterization and grab samples to quantify slurry uniformity during 
mixing as a function of time.  Eschbach and Enderlin (1993) conducted 1/12-scale experiments to 
visualize the mixing interface and evaluate buoyant particle release to support hydrogen mitigation.  
Chang and Beaver (1993) conducted scaled mixing tests in a wedge shaped test tank.  Antoniak (1993) 
analyzed historical trends of waste level and temperature. 

In tank SY-101, in situ rheology and void fraction were measured by Shepard et al. (1994 a, b, 1995) 
and Stewart et al. (1995, 1998) to assess hydrogen generation.  Full-scale tests were conducted to evaluate 
using pump mixing to release hydrogen (Stewart 1994; Stewart et al. 1994) and Trent and Michener 
(1993) used CFD to model jet mixing concepts for the tank. 
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1/12-Scale Uniformity Studies 

A significant start toward the direct goal of predicting mixture uniformity in the DST mixer pump 
system began in 1990.  A strategy was developed for a combined experimental and computational 
program (Bamberger et al. 1990a; Liljegren and Bamberger 1992) that recommended scaled testing to be 
conducted in 1/12- and 1/4-scale models of a 1-million-gallon DST.  The 1/12-scale test plan and test 
results were recently published (Bamberger et al. 2007; Bamberger and Liljegren 1994; Bamberger and 
Meyer 2007).  The 1/12-scale tests were conducted over a range of mixer pump operating conditions 
including 25, 50, 75, and 100% of U0D0 (the scaled parameter to model pump operation), thereby 
providing the ability to address curvature in the correlation.  During these initial tests, nozzle diameter 
was not varied, and the test was conducted at a single, relatively small scale.  In spite of these limitations, 
this testing was a very good start toward obtaining the information that is needed.  To provide continuous 
monitoring of the solids concentration during these tests, ultrasonic sensors were developed (Bamberger 
and Greenwood 2004a, b).  This instrumentation was used to provide real-time measurements of the 
concentration profiles obtained during the 1/12-scale tests (Bamberger and Meyer 2001).  The correlation 
presented in the experimental results report gives the solids concentration achievable with a single mixer 
pump as a function of jet velocity, particle size, and liquid viscosity. 

1/4-Scale Evaluation of Russian Retrieval Equipment  

Enderlin et al. (1997) conducted an experimental study to evaluate the performance of a 1/4-scale 
model of a pump system to be used to retrieve hazardous waste. 

CFD Studies 

In the early 1990s, PNNL staff began developing models of mixer pump performance at Hanford 
(Allemann et al. 1992; Bamberger et al. 1993b).  These studies included some general investigations on 
the difference between Newtonian and non-Newtonian fluids in mixing problems (Recknagle and 
Shekarriz 1998).  The majority of the studies eventually focused on turbulent jet mixing in Hanford waste 
tanks, and a summary of the studies that are relevant to current mixing and mobilization problem are 
discussed below.  Eyler and Michener (1992) modeled mixer pump operations for two cases:  low jet 
velocity and high settling velocity, which produces a non-uniform distribution, and high jet velocity and 
low settling velocity, which produces a uniform distribution.  Trent and Michener (1993) used the 
TEMPEST code to investigate mobilization of the SY-101 sediment using a jet mixer.  TEMPEST is a 
time-varying three-dimensional CFD code (Onishi and Trent 1999). 

TEMPEST has been validated for gas release plume studies (Meyer and Fort 1993; Eyler et al. 1983).  
The validation testing has included the modeling of hydrogen transport in reactor containment structures 
under a variety of conditions, resulting in good agreement of model results with the experimental data 
(Trent and Eyler 1991).  Antoniak and Recknagle (1997) used TEMPEST to investigate waste tank 
headspace flammability following a plume-type gas release from the waste and reported reasonably good 
agreement with the experimental and analytical study of buoyant jets. 

The TEMPEST code has been shown to reproduce literature results of jet behavior in homogeneous 
fluids for the jet centerline velocity for a three dimensional jet (Trent and Michener 1993).  A comparison 
of TEMPEST predictions of jet behavior in AZ-102 with the same ideal literature results for a 
homogeneous jet, showed basic similarity in jet behavior, with the differences attributed to jet rotation, 
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differences in the jet density and rheology relative to the surrounding sediment and supernatant (all of 
which may very temporally and spatially), the jet penetration being impacted by the non-erodible portion 
of the sediment, interaction between the jet and the tank bottom and walls, and interaction of the jet with 
tank internals such as ALCs and heating coils (Onishi et al. 2000). 

TEMPEST has been used to investigate numerous aspects of Hanford waste retrieval including: 

• mobilization and mixing of sediment in SY-102 (Onishi et al. 1996) 

• concentration of plutonium in the pump housings in AZ-101 during sediment mobilization and 
mixing (Onishi and Recknagle 1997b) 

• adequacy of a single mixer pump to fully mix wastes in AP-102 and AP-104 (Onishi and Recknagle 
1998) 

• ability of a densitometer in AY-102 to represent the mass of solids transferred during retrieval of 
C-106 (Onishi and Recknagle 1999) 

• mobilization and mixing of sediment in AZ-102 (Onishi et al. 2000) 

• mobilization and mixing of sediment in AN-105 after transfer and dilution (Onishi et al. 2003a) 

• feasibility of a single mixer pump to adequately mobilize and mix AN-101 (Onishi et al. 2003b) 

• liquid waste mixing of S-112 and SY-101 (Onishi et al. 2003c) 

• feasibility of a single mixer pump to adequately mobilize and mix AY-102 (Onishi and Wells 2004). 

These TEMPEST simulations include undissolved solids (UDS) concentration and strain rate-driven 
rheological models for the waste, and usually used a narrow distribution of particle size at a single bulk 
UDS density.  The predictions typically showed that the suspended UDS was uniformly distributed.  
When size and density distributed UDS were considered, stratification was observed.  An undocumented 
scoping comparison of TEMPEST ECR results for AZ-101 to the full-scale AZ-101 results (Carlson et al. 
2001) showed that TEMPEST produced a reasonable range of ECR results. 

TEMPEST has also been used for thermal modeling of Hanford tanks AW-101 and AN-104 
(Antoniak and Recknagle 1995).  Additionally, TEMPEST has been combined with a thermodynamic 
chemical code to provide chemically reacting, time-varying, three-dimensional CFD predictions for non-
Newtonian slurries and sediment with a shear strength (Onishi et al. 2001a, b; Onishi and Wells 2001). 

Slurry Characterization 

PNNL staff and collaborators developed and deployed ultrasonic methods to provide in situ, real-time 
measurement of slurry properties (Atkinson and Kytomaa 1991, 1992; Bamberger et al. 1998b, c, 1999b; 
Bamberger and Greenwood 2002, 2003, 2004a, b, c; Greenwood et al. 1993; Greenwood and Bamberger 
2002; Kytomaa 1993; Kytomaa and Corrington 1994; Shekarriz et al. 1998; Shekarriz and Sheen 1998).  
In addition, a pipeline probe was developed and demonstrated in SY-101 transfer piping to measure 
density of slurries during retrieval (Bamberger and Greenwood 2000, 2001; Witwer et al. 2001). 
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1.3.2.3 Pipeline Transport  

In pipeline transport, particles can settle and form layers depending on the particles and velocity.  
This phenomenon has similarity to the focus of this report, which is mobilizing and suspending particles 
in DSTs with turbulent jets, so some pertinent literature is discussed.  Shekarriz et al. (1997b) 
summarized results of a technical panel review of the methodology for accepting waste for transport 
through the Hanford Replacement Cross-Site Transfer System, which was constructed to replace the 
existing pipelines that hydraulically connect the 200 West and 200 East Areas.  Poloski et al. (2009a, b) 
conducted transport studies to determine deposition velocities for non-Newtonian and Newtonian slurries 
in pipelines to support Waste Treatment Plant operations.  Earlier investigations related to Hanford were 
conducted by Bamberger and Liljegren (1993), Estey (1998), Eyler and Lombardo (1980), Eyler et al. 
(1982), and McKay et al. (1994).  Of the large literature on pipeline transport, the studies by Hanks 
(1987) and Doron and Barnea (1993, 1995, 1996) where they developed transport models and flow maps 
are particularly useful. 

1.3.3 PNNL Pulse Jet Mixer Studies  

Pulse jet mixers (PJMs) are being used in the WTP vessels to maintain slurries in suspension.  PJMs 
are non-steady jet mixing devices that use compressed air as the motive force.  PJMs, installed inside the vessel, 
differ from mixers that sustain a steady jet to provide mixing.  Downward-facing jets are formed by 
alternating pressure and suction on fluid in vertically oriented pulse tubes coupled with jet nozzles, 
creating a pulsating flow.  The nozzle end of the tube is immersed in the tank with the nozzle facing the 
vessel floor.  Periodic pressure, vacuum, and venting are supplied to the opposite end to initiate pulsed 
jets.  In the right conditions, multiple pulse tubes, operating either in parallel or in sequence, can be used 
to effectively provide mixing in liquid/solid systems.  The pulse tubes are oriented in rings one or two 
radii from the tank center.  The PJMs are distributed uniformly around the vessel circumference (Meyer 
et al. 2009). 

Mixing requirements for the WTP are described in Olsen (2008a, b).  Meyer et al. (2009) conducted 
pulse jet mixing tests at three vessel scales (small – 15-in.-diameter, mid – 34-in.-diameter, and large – 
70-in.-diameter) with noncohesive solids to develop correlations to predict two measures of mixing 
performance in full-scale vessels:  cloud height, HC, (the height to which solids will be lifted by the PJM 
action) and critical suspension velocity, UCS, (the minimum velocity needed to ensure that all solids are 
suspended off the floor, though not fully mixed).  Prior to the scaled tests described in Meyer et al. 
(2009), PNNL conducted tests to demonstrate the ability to mix in a small-scale PJM test facility 
(Johnson et al. 2003), and scaling relationships were proposed by Bamberger and Meyer (2007). 

Additionally, PNNL staff have conducted significant experimental and analytical studies investigating 
PJM performance for mixing non-Newtonian slurries (Bamberger et al. 2005; Johnson et al. 2005; Meyer 
et al. 2005, 2006; Kurath et al. 2007; Meyer and Etchells 2007; Bamberger et al. 2008) and conducted 
tests with neutralized current acid waste simulant (Bontha et al. 2000).  The work with non-Newtonian 
slurries was expanded to determine the technical basis for scaling air sparging systems for mixing non-
Newtonian slurries (Poloski et al. 2005; Guerrero and Restivo 2004).  Experiments have been conducted 
to evaluate the performance of specific vessels, including the ultrafiltration feed process (UFP) and HLW 
lag storage (LS) vessels (Bates et al. 2003).  These studies were expanded to define the technical bases for 
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predicting mixing and flammable gas behavior in the UFP and LS vessels (Bontha et al. 2005).  PJM 
controller and instrumentation performance were also evaluated (Bontha et al. 2007).  CFD studies of 
PJM operation include Bontha et al. (2003a, b). 

1.3.4 Hanford Tank Operations 

Centrifugal jet mixer pumps have been used in three Hanford tanks:  AZ-101 (baseline configuration 
mixer pump test, Carlson et al. [2001]), SY-101 (mitigation of sediment gas retention, e.g., Allemann et 
al. 1994, Stewart et al. 1994), and AP-102 (mixing efficiency, Hunter 1988).  An evaluation of the data 
from these mixer pump operations in terms of sediment mobilization and solids uniformity and the role of 
cohesive particle interactions is discussed in Section 4.  A brief summary of these tests is given below. 

The 241-AP-102 in-tank mixer operability test (October 19, 1987–February 12, 1988) verified the 
functional operation of the in-tank mixer (Hunter 1988).  The performance was analyzed based upon 
suspension of solids and mixing with respect to liquids.  The following criteria were used to determine 
mixing time:  tank contents would be mixed when vertical and radial variabilities were not significantly 
larger than the sampling and analytical variabilities for two consecutive time periods and constituent 
averages were sufficiently close to theoretical values.  Based on these criteria, the contents of 241-AP-102 
were mixed with respect to dye tracer within 9 hours.  A second liquid component used in a much larger 
volume than the dye tracer was distributed within 30 minutes.  Also, approximately 10% of solids were 
evenly suspended after 12 hours of mixing.   

CFD modeling was used to make recommendations for retrieval of tank 241-SY-102 (Onishi and 
Hudson 1996; Onishi et al. 1996) and assess the criticality issue in tank 241-AZ-101(Onishi and 
Recknagle 1997b). 

Tests were conducted in tank 241-AZ-101 using two 300-hp mixer pumps to provide baseline mixer 
pump operational data (Carlson et al. 2000, 2001; Douglas 2000; MacLean 2000; Staehr 1999; Templeton 
2000).  These tests are described in Section 4.1.2.3. 

Most recently, Adamson et al. (2009b) conducted a small-scale demonstration of simulated waste 
transfers from Tank AY-102. 

1.3.5 Oak Ridge Studies 

Studies were conducted to support waste mobilization, mixing, and transport at ORNL.  
Characterization studies were conducted by Giaquinto et al. (1997), Keller et al. (1996, 1997a, b), and 
Sears et al. (1995).  Mobilization focused on the Melton Valley Storage Tanks (MVST) (Hylton et al. 
1994, 1995; Shor and Cummins 1991; Ceo et al. 1990), Gunite Tanks (Ehrlich and Weeren 1979; Weeren 
1984; Rule et al. 1998) and a design for a waste handling and packaging plant (Shor et al. 1990).  
Bamberger et al. (1998a, 1999a, b) developed the borehole miner for removal of wastes at the old 
hydrofracture (OHF) tanks (Francis and Herbes 1997; Keller et al. 1997b).  Perona et al. (1994) studied 
jet mixing in the horizontal storage tanks at ORNL.  Kent et al. (1998) demonstrated using PJMs for use 
in the horizontal storage tanks. 

Eyler et al. (1993) and Terrones and Eyler (1993) investigated using submerged liquid jets to 
mobilize and mix non-Newtonian sludge in horizontal, cylindrical, waste storage tanks (similar to the 
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ORNL Melton Valley Storage Tanks) using the modified time-dependent, finite-volume TEMPEST 
computer program.  The sludge was covered by a layer of particle-free supernatant.  Rheology of the 
sludge exhibits a power law character; non-linearity was considered because dilution occurred during 
mixing.  Mahoney et al. (1994) and Eyler and Mahoney (1995) modeled mobilization and mixing in the 
horizontal storage tanks. 

Dahl et al. (1999) investigated transfers from the C Tanks.  Youngblood et al. (1991) investigated 
transport of radioactive sludges at ORNL. 

1.3.6 West Valley Studies 

Schiffhauer et al. (1985) documented waste removal activities at West Valley.  Schiffhauer and 
Inzana (1987) used a 1/16-scale model to develop the design for the West Valley mobilization system.  
The mobilization system consisted of five mixer pumps installed in strategic locations within the tank.  
The scale-model system was also used to identify the design basis for the zeolite retrieval equipment, 
which is part of the Supernatant Treatment System.  McMahon (1990) descried the design of the sludge 
mobilization system.  Fow et al. (1989) evaluated the mixing system for the West Valley melter feed hold 
tank. 

1.3.7 Idaho Studies 

Bamberger et al. (2001) reviewed retrieval and closure plans at the Idaho National Engineering and 
Environmental Laboratory INTEC tank farm facility.  Meyer (1994) modeled jet mixing for the INEL 
waste tanks.  Stanisch et al. (1991) developed sampling and analysis plans for several site liquid waste 
tanks. 

1.4 Overall Objectives and Approach for the Tank Mixing and 
Sampling Demonstration Program 

The overall objective of the Tank Mixing and Sampling Demonstration Program is to determine the 
mixing effectiveness of the current baseline mixing system that uses two jet mixer pumps to mix and 
mobilize waste in DSTs and to determine the adequacy of the planned sampling method (Townson 2009).  
The approach to meeting this objective is to combine scaled testing with modeling to estimate full-scale 
behavior, with an initial emphasis on the feed delivery tank AY-102, and then conduct a full-scale test in 
AY-102.  The combination of the results from the scaled testing, modeling, and full-scale test should 
significantly mitigate the technical risk associated with the mixing and sampling systems meeting the feed 
certification requirements for transferring waste to the WTP. 

The initial phase of the demonstration program is to conduct scaled tests that appropriately match 
full-scale behavior of waste mixing in AY-102 and to evaluate sampling methodologies and the 
composition of individual batch transfers.  For the actual feed delivery to the WTP, the design basis 
assumes each staged HLW feed tank is homogenously mixed and feed is delivered in 160,000-gallon 
batches that have nearly equal chemical composition and UDS content (Townson 2009).  The scaled tests 
will be conducted in two geometrically scaled vessels of different size using test conditions that will allow 
estimates of full-scale performance to be extrapolated from the small-scale test results.  The small-scale 
test platforms will include 1/21 and 1/7.5 vessels (42.5- and 120-in. vessels in comparison to the 75-ft-
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diameter full-scale DST), and all tank internals, pumps and associated systems will be scaled 
prototypically where possible (Townson 2009).  The initial scaled testing will use non-cohesive particles.   

As discussed previously in this section, the purpose of this report is to evaluate whether these scaled 
mixing tests need to include cohesive simulants to meet both the overall objectives of the program and the 
specific focus of estimating the full-scale behavior of sampling and batch transfers from tank AY-102.  
Slurries of non-cohesive or cohesive particles may behave differently, although for sufficiently dilute 
systems, many slurries will behave as Newtonian fluids and cohesive interactions may be negligible 
(Gauglitz et al. 2009).  The Interface Control Document for Waste Feed (ICD-19 2008) gives an upper 
limit of 200 g/L (~ 16 wt% UDS) for total (unwashed) solids in feed delivery batches, and the average 
concentration in many feed delivery tanks will be well below this limit (for example, Table 3.6 in this 
report gives UDS concentrations of 10 wt% for AY-102 and 4 wt% for AZ-101 if these tanks are 
perfectly homogenized).  Actual waste is known to have a wide range of behavior, and the solids loading 
will also vary depending on the tank and the specific mixing conditions.  In the following section, we 
discuss how slurry rheology changes due to cohesive particle interactions and through changes in the 
UDS concentration because a change in rheology is the key element of how cohesive interactions affect 
mixing effectiveness.   
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2.0 Cohesive Effects on Rheology 

The flow behavior of a fluid or slurry is typically described as its rheology.  For a general discussion 
of suspension rheology, see Russel et al. (1989) or Poloski et al. (2007).  For the simplest case of a 
Newtonian fluid, the viscosity is a constant that does not depend on the shear rate or how the shear rate 
has changed over time (memory effects).  The viscosity of a Newtonian fluid or slurry may, however, 
depend on a number of parameters other than shear rate such as fluid temperature and composition and 
the concentration of suspended particles.  There are a number of different non-Newtonian fluid behaviors, 
and some general descriptions will be used in this discussion of how cohesive particle interactions affect 
mixing.  One way to compare differences in fluid rheology is to make the comparisons in terms of 
viscosity.  When the viscosity of a fluid decreases with increasing shear rate, the fluid is shear thinning 
and non-Newtonian.  The magnitude of the shear rate dependence can be small (weakly non-Newtonian) 
or large.  One example of a strongly shear-thinning fluid is a fluid that is described by a Bingham model 
and has a yield stress, which we will refer to here as a non-Newtonian yield-stress fluid.  In the mixing 
and mobilization problem being addressed in this report, the shear rate varies from extremely high in the 
jet pump and jet as it exits the nozzle to negligibly small in regions away from the influence of the jet and 
at the walls of the tank.  For any strongly shear-thinning fluid, there will be a large variation in fluid 
viscosity, and hence local mixing behavior as a result of the variation in shear rate.   

