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Executive Summary

K-Basin sludge will be recovered into the Sludge Transport and Storage Containers (STSCs) and will
be stored in the T Plant for interim storage (at least ten years). Long-term sludge storage tests conducted
by Pacific Northwest National Laboratory show that high uranium content K Basin sludge can self-
cement and form a strong sludge with a bulk shear strength of up to 65 kPa. Some of this sludge has
“paste” and “chunks” with shear strengths of approximately 3- 5 kPa and 380 - 770 kPa, respectively.
High uranium content sludge samples subjected to hydrothermal testing (e.g., 185°C, 10 h) have been
observed to form agglomerates with a shear strength up to 170 kPa. After interim storage at T Plant, the
sludge in the STSCs will be mobilized by water jets impinging the sludge.

The objective of the evaluation was to determine the range of sludge shear strength for which there is
high confidence that a water-jet retrieval system can mobilize stored K-Basin sludge from STSCs. The
shear strength at which the sludge can be retrieved is defined as the “shear strength threshold of concern.”
If the sludge shear strength is greater than the value of the shear strength threshold of concern, a water-jet
retrieval system will be unlikely to mobilize the sludge up to the container’s walls. The shear strength
threshold of concern can be compared with the range of possible shear strengths of K-Basin stored sludge
to determine if the current post interim-storage, water-jet retrieval method is adequate.

Fourteen effective cleaning radius (ECR) models were reviewed, and their validity was examined by
applying them to Hanford 241-SY-101 and 241-AZ-101 Tanks to reproduce the measured ECR produced
by the mixer pumps. The validation test identified that the Powell-3 and Crowe-2 ECR models are more
accurate than other ECR models reviewed. These ECR models were used to address a question as to
whether the effective cleaning radius of a water jet is sufficient or if it can be readily expanded to cover
the range of possible shear strengths. These results will assist CH2M HILL Plateau Remediation
Company (CHPRC) to establish the technical basis of the feasibility of the sludge retrieval and storage
plan and to develop an adequate water jet system to retrieve the stored K-Basin sludge in the STSCs. The
STSCs are 2:1 elliptical-head vessels, 58 inches in diameter and 105 inches tall. Each STSC will contain
0.5 to 2.1 m® of settled sludge with the specific loading dependent upon sludge type.

As a starting point for this evaluation, a XAGO’s HydroLance™ water jet system, which has two
I-mm, two 3-mm, and three 3.5-mm nozzles, was considered. This XAGO system was previously
operated at 42 gpm at 377 psi pressure to mobilize simulant sludge in engineered containers. The Powell-
3 and Crowe-2 ECR models were applied to the stored K-Basin sludge with various shear strength values,
assuming that water jet nozzles with 1-, 2-, 3-, and 3.5-mm diameters were located at 1, 5, 10, 17, and 25
inches from the STSC wall. The ECR model results with 200-kPa shear strength are summarized in
Table S.1 and in the following bullets:
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Table S.1. Jet Characteristics to Erode 200 kPa Sludge: Nozzle Diameter and Effective Cleaning Radius,
Based on Powell-3 Correlation

Effective Single Jet Nozzle Diameter
Cleaning
Radius® Jet Characteristics 1-mm 2-mm 3.0-mm 3.5-mm
25 inches Discharge pressure, psi > 100,000 30,000 13,000 9400
Nozzle flow rate, gpm 16 32 48 55
Nozzle jet velocity, m/s 1,300 640 430 360
17 inches Discharge pressure, psi 57,000 14,000 5,900 4,500
Nozzle flow rate, gpm 11 22 32 38
Nozzle jet velocity, m/s 880 440 290 250
10 inches Discharge pressure, psi 19,000 4,900 2,100 1,500
Nozzle flow rate, gpm 6.4 13 19 22
Nozzle jet velocity, m/s 510 260 170 140
5 inches Discharge pressure, psi 4,800 1,200 510 380
Nozzle flow rate, gpm 3.2 6.4 9.4 11
Nozzle jet velocity, m/s 260 130 84 72
1 inch Discharge pressure, psi 200 49 21 15
Nozzle flow rate, gpm 0.65 1.3 1.9 2.2
Nozzle jet velocity, m/s 52 26 17 14

(a) ECR = distance between jet nozzle and container wall.

e When a single nozzle located 25 inches from the STSC wall is used, a jet injected from a 1-mm or
probably a 2-mm nozzle is sufficiently strong to mobilize the stored K-Basin sludge up to 25 inches
away at 42-gpm jet discharge. For effective erosion of high-strength sludge, the nozzles with the
small diameters require very high jet velocities and pressure. As an example, a single 2-mm nozzle
would require a discharge rate and minimum pressure of approximately 32 gpm and 30,000 psi to
erode the sludge with 200-kPa shear strength up to the STSC wall. The required pressure for a single
1-mm nozzle is too high for a realistic application. Note that the water jet industry has high-pressure
pumps that generate 40,000 to 94,000 psi to produce a very high velocity. When a single 3-mm or
3.5-mm nozzle located at 25 inches from the wall is used, the required jet discharge and pressure for
3-mm nozzles are approximately 48 gpm and 13,000 psi, respectively, to mobilize all sludge up to 25
inches away. Those for a 3.5-mm nozzle are 55 gpm and 9,400 psi.

¢ As shown in Table S.1, for a given nozzle diameter, the required flowrate is a linear function of the
ECR while the discharge pressure follows a power law dependency. If a single nozzle of 2 mm
diameter (or larger) is located at 10 inches (or less) from the STSC wall, these single nozzles could
erode the stored K-Basin sludge to the tank wall with a discharge pressure under 5000 psi.

e For the nozzles located 5 inches from the STSC wall, 1-, 2-, 3-, and 3.5-mm nozzles would need 3.2-,
6.4-, 9.4-, and 11-gpm jet discharges, respectively, to mobilize the stored K-Basin sludge with 200-
kPa shear strength. The corresponding minimum required pressures are 4,800, 1,200, 510, and 380
psi, respectively.

o For the nozzles located 1 inch from the STSC wall, single 1-, 2-, 3-, and 3.5-mm nozzles would need
0.7-, 1.3-, 1.9-, and 2.2-gpm jet discharges, respectively, to mobilize the stored K-Basin sludge with
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200-kPa shear strength. The corresponding minimum required pressures are 200, 49, 21 and 15 psi,
respectively.

e None of these cases shown in Table S.1 is expected to erode 10% of the 0.5-in. STSC wall thickness
in 96 hours. Some of these jet discharges may be too small to be practical for the stored K-Basin
sludge retrieval operation. For example, the jet discharges for the nozzles located at 1 inch from the
wall are 0.65 to 2.2 gpm. If a nozzle discharge is increased by twice for each case, then 10% of the
wall thickness would be eroded in 24 hours for all the cases.

e When all seven nozzles of the XAGO system are placed between 5 and 25 inches away from the wall
and are used at 42 gpm, it is unlikely that these jets would mobilize all of the sludge in the STSCs at
377-psi pressure. However, when these seven nozzles are located at 1 inch from the STSC wall, they
will erode the sludge up to the wall at 42 gpm. Wall erosion may become an issue if jets continue to
impinge the same STSC location for 2 hours or more.

e [t is important to note that a moving nozzle is known to be more effective to mobilize the sludge
because an impulsive water jet may need about '/3 or less of the energy required to break the material
than a steady jet.

With the Powell-3 ECR model, parametric studies were also conducted by varying the shear strength
of the stored K-Basin sludge, jet nozzle diameters, jet discharge, and the required ECR to erode the sludge
up to the STSC tank wall.

The water jets to mobilize the stored K-Basin sludge should not erode more than 10% of the STSC
tank wall. The tank wall erosion amount was estimated with the Papp wall erosion model for 1-, 3-, and
3.5-mm nozzles located at 1, 5, 17, and 25 inches from the STSC wall for 10-, 20-, 30- and 40-%
entrained solid concentrations of the jets. The wall erosion must be evaluated for a water jet retrieval
system, which is capable of eroding the sludge.

These parametric study results with the Powell-3 ECR and the Papp wall erosion models would assist
in developing the suitable water jet retrieval system to mobilize the stored K-Basin sludge. An important
uncertainty of the use of these models for the stored K-Basin sludge analysis is that these models were
developed from experiments with much weaker sludge (all below 10-kPa shear strength), slower jet
velocity, and larger nozzle diameter than those expected for the stored K-Basin sludge.

We recommend the following exploratory evaluations as the follow-up of the current study:

e Conduct small- and large-scale water jet testing with high-strength, homogeneous, and heterogeneous
simulants developed at Pacific Northwest National Laboratory with the shear strength ranging from
3 kPa to up to 200 kPa. By using these realistically high-strength simulants and a high-pressure pump
to generate the high jet velocity, this jet testing can assist in developing an optimal design for a water-
jet retrieval system and its operational mode. They could provide a sound basis to successfully
retrieve the stored K-Basin sludge from the STSCs. The small-scale testing would be conducted at
very high pressure, and the large-scale testing would be conducted at the required pressure of
5,000 psi or less. Some of this jet testing may also be conducted to evaluate stainless steel wall
erosion.

o Evaluate the feasibility of developing simple and unified methodologies to estimate the solids erosion
rate and settling.



e Conduct computer simulations of the water jet erosion and mixing of the stored K-Basin sludge in the
STSCs with a suitable fluid dynamics code applicable to sludge mobilization to determine

— the extent of the sludge erosion
— the degree of uniformity of suspended solid concentrations

to assist in the development of the design and operational mode of a water jet retrieval system.
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Acronyms

CFD computational fluid dynamics

CHPRC  CH2M HILL Plateau Remediation Company
DOE U.S. Department of Energy

DST double-shell tank

ECR effective cleaning radius

ORNL Oak Ridge National Laboratory
PNNL Pacific Northwest National Laboratory

SRS Savannah River Site

STP Sludge Treatment Project

STSC sludge transport and storage container

WTP Hanford Tank Waste Treatment and Immobilization Plant
List of Symbols

A constant

b coefficient

C solid or slurry concentration

Cy, G, constants

Co drag coefficient

Cref reference slurry concentration

Cvy solid volume fraction

Cvmax maximum solid volume fraction (the packing factor)

d; nozzle jet diameter

Dg fractal dimension (between 0 and 3)

Diank tank diameter

E Erosion depth

Eret Reference erosion depth rate

ECR effective cleaning radius

Fp densimetric Froude Number

g gravitational acceleration constant

h jet nozzle height above the solid surface

K, k erodibility coefficient

P particle mean diameter
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Pc percentage of clay (particle sizes of 0.5 ~ 4 um)

Prer reference particle mean diameter

PI Plasticity Index

Qsa actual sediment discharge

Qsc sediment discharge capacity of a flow to carry sediment
R agglomerate size

r primary (crystal) particle size

R* Boundary Reynolds Number

R, Jet Reynolds Number

Sp amount of solid deposited on the bottom per unit bottom surface per unit time
Sk amount of solid eroded from the bottom per unit bottom surface per unit time
T jet operation time

t time to reach the maximum amount of erosion

tp, duration during which solid deposition would complete
tr duration during which solid erosion would complete

U centerline jet velocity

Us shear velocity

U; jet velocity

Ujc Jet velocity needed to start the solid erosion

Uw wall eroding jet nozzle velocity

Uwret reference wall eroding jet nozzle velocity

UCS* unconfined compressive strength of the mixture of cohesive and non-cohesive sediments
Vs solid settling velocity

Vo solid settling velocity of a single particle

X downstream distance

B constant

K von Kérman constant

% liquid viscosity

st slurry viscosity

0 jet angle

PsL slurry density

pL liquid density

Ps solid density

PsL slurry density

pw water density
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Tcp
Tc
Tcc
TcMm
Tmax
Ts

Ts

shear stress of the flow/jet acting on the surface of the solid layer
critical shear stress for solid deposition

critical shear stress for solid erosion

critical shear stress of a mixture of cohesive and non-cohesive sediments
critical shear stress for solid mass erosion

maximum shear stress a impinging jet is imposing on the soil

shear strength

Solid Erosion Number by jet impingement

yield stress of the Bingham fluid
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1.0 Introduction

Irradiated uranium metal fuel elements of the N-Reactor along the Columbia River in eastern
Washington State have been stored in the K-East and the K-West Basin fuel storage pools at the Hanford
Site of the U.S. Department of Energy (DOE). The spent fuel storage and packaging operations resulted
in the generation of radioactive sludge in these two basins. The fuel has been removed from the K
Basins, and the sludge currently resides in the K-West Basin in large underwater engineered containers.
The first phase of the Sludge Treatment Project (STP) is to retrieve and load the sludge into Sludge
Transport and Storage Containers (STSCs) and transport the STSCs to T-Plant for interim storage
(Honeyman and Rourk 2009). The projected sludge loadings in the STSCs will vary depending upon the
sludge type: 2.1 m® for KE Engineered Container sludge, 1.6 m® for KW KE Engineered Container
sludge, and 0.5 m® for the KW Settler Tank sludge (Johnson and Dhaliwal 2009). The sludge consists of
a variety of particulate materials, including a fraction of reactive uranium metal particles and water
(Schmidt 2010, Johnson 2010). The second phase of this project will be to retrieve the sludge in the
STSCs from interim storage. The retrieved sludge will then be treated and packaged for eventual
shipment to the Waste Isolation Pilot Plant in New Mexico.