The rheology and viscosity of a slurry of particles depends on a number of factors, including the 
magnitude of inter-particle cohesive forces and the particle concentration.  The particle shape and size 
also play significant roles, but for the discussion here we will focus on the magnitude of cohesive forces 
and concentration.  Figure 2.1 depicts the general ranges of behavior for slurries.  At lower concentrations 
and for weaker interparticle forces, the slurry will be Newtonian.  If the particles are non-cohesive but at a 
higher concentration, the slurry will be weakly non-Newtonian with an elevated viscosity.  If the particles 
are cohesive but the suspension is dilute, the slurry will again be weakly non-Newtonian.  The most 
dramatic effect on slurry rheology occurs when the slurry is concentrated and the particles are cohesive.  
In the remainder of this section, data on slurry rheology are presented that demonstrate this general 
behavior for simulants and actual waste. 
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Figure 2.1. Qualitative Role of Particle Concentration and Magnitude of Cohesive Particle Interactions 

on Slurry Rheology 
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2.1 Role of Cohesive Particle Interactions on Slurry Rheology 

There are extensive studies in the literature on the rheology of non-cohesive slurries (see Russel et al. 
(1989) or Poloski et al. (2007) for a general discussion).  Figure 2.2 shows the effect of particle 
concentration on the viscosity of suspensions of non-cohesive particles (Russel et al. 1989, see Figure 
14.4).  The upper curve in Figure 2.2 is the suspension viscosity in the limit of low shear rate, and the 
lower curve is the viscosity in the limit of high shear rate.  The particle concentration is given in terms of 
the volume fraction of solids.  For typical waste slurries, the volume fraction of solids is about half the 
weight fraction of undissolved solids (UDS) (Gauglitz et al. 2009), so even a very concentrated waste 
slurry of 40 wt% UDS will only be about 20% solids by volume.  The typical range for tank waste 
slurries, including the example of a very concentrated slurry, is highlighted in the figure.  Figure 2.2 
shows that at 0.2 (20%) solids volume fraction there is very little difference between the low and high 
shear rate viscosities, so this slurry is at most very weakly non-Newtonian.  The slurry viscosity is 
elevated in comparison to the liquid suspending particles by about a factor of two.  In summary, this 
result shows that suspensions of non-cohesive particles will typically have an elevated viscosity and be 
nearly Newtonian. 
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Figure 2.2. Effect of Particle Concentration on Suspension Viscosity and Shear Thinning Behavior for 

Non-Cohesive Particles 

There are very few specific examples in the literature that demonstrate the specific role of cohesive 
particle interactions on suspension rheology, but the behavior of kaolin clay suspensions provides one 
example.  Litzenberger (2003) has shown that slurries of cohesive kaolin particles can be changed into 
slurries of non-cohesive particles by the addition of the dispersant tetra sodium pyrophosphate (TSPP).  In 
these slurries, the TSPP adsorbs on the clay particles, making all surfaces strongly negatively charged and 
the particles all repulsive and non-cohesive.  Litzenberger (2003) also showed that the apparent viscosity 
of kaolin slurries decreases dramatically with the addition of TSPP. 

In a recent study, Poloski et al. (2009b) varied the concentration of kaolin clay and TSPP in simulants 
to adjust the rheology of the slurries.  Some preliminary scoping studies were done where TSPP was 
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added to a kaolin slurry that had a Bingham yield stress of about 45 Pa.1 Figure 2.3   shows the viscosity 
of the kaolin clay suspension decreased dramatically with the addition of small amounts of the dispersant 
TSPP.  Without TSPP, the kaolin slurry was strongly shear thinning, or non-Newtonian, and was much 
more viscous that the water used in the suspension.  For the highest concentrations of TSPP, the kaolin 
slurry had a viscosity of about 4 cP, or 4 times higher than water and the viscosity was essentially 
independent of the shear rate.  With this behavior, this slurry would be described as a Newtonian fluid. 
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Figure 2.3. Reduction in Suspension Viscosity due to Reducing Particle Cohesive Interactions in Kaolin 

Slurries by Adding the Dispersant Tetra Sodium Pyrophosphate (TSPP).  The Kaolin Slurry 
had a Bingham Yield Stress of about 45 Pa. 

In terms of understanding the role of cohesive particle interaction, these data show that a moderately 
concentrated suspension of non-cohesive particles again behaves as Newtonian fluids in terms of viscous 
behavior.  When cohesive particle interactions are present, this same slurry can become strongly non-
Newtonian (a shear thinning yield stress fluid) with a significant yield stress and a viscosity that is much 
higher than water unless the shear rate is very high.   

Figure 2.4 gives an actual waste example demonstrating the important behavior of a slurry becoming 
more non-Newtonian as the undissolved solids concentration increases.  In Figure 2.4, the data show the 
apparent viscosity of AZ-102 waste (Warrant 2001) becoming more shear thinning and increasing with 
increasing UDS concentration.2

                                                      
1 The results of this specific test were not reported in Poloski et al. (2009), but the test used the materials described 
in Poloski et al. (2009). 

  At 32 wt% UDS, the slurry is strongly shear thinning and non-
Newtonian over the entire range of shear rates reported, while the 3 wt% slurry has a much smaller 
change in viscosity between shear rates of 100 to 1000 s-1.  In the remainder of this report where we 

2 Reported wt% UDS taken from PNNL Letter Report to CH2M HILL:  Wells BE.  2004.  Evaluation of Waste Data 
for Rheological Models Used in Waste Pipeline Transfer Assessment.  TWS05.001, Pacific Northwest National 
Laboratory, Richland, Washington. 
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evaluate mixing behavior of slurries, particular emphasis will be place on studies that show the role of a 
yield stress or viscosity increases because these changes represent the key change due to the presence of 
cohesive particle interactions. 
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Figure 2.4. AZ-102 Slurry Apparent Viscosity as a Function of UDS Concentration.  Data from Warrant 

(2001). 
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3.0 WTP High-level Waste Feed Staging Tank Properties 

Hanford DSTs will be used as feed staging tanks for the WTP.  Although subject to alteration as the 
Waste Feed Delivery Plan is optimized, 17 DSTs are identified as HLW feed tanks and include AN, AZ, 
AY, AW, and AP farm tanks (Greenwell 2009).  Specific tanks may include AN-101, AN-106, AZ-101, 
AZ-012, AY-101, AY-102, AW-101 through AW-106, AP-101 through AP-104, and AP-108.  The 
current waste content of the WTP HLW feed tank, AY-102, will be the commissioning feed.  Thus, the 
waste properties pertinent to cohesive behavior for AY-102 are presented.  Although not in a feed 
configuration, waste properties for AZ-101, in which the baseline feed delivery pumps were operated, are 
also presented.  Given the breadth and changing nature of retrieval scenarios, the feed staging tanks as a 
whole are considered based on the measured properties of the HLW tanks (i.e., those tanks with the UDS 
that primarily comprise insoluble solids and are commonly referred to as sludge tanks, e.g., Weber 2008). 

Waste properties pertinent to cohesive behavior include the particle size and shape and UDS 
concentration.  The particle size and density distribution (PSDD) data are presented in Section 3.1 
together with a brief discussion of the particle settling rate data.  Particle shapes for the Hanford sludge 
have not been quantified per se, but particle shape may be observed to be unique and varied with the solid 
phase compound (e.g., Wells et al. 2007).  Thus, shape may be inferred from the chemical solid phase 
composition, which is reflected in the density of the particulate. 

The solid concentration in Hanford settled layers (sediment) is presented in Section 3.2, and the solid 
concentration for fully or partially mixed conditions in the feed staging tanks is discussed.  These solid 
concentrations may be related to the probability of cohesive behavior of HLW in the feed staging tanks as 
presented in Section 3.3. 

3.1 High-level Waste Undissolved Solids Properties 

PSDDs for AY-102, AZ-101 and Hanford sludge are presented in Section 3.1.1.  Settling rate data for 
this particulate is briefly discussed in Section 3.1.2. 

3.1.1 Particle Size and Density Distribution 

Solid particulate can be characterized by a PSDD.  The PSDDs for AY-102 and AZ-101 from Wells 
and Ressler (2009) developed from the Case 3 approach of Wells et al. (2007) are provided in Table 3.1 
and Table 3.2, respectively.  The Case 3 PSDD approach is recommended by WTP project memorandum 
CCN 186332, from AW Etchells, Dupont Technology Consulting, to SA Saunders, Bechtel National, 
Inc., on January 29, 2007, “Comments on the Input Particle Size Report,” as “...the most accurate and 
most conservative” approach. 
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Table 3.1.  AY-102 PSDD (Wells and Ressler 2009) 

Particle Size (µm) 

Solid Phase Compounds and Density (g/mL) 
Fe2O3 Al(OH)3 Ca5OH(PO4)3 MnO2 Ni(OH)2 Na2U2O7 LaPO4•2H2O Bi2O3 Ag2CO3 ZrO2 PuO2 
5.24 2.42 3.14 5.026 4.1 5.617 6.51 8.9 6.077 5.68 11.43 

Solid Volume Fraction 
0.22 3.4E-05 5.3E-05 5.3E-06 5.2E-06 1.2E-06 1.0E-06 4.8E-07 2.4E-08 8.6E-09 6.5E-09 3.9E-09 
0.28 4.6E-04 7.1E-04 7.2E-05 7.0E-05 1.6E-05 1.4E-05 6.5E-06 3.3E-07 1.2E-07 8.8E-08 5.3E-08 
0.36 6.5E-04 1.0E-03 1.0E-04 1.0E-04 2.2E-05 2.0E-05 9.2E-06 4.7E-07 1.7E-07 1.2E-07 7.5E-08 
0.46 6.6E-04 1.0E-03 1.0E-04 1.0E-04 2.3E-05 2.0E-05 9.3E-06 4.7E-07 1.7E-07 1.3E-07 7.6E-08 
0.6 9.5E-04 1.5E-03 1.5E-04 1.5E-04 3.3E-05 2.8E-05 1.3E-05 6.8E-07 2.4E-07 1.8E-07 1.1E-07 
0.77 5.6E-03 8.7E-03 8.7E-04 8.6E-04 1.9E-04 1.7E-04 7.9E-05 4.0E-06 1.4E-06 1.1E-06 6.5E-07 
1 2.3E-02 3.5E-02 3.5E-03 3.4E-03 7.7E-04 6.7E-04 3.2E-04 1.6E-05 5.7E-06 4.3E-06 2.6E-06 
1.29 3.7E-02 5.7E-02 5.7E-03 5.6E-03 1.3E-03 1.1E-03 5.2E-04 2.6E-05 9.3E-06 7.0E-06 4.2E-06 
1.67 3.4E-02 5.2E-02 5.2E-03 5.1E-03 1.2E-03 1.0E-03 4.7E-04 2.4E-05 8.5E-06 6.4E-06 3.9E-06 
2.15 3.0E-02 4.7E-02 4.8E-03 4.6E-03 1.0E-03 9.1E-04 4.3E-04 2.2E-05 7.7E-06 5.8E-06 3.5E-06 
2.78 3.1E-02 4.9E-02 4.9E-03 4.8E-03 1.1E-03 9.4E-04 4.4E-04 2.3E-05 7.9E-06 6.0E-06 3.6E-06 
3.59 2.8E-02 4.4E-02 4.4E-03 4.3E-03 9.6E-04 8.4E-04 4.0E-04 2.0E-05 7.1E-06 5.4E-06 3.2E-06 
4.64 2.7E-02 4.2E-02 4.3E-03 4.2E-03 9.4E-04 8.2E-04 3.8E-04 2.0E-05 6.9E-06 5.2E-06 3.1E-06 
5.99 2.5E-02 3.8E-02 3.8E-03 3.8E-03 8.5E-04 7.4E-04 3.5E-04 1.8E-05 6.2E-06 4.7E-06 2.8E-06 
7.74 2.0E-02 3.2E-02 3.2E-03 3.1E-03 7.0E-04 6.1E-04 2.9E-04 1.5E-05 5.2E-06 3.9E-06 2.4E-06 
10 1.7E-02 2.6E-02 2.6E-03 2.6E-03 5.7E-04 5.0E-04 2.4E-04 1.2E-05 4.2E-06 3.2E-06 1.9E-06 
12.92 1.6E-02 2.5E-02 2.5E-03 2.5E-03 5.5E-04 4.8E-04 2.3E-04 1.2E-05 4.1E-06 3.1E-06 1.9E-06 
16.68 1.5E-02 2.3E-02 2.3E-03 2.3E-03 5.2E-04 4.5E-04 2.1E-04 1.1E-05 3.8E-06 2.9E-06 1.7E-06 
21.54 6.4E-03 1.0E-02 1.0E-03 9.8E-04 2.2E-04 1.9E-04 9.1E-05 4.6E-06 1.6E-06 1.2E-06 7.4E-07 
27.83 2.0E-03 3.1E-03 3.1E-04 3.0E-04 6.8E-05 5.9E-05 2.8E-05 1.4E-06 5.0E-07 3.8E-07 2.3E-07 
35.94 1.1E-03 1.8E-03 1.8E-04 1.7E-04 3.9E-05 3.4E-05 1.6E-05 8.1E-07 2.9E-07 2.2E-07 1.3E-07 
46.42 1.4E-03 2.2E-03 2.3E-04 2.2E-04 5.0E-05 4.3E-05 2.0E-05 1.0E-06 3.6E-07 2.8E-07 1.7E-07 
59.95 1.7E-03 2.7E-03 2.7E-04 2.6E-04 5.9E-05 5.2E-05 2.4E-05 1.2E-06 4.4E-07 3.3E-07 2.0E-07 
77.43 2.3E-03 3.6E-03 3.6E-04 3.6E-04 8.0E-05 7.0E-05 3.3E-05 1.7E-06 5.9E-07 4.4E-07 2.7E-07 
100 3.2E-03 5.0E-03 5.0E-04 4.9E-04 1.1E-04 9.5E-05 4.5E-05 2.3E-06 8.0E-07 6.1E-07 3.7E-07 
129.15 4.1E-03 6.4E-03 6.4E-04 6.3E-04 1.4E-04 1.2E-04 5.8E-05 3.0E-06 1.0E-06 7.9E-07 4.8E-07 
166.81 3.1E-03 4.8E-03 4.8E-04 4.7E-04 1.1E-04 9.2E-05 4.3E-05 2.2E-06 7.8E-07 5.9E-07 3.5E-07 
215.44 2.6E-03 4.1E-03 4.1E-04 4.0E-04 8.9E-05 7.8E-05 3.7E-05 1.9E-06 6.6E-07 5.0E-07 3.0E-07 
278.26 2.1E-04 3.3E-04 3.3E-05 3.2E-05 7.3E-06 6.4E-06 3.0E-06 1.5E-07 5.4E-08 4.1E-08 2.4E-08 
Total Solid-Phase Volume Fraction 0.34 0.53 0.053 0.052 0.012 0.010 0.005 0.0002 0.00009 0.00006 0.00004 
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Table 3.2.  AZ-101 PSDD (Wells and Ressler 2009) 

Particle Size 
(µm) 

Solid Phase Compounds and Density (g/mL) 
Al(OH)3 Fe2O3 ZrO2 Ca5OH(PO4)3 Ni(OH)2 Na2U2O7 MnO2 LaPO4•2H2O PuO2 

2.42 5.24 5.68 3.14 4.1 5.617 5.026 6.51 11.43 
Solid Volume Fraction 

0.22 3.8E-04 7.7E-05 2.4E-05 6.9E-06 6.7E-06 4.9E-06 1.1E-06 3.7E-06 2.5E-08 
0.28 9.1E-03 1.9E-03 5.7E-04 1.7E-04 1.6E-04 1.2E-04 2.7E-05 9.0E-05 6.0E-07 
0.36 1.0E-02 2.1E-03 6.4E-04 1.9E-04 1.8E-04 1.3E-04 3.1E-05 1.0E-04 6.8E-07 
0.46 1.3E-02 2.7E-03 8.4E-04 2.5E-04 2.4E-04 1.7E-04 4.0E-05 1.3E-04 8.8E-07 
0.60 1.8E-02 3.6E-03 1.1E-03 3.2E-04 3.1E-04 2.3E-04 5.3E-05 1.7E-04 1.2E-06 
0.77 2.2E-02 4.5E-03 1.4E-03 4.0E-04 3.9E-04 2.9E-04 6.5E-05 2.2E-04 1.4E-06 
1.00 5.4E-02 1.1E-02 3.4E-03 9.9E-04 9.6E-04 7.0E-04 1.6E-04 5.3E-04 3.6E-06 
1.29 5.1E-02 1.0E-02 3.2E-03 9.3E-04 9.0E-04 6.6E-04 1.5E-04 5.0E-04 3.4E-06 
1.67 4.6E-02 9.4E-03 2.9E-03 8.5E-04 8.2E-04 6.0E-04 1.4E-04 4.6E-04 3.0E-06 
2.15 6.1E-02 1.2E-02 3.8E-03 1.1E-03 1.1E-03 7.9E-04 1.8E-04 6.0E-04 4.0E-06 
2.78 5.6E-02 1.1E-02 3.5E-03 1.0E-03 1.0E-03 7.3E-04 1.7E-04 5.6E-04 3.7E-06 
3.59 6.0E-02 1.2E-02 3.8E-03 1.1E-03 1.1E-03 7.9E-04 1.8E-04 6.0E-04 4.0E-06 
4.64 6.8E-02 1.4E-02 4.3E-03 1.3E-03 1.2E-03 8.9E-04 2.0E-04 6.8E-04 4.5E-06 
5.99 6.2E-02 1.3E-02 3.9E-03 1.1E-03 1.1E-03 8.1E-04 1.8E-04 6.1E-04 4.1E-06 
7.74 6.3E-02 1.3E-02 4.0E-03 1.2E-03 1.1E-03 8.3E-04 1.9E-04 6.3E-04 4.2E-06 

10.00 3.6E-02 7.3E-03 2.2E-03 6.6E-04 6.3E-04 4.7E-04 1.1E-04 3.5E-04 2.4E-06 
12.92 3.5E-02 7.2E-03 2.2E-03 6.5E-04 6.2E-04 4.6E-04 1.0E-04 3.5E-04 2.3E-06 
16.68 3.2E-02 6.6E-03 2.0E-03 6.0E-04 5.8E-04 4.2E-04 9.7E-05 3.2E-04 2.1E-06 
21.54 2.8E-02 5.7E-03 1.8E-03 5.2E-04 5.0E-04 3.7E-04 8.4E-05 2.8E-04 1.8E-06 
27.83 2.3E-02 4.7E-03 1.5E-03 4.3E-04 4.1E-04 3.0E-04 6.9E-05 2.3E-04 1.5E-06 
35.94 4.7E-03 9.5E-04 2.9E-04 8.6E-05 8.3E-05 6.1E-05 1.4E-05 4.6E-05 3.1E-07 

Total Solid-
Phase Volume 

Fraction 

0.75 0.15 0.047 0.014 0.013 0.010 0.002 0.007 0.00005 
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The Case 3 approach assigns the primary particulate density of the solid phase compounds (i.e., 
crystal density) to the particulate, independent of particle size.  As such, it does not account for solids 
particle density reduction (by agglomeration) below the primary crystal density.  As discussed in Wells 
et al. (2007), this approach does not represent the actual phenomenon of Hanford particulate 
agglomeration, but it was selected because it provides an upper-bound for possible particle size and 
density, and it removes the significant uncertainty of quantifying the fractal dimension relating the 
agglomeration size and density.  PSDDs developed using this approach are thus representations of the 
UDS particulate. 

The PSDDs in Table 3.1 and Table 3.2 are three-dimensional matrices of the volume-based 
probability of each solid-phase compound in a particle-size distribution “bin” and its density in that bin.  
The PSDD bins represent the upper and lower size limit of the particles in each bin.  For example, in 
Table 3.2 for AY-102, it can be seen that gibbsite [Al(OH)3] comprises 75% of the solids particulate by 
volume, and gibbsite particles >7.74 µm and ≤ 10 µm have a density of 2.42 g/mL and make up 3.6% of 
the solids by volume. 

The Case 3 PSDD of Wells et al. (2007), representing the total sludge UDS inventory at Hanford (and 
including the AY-102 and AZ-101 UDS), is presented in Table 3.3.  The PSD percentiles for the AY-102, 
AZ-101, and Hanford sludge from their respective PSDDs are compared in Table 3.4.  The smallest 5% 
by volume of the AZ-101 particulate is shown to be smaller than that of AY-102.  The smallest 5% by 
volume of the AY-102 particulate is similar to Hanford sludge.  Nominally, the 25th to 75th volume 
percentiles of the UDS particulate of AY-102 and AZ-101 are similar and about half that of the Hanford 
sludge as a whole.  There is increasingly significant disparity in the largest 5% by volume of the 
particulate with the Hanford sludge shown to be larger, that of AY-102 a factor of approximately 4 
smaller at the 100th percentile, and that of AZ-101 almost 30 times smaller. 

Comparison of the solid phase compounds from the respective PSDDs is made in Table 3.5.  Gibbsite 
is 75% by volume in AZ-101 and 53% and 52% in AY-102 and Hanford sludge, respectively.  Iron oxide 
is the next most significant solid phase compound by volume in AY-102 and AZ-101.  Boehmite is not 
present in any significant quantity in either AY-102 or AZ-101. 

These UDS size and composition (representing density and shape) comparisons illustrate that the 
solids uniformity and mobilization during jet mixing may potentially be dissimilar between feed tanks.  
This concept is considered further in relation to the settling velocity of the particulate in Section 3.1.2. 

3.1.2 Settling Rate Data 

The gravity settling behavior of Hanford UDS has been investigated.  Both laboratory experiments 
(summary provided in Poloski et al. 2007) and in situ data (Gauglitz et al. 2009) indicate relatively rapid 
UDS settling.  Particulate settling velocity may also be computed from the PSDDs.  In situ, laboratory, 
and PSDD-computed settling rates are compared along with variation between tanks in the discussion 
below. 
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Table 3.3.  Case 3 PSDD (Wells et al. 2007) 
 

Particle 
Size 
(µm) 

Solid-Phase Compounds and Density (g/mL) 

Total 
Volume 
Fraction 

Al(OH)3 

(NaAlSiO4)6• 
(NaNO3)1.6• 

2H2O AlOOH 
NaAlCO3 

(OH)2 Fe2O3 
Ca5OH 
(PO4)3 Na2U2O7 ZrO2 Bi2O3 SiO2 Ni(OH)2 MnO2 CaF2 

LaPO4• 
2H2O Ag2CO3 PuO2 

2.42 2.365 3.01 2.42 5.24 3.14 5.617 5.68 8.9 2.6 4.1 5.026 3.18 6.51 6.077 11.43 
Solid Volume Fraction 

0.22 1E-04 5E-05 3E-05 3E-05 1E-05 6E-06 5E-06 3E-06 2E-06 2E-06 2E-06 2E-06 7E-07 4E-07 3E-08 4E-09 2E-04 
0.28 3E-04 1E-04 6E-05 6E-05 2E-05 1E-05 9E-06 6E-06 5E-06 4E-06 3E-06 3E-06 1E-06 8E-07 5E-08 8E-09 6E-04 
0.36 6E-04 2E-04 1E-04 1E-04 5E-05 2E-05 2E-05 1E-05 1E-05 8E-06 7E-06 7E-06 3E-06 2E-06 1E-07 2E-08 1E-03 
0.46 5E-05 2E-05 1E-05 1E-05 4E-06 2E-06 2E-06 1E-06 9E-07 7E-07 6E-07 6E-07 2E-07 1E-07 1E-08 1E-09 1E-04 
0.60 2E-03 5E-04 3E-04 3E-04 1E-04 6E-05 5E-05 3E-05 2E-05 2E-05 2E-05 2E-05 7E-06 4E-06 3E-07 4E-08 3E-03 
0.77 8E-03 3E-03 2E-03 1E-03 6E-04 3E-04 2E-04 2E-04 1E-04 1E-04 8E-05 8E-05 3E-05 2E-05 1E-06 2E-07 2E-02 
1.0 2E-02 5E-03 3E-03 3E-03 1E-03 6E-04 5E-04 3E-04 2E-04 2E-04 2E-04 2E-04 7E-05 4E-05 3E-06 4E-07 3E-02 
1.3 2E-02 6E-03 4E-03 4E-03 2E-03 8E-04 6E-04 4E-04 3E-04 3E-04 2E-04 2E-04 9E-05 5E-05 4E-06 5E-07 4E-02 
1.7 3E-02 1E-02 7E-03 6E-03 3E-03 1E-03 1E-03 7E-04 5E-04 4E-04 4E-04 3E-04 1E-04 8E-05 6E-06 8E-07 6E-02 
2.2 1E-02 5E-03 3E-03 3E-03 1E-03 5E-04 4E-04 3E-04 2E-04 2E-04 1E-04 1E-04 6E-05 4E-05 3E-06 4E-07 2E-02 
2.8 4E-02 1E-02 7E-03 6E-03 3E-03 1E-03 1E-03 7E-04 6E-04 5E-04 4E-04 4E-04 2E-04 9E-05 6E-06 9E-07 7E-02 
3.6 5E-02 2E-02 1E-02 9E-03 4E-03 2E-03 1E-03 1E-03 7E-04 6E-04 5E-04 5E-04 2E-04 1E-04 9E-06 1E-06 1E-01 
4.6 3E-02 1E-02 6E-03 6E-03 3E-03 1E-03 1E-03 7E-04 5E-04 4E-04 3E-04 3E-04 1E-04 8E-05 6E-06 8E-07 6E-02 
6.0 4E-02 1E-02 9E-03 8E-03 3E-03 2E-03 1E-03 9E-04 7E-04 6E-04 5E-04 4E-04 2E-04 1E-04 8E-06 1E-06 8E-02 
7.7 5E-02 2E-02 1E-02 9E-03 4E-03 2E-03 2E-03 1E-03 8E-04 7E-04 5E-04 5E-04 2E-04 1E-04 9E-06 1E-06 1E-01 
10 4E-02 1E-02 8E-03 7E-03 3E-03 2E-03 1E-03 9E-04 6E-04 5E-04 4E-04 4E-04 2E-04 1E-04 7E-06 1E-06 7E-02 
13 4E-02 1E-02 8E-03 7E-03 3E-03 1E-03 1E-03 8E-04 6E-04 5E-04 4E-04 4E-04 2E-04 9E-05 7E-06 9E-07 7E-02 
17 4E-02 1E-02 8E-03 7E-03 3E-03 2E-03 1E-03 8E-04 6E-04 5E-04 4E-04 4E-04 2E-04 1E-04 7E-06 1E-06 7E-02 
22 3E-02 1E-02 6E-03 6E-03 2E-03 1E-03 9E-04 6E-04 5E-04 4E-04 3E-04 3E-04 1E-04 8E-05 5E-06 8E-07 6E-02 
28 1E-02 5E-03 3E-03 3E-03 1E-03 6E-04 4E-04 3E-04 2E-04 2E-04 2E-04 2E-04 6E-05 4E-05 3E-06 4E-07 2E-02 
36 2E-02 6E-03 4E-03 4E-03 2E-03 8E-04 6E-04 4E-04 3E-04 3E-04 2E-04 2E-04 9E-05 5E-05 4E-06 5E-07 4E-02 
46 7E-03 2E-03 1E-03 1E-03 6E-04 3E-04 2E-04 1E-04 1E-04 9E-05 7E-05 7E-05 3E-05 2E-05 1E-06 2E-07 1E-02 
60 5E-03 1E-03 9E-04 8E-04 4E-04 2E-04 1E-04 1E-04 7E-05 6E-05 5E-05 5E-05 2E-05 1E-05 8E-07 1E-07 9E-03 
77 4E-03 1E-03 9E-04 8E-04 3E-04 2E-04 1E-04 9E-05 7E-05 6E-05 5E-05 4E-05 2E-05 1E-05 8E-07 1E-07 8E-03 

100 3E-03 9E-04 5E-04 5E-04 2E-04 1E-04 8E-05 6E-05 4E-05 4E-05 3E-05 3E-05 1E-05 7E-06 5E-07 7E-08 5E-03 
129 2E-03 6E-04 4E-04 3E-04 1E-04 7E-05 5E-05 4E-05 3E-05 2E-05 2E-05 2E-05 8E-06 4E-06 3E-07 4E-08 4E-03 
167 7E-03 2E-03 1E-03 1E-03 5E-04 3E-04 2E-04 1E-04 1E-04 9E-05 7E-05 7E-05 3E-05 2E-05 1E-06 2E-07 1E-02 
215 4E-03 1E-03 7E-04 7E-04 3E-04 1E-04 1E-04 8E-05 6E-05 5E-05 4E-05 4E-05 2E-05 9E-06 7E-07 9E-08 7E-03 
278 2E-03 7E-04 4E-04 4E-04 2E-04 8E-05 6E-05 4E-05 3E-05 3E-05 2E-05 2E-05 9E-06 5E-06 4E-07 5E-08 4E-03 
359 3E-03 1E-03 6E-04 5E-04 2E-04 1E-04 9E-05 6E-05 5E-05 4E-05 3E-05 3E-05 1E-05 7E-06 5E-07 8E-08 6E-03 
464 6E-04 2E-04 1E-04 1E-04 5E-05 2E-05 2E-05 1E-05 1E-05 9E-06 7E-06 7E-06 3E-06 2E-06 1E-07 2E-08 1E-03 
599 4E-04 1E-04 8E-05 7E-05 3E-05 1E-05 1E-05 8E-06 6E-06 5E-06 4E-06 4E-06 2E-06 1E-06 7E-08 1E-08 7E-04 
774 4E-04 1E-04 9E-05 8E-05 3E-05 2E-05 1E-05 9E-06 7E-06 6E-06 4E-06 4E-06 2E-06 1E-06 8E-08 1E-08 8E-04 

1000 3E-05 9E-06 6E-06 5E-06 2E-06 1E-06 8E-07 6E-07 4E-07 4E-07 3E-07 3E-07 1E-07 7E-08 5E-09 7E-10 6E-05 
Total 

Volume 
Fraction 

0.515 0.166 0.106 0.095 0.041 0.02 0.016 0.011 0.0081 0.0069 0.0055 0.0054 0.0023 0.0013 0.000094 0.000013 1.0 
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Table 3.4.  PSD Volume Percentiles (µm) 

Percentiles 1% 5% 25% 50% 75% 95% 99% 100% 
AY-102 0.62 0.86 1.5 3 7 49 160 278 
AZ-101 0.26 0.5 1.4 3.3 6.9 19 27 36 
Hanford Sludge 0.65 1.0 2.8 6.3 14 59 256 1000 

Table 3.5.  UDS Solid Phase Compounds 

Solid Phase Compound 
Density 
(g/mL) 

AY-102 AZ-101 
Hanford 
Sludge 

UDS Volume 
Fraction 

UDS Volume 
Fraction 

UDS Volume 
Fraction 

Al(OH)3 - gibbsite 2.42 0.53 0.75 0.515 
(NaAlSiO4)6•(NaNO3)1.6•2H2O 2.365   0.166 
AlOOH - boehmite 3.01   0.106 
NaAlCO3(OH)2 2.42   0.095 
Fe2O3 - iron oxide 5.24 0.34 0.15 0.041 
Ca5OH(PO4)3 3.14 0.053 0.014 0.02 
Na2U2O7 5.617 0.01 0.01 0.016 
ZrO2 5.68 0.00006 0.047 0.011 
Bi2O3 8.9 0.0002  0.0081 
SiO2 2.6   0.0069 
Ni(OH)2 4.1 0.012 0.013 0.0055 
MnO2 5.026 0.052 0.002 0.0054 
CaF2 3.18   0.0023 
LaPO4•2H2O 6.51 0.005 0.007 0.0013 
Ag2CO3 6.077 0.00009  0.000094 
PuO2 11.43 0.00004 0.00005 0.000013 
     

In situ solid-to-liquid interface gravity settling-rate data are available from two Hanford sludge tanks, 
AZ-101 and AY-102.  As summarized in Wells et al. (2010), the initial conditions of the vessels for the 
settling rate determinations are different (mixer pump operation in AZ-101 [Carlson et al. 2001], and 
slurry transfer from C-106 in AY-102 [Cuta et al. 2000]).  Approximately 85% of the sediment by volume 
in AY-102 is from C-106.  The computed settling rate data are also from different measurement and 
evaluation techniques.  Fully mixed conditions in AZ-101 result in a UDS mass fraction of approximately 
0. 04 (Section 3.2), and the actual UDS concentration of the mixed layer was approximately 0.01 (Wells 
and Ressler 2009).  For AY-102, a fully mixed condition results in a UDS fraction of approximately 0.10 
(Section 3.2; however, the actual settling conditions had much lower concentrations due to the batch-wise 
retrieval (Cuta et al. 2000).  The in situ solid-to-liquid interface settling rates from the respective 
documents are 6E-4 m/s for AZ-101 and 5E-5 to 6E-6 m/s for AY-102. 

Laboratory-scale solid-to-liquid interface gravity settling data for waste samples from these tanks 
indicate maximum settling rates of 2.8E-5 m/s for AZ-101 (Callaway 2000) and 4.2E-6 m/s for AY-102 
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(Warrant 2001).  The averaged laboratory-scale solid-to-liquid interface gravity settling rates from 
Poloski et al. (2007) for waste samples representing eight waste types range from 3.5E-6 to 1.9E-5 m/s. 

Gauglitz et al. (2009) noted the differences in laboratory and in situ settling data.  The evaluation by 
Poloski et al. (2007) of laboratory settling data suggests that in situ settling in the Hanford tanks would 
require about 50 times as long to settle as the laboratory tests.  In fact, both the laboratory and in situ data 
show, summarized approximately here, the volume percent of slurry in a vessel (i.e., the portion of the 
vessel with a UDS fraction) as opposed to UDS-free liquid, from a well-mixed initial state at 100%, 
reduces to approximately 30% in less than 24 hours.  Gauglitz et al. (2009) noted this inconsistency by 
stating: 

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

The particle sizes and densities of the PSDDs of Section 3.1.1 can be used in the settling velocity (UT) 
equation from Camenen (2008) 
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 −+=  (3.1) 

where Ga is the Galileo number defined by 
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where ρS is the UDS density, ρL is the liquid density, ν is the kinematic viscosity of the fluid, g is the 
gravitational constant, and d is the particle diameter. 

The cumulative volume-based probability of the settling velocity of the UDS particulate, shown in 
Figure 3.1, for AY-102, AZ-101 and Hanford, is created using the settling velocities (Equation 3.1) and 
the respective PSDD volume fractions.  In Figure 3.1, the 50th percentile (median) and 95th percentile by 
volume of settling velocity for AY-102 are approximately 4.6E-6 and 8.8E-4 m/s, for AZ-101, 
approximately 6.4E-6 and 2.3E-4 m/s, and for Hanford sludge, approximately 4.6E-5 and 3.8E-3 m/s, 
respectively. 
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Figure 3.1. Cumulative UDS Volume Fraction as Function of Settling Velocity.  AY-102:  Wells and 

Ressler (2009), Cuta et al. (2000), Warrant (2001).  AZ-101:  Wells and Ressler (2009), 
Carlson et al. (2001), Callaway (2000).  Hanford Sludge Case 3:  Wells et al. (2007), Wells 
and Ressler (2009). 

Also shown in Figure 3.1 are the in situ and laboratory solid-to-liquid interface gravity settling rates.  
The span of the in situ and laboratory rates from 0 to 1 cumulative volume fraction has no physical 
meaning and is solely for clarity.  The two lines for AY-102 in situ represent the spread of calculated 
rates.  The in situ settling rates for AY-102 correspond approximately to the 55th to 85th percentile of the 
PSDD settling velocity and exceed the laboratory-measured settling rate, which corresponds to 
approximately the 50th percentile of the settling velocity of the PSDD.  The in situ and laboratory settling 
rates for AZ-101 are greater than the 99th percentile and approximately the 77th percentile by volume 
respectively of the PSDD settling velocity. 

For AZ-101, it is significant to note that the settling followed particle suspension by the mixer pump 
operation.  As estimated in Wells and Ressler (2009), only 32% of the UDS was suspended above 38 in. 
in AZ-101 at the commencement of the settling test.  Thus it is reasonable to assume that the suspended 
UDS particulate was the “lighter” material; i.e., the particulate with lower settling velocities.  Section 
4.1.2 describes scaled laboratory tests with simulants where this behavior of the lighter (smaller diameter 
and therefore slower settling) particles being preferentially suspended was observed.  Further, the settling 
velocity is determined from the solid-liquid interface, or the slowest settling particulate.  Therefore, the 
apparent discrepancy between the in situ, laboratory, and PSDD-based settling rates may be even more 
pronounced. 
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The in situ and laboratory UDS settling velocity for AZ-101 exceeds that of AY-102.  
Acknowledging the uncertainty (see settling rate discussion above) in the representativeness of the 
PSDDs, the difference in the PSDD calculated settling rates, given that the PSDDs are on the same basis 
(i.e., same measuring technique [Wells et al. 2007]), further illustrate the point made in Section 3.1.1 that 
the solids uniformity and mobilization during jet mixing may potentially be dissimilar between feed 
tanks. 

3.2 Undissolved Solids Concentration 

The rheology of both cohesive and non-cohesive solid-liquid system is affected by the UDS 
concentration of that system (see Section 2).  Hanford wastes are in a liquid, liquid over sediment, or 
sediment configuration (Barker and Lechelt 2000, Barker et al. 1999).  The UDS concentration in a tank, 
or region of a tank, is dependent on the UDS inventory, the quantity of that UDS inventory in the region 
of interest, and the quantity of liquid in that region.  Expected UDS concentrations for Hanford sediment 
are presented together with a methodology to estimate the concentration in a region of interest. 

The average UDS concentration in the sediment, representing the UDS inventory in a tank,1

 

 may be 
expressed on a mass basis and can be determined from the conservation of mass as 
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where ρB is the bulk sediment density, ρS is the UDS density, and ρL is the liquid density. 

The UDS mass fractions are approximated for the sediments in Hanford tanks.  With the tank-specific 
UDS densities from the Environmental Simulation Program (ESP)2 chemical thermodynamic model 
results used by Wells et al. (2007),3 and sediment and liquid densities from Weber (2008),4

Figure 3.2
 the 

cumulative probabilities of the mass UDS fractions for Hanford sediment are as indicated in .  
Also included in Figure 3.2 is the cumulative probability for the sediment of the Hanford sludge tanks.  
The probabilities are strictly based on tank count.  The median and 95th percentile for the UDS mass 
fraction are approximately 0.58 and 0.74 and 0.53 and 0.73 for the Hanford sediment and sludge sediment 
(81 tanks, Weber [2008]), respectively. 

The sediment UDS mass concentration of sludge tanks AY-102 and AZ-101, 0.46 and 0.48, 
respectively (Wells and Ressler 2009), is specifically considered in comparison to the current sediment 
for all other DSTs (28 total tanks) and those DSTs specified as sludge (11 tanks, Weber 2008) computed 
as above, Figure 3.3.  The median and 95th percentile for the UDS mass fraction are approximately 0.31  

                                                      
1 Floating crust layers do exist in some of the saltcake Hanford tanks (Weber 2008) but are not considered herein. 
2 ESP was supplied and developed by OLI Systems, Inc., Morris Plains, New Jersey. 
3 Sodium salts are included in the current analysis.  Densities are on a dry-solid, crystal density basis. 
4 Sediment densities are assumed to be degassed (e.g., Stewart et al. 2005). 
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and 0.65 and 0.48 and 0.63 for the Hanford sediment and sludge sediment, respectively.  The span of the 
AY-102 and AZ-101 mass fraction from 0 to 1 cumulative probability has no physical meaning and is 
solely for clarity. 
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Figure 3.2.  Hanford Sediment UDS Mass Fraction 
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Figure 3.3.  Hanford DST Sediment UDS Mass Fraction 
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When the single-shell tanks are included (Figure 3.2 in comparison to Figure 3.3) the mass fractions 
are increased.  For both Figure 3.2 and Figure 3.3, when solely the sludge tanks are considered, the mass 
fractions are shown to increase.  This is an expected result given the increased concentration of dissolved 
solids in the saltcake tank liquids.  The UDS mass concentrations in the sediment of AY-102 and AZ-101 
are shown to be representative of the DST sludge at approximately the 50th percentile of the cumulative 
probability. 

The UDS concentration in a sediment can be treated as the maximum concentration in the tank (the 
estimated sediment concentrations are average in the sediment; vertical and horizontal gradients are 
present in the Hanford sediments).  If the tank is perfectly homogenized (the supernatant liquid is 
assumed to be in equilibrium with the interstitial liquid in the sediment; no dissolution occurs), the 
resultant UDS mass fraction (wM) can be computed via conservation of mass as 
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where wS is the sediment UDS mass fraction, hT is the liquid surface level, and hB is the sediment depth.  
Waste parameters for AY-102 and AZ-101 are reported in Table 3.6, and the homogenized tank UDS 
mass fractions from Equation 3.4 are 0.10 and 0.04 respectively. 

If a portion of the sediment is mixed into a portion of the liquid, Equation 3.4 is still applicable, but 
the sediment UDS mass fraction, wS, can be adjusted to account of the sediment “portion” that is mixed, 
and the liquid surface level can be likewise adjusted.  In this discretized approach the concentrations are 
additive.  The mixer pump operation in AZ-101 (Carlson et al. 2001) and resultant UDS concentration 
with elevation is used for an example. 

Table 3.6.  AY-102 and AZ-101 Waste Parameters and UDS Concentration 

 
ρL 

(g/mL)(a) 
ρB 

(g/mL)(a) 
hT 

(m)(b) 
hB 

(m)(b) wS
(a) wM 

AY-102 1.17 1.55 8.99 1.54 0.46 0.10 
AZ-101 1.24 1.62 7.74 0.53 0.48 0.04 
(a) Wells and Ressler (2009). 
(b) Weber (2008). 
 