Some of the sludge samples stored and tested at Pacific Northwest National Laboratory (PNNL) have
been observed to self-cement and form strong sludge (Delegard et al. 2005, Delegard et al 2007, and
Wells et al. 2009). CH2M HILL Plateau Remediation Company (CHPRC) plans to use water jets, e.g.,
the HydroLance™ XAGO retrieval system (CHPRC 2009), to retrieve K-Basin sludge after interim
storage. It is important to determine whether water jets can mobilize and erode the stored K-Basin sludge
from the STSCs, especially the high uranium content KW settler sludge.

The objective of the evaluation was to determine the range of sludge shear strength for which there is
high confidence that a water-jet retrieval system can mobilize stored K-Basin sludge from STSCs. The
shear strength at which the sludge can be retrieved is defined as the “shear strength threshold of concern.”
If the sludge shear strength is greater than the value of the shear strength threshold of concern, a water-jet
retrieval system will be unlikely to mobilize the sludge up the container’s walls. The shear strength
threshold of concern can be compared with the range of possible shear strength of K-Basin stored sludge
to determine if the current post interim-storage, water-jet retrieval method is adequate. The evaluation
results will assist in the development and improvement of a water jet sludge retrieval system.

Effective cleaning radius (ECR) models were used here to address a question as to whether the
effective cleaning radius of water jets is sufficient or readily expanded to cover the range of possible
shear strength. These results will assist CH2M HILL Plateau Remediation Company (CHPRC) to
establish the technical basis of the feasibility of the sludge retrieval and storage plan and to develop an
adequate water jet system to retrieve the stored K-Basin sludge in the STSCs. Figure 1.1 shows an
example of the STSC with a centrally located inner cylinder (24 in. diameter) for sludge cooling (CHPRC
2010). The STSCs are 2:1 elliptical- head vessels, 58 in. diameter and 105 in. tall. Each STSC will
contain 0.5 to 2.1 m’ of settled sludge with the specific loading dependent upon sludge type. The center
penetration (24 in. diameter) on the top of the STSCs would available for access to facilitate sludge
retrieval.
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Figure 1.1. Sludge Transport and Storage Container (CHPRC 2010)

K-Basin sludge has been characterized and evaluated to support sludge management since 1993.
Existing documents and data sources for sludge waste characterization are tabulated in Westcott et al.
(2009). The shear strength of the K Basin sludge is an important factor for predicting mobilization
behavior during retrieval. The shear strength is defined as the maximum stress force that can be applied
to a material before it deforms. Materials that exhibit shear strength are typically solid/liquid multiphase
systems and display solid-like behavior at low stresses and fluid-like behavior at high stresses. During
the solid-like behavior, the material behaves elastically where it will strain to a point at a given stress.
When the stress is removed, the material will return to its initial state. The shear strength is regarded as
the transition between elastic behavior and viscous flow.

Results from shear strength measurements conducted on K Basin sludge samples (predominantly
collected from the KE floor, KE pits, and KE canisters) from 1995-2002 are summarized in Poloski et al.
(2002) and Plys and Schmidt (2009). These measurements were used to establish the shear strength range
of 1 to 8200 Pa provided in the Sludge Technical Databook (Schmidt 2010). The shear strength is
affected by sample history, and most of the measurements given in Poloski et al. (2002) were obtained
from sludge samples that been settled/gelled for several days to several weeks. Typically, in this time
range, the samples exhibited shear strengths from less than 100 to about 3000 Pa. A series of strength
measurements was performed on samples that had settled/gelled for 20 to 30 days, and for these samples,
the strengths ranged up to 8000 Pa.

Shear strength measurements were performed on samples collected from the KW Engineered
Containers in 2009 (Fiskum et al. 2009), and all samples were found to exhibit strengths of less than
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1000 Pa. These samples had been passed through 500-micron sieves and had settled/gelled for several
days to several weeks.

To characterize the behavior of sludge samples during long-term storage, a 28-month study was
conducted with six K East (KE) Basin sludge samples from May 2002 to September 2004 (Delegard et al.
2005). For this study, sludge slurries were loaded into glass graduated cylinders and allowed to settle
with a cover of water. The mass and volumes of the sludge samples were monitored over the test
duration. The study was performed under hot cell storage conditions (~32 to 38°C, ~30 to 41% relative
humidity, slightly below atmospheric pressure, and ~5 Rad/hour radiation field). One of the KE sludge
samples, 96-13 (82 wt% uranium) used in the study had previously dried out during storage, but was
reconstituted (i.e., it was rewetted/mixed and prepared as a settled slurry, approximately 6 months before
initiation of the long-term storage tests). At the conclusion of the 28-month study, the 96-13 sample was
found to be in an agglomerated state. The agglomeration and self-cementation were so severe that the
glass graduated cylinder had to be broken to recover the sample. The sample recovery operation was
videotaped. The other five sludge samples did not agglomerate, and at the end of the 28-month test
period were readily re-suspended. The higher total uranium concentration in sample 96-13 may have
contributed to its self-agglomeration. In FY 2009, at the request of STP, PNNL prepared and issued a
topical report, “Assessment of Jet Erosion for Potential Post-Retrieval K-Basin Settled Sludge (Wells
et al. 2009). This work includes an assessment of the agglomerated sample 96-13, based on written and
video records. The sample was described to be a heterogeneous cohesive sediment with “paste” material
of estimated shear strength 3 to 5 kPa joining “chunks” of estimated shear strength ranging from 380 to
770 kPa. The bulk material shear strength was estimated to at 15 to 65 kPa.

In another study (Delegard et al. 2007), various sludge samples were subjected to hydrothermal
conditions (e.g., 185°C, 10 to 72 h), and the sludge agglomerated to form relatively high-strength material
(shear strengths ranged from 9 kPA to 170 kPa, based on unconfined compressive strength
measurements). In this study, samples with the higher uranium contents exhibited greater strength.

Based on sludge characterization and testing results, after interim storage of sludge in T Plant, sludge may
exhibit shear strengths of up to about 200 kPA when it is retrieved from the STSCs.

To achieve the evaluation objective stated above, various available calculation methods of the
effective cleaning radius (ECR) of a water jet are described and discussed in Section 2. The ECR is the
distance between the jet nozzle exit and the base of the non-mobilized sludge bank. These ECR models
were used to determine the shear strength threshold of concern, and these results are presented in Section
3. Possible erosion of the wall and bottom of the STSC by an impinging jet is evaluated in Section 4.
Section 5 provides a list and high-level discussion of some recommended future exploratory evaluations.
Conclusions and recommendations are provided in Section 6, and cited references are listed in Section 7.
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2.0 Effective Cleaning Radius Equations for Solid Erosion

This section describes the ECR models and discusses their applicability to Hanford waste.

2.1 Effective Cleaning Radius Description

Hanford radioactive waste is expected to be mobilized in STSC sludge storage tanks, double-shell
tanks (DSTs), and the Hanford Tank Waste Treatment and Immobilization Plant’s (WTP)’s waste process
vessels by water and slurry jets. Thus, it is important to determine if these jets are capable of eroding the
required amounts of settled sludge and saltcake in these tanks and vessels. The ECR is often used in
DOE’s Hanford, Savannah River, and Oak Ridge Sites to express the jet eroding capacity. Beside the
ECR formulas presented in this section, various other methods have also been used at the Hanford Site to
determine the capability of pump jet mixers and pulse jet mixers to mobilize settled solids, and these
examples are also briefly discussed in this section (Onishi et. al. 2002, Meyer et al., 2009). Wells et al.
(2009) reviewed jet erosion phenomena, the shear strength, and critical shear stress for erosion relevant to
potential, post-retrieval, K-Basin settled sludge.

2.2 Effective Cleaning Radius Calculation Models

Many experimental and field studies of solid erosion by a water jet have been conducted to obtain the
critical shear stress for erosion to quantify the amount and rate of solid erosion (Clark and Wynn 2007,
Mazurek and Hossain 2009) as will be discussed in Section 5. Various ECR models have also been
developed at the DOE sites (Powell et al. 1997, Tedeschi 2000, Poirier 2004). However, these DOE
studies have not addressed the solids erosion in terms of the critical shear stress for erosion, but rather
with the shear strength or yield stress to express the sludge strength to resist the erosion. ECR models
were developed at the DOE sites through small-scale to full-scale experiments. Thus, this section focuses
on the DOE models because they do not use critical shear stress for erosion values, which have not been
reported in DOE studies.

Powell conducted '/s0-, '/25-, and '/12-scaled physical models to develop four ECR formulas to predict
the performance of a mixer pump to mobilize the settled waste in the Hanford DSTs (Powell 1995a,b,
Powell et al. 1997). The Hanford DSTs are 75-ft-diameter tanks and can contain a mixture of sludge,
saltcake, and supernatant liquid to the maximum depth of approximately 33 ft. The mixer pump in most
cases has a 6-inch-diameter nozzle, and the jet exit velocity from a 300-hp mixer pump is 60 ft/s in the
DSTs. For the '/50- (bench-) scale model, Powell conducted 17 test runs with a stationary water jet to
erode the kaolin, bentonite, and kaolin/Ludox as solid simulants. Ludox is colloidal silica. The ECR
model, called here as the Powell-1 model, developed with the !/50-scale model, is

ECR=6.1Ud jfs_0'49 Based on '/50-scale model 2.1

where d; is the nozzle jet diameter (cm), U is the jet velocity (cm/s), and s is the shear strength
(dynes/cm?).

2.1



Figure 2.1 shows these data and calculated results from Equation 2.1. This figure also has calculated
results from Equation 2.2 derived with the '/12-scale testing, as will be discussed below. The symbol U,
in this figure is the same as Uj, and D is the same as d;.

-0.8

71.6 9 ECR=17.3UD T,*%

Log,,(ECR/UD, s/cm)

-1.8 N ® [aolin clay
B pentonite clay
A sjlica/soda ash

-2.0 T T ] I T T I
3.6 3.8 4.0 4.2 4.4 4.6 4.8 50

- Log, (T, dyne/cma)
Figure 2.1. '/s0-Scale Jet Mobilization Test Results (Powell et al. 1997)

Powell’s '/12-scale model used silica power and sodium carbonate solution and was run for over 24
hours. The shear strength was approximately 1,000 Pa (Powell et al. 1997). The Powell-2 ECR model
derived from these experiments is

ECR=17.3U d jrs_0'67 Based on '/12-scale model (2.2
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Figure 2.2. '/12-Scale Jet Mobilization Test Results (Powell et al. 1997)
The fit of Equation 2.2 with the measured ECR is shown in Figure 2.2.

Powell also conducted '/12-scale model experiments with kaolin, salt, and Ludox after 24-hour curing.
Their shear strength varied from 1,500 Pa to 6,000 Pa. Most of these runs lasted for 4 hours, but some
lasted more than 24 hours. The ECR was not a function of the shear strength in these runs, and he judged
that these experiments were not good tests.