Wells and Ressler (2009) estimated that 32% of the UDS by mass was homogenously suspended in 
AZ-101 from 0.97 to 7.74 m.  Holding the sediment depth constant and multiplying the UDS mass 
fraction in the sediment, 0.48, by 32%, the mixed UDS mass fraction over the entire waste depth is 
approximately 0.01 from Equation 3.4.  The remaining UDS mass is accounted for by again holding the 
sediment depth constant, multiplying the UDS mass fraction in the sediment, 0.48, by 68%, and the mixed 
UDS mass fraction up to 0.97 (hT in this case) is computed as 0.20 from Equation 3.4.  This result is 
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summed with the previously computed 0.01 over the waste depth, resulting in a discrete UDS mass 
concentration vertical profile of 0.213 from 0 to 0.97 m and 0.01 from 0.97 to 7.74 m.5

The AZ-101 example can be presented graphically as well.  The layer density ratio, ρL/ρB, from 
Equation 3.4 for AZ-101 is approximately 0.75 (

 

Table 3.6).  The ratio of the total waste height to 
sediment depth, hT/hB, is 14.6, and the ratio of the second waste height, 0.97 m, to sediment depth is 
hT/hB = 1.8.  Figure 3.4 shows lines of constant hT/hB at ρL/ρB = 0.75.  Going from high to low hT/hB 
results from increasing hB or decreasing hT and is shown to increase the mixed UDS concentration for a 
given initial concentration. 
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Figure 3.4.  UDS Concentration as a Function of Initial Conditions, Density Ratio 0.75 

From Figure 3.4, the homogenous mixed UDS mass fraction for AZ-101 is determined from 
Figure 3.4 by starting at the initial UDS mass fraction in the sediment, wS = 0.48, and going vertically up 
to hT/hB ~ 15, which results in a mixed UDS mass fraction of wM = 0.04.  The actual mixer pump 
estimates can be replicated as well.  For “stratification 1”, at wS = 0.48 x 0.32 = 0.15, reading vertically 
up to hT/hB ~ 15 results in a mixed UDS mass fraction of approximately 0.01.  Similarly for 
“stratification 2”, at wS = 0.48 x 0.68 = 0.33, reading vertically up to hT/hB ~ 2 results in a mixed UDS 
mass fraction of approximately 0.20 for a total of 0.01 + 0.20 = 0.21 mass fraction UDS in this region.  
Again, the result is a discrete UDS mass concentration vertical profile of 0.21 from 0 to 0.97 m and 0.01 
from 0.97 to 7.74 m. 

                                                      
5 The as-mixed UDS concentration in AZ-101 was homogenous, i.e., vertically uniform, above 0.97 m.  Below 
0.97 m, the UDS concentration increased with depth. 
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Figure 3.4 allows determination of the determination of the mixed UDS mass fraction for any vessel 
with a density ratio of 0.75.  AY-102 has ρL/ρB = 0.75, and hT/hB = 5.8, so the homogenously mixed UDS 
mass fraction, depicted in Figure 3.4, is 0.10.  The potential impact on particulate suspension by mixer 
pump operation of the increased UDS loading in AY-102 as compared to AZ-101 can be neglected, and it 
is thereby assumed that the similarity in the lower settling rate particulate (Figure 3.1) will result in the 
same stratification during mixing in AY-102 as AZ-101 (32% of the UDS mass above hB x 1.8, 68% 
below).  Thus, from Figure 3.4, a “best-mixed case” UDS mass concentration vertical profile of 0.24 from 
0 to 2.77 m and 0.03 from 0.97 to 8.99 m can be determined for AY-102. 

As computed from Weber (2008), the 5th, 50th, and 95th percentiles (based on tank count) for ρL/ρB of 
Hanford sludge are 0.60, 0.75, and 0.93 respectively and 0.67, 0.78, and 0.83 for sludge DSTs.  The 
sediment depth in feed staging tanks may be up to 200 in., and the maximum waste liquid level ranges 
from 364 in. (AY and AZ farms), to 409 in. (AW-102), to 422 in. (AN and SY farms, AW-101, and AW-
103 through AW-106), to a maximum of 454 in. (AP farm) (Rast 2009).  As indicated, Figure 3.4 can be 
used for any tank with a density ratio of 0.75.  For example, if a tank in the AP farm is filled to the 
maximum liquid waste level (454 in.) and has 200 in. of solids (hT/hB = 2.3) at the median DST sludge 
ρL/ρB = 0.75 and the median UDS mass fraction in the sediment, wS ~ 0.48 (Figure 3.3), the 
homogenously mixed UDS mass fraction is approximately wM = 0.24.  Varying the density ratio from 
0.60 to 0.90 is shown to decrease the resultant mixed UDS mass fraction when all other inputs are held 
constant, Figure 3.5 and Figure 3.6. 
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Figure 3.5.  UDS Concentration as a Function of Initial Conditions, Density Ratio 0.60 
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Figure 3.6.  UDS Concentration as a Function of Initial Conditions, Density Ratio 0.90 

The lower settling rate particulate for Hanford sludge Case 3 PSDD can be seen in Figure 3.1 to have 
a higher settling rate than the estimates for AY-102 and AZ-101.  Thus, as suggested in Wells and Ressler 
(2009), particulate suspension of the bulk Hanford sludge UDS may be a significant challenge.  Solids 
uniformity and mobilization during jet mixing may potentially be dissimilar between feed tanks.  The 
relationship between UDS concentration and waste rheology, and hence the impact of cohesive particle 
interactions for Hanford sludge waste, is discussed in Section 3.3. 

3.3 High-level Waste Rheology 

Rheology data are available for a limited number of sludge tanks.  The Bingham rheological model 
data, yield stress and consistency (viscosity), provided in Poloski et al. (2007) for slurries from 18 sludge 
tanks are presented in Figure 3.7 and Figure 3.8, respectively, as functions of the approximated UDS mass 
fraction.  The samples are typically sludge sediment diluted to various concentrations with supernatant 
liquid from the same sludge tank.  All measurements are taken ex-tank, and the measurement temperature 
range is 25 to 95ºC. 

The 95% empirical limits for the Bingham rheological model data from Wells et al. (2010) are also 
provided in Figure 3.7 and Figure 3.8.  Partitions in the UDS mass fraction are taken, and the 2.5%, 50% 
(median), and 97.5 % probabilities of the partitions are determined.  The resultant 95% empirical limit 
and median are represented at the average mass fraction UDS of the partitions.  The lack of clear 
functionality of the Bingham model parameters with the UDS concentration may be expected because of 
the varied waste and sample conditions represented.  The general expected trend of increased Bingham 
yield stress and consistency with increased UDS concentration (e.g., Gauglitz et al. 2009; Poloski et al. 
2007; Shatzmann et al. 2003; Turian et al. 2002; Ancey and Jorrot 2001; Zhou et al. 1999; Channell and 
Zukoski 1997; and Buscall et al. 1987) is observable for the medians. 
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Figure 3.7. Probabilities for Bingham Yield Stress for Slurries from 18 Hanford Sludge Tanks, Mass 

Fraction UDS.  Wells et al. (2010), data from Poloski et al. (2007). 
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Figure 3.8. Probabilities for Bingham Consistency for Slurries from 18 Hanford Sludge Tanks, Mass 
Fraction UDS.  Wells et al. (2010), data from Poloski et al. (2007). 
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The Bingham rheology data from Poloski et al. (2007) for AY-102 and AZ-101 is highlighted in 
Figure 3.7 and Figure 3.8.  The AY-102 Bingham yield stress data reported in Poloski et al. (2007) from 
Coleman et al. (2003) indicate that the AY-102 waste at a UDS concentration of approximately 0.05, half 
of that if the tank is homogenously mixed (Section 3.2), is at the upper 95% empirical limit.  This 
indicates that the AY-102 waste at that concentration is more cohesive in nature than the other measured 
Hanford wastes, and at about 1.4 Pa Bingham yield stress it is non-Newtonian with cohesive interactions 
affecting the rheology (see Section 2 for a further discussion of rheology).  The Poloski et al. (2007) 
reported data from Warrant (2001) shows no Bingham yield stress for AY-102 waste samples up to UDS 
mass fractions approaching 0.25 (different estimates for the UDS concentration of the reported data exist), 
indicating that the AY-102 is non-cohesive at those UDS concentrations.  Thus, one set of data suggests 
that AY-102 is somewhat non-Newtonian (cohesive effect important) when homogenously mixed, and 
another indicates that, even when stratified as approximated in Section 3.2, the waste will be weakly non- 
Newtonian (cohesive particle interaction are minor). 

In addition to the Geeting et al.(2002) rheology data for AZ-101 provided in Poloski et al. (2007), 
rheology data are also available from Urie et al. (2002), Callaway (2000), Gray et al. (1993), and Peterson 
et al. (1989), and as with AY-102, different estimates of the UDS concentration for some of the reported 
data exist.  The AZ-101 Bingham yield stress data reported in Poloski et al. (2007) are shown to be above 
the median Bingham yield stress for the Hanford sludge, suggesting that it may typically be cohesive in 
relation to Hanford waste.  Thus, for the as-mixed concentrations reported in Section 3.2 for the two-layer 
stratification, AZ-101 was nearly Newtonian (UDS mass fraction 0.01, Bingham yield stress less than 
1 Pa) above 0.97 m, and non-Newtonian with cohesive interactions playing a role below 0.97 m (UDS 
mass fraction 0.21).  

Homogenous mixing of the “full” AP farm example in Section 3.2 at typical Hanford sludge 
conditions resulted in a UDS mass fraction of 0.24 from Figure 3.4, which is indicated by the data of 
Figure 3.7 to be cohesive.  The interface control document for waste feed from the feed staging tanks to 
the WTP, Hall (2008), lists the maximum UDS content in the HLW feed as 200 g/L.  For typical Hanford 
sludge properties, this concentration corresponds to a UDS mass fraction of approximately 0.15 (Wells 
et al. 2007).  The available data indicate that feed at this concentration will most likely be impacted by 
cohesive particle interactions. 

Per the System Plan (Rev. 4, Certa and Wells 2009), the DST storage space for UDS is limited.  Thus, 
it is reasonable to expect that the feed staging tanks will contain large volumes of sediment.  At typical 
UDS concentrations and sediment and liquid layer properties (Section 3.2), homogenous mixing in the 
feed vessels may result in a cohesive slurry unless the ratio of sediment to liquid layer heights is above 
approximately 7.5.6

The apparent viscosity at the estimated strain rate within the baseline mixer pump head (1000 s-1, 
Section 4.2) as determined from the Bingham parameters is provided in 

  For a feed tank with a 454-in. liquid surface level, this layer height ratio limit for 
cohesive behavior limits the sediment depth to approximately 60 in. to ensure non-cohesive behavior, 
assuming that homogenous mixing can be achieved. 

Figure 3.9 as a function of the 
UDS mass fraction.  The apparent viscosity in the mixer pump head is shown to be approximately 2 cP, 

                                                      
6 From Figure 3.7, a reasonable UDS mass fraction limit for probable cohesive behavior is 0.08.  From Figure 3.4 at 
an initial UDS mass fraction in the sediment of approximately 0.45, hT/hB ≥ 7.5 is required to result in a 
homogenously mixed tank of less than 0.08 UDS mass fraction. 
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corresponding approximately to the typical Hanford sludge tank liquid viscosity (Wells et al. 2010), and 
typically increases after a UDS mass fraction of approximately 0.05. 
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Figure 3.9. Apparent Viscosity at 1000 s-1 from Bingham Parameters for Slurries from 18 Hanford 

Sludge Tanks as a Function of Mass Fraction UDS.  Bingham Parameters from Poloski et al. 
(2007), Figure 3.7 and Figure 3.8. 

The preceding discussions relating the UDS suspension observed in AZ-101 to other Hanford tanks 
do not address the mobilization of the UDS from the original sediment layer.  As presented in Section 1 
and Section 4.4, the extent of sediment mobilization is a function of the shear strength of the sediment and 
the jet force applied by the mixer.  For constant jet properties, less UDS suspension will occur for a 
sediment with sufficiently high shear strength as compared to a low shear strength sediment.  To 
summarize, differences in sediment shear strength will change the mobilization of that layer.  This in turn 
will change the suspended UDS concentration, which then affects the cohesiveness of the slurry. 

The sediment shear strength data provided in Gauglitz et al. (2009) for 15 sludge tanks is presented in 
Figure 3.10 as a function of the approximated UDS mass fraction.  The data presented are from the shear 
vane technique on ex-tank waste sludge sediment samples.  As for the Bingham rheological model data of 
Figure 3.7 and Figure 3.8, the 95% empirical limits from Wells et al. (2010) are also provided.  Hanford 
sediment has varied shear strength, so mobilization and thereby UDS suspension may be affected. 

The shear strength data from Gauglitz et al. (2009) for AY-102 and AZ-101 is also indicated in 
Figure 3.10.  As specified in Section 3.2, the approximated UDS mass fraction is computed using the dry-
solid crystal density.  Thus there are differences in the sediment UDS fractions for AY-102 and AZ-101 
between Figure 3.10 and Table 3.6.  Regardless, the significance of the data in Figure 3.10 is clear.  
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Sediments with widely divergent UDS concentrations may have similar shear strengths; the median shear 
strength in Figure 3.9 is shown to be nominally 1000 Pa independent of UDS concentration.  Conversely, 
sediments with similar UDS concentrations (i.e., AY-102 and AZ-101, see Table 3.6) may have dissimilar 
shear strength (median AY-102, 510 Pa, median AZ-101, 1770). 
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Figure 3.10. Probabilities for Shear Strength for Sediment from 15 Hanford Sludge Tanks.  Wells et al. 

(2010), shear strength data from Gauglitz et al. (2007), UDS mass fractions estimated from 
Wells et al. (2007), Weber (2008) (see Section 3.2). 

Following the preceding discussion relating shear strength and mobilization and assuming all other 
parameters are equivalent,7

 

 it could be concluded from the shear strength difference in AY-102 and 
AZ-101 that more UDS would be suspended in AY-102 than in AZ-101.  However, as concluded by 
Carlson et al. (2001), 95 to 100% of the sediment in AZ-101 was mobilized, thus indicating that the same 
would be true for a weaker sediment.  More suspension may initially occur in a weaker sediment as less 
of the jet energy would be required for mobilization, but once 100% mobilization is achieved, suspension 
will be equivalent for identical systems. 

                                                      
7 As discussed in Wells and Ressler (2009), both the increased UDS loading in AY-102 (see Section 3.2) and the 
increased particulate settling velocities (see Section 3.1.2) would be expected to reduce UDS suspension in AY-102 
relative to AZ-101 for the same pump operating conditions. 
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4.0 Evaluation of Cohesive Effects in Each Region 

To evaluate the role of cohesive particle interactions in tank mixing systems, the tank has been 
divided into seven mixing regions based on the jet mobilization and suspension that are defined in 
Section 1.2.  In some regions, the effects of cohesive particles are favorable and enhance mixing; in some 
regions cohesive particles do not affect mixing; and in some regions, the effects of cohesive particles are 
unfavorable to mixing.  The primary focus of this report is to evaluate the impact of cohesive particle 
interactions on the distribution of solid particles in the upper mixed region of the tank, so Region 7 will 
be evaluated first followed by Regions 1-6 near the bottom of the tank, which will be evaluated in order.  

4.1  Region 7:  Mixing (Lifting and Settling) of Suspended Particles 

The particle lifting and settling that occur in Region 7 are the critical behaviors affecting the overall 
uniformity in the mixed region.  The turbulent jet carries the more particle-loaded and dense slurry at the 
bottom of the tank outward to the wall where the jet spreads and carries some of the particles upward.  
Depending on the density and velocity (inertia) of the jet, the particles carried by the jet will move inward 
after moving upward at the wall of the tank.  As discussed in Sections 4.4 and 4.5, the settled material 
may or may not be fully mobilized; hence, the total solids loading in Region 7 may be less than the total 
tank inventory.  Accordingly, changes in operational and waste parameters that affect mobilization of the 
settled material will also change the amount of suspended material, and this will be seen in the data 
presented below. 

4.1.1 General Description 

While mixing and uniformity of suspended solids have been studied extensively in mechanically 
agitated vessels, there are relatively few studies that have focused on solids uniformity in jet-mixed 
vessels.  None of these studies, even in mechanically agitated vessels, has quantified the relative amounts 
of different particles in the mixed region, and none of these studies has sought to quantify the role of 
cohesive particle interactions on the uniformity of the suspended solids.  Accordingly, in the absence of 
any studies focusing on the two key issues of the relative amounts of different particles and the impact of 
cohesive particle interactions, it is difficult to address the primary objective of this report, which is 
evaluating whether cohesive particle interactions will have a significant influence on uniformity of 
suspended solids. 

4.1.2 Effect of Cohesive Properties 

While specific studies on the role of cohesive particle interactions are not available, there are a 
number of studies that give insight into the problem.  These studies include uniformity (particle 
concentration profiles) in jet mixed vessels with simulants, jet mixing studies in Hanford DSTs, and 
previous modeling studies of jet mixing in DSTs.  Key results from selected studies are discussed in the 
remainder of this section.  In a number of the discussions below, the analyses have focused on 
determining if the uniformity of suspended solids is affected by the viscosity of the suspending liquid 
because this might indicate how a cohesive non-Newtonian slurry might behave. 

In the section below, selected test results data are presented from both scaled laboratory tests with 
simulants and full-scale tests.  The first two studies used a 1/12-scale test vessel with a single jet mixer 
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pump.  The next two studies are for AZ-101, both the full-scale test and then 1/22-scale laboratory tests 
that also used test conditions appropriate for AY-102.  Selected results are then summarized from full-
scale testing in SY-101.  The next two studies are for AP-102, both full-scale and 1/19-scale.  Finally, the 
results from PJM testing in three scaled vessels are summarized. 

4.1.2.1 1/12-Scale Uniformity Study 

One of the most extensive data sets on the uniformity of suspended solids in jet mixed vessels is 
given by Bamberger et al. (2007).  These tests used non-cohesive particles in aqueous solutions of sugar 
and water, so the data do not directly address the role of cohesive particle forces on the uniformity of 
suspended solids.  These tests did, however, use simulants that had different sugar concentrations to vary 
the viscosity of the suspending liquid.  As discussed previously in Section 2, one consequence of having 
cohesive particle interactions in a suspension is that the viscosity of the suspension will be increased.  In 
the figures below, we will show a portion of the data from Bamberger et al. (2007) that highlights the role 
of increased viscosity on three key indications of uniformity.  The two simulants specifically highlighted 
below are S2, which was the low viscosity material with water as the suspending liquid, and S4, which 
was the high-viscosity material in a 22 wt% sugar water solution.  Both of these simulants used the same 
particle, Minusil-40, at 18 wt%.  Minusil-40 had a reported mean particle size of 27.4 µm.  A particle size 
distribution for this material was not reported in Bamberger et al. (2007), but current product information 
for Minusil-40 shows the majority of the particles ranging from about 2 to 40 µm (US Silica 2010).  In 
these tests, the jet diameter was 0.5 in. (1/12 of the full-scale 6-in. jet).  The jet velocity was varied over a 
range, with the highest velocity (the 100% U0D0 condition) being 17.04 ft/s, which is (1/12)^1/2 of the 
full-scale velocity of 58.8 ft/s (Bamberger et al. 2007, 1990b). 

For evaluation of uniformity, the first measure is the total solids concentration at any location in the 
tank in comparison to the initial total concentration in the tank.  The second measure is the relative 
concentration of different particles (species concentration) in comparison to the initial relative concen-
tration in the tank.  In the experiments with Minusil-40, if the median particle size differed from the initial 
value, this is equivalent to the relative concentration of different particles (species concentration) being 
different from the initial value.  As we will see below, a third measure that is useful is how the 
concentrations vary from point-to-point in the mixed region because the concentrations can be essentially 
identical throughout the mixed region even though they differ significantly from the initial values. 

Figure 4.1 shows how the total concentration varies with elevation for U0D0 varying from >100% to 
25%.  The two plots show the data separately for S2 (low viscosity) and S4 (high viscosity).  The first 
observation is that for a given simulant and % U0D0, the concentrations values at different elevations are 
essentially identical.  This is very striking uniformity in terms of point-to-point uniformity.  The second 
key observation is that the total concentration at the sample points decreases substantially as the % U0D0 
is decreased.  The data for >100% U0D0, which was an intensely mixed condition done at the beginning of 
the testing, gives normalized concentrations very near unity.  This indicates almost perfectly uniform total 
solids distribution at this condition.  For the lower U0D0 test conditions, the normalized total concentra-
tions were much below unity.  In these tests, a large fraction of the solids were below the bottom sampling 
location.  The tests did not determine if the solids below the bottom sampling location were completely 
stagnant or moving but they were not being suspended into the upper region of the tank.  Profiles 
measured of the solids elevation along the floor of the tank indicated that much of the solids were settled. 
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Figure 4.1. Comparison of Normalized Total Concentration as a Function of Elevation for Simulants S2 
(low-viscosity) and S4 (high-viscosity) Based on Bottle Sample Measurements with U0D0 
Varying from >100% to 25%. 