Powell conducted his most comprehensive ECR testing with a '/25-scale model having a rotating
pump (Powell et al. 1997). Simulants are bentonite, bentonite/kaolin, kaolin/Ludox, Kaolin/NaCl, and
kaolin/Plaster of Paris, having a shear strength of up to about 10,000 Pa. Forty-five runs were made to
obtain the following Powell-3 ECR model:

ECR=4.0U;d jrsfo‘% Based on '/25-scale model. (2.3)

Because bentonite is a moisture-absorbing clay, the longer he ran the test, the larger the ECR. To be
somewhat conservative, he selected the following Powell-4 ECR model:

ECR=3.0Ud jrs_o‘% Based on '/25-scale model. (2.4)
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Figure 2.3. '/25-Scale Jet Mobilization Test Results (Powell et al. 1997)

A comparison of Equations 2.3 and 2.4 with measured '/25-scale model data is shown in Figure 2.3,
and the accuracy of Powell-3 and 4 models is reported to be about +20%.

The '/25-scale experiments had a nozzle diameter of 6.1 mm, and a nozzle jet velocity of 18 m/s
(60 ft/s). The current XAGO sludge retrieval system has jet nozzle diameters of 1, 3, and 3.5 mm
(CHPRC 2009). Thus, the nozzle size of the '/25-scale tests was somewhat comparable to those of the
XAGO system, although the jet velocity used in Powell’s '/25 scale physical model may be smaller than
those of the XAGO system.

All four of Powell’s ECR models (Equations 2.1 through 2.4) use the unit of cm for ECR and d;, U; is
in cm/s, and g is in dynes/cmz.

Because non-dimensional formulas have generally a wider application range than dimensional
formulas like Equations 2.1 through 2.4, Crowe at Washington State University developed a non-
dimensional ECR formula for the Crowe-1 model by using Powell’s /12 and '/25-scale experimental data
(Tedeschi 2000).

E(;:R _ O”913Rejl_o.2z_s|_*-o.173 FDL0.194 (2.5)

i
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FoL = ! = Densimetric Froude Number (2.6)

[PSL ~ Pw J gd 1

PL
U.d.
Ry = ZiTiPs = Jet Reynolds Number (2.7)
HsL
* T
Ty = 3 > = Solid Erosion Number by Jet Impingement (2.8)
ps U j
where g = gravitational acceleration constant

usg = slurry viscosity (N-s/m?)
pst = slurry density (kg/m’)
pr = liquid density (kg/m®)
pw = Wwater density (kg/m®)
ts = shear strength of sludge and saltcake (N/m?).

However, as shown in Table 2.1 and Table 2.2, the ECR model validation performed with actual
pump jet mixing data in DSTs 241-SY-101 and 241-AZ-101 indicates that Equation 2.5 with the standard
definitions of the densimetric Froude number (Fp) shown as Equation 2.9, the Reynolds number (R.;)
shown as Equation 2.10, and the solid erosion number by jet impingement (ts") shown as Equation 2.11
has a better match to the measured ECR values than unconventional definitions of these three non-
dimensional parameters of Equations 2.6 through 2.8.

U.
Fo = ! = Densimetric Froude Number (2.9
(ps ~—PL Jgd J
P
U,d;p
R, = ———— =Jet Reynolds Number (2.10)
He

T = TLSJ > = Solid Erosion by Jet Impingement (2.11)

PV

where . is the liquid viscosity, pr is the liquid density, and ps is the solid density.

Thus, Equation 2.5 with Equations 2.9 through 2.11 was also included in this analysis as the Crowe 2
ECR model.
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Gauglitz et al. (2009) converted Equation 2.3 to a non-dimensional ECR formula by changing the

power of 1 from -0.46 to -0.5 and re-wrote the correlation by matching the ECR value of Equation 2.3 at
a shear strength of 1,000 Pa. His model is

% =5.78¢, **° (2.12)

j

Equation 2.12 deviates from the Powell-3 ECR model by 10% at 100 and 10,000 Pa shear strength.
Because Equations 2.5 through 2.12 are non-dimensional, any consistent units can be used for these
equations.

Historically, the Hanford Site has used shear strength as a measure of the solid layer strength, while
the Savannah River and the Oak Ridge Sites use the yield stress of a Bingham fluid to represent the solid
layer strength. For use at the Savannah River Site, the Savannah River and Oak Ridge National
Laboratories developed the following ECR formulas, mostly using kaolin as a simulant (Powell et al.
1997, Poirier 2004).

For use at the Savannah River Site, the Savannah River and Oak Ridge Sites developed the following
ECR formula by Churnetski (Reshman et al. 2007) and Poirier (2004), respectively

-0.5
ECR =0.97d juj(r—y] (2.13)
PL
- -0.5
ECR=4.4d juj(—yj (2.14)
P

where 1, is the yield stress of the Bingham fluid.

Poirier (2004) developed Equation 2.14 by using the jet centerline velocity of a three-dimensional
round jet injected into an infinite space of the same fluid (a free homogeneous jet). As shown in
Figure 2.4, the centerline jet velocity of a free homogeneous jet is expressed by (Weigel 1964, Onishi et
al. 2003) by

d.
i =621 (2.15)
U, X
where U = centerline jet velocity at distance X (see Figure 2.4)

nozzle Jet velocity of a homogeneous free jet
nozzle diameter
= downstream distance (the distance between the nozzle and a point of interest).

< o C
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Figure 2.4. Flow Profile of a Homogeneous Free Jet

He assumed that the force acting on the solid surface, 1, is equal to pU*/2. Assigning X = ECR and
the force, 1y, equal to the yield stress, Poirier derived the ECR formula, Equation 2.14. He explained that
the coefficient of 0.97 of Churnetski’s ECR model (Equation 2.13) is smaller than his coefficient of 4.4
(Equation 2.14) possibly because of the friction caused by the tank wall in Churnetski’s experiment.

Reshman et al. (2007) reported the following ECR model for the Savannah River Site application:

0.5
ECR 1
—=CU, P exp| —C, tan| — (2.16)
d, 29z, 260
where C;,C, = -constants
g = gravitational acceleration
0 = jetangle
p. = eroding solution density
1, = Yyield stress.

The Savannah River Site researchers also developed several other ECR models, as discussed here.
Through a half tank test with a simulant of 30 wt% of kaolin and 70 wt% water, the following ECR
model, the Savannah River Site (SRS)-1 Model, was derived (Powell et al. 1997):

ECR = 0.045d U, (2.17)

For the full tank experiment with a simulant of 20 wt% kaolin and 80 wt% water, the following ECR
model, the SRS-2 Model, was obtained:

ECR =0.064d U, (2.18)

For the '/12-scale model experiment with 44 wt%, 49 wt%, and 56 wt% kaolin, the third model, the SRS-3
Model, was developed as

ECR =0.043d U (2.19)

2.7



Oak Ridge National Laboratory derived the following ECR model, the ORNL-1 Model (Hylton et al.
1995):

ECR =0.142d U, (2.20)

This equation is derived through a study of Melton Valley Storage Tanks at the Oak Ridge Site by
using a kaolin simulant having the yield stress of 10 Pa. Their solid layer strength, however, was too low
to be applicable to the stored K-Basin sludge.

All these ECR models (Equations 2.17 through 2.20) use the length scale of cm, and the jet velocity is
in cm/s. These models are not a function of the solid layer strength (either yield strength or shear
strength). It may be because their solid layer strength is relatively small (probably up to several
thousands Pascal of shear strength) and that their variations among these tests to derive these equations
are too narrow to examine the effects of the solid layer strength on the ECR. However, comparing these
four equations indicates that the ECR becomes smaller as the kaolin concentrations increase; thus, the
solid layer strength (e.g., shears strength or yield stress) increases.

The West Valley Site in New York also conducted a '/6-scale model testing with kaolin simulant to
examine the performance of an impinging jet to mobilize solids for Tank 8D-2 (Powell et al. 1997). The
in situ shear strength was reported to be 0.4 ~ 34.2 kPa. However, the shear strength value reported may
not be accurate because kaolin with water may not be capable of producing a shear strength of tens of
thousands of Pascal (Powell et al. 1997). Moreover, they did not report the values of the nozzle diameter,
jet velocity, and ECR, so their study results cannot be used to evaluate the stored K-Basin sludge
mobilization.

There are various other formulas (equivalent of the ECR formulas) in soil mechanics, hydraulics, and
chemicals engineering disciplines (Bathija 1982, Mazurek et al. 2001). However, no required data (e.g.,
critical shear stress for erosion) were reported to be collected at the Hanford Site to be able to apply these
models to the Hanford waste, as will be discussed in Section 5.

Besides the use of ECR models, many computer simulations were conducted to determine the pump
jet mixing performance for the DSTs at the Hanford Site (Onishi and Recknagle 1997, Onishi et al. 2000,
2003). An example of the predicted ECR of two mixer pumps mobilizing sludge in a DST is shown in
Figure 2.5, depicting a half of the tank (Onishi et al. 2003).
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Figure 2.5. Predicted ECR of Pump Jet Mixing in a DST

Because some solids are dissolved (or precipitated) when they are mixed with other waste, water, or
another liquid, the waste rheology of the supernatant, the slurry, and the solids layer as well as the solids
concentrations would change. These changes affect the jet mixing performance. The effects of solid
dissolution/precipitation and waste rheology changes on the pump jet mixing performance were evaluated
by using the three-dimensional, time-dependent, ARIEL code. This code couples the waste chemical
changes, rheology change, and slurry mixing to simulate these phenomena simultaneously (Onishi et al.
1999).

Low activity waste mixed with water by two pump jet mixers in a DST was examined by simulating
waste chemistry and waste mixing simultaneously by the ARIEL code. The chemical reactions simulated
by the ARIEL code in this case were

Na® + NO, = NaNO,(aq)

Na® + NO, = NaNO,(aq)

Na® + NO, = NaNO,(s)

Na*+OH = Na*+OH "

2Na* +CO,” + H,0 = Na,CO, - H,0(s)
2Na*+S0,”” = Na,SO,(s)

AI(OH ),” = AI(OH ),(s) + OH ~

The model set-up and the predicted distribution of one of the solids, thermonatrite [Na,CO;-H,O(s)], are
shown in Figure 2.6.
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Figure 2.6. Predicted Pump Jet Mixing and Waste Chemical Reactions

2.3 Applicability and Validation of the ECR Models to Hanford Waste

As stated above, the Hanford Site uses the shear strength as a measure of the solid layer strength,
while the Savannah River and the Oak ridge Sites use the yield stress of a Bingham fluid to represent the
solid layer strength. Examine Poirier’s ECR formula (Equation 2.14) here as an example.

Comparing Equation 2.14 with Powell-3 ECR model (Equation 2.3) indicates that
Ty =7, =2.15,orso'92 X T (2.21)

However, the shear strength, ts, of the Hanford waste is usually a few orders of magnitude greater
than the yield stress, t, (Peloski et al. 2007). Thus, there is a potential applicability problem when these
ECR models containing t, developed with the Savannah River sludge are applied to the Hanford waste.
However, if one considers the force acting on the solid layer, tx, to be the shear strength, tg, then Poirier’s
ECR model, Equation 2.14, is close to Powell’s’ ECR formula, Equation 2.4. Thus, the ECR models with
yield stress (Equations 2.13 through 2.15) developed for the Savannah River waste were judged to not
adequately represent the Hanford waste.

The actual performance of pump jet mixing in Hanford 241-SY-101 and 241-AZ-101 Tanks was
determined by measuring the ECR in these tanks (Carlson et al. 2000, 2001). Thus, all of the ECR
models listed above except Equations 2.13 through 2.16 were applied to these two tanks to compare
predicted ECR values with measured ECR. This validation test was conducted to examine their
applicability to the Hanford waste and select appropriate ECR models to determine values of the shear
strength threshold of concern. Table 2.1 presents tank conditions used for the ECR model validation
testing (Gauglitz et al. 2010, Carlson et al. 2000, 2001).
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Table 2.1. Hanford 241-SY-101 and 241-AZ-101 Test Conditions Used for the ECR Model Validation

Tank Conditions Hanford Tanks
241-SY-101 241-AZ-101
Tank Diameter, m 23 23
Liquid Density, kg/m’ 1,500 1,220
Liquid Viscosity, Pa-s 0.006 0.002
Solid Density, kg/m’ 2,300 1,840
Solid Volume Fraction 0.16 0.020
Shear Strength, Pa 730 1,770
Slurry Density, kg/m® 1,628 1,232
Slurry Viscosity, Pa-s 0.1 0.004
Nozzle Diameter, cm 6.6 15.2
Nozzle Jet Velocity, m/s 21 18.3
Measured ECR, ft 30 37

As shown in Table 2.1, the measured ECR values are 30 and 37 feet for the SY-101 and AZ-101
Tanks, respectively. Predicted ECR values and their comparisons are shown in Table 2.2 for the ECR
models—Equations 2.1 through 2.12 and 2.17 through 2.20.

Table 2.2. Comparison of Predicted ECRs with Measured ECRs of Hanford Tanks 241-SY-101 and

241-AZ-101
241 SY-101 241-AZ-101
Ratio of Ratio of
Predicted Predicted to Predicted Predicted to
ECR, Measured ECR ECR, Measured
ECR Models ft of 30 ft ft ECR of 37 ft
Crowe-1; Egs. 2.5~2.8 9.9 0.33 35.7 0.96
Crowe -2; Egs. 2.5,2.9 ~2.11 16.5 0.55 37.1 1.00
Powell-1; Eq. 2.1 35.5 1.18 46.1 1.25
Powell-2; Eq. 2.2 20.3 0.68 22.5 0.61
Powell-3; Eq. 2.3 304 1.01 40.6 1.10
Powell-4; Eq. 2.4 22.8 0.76 30.4 0.82
Gauglitz; Eq. 2.12 37.7 1.26 43.8 1.18
SRS-1; Eq. 2.17 20.5 0.68 41.0 1.11
SRS-1; Eq. 2.18 29.1 0.97 58.4 1.58
SRS-1; Eq. 2.19 19.6 0.65 39.2 1.06
ORNL-1; Eq. 2.20 64.6 2.15 130 3.50

The validation test with measured ECR values of these two Hanford tanks shows that The Powell-3
Model (Equation 2.3) best matches to the measured ECRs overall. The Crowe-2 Model (Equation 2.5
with Equations 2.9 through 2.11) predicted the AZ-101’s ECR very well, but significantly under-
predicted SY-101’s ECR value. As expected, the Gauglitz Model (Equation 2.12) predictions reasonably
match with these two tanks’ measured ECR values because it was converted from of a dimensional form
of the Powell-3 model to a non-dimensional form.
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The SRS-1, SRS-2, and SRS-3 Models (Equations 2.17 through 2.19) do not match with measured
ECRs consistently. Moreover, these models do not have terms to present the strength of the settled solid
layer, either with shear strength or yield stress. As stated previously, their ECR testing was with kaolin,
and the test variation of the solid layer strength was relatively narrow to show its effects on the ECR.
Current homogeneous simulant strength measurements being conducted by PNNL under another K-Basin
evaluation task indicates that the shear strength of a kaolin-water mixture is up to several thousand Pascal.
Because the stored K-Basin sludge is expected to have a shear strength of possibly up to 200 kPa, these
three SRS models are not applicable to predict ECR values for the stored K-Basin sludge. This is also
true for the Oak Ridge National Laboratory (ORNL)-1 Model (Equation 2.20), which does not have a
term to represent the strength of the settled solid layer.

Thus, this validation test led to the conclusion that the Powell-3 Model is a reasonable choice among
these ECR models to evaluate the shear strength threshold of concern for the stored K-Basin sludge. Its
predictions should also be checked against those of the Crowe-2 Model because the latter was
independently derived with Powell’s scaled model ECR experiments, and it is in a non-dimensional form.
For completeness, all ECR models presented here, except Equations 2.13 through 2.16, were applied to
the assumed stored K-Basin sludge condition, as will be discussed in Section 3.
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3.0 Shear Strength Threshold of Concern Evaluation

Some of the stored heterogeneous cohesive sludge with high uranium content has “paste” and
“chunks,” and they self-cemented during the 28-month settling testing, as stated previously. The chunks
have the estimated shear strength of 380 ~ 770 kPa sludge (Delegard et al. 2005, Wells et al. 2009). High
uranium content sludge samples subjected to hydrothermal treatment (e.g., 185°C, 10 h) were observed to
form agglomerates with a shear strength of up to 170 kPa (Delegard et al. 2007).

In this section, the Powell-3 and Crowe-2 ECR models are applied to the stored K-Basin sludge with
various shear strength values, assuming that water jet nozzles with 1-, 2-, 3-, and 3.5-mm diameters were
located at 1, 5, 10, 17, and 25 inches from the STSC wall.

3.1 Basis for Parameter in Strength Threshold Evaluation

Water jets are expected to mobilize stored sludge for retrieval from the STSCs. The water jet system
previously tested was the XAGO’s HydroLance™ retrieval system. The XAGO system successfully
mobilized a sludge simulant from an engineered container mock up with the shear strength of 8 kPa at
MASF with a remote operation with a 42-gpm jet discharge (CHPRC 2009).

The shear strength at which the sludge up to the container’s wall can be retrieved is identified here as
the shear strength threshold of concern, as stated previously. If the sludge shear strength is greater than
the value of the threshold shear strength, a water-jet retrieval system will be unlikely to mobilize the
sludge up to the container’s wall. In this section, the values of the shear strength threshold of concern are
determined and are compared with the range of possible shear strengths of the stored K-Basin sludge to
assist in the development of an adequate water-jet retrieval method. To estimate the threshold shear
strength, the ECR models of Powell, Crowe, and Gauglitz presented in Section 2 were used.

XAGO’s HydroLance™ water jet system previously tested has two 1-mm, two 3-mm, and three
3.5-mm nozzles to inject water at 42 gpm from a high pressure pump to erode sludge (CHPRC 2009). It
also produces a coandra flow induced by an 8-gpm jet discharge for slurry suction. The XAGO system is
shown in Figure 3.1 through Figure 3.3 (CHPRC 2009).
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Figure 3.2. XAGO HydroLance™ High Pressure Nozzles in Air (CHPRC 2009)
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Figure 3.3. XAGO HydroLance™ Coandra Head in Air (CHPRC 2009)

Table 3.1 identifies the conditions used to represent the stored K-Basin sludge conditions and the
water jet system input values used in the parametric evaluation of the strength threshold.
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Table 3.1. Parameters for Stored K-Basin Sludge and Water Jet System Conditions

Items Values Basis
Solid Density 7,000 kg/m’ Average of Design & Safety Basis
KW Settler Sludge (Schmidt 2010)
Water Jet Flow Rate 42 gpm XAGO Retrieval System

Operating Conditions CHPRC
(2009)

High-Pressure Jet Nozzles

Two nozzles of 1-mm diameter
Two nozzles of 3-mm diameter

Three nozzles of 3.5-mm diameter

XAGO System Preliminary
Design Configuration, CHPRC
(2009)

High-Pressure Jet Nozzles

2-mm diameter single nozzle

Additional Mid-size Nozzle
Selected for Evaluation by

CHPRC and PNNL
Jet Nozzle Velocity A single 1-mm nozzle = 3,370 m/s
at 42 gpm A single 2-mm nozzle = 843 m/s
A single 3-mm nozzle = 375 m/s Caleulated
A single 3.5-mm nozzle = 275 m/s
All seven nozzles = 59 m/s (as used
in the XAGO system)
Slurry Jet to Hit the Sludge (Used only for Crowe-1 Model)
Layer Assumed

Solid volume fraction

0.2 Between KW Con & KW Settler
Slurry density 2,200 kg/m’ Assumed
Slurry viscosity 0.03 Pa-s
25 inches
geq“‘red ECR 17 inches STSC Design CHPRC (2009)
(the dlsta.n'ce between the 10 inches and Input from STP Engineering
nozzle position and an STSC ) Grou
wall) 5 inches p
1 inch

Shear Strength of the Stored
Sludge Layer

(not used to estimate the value of
the shear strength threshold of
concern)

~ 30,000 ~ 200,000 Pa

See Section 1.0

To estimate the shear strength threshold of concern, the ECR equations presented in Section 2.2 need
to be rearranged to solve for the shear strength with the given ECR value. For example, the Powell-3
ECR model (Equation 2.3) is rearranged to be
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The Crowe-2 ECR Model (Equations 2.5 and 2.9 through 2.11) is rearranged to be

d_ 5.78
0.2 0.194 2
7. =(0.913Rej F, ?Rj (pu /) (32)

3.2 Parametric Evaluation of Strength Threshold of Concern Using
Powell-3 and the Crowe-2 ECR Models

Estimated values of the shear strength threshold of concern are presented in Table 3.2 through
Table 3.4 for using a single 1-, 2-, 3-, or 3.5-mm nozzle diameter at 42-gpm jet discharge. Table 3.7
through Table 3.9 show the estimated shear strength threshold of concern when all seven nozzles were
used at 42 gpm. These nozzles are two of 1-mm nozzles, two of 3-mm nozzles, and three of 3.5-mm
nozzles, the same as the current XAGO system. It was assumed that the jet velocities of all seven nozzles
are the same when all of these nozzles are simultaneously used because the exit velocity of each nozzle
was not available to this analysis.

Table 3.2. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using a
Single Nozzle (42 gpm) at Distance of 25 inches Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 175 39 16 11
Crowe-2 661 146 60 43
Powell-1 1,450 353 154 113
Powell-2 80 29 16 12
Powell-3 1,660 369 153 110
Powell-4 890 198 82 59
Gauglitz 943 236 105 77
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Table 3.3. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using a
Single Nozzle (42 gpm) at Distance of 17 Inches Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 1,620 359 148 106
Crowe-2 6138 1,355 560 400
Powell-1 3,190 775 339 247
Powell-2 143 51 28 22
Powell-3 3,840 852 354 253
Powell-4 2,060 457 189 136
Gauglitz 2,040 510 227 166

Table 3.4. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using a
Single Nozzle (42 gpm) at Distance of 10 Inches Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 34,900 7,700 3,180 2,280
Crowe-2 132,000 29,100 12,000 8,600
Powell-1 9,410 2,290 1,000 730
Powell-2 315 112 61 49
Powell-3 12,100 2,700 1,120 800
Powell-4 6,500 1,440 599 429
Gauglitz 5,890 1,470 655 481

Table 3.5. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using a
Single Nozzle (42 gpm) at Distance of 5 Inches Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 1.9x10° 4.2x10° 1.8x10° 1.3x10°
Crowe-2 7.2x10° 1.6x10° 6.6x10° 4.7x10°
Powell-1 39,000 9,400 4,100 3,000
Powell-2 890 320 170 140
Powell-3 5.6x10* 12,000 5,000 3,600
Powell-4 29,000 6,500 2,700 1,900
Gauglitz 24,000 5,900 2,600 1,900
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Table 3.6. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using a
Single Nozzle (42 gpm) at Distance of 1 Inch Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa

Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 2.1x10" 4.6x10° 1.9x10° 1.4x10°
Crowe-2 7.9x10" 1.8x10" 7.3%10° 5.2x10°
Powell-1 1.0x10° 2.5x10° 1.1x10° 8.0x10*
Powell-2 9,700 3,500 1,900 1,500
Powell-3 1.8x10° 4.0x10° 1.7x10° 1.2x10°
Powell-4 9.6x10° 2.1x10° 8.9x10* 6.3x10*
Gauglitz 5.9x10° 1.5x10° 6.6x10* 4.8x10*

Table 3.7. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using All
Seven Nozzles (42 gpm) of the XAGO system at Distance of 25 Inches Away from the STSC

Tank Wall
ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 5x10° 6x107 2x107
Crowe-2 2x107 2x107 6x107
Powell-1 0.4 3.6 4.9
Powell-2 0.2 1.0 1.3
Powell-3 0.3 2.8 3.9
Powell-4 0.1 1.5 2.1
Gauglitz 0.3 2.6 3.6

Table 3.8. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using All
Seven Nozzles (42 gpm) of the XAGO system at Distance of 17 Inches Away from the STSC