Figure 4.2 shows comparisons between the low-viscosity (S2) and high-viscosity (S4) simulants at 
three different U0D0 values.  The higher-viscosity simulant (S4) had slightly lower total solids 
concentrations in comparison to the low-viscosity simulant, but the concentrations were essentially 
uniform at the different elevations.  This result suggests that if cohesive particles interactions only 
changed the viscosity of a slurry, there would be only a small change in the solids total solids distribution. 
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Figure 4.2. Comparison of Concentration as a Function of Elevation for S2 and S4 Based Bottle 

Sample Measurements for 100%, 75%, and 50% of U0D0 
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Figure 4.3 shows how the normalized particle size varies with elevation for U0D0 ranging from 100% 
to 25%.  In these tests, the median volume-based particle size was reported by Bamberger et al. (2007) for 
bottle samples taken at the different test conditions and elevations.  The normalized particle size shown in 
the plots is the measured median size of a specific sample divided by 27.4 µm, which was mean size 
reported by Bamberger et al. (2007) for the Minusil-40 used in the tests.  The two plots show the data 
separately for S2 (low-viscosity) and S4 (high-viscosity) simulants.  Similar to the total concentration 
data, the first thing to note is that for a given simulant and % U0D0, the normalized particle sizes at 
different elevations are essentially identical.  This is very striking uniformity in terms of point-to-point 
uniformity for relative particle concentrations (species concentration).  The second key observation is that 
the normalized particle sizes at the sample points decrease substantially as the % U0D0 is decreased and 
values are much less than unity.  In these tests, a large fraction of the solids were below the bottom 
sampling location.  The data show that the smaller particles in the Minusil-40 were suspended in the 
upper region of the tank and the larger particles remained at the bottom.  This segregation of particles 
became progressively more pronounced as the % U0D0 was decreased. 
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 c) S2 at 0.75 R d) S4 at 0.75 R 

Figure 4.3. Comparison of Normalized Particle Size at U0D0 Conditions 100%, 75%, 50%, 25% at Two 
Radii for Simulants S2 (large diameter, low-viscosity) and S4 (large diameter, high-viscosity) 

Figure 4.4 shows comparisons between the low-viscosity (S2) and high-viscosity (S4) simulants at 
two different U0D0 values.  There is very little difference in the median particle sizes between the low- 
and high-viscosity simulants.  Similar to the total concentration data, the median particles sizes were 
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essentially the same at the different elevations for a specific test.  This result again suggests that if 
cohesive particles interactions only changed the viscosity of a slurry, there would be only a small change 
in the relative concentration of different particles. 
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Figure 4.4. Comparison of Normalized Particle Size as a Function of Elevation for S2 and S4 at 75% 

and 50% U0D0 

The quantified segregation of particles with respect to size for the 1/12-scale uniformity study is 
postulated to have occurred during the full-scale testing in AZ-101.  Although the in situ settling velocity 
of the AZ-101 particulate is shown in Section 3.1.2 to greater than the 99th percentile by volume of the 
AZ-101 UDS PSDD settling velocity, it is argued in that the PSDD under-represents the UDS particulate 
given that the in situ measured settling velocity was a result of suspension due to mixer pump operation.  
Given that only a fraction of the UDS mass in AZ-101 was suspended (Section 3.1.2), it is reasonable to 
expect that this suspended UDS particulate was the “lighter” or easier-to-suspend material, i.e., the 
particulate with lower settling velocities.  This expectation is supported by the in situ PSD data from the 
AZ-101 mixer pump test (see Section 4.1.2.3.1). 

Because the total concentrations and the median particle sizes are essentially the same at all 
elevations for a specific test, it is useful and reasonable to calculate the average value at each test 
condition and then plot how these average values vary with tests conditions.  In the plots below, data are 
shown for all four simulants used in the testing reported by Bamberger et al. (2007).  The two simulants 
not previously discussed are S1 and S3.  These simulants used Minusil-10, which had a mean particle size 
of 6.3 µm, which is smaller than Minusil-40, and the same low- and high-viscosity suspending liquids. 

Figure 4.5 shows how the normalized total solids concentration increased with increasing U0D0.  The 
data show that the smaller particle simulants, S1 and S3, have a higher normalized solids concentration in 
the mixed region of the tank in comparison to larger particle S2 and S4 simulants.  For the S1 and S3 
simulants, the normalized concentrations are nearly unity at 100% U0D0.  For both the small particle and 
larger particle simulants, the effect of viscosity on the total solids concentration is very small.  Figure 4.5 
also shows how the normalized particles size increases with increasing U0D0.  Again, the normalized 
particles size is equivalent to the relative concentration of different size particles (species concentration), 
and approaching unity means that the particle size is approaching the initial value for the particles.  
Similar to the total concentration result, the smaller particles are closer to a normalized size of unity and 
the effect of viscosity is very small. 
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Overall, these results show that increasing the suspending liquid viscosity has a minor effect on the 
total solids and median particle size in the upper region of the tank where the solids are uniform.  This 
result suggests that if cohesive particles interactions only change the viscosity of a slurry, there would be 
only a small impact on the overall particle uniformity  
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Figure 4.5. Comparison of Normalized Solids Concentration and Normalized Particle Size as a 

Function of U0D0.  Values are based on bottle sample measurements of density and are 
averages of three elevations at each test condition. 

4.1.2.2 1/12-Scale SY-101 Mixer Pump Test 

Fort et al. (1993) measured fluid velocities and solids concentrations profiles in a 1/12-scale test using 
turbulent jets to mobilize and mix a settled slurry.  The velocity data are discussed in Section 4.3, and the 
concentration profiles data are discussed here.  These tests used non-cohesive particles in aqueous 
solutions of sugar and water, so the data do not directly address the role of cohesive particle interaction, 
which is the primary object of this report  These tests did, however, use simulants that had different sugar 
concentrations to vary the viscosity of the suspending liquid.  As discussed previously in Section 2, one 
consequence of having cohesive particle interactions in a suspension is that the viscosity of the 
suspension will be increased.  In Figures 4.6 - 4.9 below, we will highlight data that show the roles of 
particles in general and the role of increased viscosity on measured fluid velocities.  Two simulants were 
used in the study.  A low viscosity simulant that used a 2 wt% sugar water solution and a high-viscosity 
simulant that used a 20 wt% sugar water solution.  Both of these simulants used the same particle, 
Minusil-30, at 33 wt%.  Minusil-30 was described as having a mean particle size of about 10 µm.  A 
particle size distribution for this material was not reported in Fort et al. (1993), but current product 
information for the particle size distribution for Minusil-30 is available (US Silica 2010).  The jet 
diameter was 0.224 in., which was 1/12 of the full-scale nozzle.  

Figure 4.6 to Figure 4.8 show the normalized concentration as a function of elevation for the three 
different tests where the mixer pump was indexed (rotated to specific angles for a period of time then 
rotated to the next position).  The slurry concentration is shown as mass fraction of particles normalized 
by the overall average mass fraction.  The profiles show the transient mobilization and mixing of the 
initial settled bed.  The results show that the profiles become more uniform with time.  Similar to the 
1/12-scale uniformity tests described above, the profiles are quite uniform over the elevations measured.  
Figure 4.9 shows a comparison of the three profiles that were essentially at steady state.  The 
concentrations were all below the average value in the tanks, and the high-viscosity tests (Ops 1) had a  
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profile that was closer to the tank average (normalized value of one) in comparison to the low-viscosity 
test (OpsL 1).  Figure 4.9 also shows that increasing the jet velocity improves the uniformity as expected. 

 
Figure 4.6. Operations Parameter Test 1 (Ops 1)-High-viscosity, V=25.4 ft/s.  Ratio of local and tank 

average solids mass fraction as a function of height above tank bottom.  Data from 
Table B-14, Fort et al. (1993). 

 
Figure 4.7. Operations Parameter Test 1-Lo (OPLS 1) Viscosity, V=25.4 ft/s.  Ratio of local and tank 

average solids mass fraction as a function of height above tank bottom.  Data from 
Table B-16, Fort et al. (1993). 
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Figure 4.8. Operations Parameter Test 2-Lo (OPLS 2) Viscosity, V=50 ft/s.  Ratio of local and tank 

average solids mass fraction as a function of height above tank bottom.  Data from 
Table B-18, Fort et al. (1993) 

 
Figure 4.9. Ratio of Local and Tank Average Solids Mass Fraction as a Function of Height Above Tank 

Bottom for Ops 1, OPLS 1 and OPLS 2 

4.1.2.3 Hanford Full-Scale Mixing and Comparisons to Scaled Tests 

As referenced in Section 1, centrifugal jet mixer pumps have been used in Hanford tanks AZ-101 
(baseline configuration mixer pump test, Carlson et al. 2001), SY-101 (mitigation of sediment gas 
retention, e.g., Allemann et al. 1994, Stewart et al. 1994), and AP-102 (mixing efficiency, Hunter 1987).  
Data from these mixer pump operations are considered with regard to the distribution of mobilized solids 
in the tank during mixing operations. 
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AZ-101 Full-Scale Test 

The baseline mixer pump operation tests in AZ-101 are described in Carlson et al. (2001).  Two 
300-hp Lawrence mixer pumps take fluid in from approximately 12 in. above the tank bottom and 
discharge it horizontally from two opposed 6-in.-diameter nozzles at nominally 18 in. above the tank 
bottom.  Mixer pump 1 was initially operated with the horizontal nozzle discharge at five fixed radial 
directions through a series of tests typically incrementally increasing in pump discharge speeds of 
nominally 725, 1,000, and 1,150 rpm.  The pump was operated at each speed for approximately 3 hours. 

Mixer pump 1 was then operated in oscillation mode (horizontal nozzle discharge, 180º pump rotation 
at 0.05 and 0.2 rpm) at each of the three nominal velocities totaling an operating period of almost 
3.5 days.  Mixer pumps 1 and 2 subsequently operated at equivalent rates, again ramping up at nominally 
725, 1,000, and 1,150 rpm over a total operating period of approximately 11 days.  The nominal operation 
rates approximately correspond to 7,100, 9,200, and 10,500 gallons per minute (gpm) total flow, or 12.3, 
15.9, and 18.2 m/s for each nozzle (Wells and Ressler 2009). 

Two specific test sequences were conducted to evaluate UDS suspension as a function of pump 
operation as reported in Carlson et al. (2001).  In the initial sequence, both mixer pumps were 
simultaneously operated in oscillatory mode for 19 hours at nozzle velocities of approximately 12.3, 15.9, 
and 18.2 m/s.  The operating time of 19 hours was selected as it represents the time required to transfer 
600,000 L of HLW at a nominal flow rate of 530 L/min (140 gpm).  The second test sequence was similar 
except that only mixer pump 1 was operated. 

Gamma profiles and Suspended Solids Profiler (SSP) readings were taken after the mixer pumps were 
shut off at the end of the 19-hour period.  A gamma profile is produced by the gamma-monitoring 
systems which detect radionuclides, and the SSP uses light reflectance to determine turbidity.  Both 
instruments can therefore be used to evaluate UDS concentration.   

The SSP data collected nominally 40 minutes after cessation of mixing were qualitatively examined 
by Carlson et al. (2001) to determine the effect of pump operation on UDS suspension quantities and 
profile, Figure 4.10.  Each SSP profile required 6 to 12 minutes to traverse from 33 to 300 in. above the 
tank bottom.  Carlson et al. (2001) note that the UDS concentration profiles throughout the range of pump 
operation are relatively similar in that the suspended UDS is uniformly distributed with lesser 
concentrations in the top 2 to 3 ft of the measurement range.  More UDS appears to be suspended at 
higher pump speeds and with both mixer pumps operating.  It is emphasized that the SSP data can only be 
used as relative values for comparison between different test conditions due to lack of instrument 
calibration. 

Carlson et al. (2001) used the SSP data to compute the mass of UDS suspended by the range of mixer 
pump operations (Table 4.1).  As indicated with respect to Figure 4.10, more UDS mass is computed to 
be suspended at higher pump speeds and with both mixer pumps operating (mixer pump 1 at 1,000 rpm 
does not follow the trend).  Carlson et al. (2001) note that the estimated mass of UDS suspended 
determined from the SSP data appears to be consistent with that based on grab sample data for concurrent 
pump operation at maximum speed. 
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Figure 4.10. SSP Data from Suspension Testing at Various Pump Conditions (Figure 5-20 of Carlson 

et al. 2001) 

Table 4.1. UDS Mass Suspended Computed from SSP Data as a Function of Mixer Pump Operating 
Conditions (data from Table 5-9 of Carlson et al. 2001) 

Pumps Operating 
Operating Speed 

(r/min) 
Solids Suspended 

(kg)(a) 

1 and 2 Maximum 40,100 
1 and 2 1,000 36,100 
1 and 2 700 32,800 

1 Maximum 32,300 
1 1,000 29,400 
1 700 31,100 

(a) Values based on shop test calibration curve of a different probe using 
simulated waste. 

 

As reported in Wells and Ressler (2009) from analysis of the gamma data, only 32% of the UDS 
waste inventory was suspended at concurrent pump operation at maximum speed.  The suspension of 32% 
of the total UDS mass above 38 in. represents 45,300 kg, and this is in close agreement with the 
suspended mass above 33 in. of 40,100 kg estimated from the SSP data as listed in Table 4.1.  As 
discussed in Section 3, the waste in AZ-101 was non-cohesive (uniform as indicted by the data, UDS 
mass fraction of 0.01) above 38 in. (0.97 m), and cohesive below 38 in. (assuming uniform distribution, 
UDS mass fraction is 0.21). 
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The mass fraction of UDS suspended in AZ-101 above 30 in. as a function of the pump operating 
conditions can be estimated by assuming that concurrent pump operation at maximum speed from the 
SSP data of Table 4.1 is equivalent to that estimated in Wells and Ressler (2009).  The effect of pump 
operation speed and number of pumps operated is shown to be minimal (Figure 4.11).  Although the 
previously discussed trends of increased suspension with pump speed and number are apparent, the 
uniform UDS mass fraction is essentially constant at 0.01 (non-cohesive, see Section 3).  It is possible to 
argue that the rate of increased UDS mass suspended with increasing nozzle velocity is greater for 
concurrent mixer pump operation, but if the displayed trend continues, extremely high nozzle velocities 
are indicated to achieve homogenous mixing of the full tank contents (UDS mass fraction of 0.04, 
Section 3). 
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Figure 4.11. AZ-101 Uniform Mass Fraction UDS above 30 in. as a Function of Nozzle Velocity.  The 

tank average wt fraction UDS is 0.04. 

The mean particle diameters of the UDS suspended during the time period immediately following the 
final operation of the mixer pumps (the “settling test,” Carlson et al. 2001) are reported in Bell (2001).  
Grab samples were taken at the elevation and time after the cessation of mixing as specified in Table 4.2.  
It is noted in Bell (2001) that at the time of the particle size analysis, the samples had evaporated to 
dryness and were stored in that condition for an extended period of time.  It is further noted that the 
particle size “...results should be treated as suspect as related to their representation of the PSDs of the 
originally sampled materials.”  Regardless, all samples underwent similar processes, so sample result 
comparison is of interest. 

As shown in Table 4.2, the mean particle size of the samples in the homogenously suspended region 
of the tank (i.e., above 38 in., see Section 3) was nominally a factor of 10 less than that at the 6-in. 
elevation.  This result–smaller, more slowly settling particles homogenously suspended in the upper 
region of the tank with larger, slowly settling particles stratified at or near the tank bottom–agrees with 
the results of the 1/12-scale uniformity study as reported in Section 4.1.2.1.  The result also supports the 
postulation that, given only a fraction of the UDS mass in AZ-101 was suspended (Section 3.1.2), it is 
reasonable to expect that this suspended UDS particulate was the “lighter” or easier-to-suspend material; 
i.e., the particulate with lower settling velocities.  The data for composition of the centrifuged solids 
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reported by Bell (2001) (data also briefly summarized in Carlson et al. [2001]) showed only minor 
differences between grab samples taken at elevations of 6, 48, and 132 in., suggesting that for this 
particular tank the particles suspended into the upper region (generally smaller) had a similar composition 
to the larger particles that remained in the lower region. 

Table 4.2.  AZ-101 Grab Sample PSD Data (from Bell [2001] and Carlson et al. [2001]) 

Grab Sample 
Identification 

Time After Mixer 
Pump Stopped (min) 

Elevation 
(in.) 

Mean Particle Size (µm) 
[1 standard deviation] 

1AZ-00-35 11 6 482   [240] 
1AZ-00-36 20 48 11.7   [5.9] 
1AZ-00-37 44 90 53.1   [37.6] 
1AZ-00-38 56 132 10.9   [6.2] 
1AZ-00-39 81 174 27.6   [20.2] 
1AZ-00-40 104 216 48.8   [33.7] 

    

AZ-101/AY-102 1/22-Scale Tests 

Laboratory geometrically scaled testing in a 40.5-in. flat-bottomed tank with two rotating dual-
horizontal opposed jets has been conducted (Adamson et al. 2009).  A two-component UDS simulant was 
used that consisted of gibbsite (up to 30 µm maximum particle size) at approximately 90% of the total 
UDS mass and SiC (particle size ranging from 50 to 165 µm) comprising the remaining 10%.  The liquid 
simulant had a density of 1.289 g/mL and a viscosity of 2.55 cP.  At particle densities of 2.42 g/mL 
(Wells et al. 2007) and 3.22 g/mL (Weast 1985) respectively, the settling velocity of the maximum size 
gibbsite corresponds to approximately one-third the in situ measured AZ-101 settling rate (see Section 3) 
and the SiC settles approximately 2 to 18 times faster. 

With a UDS quantity in the test vessel approximating the scaled sediment depth in AZ-101, it can be 
inferred for nozzle velocities from approximately 3.4 m/s (two tests) to the maximum operated velocity of 
8.5 m/s that the suspended gibbsite may be relatively homogenously distributed over the tank depth but 
the SiC is only suspended when directly impacted by the jets, thus creating an approximate two-layer 
stratification if the pumps were stopped.  This stratification condition is qualitatively similar to that of the 
full-scale AZ-101 mixer pump test as discussed previously. 

When the UDS loading was increased to the scaled sediment depth in AY-102, a nozzle velocity of 
approximately 4.3 m/s to 5 m/s (two tests) was required to suspend the gibbsite to the liquid surface.  The 
increased UDS loading is therefore indicated to require an increased nozzle velocity to distribute the 
gibbsite over the tank depth homogenously.  The effect of increased loading on UDS suspension is 
referenced in Section 3, as Wells and Ressler (2009) postulated that the increased UDS loading in 
AY-102 (and also the increased particulate settling velocities, see Section 3.1.2) would be expected to 
reduce UDS suspension in AY-102 relative to AZ-101 for the same pump operating conditions. 
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SY-101 Full-Scale Test 

A jet mixer pump was installed in SY-101 to mitigate gas retention and release (Johnson et al. 2000).  
Full-scale testing results from the mixer pump operation are provided in Allemann et al. (1994) and 
Stewart et al. (1994).  At the time the mixer pump was installed, SY-101 was experiencing large buoyant 
displacement gas release events.  SY-101 is a saltcake tank (greater than 85% by mass of the UDS are 
soluble salt species) (Weber 2008).  The sediment layer was approximately 5.33 m thick (0.26 UDS mass 
fraction) with a total waste depth of 10.2 m, and the crust layer was approximately 1.3 m thick (Stewart 
et al. 1994, 2005). 

The submersible mixer pump in SY-101 was a modified Barrett, Haentjens & Co. Model 10-in. GN, 
Hazelton Type “SSB” mixer pump from the Hanford Grout Program.  The pump inlet is nominally 20 ft 
above the tank bottom with two horizontal-discharge, 2.6-in.-diameter nozzles at nominally 28 in. above 
the tank bottom.  Full-scale testing was conducted at typical pump speeds 360, 750, 920, and 1,000 rpm, 
with corresponding nozzle velocities of approximately 7, 15, 18, and 21 m/s.  The pump was operated at 
fixed radial directions for time intervals ranging from 5 minutes (“bumps”) and longer (maximum time of 
pump operation was limited by the maximum pump motor oil temperature; 40 minutes at 920 rpm, 20 
minutes at 1,000 rpm, etc.). 

Given that the purpose of the mixer pump operation in SY-101 was to mitigate gas retention in the 
sediment, the focus of the data analysis of Allemann et al. (1994) and Stewart et al. (1994) was gas 
retention and release due to the mixer pump.  However, the following qualitative information regarding 
solids mobilization and suspension is provided: 

• The initial, low-speed bumping (seconds to minutes of operation at 340 to 380 rpm, approximately 
7 m/s nozzle velocity) did very little to disturb the waste. 

• More powerful bumps (5 minutes at 1,000 rpm, 21 m/s) increased the hydrogen concentration in the 
tank headspace, “...indicating that the ‘canyon’ around the nozzles was being excavated...hot material 
[i.e., sediment] had been injected into the convective [i.e., liquid] layer...” (Allemann et al. 1994).  

• After a series of 30 incremental rotations, where the nozzle velocities ranged up to 21 m/s with 
operation times limited by the oil temperature (operations typically daily or multiple times per day 
over an approximate 2-month period), the waste was mixed to a “...nearly isothermal state...” 
(Allemann et al. 1994).  Stewart et al. (1994) states that the waste at this point was “quite well mixed” 
with a settled layer (excavated when the pump was directed at it) approximately 1.3 m deep, and a 
mixed slurry layer at uniform temperature (i.e., it is a convective liquid) from 1.3 m to approximately 
8.9 m. 

• The pump is able to excavate more of the bottom sludge if run at maximum power.  The behavior of 
the waste observed to date indicates that “...once the bottom sludge is excavated and mixed by the 
pump, it will tend to remain suspended” Stewart et al. (1994). 

For the bulk of the operation of the SY-101 mixer pump, 1994 through 2000, the mixer pump was 
typically operated on a tri-weekly schedule and was incrementally rotated by approximately 30º (mixer 
pump rotated incrementally for approximately 180º, then reversed incremental rotation back to starting 
position; “return” rotation offset by 15º) for each operation.  Thus, regions away from the orientation of 
the mixer pump were “undisturbed” for nominal 30-day periods. 
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As summarized in Gauglitz et al. (2009), the thermocouple profiles during the bulk of the mixer pump 
operation time period clearly illustrate the mobilization and resettling of a fraction of the sediment within 
a few days; the periodic mixer pump operations (and solids accumulation in the floating crust layer) 
resulted in a settled layer of approximately 50 in. in the “undisturbed” regions (Rassat et al. 2000).  The 
yield stress of this settled layer, as measured with the ball rheometer, approximately 10 days after the 
mixer pump was directed at that location, was about 10 Pa at 24 in. above the tank bottom and 30 Pa at 6 
in. (Stewart et al. 1996).  The ball apparently did not reach the tank bottom, indicating that it was fully 
supported by the waste, which thus has a shear strength of at least 900 Pa (Meyer et al. 1997). 

The mixed slurry layer between the floating crust layer and settled sediment layer was “...clearly a 
fluid as evidenced by its uniform temperature profile, the operation of the mixer pump, and the fact that 
particles and bubbles can move within it....ball rheometer data...showed no yield stress...” (Rassat et al. 
2000).  Rassat et al. (2000) estimated the in situ UDS volume fraction to be 0.15 (UDS mass fraction 
0.21).  Core sample segments taken from this slurry region had to be “...stirred with a spatula for the 
material to be transferred...” to an alternative container.1

From 

  This apparent inconsistency, in situ fluid to 
ex-tank “solid,” can be attributed to the precipitation of solids from the liquid as the sample cooled upon 
removal from the tank. 

Figure 3.7 in Section 3, a slurry with a UDS mass fraction of 0.21 may be expected to be non-
Newtonian with cohesive particle interactions having an impact.  This result is inconsistent with the in 
situ behavior of the SY-101 slurry as a convective liquid, thus indicating, as may be reasonably be 
expected (see Section 2), that different waste types have different rheology as a function of UDS content. 

Although the long-term intermittent, short duration, operation of the SY-101 mixer pump and the 
apparent slow settling of the bulk of the suspended particulate (relative to that of AZ-101) make direct 
comparison to the baseline mixer pump operation in AZ-101 challenging, the data from SY-101 indicate 
that the bulk of the UDS was suspended above 1.3 m with mixer pump operation at nozzle velocities of 
approximately 21 m/s.  The available data indicate that the suspended UDS was uniformly distributed. 

Two qualitative results from the full-scale SY-101 mixing can be compared to the scaled experiments 
described in Section 4.1.2.2.  These key results are 1) the bulk of the UDS that is suspended, and 2) the 
suspended UDS is uniformly distributed.  The fraction of UDS suspended in the full-scale test was larger 
than in the small-scale tests (full-scale mixer pump operation was at a higher velocity than at small scale 
but had intermittent operation).  In both the full-scale and scaled tests, the suspended UDS is uniformly 
distributed. 

AP-102 Full-Scale Test 

AP-102 was constructed to be the feed tank for the Grout Treatment Facility (De Lorenzo et al. 1994).  
An in-tank test of the 102-AP Mixer Pump (APMP) was conducted from 10/19/1987 to 10/24/1987 with 
the objective to develop a mixing efficiency curve (Hunter 1987).  Mixing efficiency was investigated via 
tests in which the vertical and radial concentrations of liquid tracers and UDS were tracked with time. 

                                                      
1 Numatec Hanford Corporation Internal Memo 82100-99-017, Process Chemistry, JF O’Rourke, to JC Person, 
May 3, 1999. Subject: Results of Viscosity Measurements of Tank 241-SY-101 Samples. 
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The pump is a 150-hp submersible mixer pump from the Hanford Grout Program (Carlstrom 1994), 
presumably an unmodified version of the SY-101 mixer pump described in Section 4.1.2.3.3.  The pump 
inlet is nominally 6 in. above the tank bottom and it has two horizontal-discharge, 2.5-in.-diameter 
nozzles at nominally 18 in. above the tank bottom (Hanford Drawings H-2-76503 and H-2-76504). 

One reading per-day pump data are provided in Hunter (1987).  Limited inference can be made from 
the reported data regarding nozzle velocity during the tests.  From the start of the test at 13:26, 10/19/87 
through 14:13, 10/20/87, the “total pressure to nozzle” was 9 psig, and after 13:45 on 10/21/87 through 
the remainder of the test, 45 psig.  However, the relatively constant “mixer pump amperage” with 
increased “total pressure to nozzle” may suggest that a restriction was added (e.g., partial plugging, 
restricted valve, etc.) to the pump system between 14:13, 10/20/87, and 13:45, 10/21/87, which would 
reduce the flow rate.  For lack of more definitive data, the “total pressure to nozzle” in the initial portion 
of the test, 9 psig, is translated to nozzle velocity via the pump speed to nozzle pressure and pump speed 
to flow rate relations for the SY-101 pump from Allemann et al. (1994).  A pump speed of approximately 
450 rpm can be determined, which corresponds to a flow rate of approximately 1,050 gpm or nozzle 
velocity of 10 m/s.  The pump was rotating during the test, but the rotation rate is not specified in Hunter 
(1987). 

For the test, AP-102 was filled with approximately 350 in. (approximately 965 kgal) of raw (i.e., 
process) water, 0.6 kgal of 19M NaOH, 12 kgal of Na2SO4 at 130 g/L in water, 1 kg disodium fluorescein 
in 10 gal of water, and 50 tons of crushed-aggregate quarried limestone as UDS.  The homogenous mass 
fraction of UDS is approximately 0.012 (1.2 wt%, Hunter 1987). 

Grab samples were taken while the mixer pump was operating at three radial locations, which were 
risers specified as 1, 16, and 22 in Hunter (1987), and by comparing the configuration to the Tank 241-
AP-102 TCR plan view, these risers are assumed to correspond to risers 3, 19, and 22 in Figure 4.12.1

                                                      
1 TWINS:  Tank Waste Information System database.  http://twins.pnl.gov/twins3/twins.htm. 

  
Samples were taken at each riser representing 12-ft vertical regions.  Vertical sample locations within 
each vertical region were randomly chosen for each sampling event. 
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Figure 4.12.  AP-102 Plan View With Grab Sample Risers Denoted 

Hunter (1987) reports the following: 

• Liquid concentrations approach well-mixed conditions rapidly.  Fairly constant disodium fluorescein 
concentrations are attained at the three depths sampled after about 1 hour of pump operation in risers 
1 and 16 and for sulfate in all three risers.  The concentrations are very near the homogenous values. 

• There is very little suspended material when the pump is off, and the suspended UDS concentration 
increases “significantly” when the pump is on.  Measured UDS concentrations are an order of 
magnitude less than the homogenous 1.2 wt% value.  Only about 10% by mass of the UDS are 
suspended.  It is noted that the sampling methodology may bias the suspended UDS results low. 

UDS mass concentrations in wt% with mixing time for risers 1, 16, and 22 (3, 19, and 22, 
Figure 4.12) are provided in Figure 4.13 through Figure 4.15, respectively.  The concentrations at mixing 
time 0.01 hours correspond to the start of mixing and are essentially zero.  The three vertical regions are 
represented by bottom, middle, and top, and two samples for each region at each time are shown.  The 
data shown do not encompass the entire test period because mixer pump failure was reported before the 
120 hour samples were completed (the mixer pump was off and had to be re-started). 
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Figure 4.13.  Riser 1 (3) UDS wt% as a Function of Mixing Time (Data from Hunter 1987) 
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Figure 4.14.  Riser 16 (19) UDS wt% as a Function of Mixing Time (Data from Hunter 1987) 
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Figure 4.15.  Riser 22 (22) UDS wt% as a Function of Mixing Time (Data from Hunter 1987) 

At one-half hour of mixing time, the highest (~0.07 wt%) and most uniform distribution of suspended 
UDS was measured for the mid-radius riser 1 (3), although in the data scatter, there is no pronounced 
vertical stratification in any of the risers.  The maximum uniform UDS wt% is approximately 0.1, which, 
as reported above, is an order of magnitude less than the homogenously mixed concentration. The 
nominally highest and most uniform concentration was achieved in the mid-radius riser 1 (3) at 1 hour 
mixing time, nearest-to-the-wall riser 16 (19) at 2 hours, and closest-to-the-pump riser 22 at 3 hours.  The 
reductions in concentration observed after 24 hours of mixing time support the hypothesis described 
above that the relatively constant “mixer pump amperage” with increased “total pressure to nozzle” after 
24 hours may suggest that a restriction reduced the mixer pump flow rate.  The mixer pump “failure” is 
reported in Hunter (1987) after the 96 hour samples. 

AP-102 Scaled Test 

Laboratory-scale testing of the AP-102 mixing efficiency test was conducted in a 48-in. (about 1/19-
scale) test tank (Hunter 1987).  Limited information regarding the test parameters is available.  The mixer 
is referred to as the “agitator,” so it is uncertain that the mixing was due to fluid jets or a turbine agitator.  
However, sodium sulfate and disodium fluorescein were used as the liquid tracers, and limestone was 
used as the UDS.  It can be estimated that the bulk mass fraction UDS is approximately 0.012, the same 
as the full-scale AP-102 test.  Samples were taken for three vertical regions in the tank (lower, middle, 
and upper), but no radial location for the sampling is specified. 

Hunter (1987) report the following for the laboratory-scale tests: 

• “Bumping” the agitator “a few times” resulted in near uniform mixing of the sulfate tracer and some 
increase and layering of smaller diameter suspended UDS.  
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• Samples taken during “vigorous agitation” show that both the liquid tracers are distributed 
homogenously and that “some” of the limestone is suspended.  Even with vigorous agitation, most of 
the limestone remains on the bottom of the tank. 

The measured UDS concentration for the scaled testing relative to the fully mixed condition is shown 
in Figure 4.16 as a function of the level of agitation and sample elevation.  Also shown in Figure 4.16 is 
the nominal full-scale result.  The full-scale result line represents the uncertainty of the differences 
between the test scales in the actual level mixing and duration. 

The UDS concentration in the scaled test is relatively uniform vertically in the test tank and 
nominally 16% of the UDS mass is suspended.  10% of the UDS mass was suspended relatively 
uniformly in the full-scale AP-102 test. 
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Figure 4.16.  Scaled AP-102 Mixing Test UDS Concentration (Data from Hunter 1987) 

No solid particle size or density is provided in Hunter (1987) for the limestone UDS.  Powell et al. 
(1999b) report an average particle size by volume of 200 µm for the limestone they used, with 20 wt% of 
the particles below 90 µm and a maximum particle size of 1,000 µm.1

                                                      
1 MarbleWhite 30 crushed limestone (Synergistic Performance Corp., Seattle, Washington. 

  If it is assumed that the limestone 
in the AP-102 tests in Hunter (1987) is the same as that of Powell et al. (1999) and that the suspended 
UDS is the “lighter” (i.e., slower settling velocity) particulate, it is reasonable to conclude that the 
suspended UDS particulate had a particle size less than 90 µm (less than 20 wt% of the UDS was 
suspended in the AP-102 tests).  From Weast (1985) the crystal density of limestone (CaCO3) is 
2.93 g/mL.  A 90-µm limestone particle has a settling velocity of approximately 7E-3 m/s (Equation 3.1, 
Section 3), which corresponds approximately to the 96th percentile by volume of the Hanford Case 3 
PSDD (Section 3).  This is an interesting result for understanding the AP-102 test, but the actual AP-102 
UDS PSD is unknown.  The data from the AZ-101 mixing test discussed throughout this report are a 
much better source of quantitative results on settling and suspension. 
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4.1.2.4 WTP PJM Tests 

Scaled testing of the WTP PJM mixing systems has been conducted.  Pulse jet mixing test results 
with relatively mono-dispersed noncohesive solids were compared to other mono- and poly-dispersed 
solids test results in Meyer et al. (2009).  Results from these tests pertinent to the mixing of suspended 
particles are summarized.  Mixing results from the cohesive poly-dispersed simulant of Kurath et al. 
(2009) are considered as well.  

M3 Scaled Tests to Evaluate PJM Performance in WTP Mixing Vessels 

Tests at three scales were conducted using various non-cohesive solids to evaluate the adequacy of 
mixing system designs in the solids-containing vessels in WTP (Meyer et al. 2009, Fort et al. 2010).  The 
program addressed the effectiveness of the mixing systems to suspend settled solids off the vessel bottom 
and distribute the solids vertically.  A range of solids loadings and operational parameters was evaluated 
including jet velocity (U), pulse volume (φp) and duty cycle (DC).  Tests were conducted using 4, 8, and 
12 PJMs with a range of nozzle sizes (d) to develop results that could be applied to the broad range of 
WTP vessels with varied geometrical configurations and planned operating conditions.  Data for three 
metrics were collected, analyzed, and correlated:  critical suspension velocity (UCS) – the minimum 
velocity needed to ensure all solids have been lifted from the floor, solids cloud height (HC) – the height 
to which solids will be lifted by the PJM action, and solids concentration vertical profiles (Meyer et al. 
2009; Fort et al. 2010). 

Correlation models were developed using a physical approach based on hydrodynamic behavior.  In 
the critical suspension model the exponents on pulse volume fraction (φp=N VP/VREF = NVP/[πD3/4])) and 
jet density (φJ=Nd2/D) were allowed to vary unconstrained from those in the HC model.  The correlation 
for UCS is (see Fort et al. 2010, Equation 7) 
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where D* is a nondimensional critical suspension parameter which was written in terms of the hindered 
terminal settling velocity UTH in place of the settling velocity UT, and Ga is the Galileo number. 
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By rearranging, UCS can be written as: 
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When all variables except scale (vessel diameter, D) are constant at two scales, the jet velocity to 
obtain the critical suspension is given by  
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and UCS varies as (system size)^0.26.  For constant power per unit volume, the exponent in this scaling 
relationship would be 1/3 so this result is somewhat similar to constant power per unit volume (see 
Section 4.1.3). 

The cloud height model (HC) includes the number of PJMs (N) as an independent parameter.  As in 
the critical suspension model the exponents on φp and φJ were allowed to vary independently.  The model 
includes a jet Reynolds number term to account for geometric scale.  The correlation for cloud height is 
(see Fort et al. 2010, Equation 10): 
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where HC* is the nondimensional cloud height and Re is the jet Reynolds number: 

 
( )

662.1
J

898.0
p

2
TH

658.0
SC*

C
UDC

Ng1sH
H

φφ

φ−
=  and 

ν
=

dURe  (4.6) 

Rearranging shows 
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When all variables (including Reynolds number = dU/ν) except scale are constant at two scales, the 
cloud height scales as shown below where the ratio of jet diameter (d) is equivalent to the ratio of tank 
diameter (D).  
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For geometric similarity, d varies as D for a given test, thus the cloud height varies as (system 
size)^(0.14).  While cloud height is very important for understanding vertical concentration profiles in 
PJM mixed vessels (Meyer et al. 2009; Fort et al. 2010), it is difficult to apply this result to the solids 
profiles in jet-mixed DSTs. 

PJM Mixing Tests with AZ-101/102 Filtration Simulant 

As reported in Meyer et al. (2009), the PJM mixing tests with AZ-101/102 filtration simulant tests 
described in Bontha et al. (2000) continue to be referenced frequently as PJM mixing tests with a broad 
distribution of settling solids.  The simulant recipe was initially developed to physically represent the 
AZ-101/102 solids for cross-flow ultrafiltration equipment tests.  To simulate the washed solids, the 
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aqueous liquid phase was water with 0.01 M NaOH.  The recipe is described in full in Golcar et al. 
(2000), and the simulant PSDD is provided in Table 4.3. 

Table 4.3.  PSDD for AZ-101/102 Filtration Simulant 

Particle Size  
(µm) 

Volume  
Fraction 

UDS Density 
(g/mL) 

0.25 0.05 2.42 
0.6 0.10 5 
2.5 0.22 5 
7.5 0.08 2.42 
10 0.07 2.66 
14 0.13 2.42 
15 0.15 3.25 
22 0.13 5 
50 0.10 3.01 
   

The vertical concentration profiles in the test vessel at prototypic nozzle velocities (8 m/s) are shown 
in Figure 4.17 for test Cases 1 through 6 from Meyer et al. (2009).  The data are presented as the 
measured UDS concentration normalized by the total mass fraction of UDS in the vessel as a function of 
the sample elevation height normalized by the simulant depth.  The specifics of the individual test cases 
are presented in Meyer et al. (2009).  Broadly, the time of actual operation of the PJMs during the drive 
and refill cycle is decreased form Case 1 to 3 and Case 4 to 6.  The total mass fraction of UDS for Cases 
1 through 3 is 0.176, and 0.283 for Cases 4 through 6.  Thus, as indicated in Figure 4.17, it is expected 
that mixing (fraction of suspended material and vertical homogeneity) will be reduced for lower drive 
times and at the higher UDS concentration.  Well mixed homogenous conditions are shown for Cases 
1 and 4. 

PJM Mixing Tests with Glass Bead Simulants 

Meyer et al. (2009) reported on the Bontha et al. (2003a) 75-µm glass bead PJM tests.  These tests 
(denoted as Case 7) used a single loading of 10 wt% solids in water and four operating PJMs.  This 
particle had a relatively high settling rate and was selected for this test to give incomplete suspension 
under normal PJM operations.  Meyer et al. (2009) also reported on a second set of experiments from 
Bontha et al. (2003b) that used 35-µm glass beads.  The two 35-µm glass bead tests are at 20 wt% solids:  
one test (denoted as Case 8) had four PJMs operating and the other (denoted as Case 9) at a reduced 
power level reflected by running just two PJMs.  The PJM nozzle velocities are 6.8 m/s for Case 7, 
8.3 m/s for Case 8, and 8 m/s for Case 9.  Additional specifics of the tests are presented in Meyer et al. 
(2009).  
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Figure 4.17. Bontha et al. (2000) AZ-101/102 Simulant PJM Mixing Test UDS Concentration (Data 

from Meyer et al. 2009) 

The vertical concentration profiles in the test vessel are shown in Figure 4.18 for the glass bead test 
Cases 7, 8, and 9.  The data are taken from Meyer et al. (2009).  The data are presented as the measured 
UDS concentration normalized by the total mass fraction of UDS in the vessel as a function of the sample 
elevation height normalized by the simulant depth.  Case 7, with the largest particulate and lowest nozzle 
velocities, shows the most stratification.  Case 8 has better mixing than Case 9 as expected given the 
number of PJMs operating. 
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Figure 4.18. Bontha et al. (2003a and 2003b) Glass Bead Simulant PJM Mixing Test UDS Concentration 

(Data from Meyer et al. 2009) 
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PJM Mixing Tests with Chemical Simulant  

Data were taken in PJM Tanks T01A and T02A of the Pretreatment Engineering Platform to look for 
evidence of stratification (Kurath et al. 2009).  As reported in Kurath et al. (2009), the stratification tests 
were conducted to determine whether solids stratified or “settled” over an extended period of time (i.e., 
36 hours) in Tanks T01A/B.  Quadruplicate samples were taken from the inner-low, inner-middle, and 
inner-high sample locations near the center of the tank at 0, 12, 24, and 36 hours and analyzed for wt% 
UDS.  Two separate, nearly identical tests were conducted.  The first test is denoted as “TI-062” 
(conducted in Tank 01A) and the second as “TI-032” (conducted in Tank 01B).  One test in T01A was 
conducted with PJM nozzle velocities of 7 m/s, and a second 12-hour test was conducted at 4.8 m/s.  The 
stratification test in T01B was conducted with a PJM nozzle velocity of 4.8 m/s.  Prototypic mixing was 
maintained (80% stroke length, 35-s cycle time).  The total UDS mass fraction is approximately 0.055. 

The vertical concentration profiles in the test vessels T01A and T02B are shown in Figure 4.19 and 
Figure 4.20, respectively.  The data are taken from Kurath et al. (2009).  As in the preceding sections, the 
data are presented as the measured UDS concentration normalized by the total mass fraction of UDS in 
the vessel as a function of the sample elevation.  It is concluded in Kurath et al. (2009) that there is no 
statistically significant difference in wt% UDS with time or elevation.  No effect of the reduction of 
nozzle velocity in T01A is observed. 
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Figure 4.19.  T01A Stratification Test Results (Data from Kurath et al. 2009) 
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Figure 4.20.  T01B Stratification Test Results (Data from Kurath et al. 2009) 

4.1.3 Scale-up Relationships 

There is very little information that directly shows the scale-up behavior for the concentration of 
mobilized solids in the upper mixed region of a DST.  However, the results presented in Section 4.1.2 
above allow three useful comparisons.  These comparisons are between laboratory-scale tests and full-
scale tank tests for tanks AZ-101, AP-102, and SY-101.  For AZ-101 and AP-102, the laboratory- and 
full-scale tests both show an essentially two-layer stratification with only a fraction of the UDS mass 
(32% AZ-101 full-scale, 10% AP-102 full-scale, 16% AP-102 laboratory-scale) suspended uniformly to 
the waste surface while the remaining UDS mass is at or near the bottom of the vessel.  Uniform 
suspension is again indicated for both the laboratory- and full-scale SY-101 tests, but whereas the bulk of 
the UDS mass is indicated to be suspended at full-scale, only approximately 50 to 75% by volume of the 
UDS is suspended at laboratory-scale.  This result is counter intuitive to the mixer pump operations, but 
may be attributable to the difference of the UDS characteristics.  Rassat et al. (2000) report that the actual 
SY-101 particulate “...are apparently quite small and/or they are close to neutrally buoyant because they 
remain in suspension with very little stratification over periods of a few days to over a week between 
mixer pump runs.”  Together, these three comparisons give the qualitative result that similar two-layer 
stratification with uniform concentration of suspended particles in an upper region occurs in both 
laboratory- and full-scale tests. 