Tank Wall
ECR Shear Strength Threshold of Concern, kPa

Models I-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 5x107 5%107 0.2
Crowe-2 2x10™ 0.2 0.6
Powell-1 0.8 7.9 10.8
Powell-2 0.3 1.8 2.3
Powell-3 0.6 6.5 9.1
Powell-4 0.3 3.5 4.9
Gauglitz 0.6 5.7 7.8
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Table 3.9. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using All
Seven Nozzles (42 gpm) of the XAGO system at Distance of 10 Inches Away from the STSC

Tank Wall
ECR Shear Strength Threshold of Concern, kPa

Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 13107 1.2 3.2
Crowe-2 4x107 4.6 12.2
Powell-1 2.5 23.4 32.0
Powell-2 0.8 3.9 5.0
Powell-3 1.9 20.6 28.7
Powell-4 1.0 11.0 154
Gauglitz 1.8 16.5 22.4

Table 3.10. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using All
Seven Nozzles (42 gpm) at Distance of 5 Inches Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa
Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 0.06 66 180
Crowe-2 0.23 250 670
Powell-1 10 96 130
Powell-2 2.2 11 14
Powell-3 8.5 93 130
Powell-4 4.6 50 69
Gauglitz 7.3 66 90

Table 3.11. Estimated Shear Strength Threshold of Concern for the Stored K-Basin Sludge by Using All
Seven Nozzles (42 gpm) at Distance of 1 Inch Away from the STSC Tank Wall

ECR Shear Strength Threshold of Concern, kPa

Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
Crowe-1 660 7.3x10° 2.0x10°
Crowe-2 2,500 2.8x10° 7.4x10°
Powell-1 270 2,600 3,500
Powell-2 24 120 150
Powell-3 280 3,000 4,300
Powell-4 150 1,600 2,300
Gauglitz 180 1,600 2,200

The predicted shear strength of the threshold of concern varies significantly from one ECR model to
another, as discussed in Section 2. As stated previously (see Table 2.2), the Powell-3 and the Crowe-2
ECR models are expected to be more accurate than other ECR models. Predictions of the shear strength
of threshold of concern by these two models are summarized in Table 3.12.
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Table 3.12. Shear Strength Threshold of Concern for Stored K-Bain Sludge at 42-gpm Jet Discharge
Predicted by the Powell-3 and Crowe-2 ECR Models

Shear Strength Threshold of Concern, kPa

Distance to No. of 1-mm 2-mm
Erode, Inches Nozzles Model Nozzle Nozzle 3-mm Nozzle 3.5-mm Nozzle
. Powell-3 1,660 369 153 110
)5 Crowe-2 661 146 60 43
Powell-3
! Crowe-2
. Powell-3 3,840 852 354 253
' Crowe-2 6140 1,360 560 400
povert-3 - [EEOGEIE GG
T cover [0S0 e
. Powell-3 12,100 2,700 1,120 800
0 Crowe-2 132,000 29,100 12,000 8,600
powell-3 - [ESEOREE G
T cover [
Powell-3 5.5x10* 12,000 5,000 3,600
S ! Crowe-2 7.2x10° 1.6x10° 6.6x10° 4.7x10°
Powell-3 = 93 130
! Crowe-2 = 250 670
| Powell-3 1.8x10° 4.0x10° 1.7x10° 1.2x10°
| Crowe-2 7.9x10" 1.7x10"° 7.3x10° 5.2x10°
Powell-3 280 - 3,000 4,300
7 Crowe-2 2.5%10° - 2.8x10° 7.4x10°

Color Legend  No Problem Predicted: Threshold > 200 KPA; Sludge strength expected to be less than 200 kPa.
Caution: Threshold 30 to 200 kPa, some agglomerates of sludge observed in this region.

To examine Table 3.12, the variations of the jet velocity and the width with the downstream distance
need to be considered. The injected water jet would mix with sludge and liquid in the STSC to dilute
itself and would increase its width, resulting in reduced jet velocity, according to Equation 2.15 of the jet
centerline velocity. As stated in Section 2, this equation is for a homogeneous free jet, and the variation
of the jet velocity in a STSC may be different from that expressed by this equation. Table 3.13 shows the
centerline jet velocities estimated by Equation 2.15 and jet widths at 0, 1, 5, 10, 17, and 25 inches
downstream from 1-, 2-, 3-, and 3.5-mm nozzles.
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Table 3.13. Calculated Jet Velocity and Width at 0, 1, 5, 10, 17, and 25 Inches Downstream at a

Discharge Rate of 42 gpm
Nozzle Estimated Jet Downstream Distance, inches
Diameter,  Velocity and

mm Width 0 1 5 10 17 25
{ mm Velocity, m/s 3,370 820 170 83 48 33
Width, inches 0.039 0.44 2.0 4.0 6.8 10
5 mm Velocity, m/s 843 410 82 41 24 16
Width, inches 0.079 0.48 2.1 4.1 6.9 10
3 mm Velocity, m/s 375 280 55 28 16 11
Width, inches 0.12 0.52 2.1 4.1 6.9 10
3.5 mm Velocity, m/s 275 240 47 24 14 94
Width, inches 0.14 0.54 2.1 4.1 6.9 10

As shown in Table 3.13, the centerline (maximum) jet velocities at 1, 5, 10, 17, and 25 inches from
the 3.5-mm nozzle would be approximately 240, 47, 24, 14, and 9.4 m/s, respectively, as compared to the
jet velocity of 275 m/s at the nozzle. Furthermore, the jet widths at these five downstream locations are
expected to be 0.54, 2.1, 4.1, 6.9, and 10 inches wide, respectively. The jet velocity reduction with the
downstream distance is even more pronounced for the smaller nozzle diameters at the given downstream
location. Thus, as the jet approaches the STSC wall, the original narrow, high-speed jet is significantly
slowed down and widely spreads, reducing its sludge erosion capability significantly. This is clearly
indicated by Table 3.12.

Although there are some variations between the Powell-3 and Crowe-2 ECR models, their basic
statements in Table 3.12 are very similar. Assuming that the expected stored K-Basin sludge has a shear
strength between 30 and 200 kPa, Table 3.12 indicates the following:

e When a single nozzle is used at a 42-gpm jet discharge rate, jets injected from the 1-mm and probably
the 2-mm nozzle are sufficiently strong to mobilize the stored K-Basin sludge up to 25 inches away.

e When a single 3-mm or 3.5-mm nozzle is used at 42 gpm, there is a potential that stored sludge may
not be mobilized up to 25 inches.

e [f any of these single nozzles are located within 17 inches from the STSC tank wall, the stored
K-Basin sludge would be eroded to the tank wall at a jet discharge rate of 42 gpm.

e When all seven nozzles of the XAGO water jet system are used at a total jet discharge of 42 gpm, it is
unlikely that these jets would mobilize all of the sludge with a shear strength of up to 200 kPa in the
STSCs, unless the nozzles are located within 1 inch from the STSC wall. However, one needs to
make sure that this jet would not erode the STSC wall, as will be evaluated in Section 4. The XAGO
system would erode some softer sludge up to the STSC wall, even if the nozzles are located further
away from the STSC wall. For example, the Powell-3 model predicts that the XAGO system would
erode the sludge with a shear strength of 3 ~ 4 kPa by 3- and 3.5-mm nozzles located at 25 inches
from the wall.

As shown in Table 3.1, the jet nozzle velocity is very high at a 42-gpm jet discharge rate when only a
single nozzle is used. In fact, as will be discussed in Section 4, the 1-mm-diameter jet injected at
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25 inches from the wall should operate for less than 4 hours hitting the same point on the STSC tank wall
to prevent 10% of the tank wall from being eroded by this jet. The 3- and 5-mm-diameter jets would not
erode 10% of the tank wall at their velocities at this distance even when a jet impinges the same wall
location for 96 hours.

Any potential use of the water jet retrieval system must be in such a way that the water jet would not
erode the container’s wall by more than 10% of the wall thickness. The potential tank wall erosion by an
impinging jet is presented Section 4. As will be discussed, a wall erosion model used here was developed
at the jet velocity of 12 and 14 m/s through a 1.049-in. nozzle placed at 1.574 inches from the steel
surface. These wall erosion test conditions are not similar to those expected of a K-Basin water jet
system. The applicability of the wall erosion model to the stored K-Basin condition and its accuracy is
not certain.

The approximate pressure requirements at the single nozzle would possibly be 52,000, 11,000, and
5,500 psi for 2-, 3-, and 3.5-mm nozzles, respectively at 42 gpm. Note that the shear strength threshold of
concern value for the 1-mm nozzle is 1,670 kPa based on the Powell-3 model. Thus, a much smaller jet
discharge is sufficient to erode the 200-kPa sludge up to 25 inches. As presented later in this section, the
required discharge for this case is only 16 gpm. The use of a 1-mm nozzle located at 25 inches from the
STSC wall would require a pressure too high to be realistic for its use at this distance. When all seven
nozzles at 42-gpm jet discharge were used, the XAGO system had a pressure of 377 psi (CHPRC 2009).

There are several water jet manufacturers, including Flow International Inc. in Kent, Washington and
MC Machinery System, Inc. For example, Flow International manufactures various high-speed, water-jet
systems for cutting materials from soft foods and corrugated cardboard with pure water jets to 8-in.-thick
steel and titanium with abrasive water jets through 0.5-mm to 1.3-mm nozzles. The nozzle diameters of
the pure water jets are 0.1 to 0.25 mm, while the nozzle diameters of abrasive jets are 0.5 to 1.3 mm. The
jet velocities are approximately from about 1,000 m/s to 1,400 m/s. Their pressure varies from 55,000 to
87,000 psi. These water jets can cut materials up to 10 inches in air or underwater. High-pressure pumps
are also manufactured that generate pressures of 40,000 psi to 94,000 psi. Mitsubishi water jets of MC
Machinery System also cut similar materials, e.g., foods, foam, rubber, plastic, stainless steel, etc., with a
nozzle jet velocity of approximately 1,000 m/s. However, these water jet systems are not designed for a
radiation environment and have small jet discharges.

As shown in Table 3.12, when a single nozzle is used, a jet at a smaller flow rate than 42 gpm may
still mobilize stored K-Basin sludge, especially when the nozzle is located within 17 inches from the tank
wall, as discussed below. If a jet is located at the distance of seven nozzle diameters away from the solid
surface, the eroded hole would be deep and narrow. When a jet nozzle is located more than seven times
the nozzle diameter, an eroded hole would be shallow and wide. The optimal distance between the nozzle
and the settled solid layer is usually about 8 times the nozzle diameter (Moore and Masch 1962, Mazurek
et al. 2001).

As also will be discussed in Section 5, solids erosion occurs when the shear stress of the flow acting
on the surface of the solid layer is more than the critical shear stress for erosion (Krone 1965, 1993,
Partheniades 1962, 1993, Onishi et al. 1993). The critical shear stress for erosion is much smaller than
the shear strength. As shown in Figure 3.4, the former can be three orders of magnitude smaller than the
shear strength (Dunn 1959). Thus, the sludge would be eroded by a jet, even if the jet force exerting on
the sludge is less than the shear strength. However, its rate of erosion would be much smaller than that
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obtained with a jet that overcomes the shear strength of the sludge, as will be briefly discussed in
Section 5.
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Figure 3.4. Critical Shear Stress for Erosion vs. Shear strength of Soil

Moreover, when the sludge consists of heterogeneous materials with different shear strengths, the
whole heterogeneous solid layer may be mobilized when a material forming a weak bond of the
heterogeneous sludge is eroded by a small-diameter, impinging jet (Summers 1995). This is especially
true if cracks exist in solid materials.

3.3 Further Assessment of Jet Erosion Using Powell-3 ECR Model

The Powell-3 ECR model (Equation 2.3) was further used here to explore a wide range of conditions
to potentially assist the development of an optimal jet retrieval system for the stored K-Basin sludge, as
will be discussed below.

Figure 3.5 shows the estimated shear strength of concern vs. the jet discharge when a single 1-, 2-, 3-,
or 3.5-mm nozzle is used and is located at 25 inches away from the STSC tank wall. This figure indicates
that the larger the jet discharge, the larger the shear strength threshold of concern, as expected. At the
given jet discharge, as the nozzle diameter decreases, the shear strength threshold of concern increases.
However, the smaller the nozzle diameter, the greater the required pressure at the nozzle exits. Thus, one
needs to balance the required value of the shear strength threshold of concern and the required pressure.

The higher the pressure, the more efficiently a jet can break a material. However, for a given jet flow
rate, neither the highest pressure with the smallest nozzle diameter, nor the lower pressure with the largest
nozzle would break a material the most, but the best results would be produced by some intermediate
combination (Summers 1995).

3.12



It should also be noted that an impulsive water jet needs about '/3 or less energy required to break the
material than a steady jet (Summers 1995). These observations must be taken into account when
optimizing a water jet retrieval system.

Nozzles of 2-, 3-, and 3.5-mm need jet discharges of 32, 48, and 55 gpm, respectively, to erode stored
K-Basin sludge with 200-kPa shear strength, as shown in Figure 3.5. Thus, without accounting for the
nozzle pressure losses, the required pressures at these nozzle exits are approximately 30,000, 13,000, and
9,400 psi, respectively. The use of a single 1-mm nozzle needs 16 gpm of the jet discharge. The pressure
requirement for this case is too high to be realistic for its use, when a 1-mm nozzle jet needs to erode 25
inches of the stored K-Basin sludge with 200-kPa shear strength.

Shear Strength Threshold of Concern in kPa for ECR=25 inches

2-mmNozzle 3-mMmNbzzle 3.5-mMmNobzzle

‘ —— 1-mmNbzzle

250 -

200 -

150 -

100 -

Shear Strength Threshold of Concern

0 T T T T T
0 10 20 30 40 50 60

Jet Discharge, gpm

Figure 3.5. Shear Strength Threshold of Concern vs. Discharge of a Single Jet Located 25 Inches Away
from the STSC Tank Wall

When these nozzles are placed 17 inches from the tank wall, the shear strength threshold of concern is
increased, thus reducing the required jet discharge, as shown in Figure 3.6.

This figure shows that the 1-, 2-, 3-, and 3.5-mm nozzles located 17 inches from the tank wall need a
jet discharge of 11, 22, 32, and 38 gpm to erode stored K-Basin sludge with 200-kPa shear strength.
Thus, without considering the nozzle pressure loss, the required pressure at the nozzle is approximately
57,000, 14,000, 5,900, and 4,500 psi, respectively.
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Figure 3.6. Shear Strength Threshold of Concern vs. Discharge of a Single Jet Located 17 Inches Away
from the STSC Tank Wall

When these nozzles are placed 10 inches from the tank wall, the shear strength threshold of concern is

further increased, thus significantly reducing the required jet discharge, as shown in

Figure 3.7.

This figure shows that the 1-, 2-. 3-, and 3.5-mm nozzles located 10 inches from the tank wall need a
jet discharge of 6.4, 13, 19, and 22 gpm to erode the stored K-Basin sludge with 200-kPa shear strength to
the tank wall. Thus, without considering the nozzle pressure loss, the required pressure at the nozzle is
approximately 19,000, 4,900, 2,100, and 1,500 psi, respectively.
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Figure 3.7. Estimated Shear Strength Threshold of Concern vs. Discharge of a Single Jet Located 10
Inches Away from the STSC Tank Wall

When these nozzles are placed 5 inches from the tank wall, the shear strength threshold of concern is

further increased, thus significantly reducing the required jet discharge, as shown in

Figure 3.7.

This figure shows that the 1-, 2-. 3-, and 3.5-mm nozzles located 5 inches from the tank wall need a
jet discharge of 3.2, 6.4, 9.4, and 11 gpm to erode the stored K-Basin sludge with 200-kPa shear strength
to the tank wall. Thus, without considering the nozzle pressure loss, the required pressure at the nozzle is
approximately 4,800, 1,200, 510, and 380 psi, respectively.
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Figure 3.8. Estimated Shear Strength Threshold of Concern vs. Discharge of a Single Jet Located 5
Inches Away from the STSC Tank Wall

When these nozzles are placed 1 inch from the tank wall, the shear strength threshold of concern is further

increased, thus significantly reducing the required jet discharge, as shown in

Figure 3.7.

This figure shows that the 1-, 2-, 3-, and 3.5-mm nozzles located 1 inch from the tank wall need a jet
discharge of 0.65, 1.3, 1.9, and 2.2 gpm to erode the stored K-Basin sludge with 200-kPa shear strength to
the tank wall. Thus, without considering the nozzle pressure loss, the required pressure at the nozzle is
approximately 200, 49, 21, and 15 psi, respectively.
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Figure 3.9. Estimated Shear Strength Threshold of Concern vs. Discharge of a Single Jet Located 1 Inch
Away from the STSC Tank Wall

These figures reflect the jet velocity and width variations with downstream distance, as shown in
Table 3.13. As discussed above, one needs to balance the required value of the shear strength threshold
of concern (or the ECR) and required pressure and appropriate nozzle diameter. To provide additional
insight, further analyses are provided here.

The stored K-Basin sludge may have a shear strength of between 30 and 200 kPa (Delegard et al.
2007, Wells et al. 2009), as indicated in Table 3.1. The variation of the ECR with respect to the shear
strength was examined with the use of the Powell-3 ECR model. Figure 3.10 shows the ECR variation
with the jet discharge for a single nozzle of 1-, 2-, 3-, or 3.5-mm diameter, assuming that the stored
K-Basin sludge would have a shear strength of 200 kPa. As expected, as the jet flow rate increases, the
ECR also increases. It also shows that the smaller the nozzle diameter, the greater the ECR based on the
Powell-3 model, although this may or may not be true in reality, as indicated previously.
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Figure 3.10. Estimated ECR vs. Jet Discharge of a Single Jet of 1-, 2-, 3-, or 3.5-mm Diameter Nozzle
for a Shear Strength of 200 kPa

Figure 3.11 and Figure 3.12 present ECR variations with jet discharge when the shear strength is
assumed to be 100 and 30 kPa, respectively.

Shear Strength = 100 kPa
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Figure 3.11. Estimated ECR vs. Jet Discharge of a Single Jet of 1-, 2-, 3-, or 3.5-mm Diameter Nozzle
for a Shear Strength of 100 kPa



Shear Strength = 30 kPa
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Figure 3.12. Estimated ECR vs. Jet Discharge of a Single Jet of 1-, 2-, 3-, or 3.5-mm Diameter Nozzle
for a Shear Strength of 30 kPa

These three figures show that the greater the jet discharge, the larger the ECR, as expected. For a
given jet discharge, the smaller the nozzle diameter, the greater the ECR. However, the pressure
requirement increases with smaller nozzle diameter.

The variation of ECR with shear strength was also examined, as shown in Figure 3.13 through
Figure 3.15. Figure 3.13 is at a jet discharge rate of 55 gpm while Figure 3.14 through Figure 3.15 are at
a discharge rate of 30, 15, 7, and 2 gpm, respectively.
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Figure 3.13. Estimated Variation of ECR with Shear Strength at Discharge of 55 gpm of a Single Jet
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Figure 3.14. Estimated Variation of ECR with Shear Strength at Jet Discharge of 30 gpm of a Single Jet
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Figure 3.15. Estimated Variation of ECR with Shear Strength at Jet Discharge of 15 gpm of a Single Jet
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Figure 3.16. Estimated Variation of ECR with Shear Strength at Jet Discharge of 7 gpm of a Single Jet
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Figure 3.17. Estimated Variation of ECR with Shear Strength at Jet Discharge of 2 gpm of a Single Jet

As expected, as the shear strength increases, the ECR decreases. These figures also indicate that for a
given jet discharge, nozzles with smaller diameters could erode sludge more. However, as discussed
previously, this may not be true. If the nozzles are placed very close to the STSC wall, e.g., 1 inch from
the wall, the minimum required jet discharge to erode sludge for 1 inch may be 2 gallons per minute or
less. This discharge might be too small to yield a large enough sludge erosion rate to be practical. If the
jet discharge is increased, the wall erosion must be carefully examined.

Figure 3.5 through Figure 3.15 indicate that there are large variations of the shear strength threshold
of concern and the ECR with the shear strength. Thus, it is important to estimate the shear strength of the
stored K-Basin sludge. However, as will be further discussed in Section 5, the jet force may not have to
be strong enough to overcome the shear strength of the sludge (see Figure 3.4).

Moreover, the nozzle diameter and jet discharge as well as the distance between the nozzle and the
STSC tank wall significantly affect values of the shear strength threshold of concern. In some cases,
pressure requirements to move water through a small nozzle are very large. It is anticipated that a
reasonably large jet discharge is desirable to obtain an acceptable sludge erosion rate to retrieve the stored
K-Basin sludge. Thus, various combinations of these parameters may achieve the goal of mobilizing the
stored K-Basin sludge in the STSCs by a water jet.

Furthermore, if one moves a nozzle position forward (toward the non-mobilized portion of the
sludge), the required force to mobilize the sludge would be reduced. This is because the optimal distance
between the nozzle and the sludge to be eroded would be approximately eight times the nozzle diameter,
as stated previously (Moore and Masch 1962). If a nozzle is located within 7 times the nozzle diameter, a
scoured hole is deep and narrow. If the nozzle is located further away from the sludge, an eroded hole
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would be shallow and wide, as stated previously. Moving a nozzle as a jet erodes the sludge, the jet
would not be steady; thus, its impact on the sludge would be stronger.

As shown in these figures above, one of the key parameters is the shear strength of the stored K-Basin
sludge. The shear strength is subject to many factors, including

e agglomerate formation with time
o shear strength changes with time and overburden weight

o K-Basin sludge chemistry (e.g., hydrothermal treatment affecting the sludge chemistry and rheology)
and physical characteristics (e.g., particle sizes and density, settling velocity).

Agglomerate formation is a function of various factors, e.g., the solid size, suspended solid
concentration, and waste chemistry (Hill 2010). When suspended solids settle on the surface of the solid
layers, solids consolidate over time because of the overburden weight. Agglomeration and solids settling
will be briefly discussed in Section 5.4.

As also will be further discussed in Section 5, solids erosion occurs when the shear stress of the flow
acting on the surface of the solid layer is more than the critical shear stress for erosion. The critical shear
stress for erosion is much smaller (as much as three orders of magnitude smaller) than the shear strength
(see Figure 3.4).

When the jet force exceeds the shear strength, that portion of the solid layer cannot maintain the solid
form and would be mobilized. Thus, if the shear strength is less than the shear strength threshold of
concern value, there is no significant issue with the sludge removal from the STCSs after the long-term
storage at the T Plant. Direct measurements of the stored K-Basin sludge with a pocket penetrometer or
its simulant representing the shear strength with shear vane rheometer are potentially feasible to obtain an
appropriate shear strength value for the ECR calculations.

As indicated above, various combinations of the nozzle diameter, jet flow rate, the distance between
the nozzle and the tank wall, and potential use of a non-steady (impulsing) jet may achieve the goal of
mobilizing the stored K-Basin sludge in the STSCs by a water jet.

Besides the XAGO water jet system, other water jet systems might provide additional insight for
mobilization of the stored K-Basin sludge. These include the Sand Mantis remote vehicle waste
mobilization system to retrieve the waste of Tank 18 at the Savannah River Site (Krementz and
Daugherty 2007). It was also tested with a non-cohesive solid waste simulant in Hanford’s Cold Test
Facility (Enderlin 2007). As also stated above, there are several water jet manufacturers, including Flow
International Inc. in Kent, Washington, and MC Machinery System, Inc.

3.4 Parametric Evaluation of Strength Threshold of Concern using
SRS-1, -2, -3 and ORNL-1 ECR Models

For completeness, a limited parametric evaluation was performed using the ECR models developed at
Savannah River Site (SRS) and Oak Ridge National Laboratory (ORNL). While these models have been
used successfully at SRS and ORNL, they were developed from testing with low-strength kaolin
simulants. As stated in Section 2.3, The SRS-1, SRS-2, and SRS-3 Models (Equations 2.17 through 2.19)
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do not consistently match with the ECRs measured for Hanford Tanks 241-SY-101 and 241-AZ-101.
Moreover, these models do not have terms to present the strength of the settled solid layer, either with
shear strength or yield stress. The input parameter for these models is limited to jet discharge velocity
and nozzle diameter.