A very important series of scale-up studies was conducted for evaluating Flygt mixers for removing 
waste from tanks at SRS (Poirier et al. 1998a, b; Powell et al. 1999a, 1999b, 1999c).  These tests were 
conducted in different size tanks with rapidly settling particles (zeolite and limestone that are essentially 
non-cohesive) and with kaolin clay layers for evaluating mobilization of cohesive sludge materials.  The 
tests with rapidly settling particles are discussed here.  Flygt mixers are axial flow mixers that were 
oriented horizontally on the tank floor to produce a horizontal flow along the floor.  The Flygt mixers are 
certainly different from the jet mixer pumps used in Hanford DTSs, which is the focus of this report, but 
Flygt mixers still create turbulent jets that cause particle mobilization and suspension.  The conclusion of 
the studies with rapidly settling particles is that scale-up of the Flygt mixers follows the constant power-
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per-unit-volume relationship for achieving the condition of all-particles-in-motion (the specific 
relationship for jet velocity at constant power-per-unit-volume in jet mixed tanks is given below in 
Equation 4.9).  Because of the difference between Flygt mixers and Hanford DST jet mixers, this power 
per unit volume scaling should only be considered as information on the general behavior of smaller scale 
tests. 

As presented above in Section 4.1.2, scaled testing of PJMs also has provided scale-up relationships 
for non-cohesive particles.  As with the Flygt mixers, the PJMs are certainly different from the jet mixer 
pumps used in Hanford DSTs, but the PJMs still create turbulent jets that cause particle mobilization and 
suspension.  As discussed above (see Equation 4.4 in Section 4.1.2.4 and compare with Equation 4.9 
below), the scale-up behavior for off-bottom suspension in vessels with PJMs followed a relationship that 
was similar to constant power-per-unit-volume.  Because of the differences between PJMs and Hanford 
DST jet mixers, this result is again only an indication of general behavior.  

To obtain constant power-per-unit-volume with jets in different size vessels (see for example 
Section 2.4 of Meyer et al. 2009 for an equation for jet power per volume), the jet velocity at small scale 
(USS) is related to the jet velocity at full scale (ULS) and the vessel diameters as follows 
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This equation shows how smaller scale tests will need to be conducted at a reduced jet velocity if the 
goal is to have equal power per unit volume. 

In the 1/22-scale tests of mixing for AY-102/AZ-101 conducted by Adamson et al. (2009a, 2009b), 
the jet velocity was varied but over a range of a reduced jet velocities in comparison to the full-scale 
velocity of 60 ft/s.  Tests were only done in a single-size vessel so these tests did not provide information 
to compare with Equation 4.9.  However, Adamson et al. (2009a) did use a qualitative visual comparison 
of surface flow in the scaled tests with video of the full-scale AZ-101 mixer pump tests to obtain a rough 
estimate of the jet velocity when the small tests visually matched the full-scale test.  This comparison 
suggested that a jet velocity of ~14 ft/s1

Overall, the results show that at all scales there is essentially no vertical variation in the concentration 
of particles at any specific test condition (jet velocity) in the upper mixed region.  The actual particle 
concentration does, of course, depend strongly on the test condition.  The results also show that the 
scaling relationship will probably be roughly similar to constant power-per-unit-volume for the 
suspension of particles and thus the particle concentration in the upper mixed region.  Unfortunately, 
there is nothing that can be inferred from any of these studies on role of cohesive inter-particles forces on 
the scale-up behavior of particle concentration within the upper mixed region when the particles are both 
settling and cohesive.  Finally, with any non-Newtonian fluid the shear rate will be higher in smaller tests.  

 in the small-scale test approximates the surface flow at full-scale.  
Similar surface flows do not readily correspond to a similar distribution of solids, but this is an interesting 
result.  For comparison with the jet velocity to have constant power per unit volume, Equation 4.9 gives a 
velocity of 21 ft/s for a 1/22-scale test with a full-scale velocity of 60 ft/s. 

                                                      
1 In Adamson et al. (2009a), the condition for equal surface flow was specified as 5 gpm, which we assumed is total 
flow for a pump with two nozzles.  Using this flow and the information in Table 2 gives a jet velocity of 14 ft/s. 
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If the smaller tests are conducted at the full-scale velocity, the viscosity will be affected by the scale of 
the test through the shear thinning behavior of a non-Newtonian fluid. 

4.2 Region 1:  Pump Discharge Velocity 

For a specific pump, the performance is typically determined by the manufacturer using water.  If the 
pump is used with fluids other than water, changes in pump performance and power will occur if the fluid 
has a viscosity or density that are different from water.  Charts showing correction factors for the role of 
viscosity and density are available (Hydraulic Institute 2000).  In general, at a given rpm, an increase in 
fluid density will require more power, but the pump will still transport the fluid at the same flow and 
head.  Increasing the fluid viscosity results in more frictional losses within the pump and a lower 
discharge flow at a given rpm, but the reduction in flow does not occur until the viscosity is moderately 
high.  As described in Section 2, one effect of cohesive particle interactions is to increase the apparent 
viscosity of the suspension.  In comparing suspensions where the only difference is whether the particles 
are non-cohesive or cohesive, the density of the suspension will be the same.  Accordingly, the primary 
role of cohesive particle interactions will be an increase in viscosity and also shear thinning. 

4.2.1 Effect of Cohesive Properties 

Given the apparent viscosity and known pump performance with water, correction factors accounting 
for an increased viscosity on pump performance can be found.  Figure 4.21 shows the correction factors 
for viscous liquids determined from the more general corrections given by the Hydraulic Institute (2000) 
that are based on empirical data for several single-stage centrifugal pumps.  The data in this figure are for 
a pump capacity of 10,000 gpm for a rated head of 65 ft.  Figure 4.21 shows that for a fixed rpm, the 
pump discharge velocity will not be degraded until the viscosity exceeds at least 100 cP.  At lower 
viscosities, the pump performance is dominated by the fluid density. 

When viscous losses become important, the majority of the viscous loss can be attributed to friction 
on the pump impeller.  To determine the apparent viscosity of the non-Newtonian (shear thinning) waste, 
the shear rate in the pump must be estimated.  Two different methods are used to estimate the shear rate.  
For the first estimate, the shear rate is estimated based on the flow between each vane in the pump.  
Assuming the flow between each vane can be modeled as laminar in a pipe, the shear rate, γ , is estimated 
as (Munson et al. 2002) 

 
d
V8

=γ  (4.10) 
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Figure 4.21.  Pump Operating Capacity as a Function of Apparent Viscosity (rpm=1200) 

In Equation 4.10, d is the average spacing between vanes and V is the apparent velocity determined 
from the total flow: 

 

 

V =
Q

nv Av

 (4.11) 

where 

 

nv  and 

 

Av  are the number of vanes and the flow area between a vane, respectively.  The shear rate 
between the vanes for a centrifugal pump is estimated to be 1000 s-1 using Equation 4.10 and 
assuming

 

nv = 7  and 2107.1 −⋅≈vA (m2) between vanes. 

A second estimating for the shear rate can be made by considering the distance between the tip of a 
vane and the impeller housing as shown in Figure 4.22.  The tip velocity is the fluid velocity at given 
distance from the wall: 

 d
Vtip=γ

 (4.12) 

where 

 

d  is now the gap between the vane and the pump housing as shown in Figure 4.22, and 

 

Vtip  is the 
tip velocity. 

 
Figure 4.22.  Centrifugal Pump Housing/Impeller Spacing 

Using equation 4.12 with a gap of 1/4 in. and an impeller diameter of 18 in. rotating at 1200 rpm, the 
shear rate is 2200 s-1.  Both Figure 3.9 and Figure 2.3 give viscosity data for Hanford waste at 1000 s-1.  
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These data show that the viscosity at this shear rate is less than 100 cP even at relatively high solids 
fractions, therefore pump discharge velocity should not be affected by the magnitude of cohesive inter-
particle forces.  

4.3 Region 2:  Turbulent Jet Velocity Decay 

For a turbulent jet in a Newtonian fluid, the velocity varies across the jet, decays with distance from 
the nozzle, and will be influenced by the presence of walls.  For a Newtonian turbulent circular free jet, 
the maximum time averaged velocity u(z) , which is typically called the centerline velocity, at a distance z 
from the jet decays as  

 
z
DU

cu(z) 00
J=   (4.13) 

where U0 is the nozzle exit velocity, D0 is the nozzle diameter, and the coefficient cJ is a constant (see for 
example Equation 3.8 of Bamberger et al. [2005] or Rajaratnam [1976]).  The primary objective of this 
report is to evaluate the difference between cohesive and non-cohesive materials in jet mixing, so the key 
question for Region 2 on jet velocity decay is whether turbulent jet studies have identified any significant 
difference between cohesive and non-cohesive materials.  As described in Section 2, a primary effect of 
cohesive particle interactions is to make a slurry non-Newtonian with shear thinning behavior and 
potentially a yield stress.   

4.3.1 Effect of Cohesive Properties 

There are two studies that are particularly useful in evaluating the role of non-Newtonian fluid 
properties on the decay of a turbulent jet.  One series of studies specifically measured the velocity and 
behavior of turbulent jet in yield stress fluids (Shekarriz et al. 1995, 1996, 1997a; Powell et al. 1997).  In 
these studies, jets were studied in carbopol solutions that had a yield stress of about 1 Pa.  The second 
study is by Fort et al. (1993), where velocity measurements were taken of a turbulent jet in series of 1/12-
scale DST jet mixer tests. 

The key finding from the studies with jets in yield stress fluids is that at a sufficient distance from the 
jet the presence of a yield stress dramatically reduces the jet velocity (Shekarriz et al. 1995, 1996, 1997a; 
Powell et at 1997).  As shown in Figure 3.7, a 1 Pa yield stress is quite common in waste slurries, and if a 
jet mixed tank has a lower stratified region with a high solids concentration (see discussion in Section 3) , 
it is reasonable to expect a yield stress will be present and that this would dramatically reduce the jet 
velocity.   Although there are no specific studies, it is expected that any significant shear thinning 
behavior in a non-Newtonian fluid will have the same effect as a fluid having a yield stress, which is 
simply a specific type of shear thinning fluid.   

The second study useful in evaluating the jet velocity decay is the work by Fort et al. (1993).  In this 
study, fluid velocities and solids concentrations profiles were measured in a 1/12-scale test of Hanford 
Tank 101-SY using a single, centrally located pump with opposed jets to mobilize and mix a settled slurry.  
The velocity data from this study will be discussed here, and the concentration profiles were discussed in 
Section 4.1.  These tests used non-cohesive particles in aqueous solutions of sugar and water, so the data 
do not directly address the role of cohesive particle interactions, which is the primary object of this report.  
These tests did, however, use simulants that had different sugar concentrations to vary the viscosity of the 
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suspending liquid.  As discussed previously in Section 2, one consequence of having cohesive particle 
interactions in a suspension is that the viscosity of the suspension will be increased.  In Figure 4.23 and 
Figure 4.24 below, we will highlight data that show the roles of particles in general and the role of 
increased viscosity on measured fluid velocities.  Two simulants were used in the study.  A low-viscosity 
simulant that used a 2 wt% sugar water solution and a high-viscosity simulant that used a 20 wt% sugar 
water solution.  Both of these simulants used the same particle, Minusil-30, at 33 wt%.  Minusil-30 was 
described as having a mean particle size of about 10 µm.  A particle size distribution for this material was 
not reported in Fort et al. (1993), but current product information for the particle size distribution for 
Minusil-30 is available (US Silica 2010).  The jet diameter was 0.224 in., which was 1/12 of the full-scale 
nozzle.  

Velocity measurements were made at a number of locations that are particularly useful for addressing 
the role of cohesive particle forces on the decay of a turbulent jet.  Fort et al. (1993) made measurements 
for the jet velocity profile at different distances from the jet along the tank floor and also measured the 
vertical velocity as a function of elevation very near the tank wall.  These velocity measurements were 
made for the three fluids tested: water, the low-viscosity slurry simulant, and the high-viscosity slurry 
simulant.  For the jet velocity near the tank bottom, the key conclusion was that there was no difference 
that could be distinguished between the three fluids (see Section 5.3.1 of Fort et al. 1993).  This result 
suggests that if cohesive particle interactions only changed the viscosity of a slurry, there would be only a 
small change in the solids total solids distribution.   

Figure 4.23 shows the vertical velocity measured near the tank wall for water jets with different 
velocities.  The vertical velocity is important because of its dominant role on lifting and suspending 
particles.  The vertical velocity increases with increasing jet velocity as expected, but the magnitude of 
the increase is somewhat surprising.  While the 42.5 ft/s jet has a vertical velocity that is approximately 
double that of the 24 ft/s jet, the vertical velocity for a 52.6 ft/s jet is ~4 fold larger that the vertical 
velocity for a the 24 ft/s jet.  It is believed that the observed jet attachment to the floor causes this 
behavior, but this effect could not be quantified.  The shift in the jet downward to the floor was observed 
to occur between the 42.5 and 52.6 ft/s jet velocity (see Figure 5.2 in Fort et al. 1993).  The possible 
explanation for the increased vertical velocity at the wall for the highest jet velocity is that the rate of 
entrainment of surrounding fluid is lessened for the attached jet, and when reaching the wall it retains a 
higher peak velocity. 

 
Figure 4.23. Vertical Velocity near the Tank Wall as a Function of Height from Tank Bottom for 

Water. Data from Figure 5.4, Fort et al. (1993). 
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Figure 4.24 compares the vertical jet velocity between tests with water and the two slurry simulants.  
The comparison in Figure 4.24(a) shows the difference between water and the low-viscosity slurry 
simulant at a jet velocity of about 40 ft/s.  The slurry clearly has a reduced vertical velocity at the wall.  In 
Figure 4.24(b), vertical velocities at the wall are compared for water and the high-viscosity slurry 
simulant at a jet velocity of 24.1 ft/s.  For these conditions, the vertical velocity with the slurry is actually 
a bit higher than the water test.  As described previously, a useful comparison for indirectly inferring the 
potential role of cohesive particle interactions is to determine the impact of increasing the slurry viscosity.  
The two tests with different viscosity slurry simulants were conducted at different jet velocities.  To make 
a direct comparison, the vertical velocity for the high-viscosity simulant corresponding to a jet velocity of 
40.9 ft/s was estimated by increasing the vertical velocity at 24.1 ft/s by the ratio of jet velocities 
(40.9/24.1).  This comparison is shown in Figure 4.24(c).  Based on this analysis, the vertical velocity is 
higher with the higher-viscosity slurry simulant, which seems counter-intuitive if the increased viscosity 
caused a faster decay of the jet velocity.  One possible explanation is that with the higher-viscosity slurry 
there was less particle settling so the bulk slurry density was more uniform, and the vertical jet velocity 
was not reduced by vertical density variation. 

 
 (a) (b) 

 
(c) 

Figure 4.24. Vertical Velocity near the Wall as a Function Height from Tank Bottom for Various 
Simulants and Jet Velocities:  (a) water and low-viscosity simulant, (b) water and high-
viscosity simulant, and (c) water, low-viscosity simulant, and high-viscosity simulant scaled 
to 40.9 ft/s.  Data from Figure 5.4, B.15, B.22, and B.25, Fort et al. (1993). 
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4.3.2 Scale-up Relationships 

The centerline velocity decay of a circular turbulent free jet in a Newtonian fluid is well established 
and given by Equation 4.13.  Equation 4.13 shows that the maximum velocity should increase 
proportional to the initial jet velocity and decrease with dimensionless distance from the jet (z/Do).  As 
described in the section above, the water velocity data in Figure 4.23 differ from this simple expectation.  
One possible explanation is associated with the jet attachment behavior.  Because of this added 
complexity, it is difficult to estimate how an attaching jet will behave in different scale vessels. 

4.4 Regions 3 and 4:  Surface and Mass Erosion of Original Solids 
Bed 

Erosion of solids by liquid flow occurs by many mechanisms.  As summarized in Wells et al. (2009), 
surface erosion is the basic mode of erosion and occurs when individual particles are removed from the 
sediment surface.  The rate of particulate removal can be faster than the rate at which the removed 
particulate mixes with the overlying fluid.  The removal of a particle from the surface is accompanied by 
the replacement of an equal volume of liquid, which creates a resulting flow of liquid into and out of the 
pores at the surface of the sediment.  The flow induced at the sediment surface by the removal of a 
particle can have the effect of increasing the sediment porosity at the surface.  In instances where the 
sediment porosity at the surface is affected, the sediment swells as a result of hydrodynamic pressure 
fluctuation increasing the sediment porosity, which reduces the shear strength at the sediment surface.  In 
cohesive materials, surface erosion occurs when the shear stress applied by the fluid to the surface is at or 
above the sediment’s critical shear stress for surface erosion.  For non-cohesive materials, erosion is 
expected to occur when the viscous drag force exceeds the submerged weight of the particle.  Additional 
factors that influence whether the applied shear stress can remove the particle from the bed is the packing 
or interlocking of the particle relative to the adjacent particles.  A detailed analysis of the particle would 
take into account the moments created by the drag and lift forces about a pinning point representing the 
particle’s contact with a downstream stationary particle. 

Mass erosion is described in Wells et al. (2009) as being independent of particle action at the surface 
of the sediment.  It occurs when the shear stress applied to the surface of the sediment creates failure 
along a plane below the sediment surface.  This phenomenon occurs when the applied shear stress 
exceeds a minimal macroscopic yield stress along a plane of the sediment and results in large portions of 
the sediment material being removed.  These portions of material are intact as they leave the sediment and 
are not the result of rapid, localized surface erosion.  The depths of the removed portions are significantly 
greater than the depth of any gradient in porosity resulting from surface erosion effects. 

The ECR is the distance between the exit of the mixer pump nozzle and the base of the sediment 
eroded by the mixer pump via mass or surface erosion.  As discussed in the section below, the ECR is 
expected to correlate linearly with scale based on an evaluation of numerous studies (Powell et al. 1997) 
and may also depend on the strength of the sediment.  Powell et al. (1995b) identified that changing slurry 
rheology in the jet from Newtonian to non-Newtonian caused a significant reduction in the mobilization 
(erosion) of a clay layer, with a non-Newtonian jet requiring a 40% higher flow rate to achieve the same 
ECR as a Newtonian slurry jet.  Thus, ECR scaling may be expected to be different for cohesive and non-
cohesive slurries when the particle concentration in the slurry is high enough to create a non-Newtonian 
yield stress material. 
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4.4.1 General Description 

In the late 1970s, studies at SRS were initiated to determine the key parameters affecting the ECR.  
The site conducted scaled tests with a clay simulant in a full-scale half-tank model and confirmed 
theoretical predictions that jets with the same momentum produce the same sludge-slurrying patterns.  
The ECR was proportional to the product of the nozzle velocity (U0) and nozzle diameter (D0).  At the 
maximum U0D0 developed by the pump (~14 ft2/s), the effective cleaning radius was ~20 ft (Bradley et al. 
1977).  SRNL also stated that reversing the direction of pump rotation increased the rate at which sludge 
was removed from behind larger obstructions. 

Results of testing at SRNL in full-scale, half- and full-tank models developed the following effective 
cleaning radius relationship to predict the slurry pump requirements for sludge removal during waste 
mobilization, which relates sludge and pump characteristics to cleaning radius (Churnetski 1981, 1982):   
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where: D0 = jet diameter 
 U0 = jet velocity 
 gc = constant 
 K = C1 exp{-C2[tanθ]2} 
 ρ = density 

θ = jet half angle 
 τ0 = yield stress. 

4.4.2 Effect of Cohesive Properties 

Powell et al. (1995b) conducted a particularly significant jet erosion test that quantified the effect of 
the jet and fluid causing the erosion having a yield stress and changing the effectiveness of the jet to erode 
a 640 Pa kaolin clay layer (see the discussion in Section 4.3.1 of Powell et al. 1995b).  In this test, a 
xanthan gum solution with a yield stress of about 1.2 Pa was found to require a 40% higher flow to 
achieve the same ECR in comparison to a Newtonian (water) jet.  One possible explanation, given later 
by Powell et al. (1997), was that the non-Newtonian xanthan solution formed a high-viscosity layer near 
the eroding surface that resisted the penetration of turbulent eddy bursts from the jet.   This behavior of a 
non-Newtonian jet with a yield stress being less effective than a Newtonian jet is a significant finding in 
terms of the impact of cohesive particle interactions.  Specifically, if the UDS concentration and particle 
cohesion are sufficiently high to create a non-Newtonian yield stress slurry, the effectiveness of a jet is 
expected to be diminished. 