The predictions for the required jet velocity by the SRS-1, -2, -3, and ORNL-1 ECR models
(Equations 2.17 through 2.20) to erode sludge up to 25, 17, 10, 5, and 1 inch from the nozzle are
presented in Table 3.14 through Table 3.23. Comparing these required velocity values with the jet
velocities shown in Table 3.1 indicates that these jet velocities at 42 gpm are mostly sufficient to mobilize
the sludge, except the 1-mm nozzle, when all seven nozzles located less than 17 inches away from the
STSC wall are simultaneously used. When they are located within 10 inches from the STSC wall, all
seven nozzles of the XAGO system would erode the sludge up to the wall. However, as stated in
Section 2.3, the applicability of these required nozzle velocity models to the stored K-Basin sludge
conditions is highly questionable.

Table 3.14. Required Jet Velocity to Erode 25 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ECR Models when a Single Nozzle is Used

ECR Required Jet Velocity to Erode 25 Inches, m/s
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 141 71 47 40
SRS-2 99 50 33 28
SRS-3 148 74 49 42
ORNL-1 45 22 15 13

Table 3.15. Required Jet Velocity to Erode 17 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,

and ORNL-1 ECR Models when a Single Nozzle Is Used

ECR Required Jet Velocity to Erode 25 Inches, m/s
Models 1-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 96 48 32 27
SRS-2 67 34 22 19
SRS-3 100 50 33 29
ORNL-1 30 15 10 9

Table 3.16. Required Jet Velocity to Erode 10 inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,

and ORNL-1 ECR Models when a Single Nozzle Is Used

ECR Required Jet Velocity to Erode 25 Inches, m/s
Models I-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 56 28 19 16
SRS-2 40 20 13 11
SRS-3 59 30 20 17
ORNL-1 18 8.9 6.0 5.1
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Table 3.17. Required Jet Velocity to Erode 5 inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ECR Models when a Single Nozzle Is Used

ECR Required Jet Velocity to Erode 25 Inches, m/s
Models I-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 28 14 9.4 8.1
SRS-2 20 10 6.6 5.7
SRS-3 30 15 10 8.4
ORNL-1 8.9 4.5 3.0 2.6

Table 3.18. Required Jet Velocity to Erode 1 inch of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ECR Models when a Single Nozzle Is Used

ECR Required Jet Velocity to Erode 25 Inches, m/s
Models I-mm Nozzle 2-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 5.6 2.8 1.9 1.6
SRS-2 4.0 2.0 1.3 1.1
SRS-3 5.9 3.0 2.0 1.7
ORNL-1 1.8 0.9 0.6 0.5

Table 3.19. Required Jet Velocity to Erode 25 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ECR Models when All Seven Nozzles of the XAGO System Are Used

Required Jet Velocity to Erode 25 Inches, m/s

ECR Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 141 47 40
SRS-2 99 33 28
SRS-3 148 49 42

ORNL-1 45 15 13

Table 3.20. Required Jet Velocity to Erode 17 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ECR Models when All Seven Nozzles of the XAGO System Are Used

Required Jet Velocity to Erode 17 Inches, m/s

ECR Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 96 32 27
SRS-2 67 22 19
SRS-3 100 33 29

ORNL-1 30 10 9
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Table 3.21. Required Jet Velocity to Erode 10 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ERC Models when All Seven Nozzles of the XAGO System Are Used

Required Jet Velocity to Erode 10 Inches, m/s

ECR Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 56 19 16
SRS-2 40 13 11
SRS-3 59 20 17

ORNL-1 18 6.0 5.1

Table 3.22. Required Jet Velocity to Erode 5 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ERC Models when All Seven Nozzles of the XAGO System Are Used

Required Jet Velocity to Erode 10 Inches, m/s

ECR Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 28 9.4 8.1
SRS-2 20 6.6 5.7
SRS-3 30 10 8.4

ORNL-1 8.9 3.0 2.6

Table 3.23. Required Jet Velocity to Erode 1 Inches of Stored K-Bain Sludge Predicted by SRS-1,-2,-3,
and ORNL-1 ERC Models when All Seven Nozzles of the XAGO System Are Used

Required Jet Velocity to Erode 10 Inches, m/s

ECR Models 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
SRS-1 5.6 1.9 1.6
SRS-2 4.0 1.3 1.1
SRS-3 5.9 2.0 1.7

ORNL-1 1.8 0.6 0.5
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4.0 Vessel Wall/Bottom Erosion

This section describes the theory of the erosion of the vessel walls and bottoms and its application to
the STSCs.

4.1 Vessel Wall/Bottom Erosion Theory

One of the safety issues of K-Basin sludge mobilization in the STSCs by a water-jet retrieval system
is container wall erosion caused by the jet flow steam impinging on the wall. In order to respond to this
issue, maximum water-jet nozzle velocities are limited to values at which the erosion is ensured not to
exceed 10% of the container wall thickness (0.5 inch). This section presents the maximum allowable
water-jet nozzle velocities.

A study of mixing vessel wall erosion by jet impinging on the wall for the WTP has been conducted
and reported by Papp (2008) and Papp and Duncan (2009). In their reports, the wall erosion was
characterized by a number of parameters such as the jet velocity, the mean particle size, the slurry
concentration, and impingement angle, and formulated in an algebraic expression. The mathematical
formula given by Papp (2008) and Papp and Duncan (2009) was simplified in order to make it more
appropriated to the evaluation of maximum allowable water-jet nozzle velocities. The equation used here

1S:
E 3.08588 P 1.982 C 0.8247
E ref U w ref I:)ref C ref
where E = erosion depth

E. = reference erosion depth rate
u, = wall eroding jet nozzle velocity
u .. = reference wall eroding jet nozzle velocity
p = particle mean diameter
P. = reference particle mean diameter
C = slurry concentration
¢ . = reference slurry concentration
T = jet operation time.

A schematic diagram of the test setup used to derive Equation 4.1 is shown in Figure 4.1.
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Figure 4.1. Schematic Diagram of Test Setup

Values of the parameters used to derive Equation 4.1 were 12 and 14 m/s for jet nozzle velocity; 150,
250, and 350 g/L for slurry concentration; and 24, 39, and 54 um for the particle mean diameter. Two
stainless steel types of 304L and 316L were used as test coupons, and they were determined to be similar
in wear resistance.

A flow structure of a free jet, where a jet is injected into a homogenous fluid medium, has been a
subject of interest. The flow profile of a homogenous free jet is given by Equation 2.15.

To evaluate the maximum water-jet nozzle velocities, Equations 2.15 and 4.1 are used in the
following two steps:

1. The wall eroding jet nozzle velocity, y,, is evaluated from Equation 4.1 with a given erosion depth E,
a reference erosion depthrate . , a reference wall eroding jet nozzle velocity ; , a particle mean

diameter F, a reference particle mean diameter , , a slurry concentration ¢, a reference slurry

concentration ¢, and a jet operation time T.
2. The nozzle jet velocity, Uj, is evaluated from Equation 2.15 with a given nozzle diameter, d;, a jet

distance X, and a jet velocity U where the wall-eroding jet nozzle velocity, y,, evaluated in the
previous Step 1, is used for jet velocity U.

In this procedure, the jet distance X is considered to be the distance between the nozzle and a point
located 1.574 inches from the container wall (see Figure 4.1).

By using 10% of the container wall thickness for the erosion depth E, the nozzle jet velocity y,,

evaluated in Step 2 of the procedure, provides the maximum allowable water-jet nozzle velocities at
which the erosion is ensured to not exceed 10% of the container wall thickness.

4.2 Results and Discussion

The parameters used for Equation 4.1 were £ = 0.05 (inches), ¢~ =0.000021 (inches/hour), ,
=12 (m/s), P =100 um, , ~ =54 pm,and o =~ =350 (g/L). These parameters were used to evaluate the

wall eroding jet nozzle velocities y, by applying Equation 4.1 for four concentration cases: (=700 g/L
for 10 vol%, 1400 g/L for 20 vol%, 2100 g/L for 30 vol%, and 2800 g/L for 40 vol% where a particle
density of 7 g/mL was used.
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The erosion depth £ = 0.05 inch was based on 10% of the container wall thickness for the 0.5-in.-
thick 304/304L stainless steel of the container.

The wall eroding jet nozzle velocities, y , obtained from Equation 4.1, were used to evaluate the
nozzle jet velocities, Uj, by applying Equation 2.15 for three nozzle diameters of d; =1, 3, and 3.5 mm
and for two jet distances of X =1, 5, 17 and 25 inches.

Evaluated nozzle jet velocities are plotted in Figure 4.2 through Figure 4.5 as a function of operation
time. The numerical values of Figure 4.2 through Figure 4.5 are provided in Table 4.1 through
Table 4.16. These nozzle jet velocities presented in Figure 4.2 through Figure 4.5 and Table 4.1 through
Table 4.16 are the maximum allowable water-jet nozzle velocities used to ensure safe water-jet operation
for the conditions specified in the figures and tables.

The general characteristics of the results are summarized as follows:

Allowable nozzle jet velocity decreases as operation time increases.

Allowable nozzle jet velocity decreases as nozzle diameter increases.

Allowable nozzle jet velocity decreases as slurry concentration increases.

Allowable nozzle jet velocity decreases as jet distance decreases.

Assumptions and rationales to use Equations 2.15 and 4.1 for the maximum allowable water-jet
nozzle velocity evaluations are summarized as:

e The water-jet operation includes containers of 304 and 304L stainless steels while 304L stainless steel
was used to derive Equation 4.1. Equation 4.1 is conservative, because the hardness of 304 stainless
steel is greater than that of 304L stainless steel.

e Equation 4.1 was derived for wall eroding jet nozzle velocities of 12 and 14 m/s, while the highest
wall eroding jet nozzle velocity evaluated was up to 84 m/s (not shown here). It is assumed that
Equation 4.1 is applicable for a jet velocity as high as 84 m/s.

e The jet velocity impinging on the wall is assumed to be the same as the wall eroding jet nozzle
velocity, y , because the distance of 1.5 times the nozzle diameter between the nozzle and the test

coupon was used to derive Equation 4.1 as shown in Figure 4.1. Therefore, the jet distance X is the
distance between the nozzle and the container wall.

o The flow structure of water-jet operation is different from that of a homogenous free jet for Equation
2.15. In the sludge mobilization process, a water-jet is introduced into a multi-component and multi-
phase fluid, and a reduction of flow velocity is expected because of the flow momentum loss by the
presence of heavy solid particles. But the sludge mobilization process is expected to generate a flow
profile of a converged shape in the direction of centerline jet flow as confined in un-mobilized sludge.
The flow velocity in such a funnel shape is expected to be higher than that of a free jet. Lastly, sludge
mobilization by a water-jet is processed in containers, and the jet velocity is expected to be
significantly reduced because of the presence of the container wall where the jet back-pressure is
significantly higher than that of the free jet flow field. Therefore, there are significant uncertainties
on the jet velocity estimates, but nozzle jet velocities, Uj, evaluated by applying Equation 2.15, might
be conservative.
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The use of Figure 4.2 through Figure 4.9 and Table 4.1 through Table 4.16 is described by using the
following example. The nozzle jet velocity of 5,464 m/s for a 4-hour operation time and a 1-mm-
diameter nozzle from Table 4.1 is interpreted as follows: if the total duration of the water-jet operation is
4 hours, the water-jet nozzle velocity cannot exceed 5,464 m/s; conversely, if the water-jet nozzle velocity
is 5,464 m/s, the total operation should not exceed 4 hours.