4.4.3 Scale-up Relationships  

Powell et al. (1997) reviewed a wide range of ECR data and correlations from a number of studies 
that used cohesive sediments and concluded that the ECR scales with U0D0 as given in Equation 4.14 and 
also depends on the shear strength of the sediment being mobilized but not always by the relationship 
given by Equation 4.14.  This scaling shows that for a given material the same velocity is needed at all 
scales to achieve the same dimensionless cleaning radius (ECR/D0).  This is an important scaling result 
that is specifically for the mobilization of a sediment layer.  There are complications (see Powell et al. 
1997 for the discussion) but there was rough agreement between tests at different scales and conducted by 
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different researchers that support this scaling.  A more recent large-scale test by Enderlin et al. (2003) 
with a kaolin simulant and also a mixture of sand, zeolite, and kaolin provide additional ECR data.  For 
the kaolin tests, Enderlin et al. (2003) noted the approximate value of 0.06 s/cm for ECR/U0D0 from 
previous studies of Powell et al (1995b).  The ECR data from Enderlin et al. (2003) was somewhat 
smaller than this result but generally similar considering the more shallow geometry of their tests.  None 
of the previous studies have specifically compared the laboratory ECR data with the limited Hanford tank 
mobilization data collected for AZ-101 and SY-101, and this comparison is given below.  The 
comparison shows remarkable agreement between the laboratory tests with clay-based simulants, which 
are described as cohesive, and the full-scale tank behavior. 

Another important behavior associated with scale up is the time scale for the transient growth of the 
ECR to a steady state value.  Shekarriz et al. (1997a) addressed this specific topic, including reviewing 
previous data, and noted that the ECR should grow faster at smaller scale.  They presented a limited 
amount of data comparing ECR growth rates in 1/50- and 1/25-scale experiments with kaolin clay that 
support the faster approach to a steady state ECR at smaller scale.  Recognizing and accounting for this 
effect in small scale experiments is important.  With any shear thinning fluid such as a cohesive slurry, 
tests done at reduced scale but with same velocity as full scale will have higher shear rates and therefore 
lower viscosities.  This also needs to be considered in conducting small-scale experiments. 

The effective cleaning radius for the full-scale mixer pump operations in Hanford DSTs AZ-101 and 
SY-101 are reported in Carlson et al. (2001) and Stewart et al. (1994).  A summary of the mixer pump 
operations is provided in Section 4.1.  The salient differences specific to the mixer pump operations are 
included in Table 4.4 together with the reported ECRs.  The sediment in AZ-101 at the time of the mixer 
pump operations was approximately 17.5 in. deep at 0.48 UDS mass fraction (Wells and Ressler 2009) 
and 210 in. at UDS mass fraction 0.26 in SY-101 (Stewart et al. 1994, Stewart et al. 1995). 

The relation of nozzle velocity and ECR from Table 4.4 is shown in Figure 4.25.  Carlson et al. 
(2001) state “...the ECR for mixer pump 1 is significantly larger than for mixer pump 2...because the 
material [sediment] closer to mixer pump 1 had been disturbed during [prior] testing, and subsequent 
remobilization of that material was easier...”.  The difference between the ECR/U0D0 of AZ-101 and SY-
101 may be attributed to the difference in nozzle diameter, pump operation time (see Table 4.4), sediment 
depth, UDS concentration, and shear strength (shear strength discussed below).  Also, as noted in 
Table 4.4, the SY-101 ECR may be a minimum distance.  Further, the ECRs were not determined at a 
steady-state condition, they were the observed distance at the end of the mixer pump operation time. 
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Figure 4.25.  ECR as a Function of Nozzle Velocity, AZ-101 and SY-101 Full-Scale Mixer Pump 

Operation 
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As discussed previously, Powell et al. (1997) summarized scaled ECR tests.  The ECR data from 
Powell et al. (1997) are provided in Figure 4.26 together with the full-scale ECR data from AZ-101 and 
SY-101 (Table 4.4).  The median shear vane shear strength is 1770 Pa for AZ-101 and 730 Pa for SY-101 
(Gauglitz et al. 2009).1

Table 4.4.  ECR and Mixer Pump Operating Conditions (AZ-101: Carlson et al. 2001 and Wells and 
Ressler 2009; SY-101: Stewart et al. 1994) 

  These ECR data show remarkable agreement between the scaled clay testing and 
the full-scale in situ Hanford waste mobilization.  This suggests that that the AZ-101 sludge sediment and 
the SY-101 saltcake sediment behave similar to clay simulants that are generally thought to be cohesive. 

Tank Mixer Pump(a) 
Nozzle Diameter 

(D0) (in.) 
Nozzle Velocity 

(U0) (m/s) ECR (ft) ECR/U0D0 

AZ-101 

Mixer Pump 1 6 12.3 28.9 0.047 
Mixer Pump 1 6 15.9 34.5 0.043 
Mixer Pump 1 6 18.2 37(b) 0.041 

Mixer Pump 2(c) 6 12.3 21.9 0.036 
Mixer Pump 2(c) 6 15.9 26.4 0.033 
Mixer pump 2(c) 6 18.2 37.4 0.041 

SY-101 Single Mixer Pump 2.6 21(d) 30(e) 0.066 
(a) See Section 4.1.  AZ-101 has two 300-hp mixer pumps.  Reported ECR data for AZ-101 at mixer pump oscillation rate of 

0.05 rpm; oscillation rates of 0.2 rpm were used in intermediary pump operations; see note b.  24-hours of operation was 
conducted at each nozzle velocity.  SY-101 has one 150-hp mixer pump.  ECR data for SY-101 at fixed nozzle direction. 

(b) Longer operation of mixer pump 1 as part of the concurrent mixer pump operation extended the ECR to 37.4 ft. 
(c) Prior and concurrent operation of mixer pump 1.  The ECRs of the two mixer pumps overlap.  Nozzle velocities of 12.3 

m/s for mixer pump 2 could not be exceeded for 60º of the rotation.  At higher speeds, mixer pump 2 was rotated 
manually; fixed orientation for nominally 1 to 2 hours, then manually rotated to the next fixed position, typically 10º 
from the prior position excepting the 60º at 12.3 m/s (pump speed was turned down for this region).   

(d) Two once-per-day 40-minute mixer pump operations were conducted at approximately 18 m/s followed 3 days later by 
once-per-day 9 and 20 minute operations at 21 m/s. 

(e) Distance at which a thermocouple tree response to mixer pump operation was observed.  Thermocouple tree location may 
thus influence result, i.e., 30 ft may be the minimum ECR.  See also note c. 

                                                      
1 As shown in Gauglitz and Aiken (1997) and Weber (2008), in situ shear strength measurements and estimates for 
saltcake wastes are significantly lower than shear vane measurements for those wastes.  No in situ shear strength 
measurements for the sediment in SY-101 prior to mixer pump operation exist. 
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AZ-101 Mixer Pump 1 AZ-101 Mixer Pump 2 SY-101

 
Figure 4.26.  Mobilization Data (primary figure is Figure 4.5, Powell et al. [1997]) 

Adamson et al. (2009) reported the ECR for the laboratory geometrically scaled testing in a 40.5-in. 
flat-bottomed tank with two rotating dual-horizontal opposed jets (operated at approximate 0.7 rpm 
rotation rate).  As summarized in Section 4.1, a two-component UDS simulant was used that consisted of 
gibbsite at approximately 90% of the total UDS mass and SiC comprising the remaining 10% in a liquid 
at 1.289 g/mL and 2.55 cP.  No information for the rheology of the simulant sediment is available. 

ECR data from the scaled experiments of Adamson et al. (2009) are provided in Table 4.5 together 
with operational parameters.  As reported in Adamson et al. (2009), there was “very little difference” in 
the ECR data with or without obstructions (representing air lift circulators) in the test vessel.  The ECR 
data provided in Table 4.5 are the average reported with and without obstructions.  Tests were conducted 
with scaled sediment depths approximating AZ-101 and AY-102.  Additional tests were performed with 
an intermediary UDS loading with one-half of the gibbsite mass as in the “AY-102” tests; gibbsite 
comprised approximately 84 wt% of the UDS, and SiC comprised 16 wt%.  The ECR is listed as “MAX” 
in each test case for nozzle velocities above those reported in Table 4.5 (maximum nozzle velocities up to 
approximately 8.4 m/s were used).
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Table 4.5.  ECR and Operational Parameters (Adamson et al. 2009) 

Representative 
Condition 

Approximate Total UDS 
Mass Fraction 
(Gibbsite, SiC) 

Sediment Depth 
(in.)(a) 

Nozzle 
Velocity  

(U0) (m/s) ECR (in)(b) ECR/U0D0
(c) 

AZ-101 0.03 
[0.90, 0.10] 0.76 

0.8 2.75 0.15 
1.7 6 0.17 
2.5 10 0.18 
3.3 12.5 0.17 
4.2 14 0.15 
5.0 15.75 0.14 

Intermediate UDS 
Loading 

0.06(d) 
[0.84, 0.16] NA(e) 

0.8 0 0 
1.7 4 0.11 
2.5 6.5 0.12 
3.3 8.5 0.12 
4.2 14 0.15 
5.0 16.5 0.15 

AY-102 0.09 
[0.90, 0.10] 2.49 

0.8 0 0 
1.7 3.5 0.10 
2.5 6.25 0.12 
3.3 7.75 0.11 
4.2 12.5 0.14 
5.0 14.75 0.14 

(a) UDS mass fraction of the sediment for the AZ-101 and AY-102 conditions can be estimated at 0.49. 
(b) Average ECR with and without obstructions in the test vessel. 
(c) Nozzle diameter D0 = 0.27 in.. 
(d) Computed with the assumption that the liquid mass was the average of that estimated for the AZ-101 and 

AY-102 tests. 
(e) No sediment depth reported. 
 

ECR as a function of nozzle velocity from Table 4.5 is shown in Figure 4.27.  As noted above for 
Figure 4.25 regarding the difference between the ECRs of AZ-101 and SY-101, increased sediment depth 
(total UDS concentration) apparently reduces the ECR for equivalent pump conditions (although no 
rheology data are available, the equivalent UDS composition and concentration in the sediment for the 
Adamson et al. [2009] AZ-101 and AY-102 tests indicates that the materials has equivalent rheology).  
Similarly, the scaled ECR/U0D0 values (Table 4.5) are shown to be impacted by the UDS concentration 
(Figure 4.28).  No comparison can be made to the prior scaled experiential data nor the full-scale tests 
(i.e., as in Figure 4.26) given the lack of sediment shear strength data. 

The effect of increased UDS loading causing a decrease in the ECR in the scaled testing of Adamson 
et al. (2009) supports the expectations described in Wells and Ressler (2009) and referenced in 
Sections 3.1, 3.3, and 4.1.  Changes in the quantity of sediment that is mobilized will change the 
suspended UDS concentration, which then affects the cohesiveness of the slurry. 
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Figure 4.27. ECR as a Function of Nozzle Velocity for a Range of UDS Representing AZ-101, an 

Intermediate Loading, and AY-102 (Adamson et al. 2009)  
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Figure 4.28.  ECR/U0D0 as a Function of Nozzle Velocity (Adamson et al. 2009) 

4.5 Region 5:  Erosion of Weak Newly Settled Bed 

There is very little information on the erosion of the material that is deposited at a distance from the 
jet after being mobilized from the region near the jet.  In general, a newly formed bed will be much 
weaker and easier to mobilize than the original bed.  However, it is still reasonable that a weak newly 
formed bed at sufficient distance from the jet will not be readily mobilized. 
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4.6 Region 6:  Shear Strength of Original Bed 

Particle cohesion is one of the main factors that affect the shear strength of the original bed, and the 
magnitude of the cohesive inter-particle forces also affects how a settled bed erodes.  For example, for the 
same shear strength, material with different degrees of cohesive inter-particle forces will erode 
differently.  Powell et al. (1995b) discussed how kaolin erodes differently than other clays.  His erosion 
studies showed a weak shear strength (τs) dependence for kaolin, which was described as slightly 
cohesive, and a marked shear strength dependence for bentonite/kaolin mixtures, which were described as 
more cohesive than kaolin.  Accordingly, the magnitude of the cohesive effects will affect erosion 
through both changes in the strength of a sediment layer and the mechanisms of erosion. 
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5.0 Discussion 

In Section 4, previous studies were reviewed and analyzed to estimate the role of cohesive particle 
interactions on physical phenomena and specific regions that are important for the jet mixing and 
mobilization of settling particles.  In addition to evaluating the direct and indirect roles of cohesive 
particles, brief discussions of scale-up behavior and how a small-scale test will behave was also 
presented.  While each region was evaluated separately, the overall behavior of a jet mixed tank is a result 
of all the regions and their interactions.  In the discussion below, the overall impact of cohesive particle 
interactions on solids uniformity in the mixed region of a tank is presented together with an overall 
assessment of the scale-up behavior that can be expected. 

5.1 Overall Impact of Cohesive Properties 

The evaluations in Section 4 show that cohesive particle interaction will have multiple effects through 
a number of different mechanisms.  Some of the effects improve solids uniformity while others will likely 
degrade uniformity.  To estimate the overall role of cohesive interaction, an overall assessment is needed 
for the combined behavior.  Table 5.1 gives a summary of the estimated effects as described in Section 4. 

Table 5.1.  Summary of Role of Cohesive Particle Interactions on Solids Uniformity in Each Region 

Region Impact of Cohesive Particle Interactions Section 
1 Pump Head Negligible 4.2 

2 Jet Velocity Decay 

Uniformity worse – jet velocity decays faster when 
cohesive slurries are sufficiently concentrated to be 
non-Newtonian yield stress fluids, or any strongly 
shear thinning fluid, and evidence shows that a lower 
stratified region will be sufficiently concentrated to 
be non-Newtonian and affected by cohesive particle 
interactions  

4.3 
& 
4 

3, 4 
Surface and Mass 
Erosion of Original 
Solids Bed 

Uniformity Worse – erosion by turbulent jets is less 
effective when the jet is a non-Newtonian yield 
stress fluid, which is likely to occur due to 
stratification 

4.4 

5 Erosion of Weak Newly 
Settled Bed 

Uniformity slightly worse – the newly settled bed 
should be sufficiently weak to fully erode; if not, the 
behavior will follow Region 3 & 4 

4.5 

6 Shear Strength of 
Original Bed No direct effect 4.6 

7 
Mixing (Lifting and 
Settling) of Suspended 
Particles 

Better – if cohesive interactions increase effective 
viscosity and slow particle settling 
Worse – if particle flocculation causes faster settling 
Worse – if upward jet velocity is reduced (see also 
Region 2) 

4.1 

 Overall Potentially Worse  
    

Tank farm and scaled-test data suggest that a substantial fraction of the waste solids are not lifted 
above the bottom region of the tank but remain toward the bottom as a stratified layer.  The evaluation 
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suggests that it is likely that the solids concentration in this layer is sufficiently high that the slurry will be 
non-Newtonian with a small but still significant yield stress.  The yield stress is thought to be caused 
primarily by cohesive particle interactions.   Studies have shown that even a small yield stress reduces the 
jet momentum away from the jet and reduces the ability of the jet to mobilize solids.  It is expected that 
any significant shear thinning behavior in a non-Newtonian fluid will have the same effect as a fluid 
having a yield stress, which is a specific type of shear thinning fluid.  Accordingly, the impact on jet 
velocity decay, shown in Table 5.1, is a greater reduction in jet velocity with cohesive particles, and this 
will ultimately reduce particle lifting and make uniformity worse.  Surface and mass erosion will also 
occur less readily if the slurry has a small but still significant yield stress, and the impact shown in 
Table 5.1 for this region is that erosion will be less effective and this will ultimately make achieving 
uniformity worse.  Regions 5 and 6 have a relatively small effect on the overall uniformity.  The particle 
lifting and settling that occurs in Region 7 have a number of opposing effects, and it is difficult to 
estimate for this region the direct impact of cohesive particle interactions.  Region 7, which can be 
considered the upper mixed region of the tank, is indirectly affected by changes in Regions 2, 3, and 4.  
Considering the overall interaction of all the regions, this evaluation suggests that the achieving 
uniformity in the mixed region will be potentially worse due to cohesive particle interactions, but the 
magnitude of the change is difficult to estimate.  

The data and analysis given in Section 4.1 for the mixed region also shows that for the particles that 
are lifted into the upper region of the tank, the total particle concentration and the relative amounts of 
different size particles are extremely uniform in the upper region.  However, in comparison to the overall 
concentration in the tank and the initial relative amounts of particles of different size, the material in the 
upper region is clearly different. 

Finally, this study conducted an extensive review of the literature on the uniformity of suspended 
solids in jet mixed tanks.  There are no existing studies or data that specifically quantify the role of 
cohesive interactions on uniformity.  Simply based on the absence of any data, the conclusion is that 
testing with only non-cohesive particles will not be sufficient to meet the objectives of the Tank Mixing 
and Sampling Demonstration Program. 

Because there is so little data to estimate the role of cohesive particle interactions on the suspension 
of settling particles, scoping experiments that would provide some results on the general behavior would 
be useful.  Ultimately, careful quantitative tests will be needed to obtain performance data and scale-up 
behavior. 

5.2 Overall Impact of Scale Up 

There are two significantly different scale-up behaviors, discussed in Section 4, and there are 
additional interactions described in Section 4 that are known to be important but where there is too little 
information to judge their overall impact on scale up.  The discussion in Section 4.1.3 highlighted some 
mixing studies that are relevant to jet mixing in DSTs, where the scale-up relationships for the just-
suspended condition with non-cohesive particles followed constant power-per-unit volume.  If actual 
scale-up behavior is similar to constant power-per-unit-volume, then the appropriate jet velocity in small-
scale tests will be reduced in comparison to full-scale jet velocities.  The discussion in Section 4.4.3 
shows that for the erosion of a settled cohesive layer, the appropriate jet velocity to use in a small-scale 
test is the full-scale jet velocity. This assumes tests are conducted until steady state erosion conditions are 
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achieved.  For any test that does not reach steady state conditions, the erosion rate needs to be considered, 
but there is little information on how to account for the erosion rate in scaled tests when tests do not reach 
steady state.  Finally, with any non-Newtonian fluid the shear rate will be higher in smaller tests if the 
smaller tests are conducted at the full-scale velocity, so the viscosity will be affected by the scale of the 
test through the shear thinning behavior of a non-Newtonian fluid.  Finally, the scale-up behavior of 
settling particles with cohesive particle interactions has not been determined in any test, and it is difficult 
to estimate based on the existing studies.  Because there are at least two significant and different scaling 
behaviors (reduced velocity for one behavior and full velocity of another behavior), it will be challenging 
to determine the true scale-up behavior from small-scale mixing tests. However, quantitative test results 
will be significantly more definitive than estimates based on analysis of data from existing studies. 
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6.0 Conclusions and Recommendations 

The evaluation shows that cohesive particle interaction will have multiple effects through a number of 
different mechanisms.  The conclusion of this overall assessment is that stratification with an elevated 
particle concentration in the lower region of the tank will likely occur, and cohesive particle interactions 
in this lower region will reduce the fraction of particles lifted into the upper region of the tank although 
the magnitude of the impact could not be estimated.  The cohesive particle interactions do not, on their 
own, cause the stratified layer and reduced particle lifting to occur, but the cohesive interactions will 
accentuate this behavior to some degree when stratification is present.  Hence, testing with only non-
cohesive particles will create technical uncertainty in meeting the objectives of the Tank Mixing and 
Sampling Demonstration Program. 

The evaluation also shows that for the particles that are lifted into the upper region of the tank, the 
total particle concentration and the relative amounts of different size particles are extremely uniform in 
the upper region (the volume above the settled layer).  However, in comparison to the overall 
concentration in the tank and the initial relative amounts of particles of different size, the material in the 
upper region is clearly different.  It is possible that cohesive particle interactions cause flocculation in the 
upper region and potentially faster settling of particle agglomerates, but this is difficult to confirm. 

Finally, this study conducted a fairly extensive review of the literature on the uniformity of suspended 
solids in jet mixed tanks.  There are no existing studies or data that specifically quantify the role of 
cohesive interactions on concentration uniformity.  The absence of definitive data further suggests that at 
least some testing with cohesive particles as part of the Tank Mixing and Sampling Demonstration 
Program will be needed to determine the impact of the cohesive particle interactions.  

Based on the evaluation presented in this report and the absence of definitive studies, the 
recommendation is to conduct scoping tests to determine the magnitude of the impact caused by cohesive 
particle interactions on mixing.  If the impact is determined to be significant, the recommendation is to 
conduct quantitative mixing tests at multiple scales with cohesive particles to augment the initial testing 
with non-cohesive particles.  If initial testing can demonstrate that the impact of cohesive interactions is 
small over the range of important test conditions, then extensive scaled testing should not be necessary.   
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