It is important to make sure that a jet would not erode the STSC wall more than 10% of the wall
thickness. This evaluation indicates that wall erosion would be a minor risk if a single 3- or 3.5-mm
nozzle at 42 gpm is located at least 17 inches away from the STSC wall. If these nozzles are located at
5 inches or less from the wall, wall erosion may become an issue if a jet at 42 gpm impinges the same
wall location for more than 2 ~ 4 hours. If 1-mm nozzle at 42 gpm is placed, wall erosion would become
an issue. If seven XAGO nozzles at 42 gpm are located at 1 inch from the wall, wall erosion may become
an issue if jets continue to hit the same wall locations for 2 hours or more.
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Table 4.1. Nozzle Jet Velocities for 10% Container Wall Erosion with 10-vol% Concentration, 25-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

10 vol% Concentration and 25-in. Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 8563 2854 2447
2 6840 2280 1954
4 5464 1821 1561
8 4365 1455 1247
12 3827 1276 1094
16 3487 1162 996
20 3243 1081 927
24 3057 1019 874
28 2908 969 831
32 2785 928 796
36 2681 894 766
40 2591 864 740
44 2512 837 718
48 2442 814 698
52 2380 793 680
56 2323 774 664
60 2272 757 649
64 2225 742 636
68 2182 727 623
72 2142 714 612
76 2104 701 601
80 2070 690 591
84 2037 679 582
88 2007 669 573
92 1978 659 565
96 1951 650 557
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Table 4.2. Nozzle Jet Velocities for 10% Container Wall Erosion with 10-vol% Concentration, 17-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

10 vol% Concentration and 17-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 5823 1941 1664
2 4651 1550 1329
4 3716 1239 1062
8 2968 989 848
12 2603 868 744
16 2371 790 677
20 2206 735 630
24 2079 693 594
28 1978 659 565
32 1894 631 541
36 1823 608 521
40 1762 587 503
44 1708 569 488
48 1661 554 475
52 1618 539 462
56 1580 527 451
60 1545 515 441
64 1513 504 432
68 1484 495 424
72 1456 485 416
76 1431 477 409
80 1407 469 402
84 1385 462 396
88 1365 455 390
92 1345 448 384
96 1327 442 379
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Table 4.3. Nozzle Jet Velocities for 10% Container Wall Erosion with 10-vol% Concentration, 5-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

10 vol% Concentration and 5" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 1713 571 489
2 1368 456 391
4 1093 364 312
8 873 291 249
12 765 255 219
16 697 232 199
20 649 216 185
24 611 204 175
28 582 194 166
32 557 186 159
36 536 179 153
40 518 173 148
44 502 167 144
48 488 163 140
52 476 159 136
56 465 155 133
60 454 151 130
64 445 148 127
68 436 145 125
72 428 143 122
76 421 140 120
80 414 138 118
84 407 136 116
88 401 134 115
92 396 132 113
96 390 130 111
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Table 4.4. Nozzle Jet Velocities for 10% Container Wall Erosion with 10-vol% Concentration, 1-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

10 vol% Concentration and 1" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 343 114 98
2 274 91 78
4 219 73 62
8 175 58 50
12 153 51 44
16 139 46 40

20 130 43 37
24 122 41 35
28 116 39 33
32 111 37 32
36 107 36 31
40 104 35 30
44 100 33 29
48 98 33 28
52 95 32 27
56 93 31 27
60 91 30 26
64 89 30 25
68 87 29 25
72 86 29 24
76 84 28 24
80 83 28 24
84 81 27 23
88 80 27 23
92 79 26 23
96 78 26 22
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Table 4.5. Nozzle Jet Velocities for 10% Container Wall Erosion with 20-vol% Concentration, 25-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

20 vol% Concentration and 25-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 7115 2372 2033
2 5683 1894 1624
4 4540 1513 1297
8 3627 1209 1036
12 3180 1060 909
16 2897 966 828
20 2695 898 770
24 2540 847 726
28 2417 806 690
32 2314 771 661
36 2228 743 636
40 2153 718 615
44 2087 696 596
48 2029 676 580
52 1977 659 565
56 1930 643 552
60 1888 629 539
64 1849 616 528
68 1813 604 518
72 1779 593 508
76 1749 583 500
80 1720 573 491
84 1693 564 484
88 1667 556 476
92 1644 548 470
96 1621 540 463
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Table 4.6. Nozzle Jet Velocities for 10% Container Wall Erosion with 20-vol% Concentration, 17-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

20 vol% Concentration and 17-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 4838 1613 1382
2 3865 1288 1104
4 3087 1029 882
8 2466 822 705
12 2163 721 618
16 1970 657 563
20 1833 611 524
24 1727 576 494
28 1643 548 470
32 1574 525 450
36 1515 505 433
40 1464 488 418
44 1419 473 406
48 1380 460 394
52 1345 448 384
56 1313 438 375
60 1284 428 367
64 1257 419 359
68 1233 411 352
72 1210 403 346
76 1189 396 340
80 1169 390 334
84 1151 384 329
88 1134 378 324
92 1118 373 319
96 1102 367 315

4.18



Table 4.7. Nozzle Jet Velocities for 10% Container Wall Erosion with 20-vol% Concentration, 5-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

20 vol% Concentration and 5" Jet Distance

Operation Timel-mm Nozzle Jet3-mm Nozzle Jet3.5-mm Nozzle Jet
(hours) Velocity (m/s) Velocity (m/s)  Velocity (m/s)

1 1423 474 407
2 1137 379 325
4 908 303 259
8 725 242 207
12 636 212 182
16 579 193 166
20 539 180 154
24 508 169 145
28 483 161 138
32 463 154 132
36 446 149 127
40 431 144 123
44 417 139 119
48 406 135 116
52 395 132 113
56 386 129 110
60 378 126 108
64 370 123 106
68 363 121 104
72 356 119 102
76 350 117 100
80 344 115 98
&4 339 113 97
88 333 111 95
92 329 110 94
96 324 108 93
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Table 4.8. Nozzle Jet Velocities for 10% Container Wall Erosion with 20-vol% Concentration, 1-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

20 vol% Concentration and 1" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 285 95 81
2 227 76 65
4 182 61 52
8 145 48 41
12 127 42 36
16 116 39 33

20 108 36 31
24 102 34 29
28 97 32 28
32 93 31 26
36 89 30 25
40 86 29 25
44 83 28 24
48 81 27 23
52 79 26 23
56 77 26 22
60 76 25 22
64 74 25 21
68 73 24 21
72 71 24 20
76 70 23 20
80 69 23 20
84 68 23 19
88 67 22 19
92 66 22 19
96 65 22 19
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Table 4.9. Nozzle Jet Velocities for 10% Container Wall Erosion with 30-vol% Concentration, 25-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

30 vol% Concentration and 25-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 6384 2128 1824
2 5100 1700 1457
4 4074 1358 1164
8 3254 1085 930
12 2854 951 815
16 2600 867 743
20 2418 806 691
24 2279 760 651
28 2168 723 620
32 2077 692 593
36 1999 666 571
40 1932 644 552
44 1873 624 535
48 1821 607 520
52 1774 591 507
56 1732 577 495
60 1694 565 484
64 1659 553 474
68 1627 542 465
72 1597 532 456
76 1569 523 448
80 1543 514 441
84 1519 506 434
88 1496 499 427
92 1475 492 421
96 1455 485 416
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Table 4.10. Nozzle Jet Velocities for 10% Container Wall Erosion with 30-vol% Concentration, 17-in.
Jet Distance from Nozzle, and Various Nozzle Diameters

30 vol% Concentration and 17-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 4341 1447 1240
2 3468 1156 991
4 2770 923 791
8 2213 738 632
12 1940 647 554
16 1768 589 505
20 1644 548 470
24 1550 517 443
28 1475 492 421
32 1412 471 403
36 1359 453 388
40 1314 438 375
44 1274 425 364
48 1238 413 354
52 1207 402 345
56 1178 393 337
60 1152 384 329
64 1128 376 322
68 1106 369 316
72 1086 362 310
76 1067 356 305
80 1049 350 300
84 1033 344 295
88 1017 339 291
92 1003 334 287
96 989 330 283
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Table 4.11. Nozzle Jet Velocities for 10% Container Wall Erosion with 30-vol% Concentration, 5-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

30 vol% Concentration and 5" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 1277 426 365
2 1020 340 291
4 815 272 233
8 651 217 186
12 571 190 163
16 520 173 149
20 484 161 138
24 456 152 130
28 434 145 124
32 415 138 119
36 400 133 114
40 386 129 110
44 375 125 107
48 364 121 104
52 355 118 101
56 346 115 99
60 339 113 97
64 332 111 95
68 325 108 93
72 319 106 91
76 314 105 90
80 309 103 88
84 304 101 87
88 299 100 85
92 295 98 84
96 291 97 83
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Table 4.12. Nozzle Jet Velocities for 10% Container Wall Erosion with 30-vol% Concentration, 1-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

30 vol% Concentration and 1" Jet Distance

Operation Time 1-mm Nozzle 3-mm Nozzle 3.5-mm Nozzle
[hours] Jet Velocity (m/s) Jet Velocity (m/s) Jet Velocity (m/s)

1 255 85 73
2 204 68 58
4 163 54 47
8 130 43 37
12 114 38 33
16 104 35 30
20 97 32 28
24 91 30 26
28 87 29 25
32 83 28 24
36 80 27 23
40 77 26 22
44 75 25 21
48 73 24 21
52 71 24 20
56 69 23 20
60 68 23 19
64 66 22 19
68 65 22 19
72 64 21 18
76 63 21 18
80 62 21 18
84 61 20 17
88 60 20 17
92 59 20 17
96 58 19 17
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Table 4.13. Nozzle Jet Velocities for 10% Container Wall Erosion with 40-vol% Concentration, 25-in.
Jet Distance from Nozzle, and Various Nozzle Diameters

40 vol% Concentration and 25-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 5912 1971 1689
2 4722 1574 1349
4 3772 1257 1078
8 3013 1004 861
12 2642 881 755
16 2407 802 688
20 2239 746 640
24 2111 704 603
28 2008 669 574
32 1923 641 549
36 1851 617 529
40 1789 596 511
44 1734 578 496
48 1686 562 482
52 1643 548 469
56 1604 535 458
60 1569 523 448
64 1536 512 439
68 1506 502 430
72 1479 493 422
76 1453 484 415
80 1429 476 408
84 1406 469 402
88 1385 462 396
92 1366 455 390
96 1347 449 385
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Table 4.14. Nozzle Jet Velocities for 10% Container Wall Erosion with 40-vol% Concentration, 17-in.
Jet Distance from Nozzle, and Various Nozzle Diameters

40 vol% Concentration and 17-in. Jet Distance

Operation I-mm Nozzle 3-mm Nozzle 3.5-mm
Time Jet Velocity Jet Velocity Nozzle Jet
[hours] (m/s) (m/s) Velocity (m/s)
1 4020 1340 1149
2 3211 1070 917
4 2565 855 733
8 2049 683 585
12 1797 599 513
16 1637 546 468
20 1523 508 435
24 1435 478 410
28 1365 455 390
32 1308 436 374
36 1259 420 360
40 1216 405 348
44 1179 393 337
48 1147 382 328
52 1117 372 319
56 1091 364 312
60 1067 356 305
64 1045 348 298
68 1024 341 293
72 1005 335 287
76 988 329 282
80 972 324 278
84 956 319 273
88 942 314 269
92 929 310 265
96 916 305 262
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Table 4.15. Nozzle Jet Velocities for 10% Container Wall Erosion with 40-vol% Concentration, 5-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

40 vol% Concentration and 5" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

[hours] Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 1182 394 338
2 944 315 270
4 754 251 216
8 603 201 172
12 528 176 151
16 481 160 138

20 448 149 128
24 422 141 121
28 402 134 115
32 385 128 110
36 370 123 106
40 358 119 102
44 347 116 99
48 337 112 96
52 329 110 94
56 321 107 92
60 314 105 90
64 307 102 88
68 301 100 86
72 296 99 84
76 291 97 83
80 286 95 82
84 281 94 80
88 277 92 79
92 273 91 78
96 269 90 77
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Table 4.16. Nozzle Jet Velocities for 10% Container Wall Erosion with 40-vol% Concentration, 1-in. Jet
Distance from Nozzle, and Various Nozzle Diameters

40 vol% Concentration and 1" Jet Distance
Operation Time 1-mm Nozzle Jet 3-mm Nozzle Jet 3.5-mm Nozzle Jet

(hours) Velocity (m/s) Velocity (m/s) Velocity (m/s)
1 236 79 68
2 189 63 54
4 151 50 43
8 121 40 34
12 106 35 30
16 96 32 28

20 90 30 26
24 84 28 24
28 80 27 23
32 77 26 22
36 74 25 21
40 72 24 20
44 69 23 20
48 67 22 19
52 66 22 19
56 64 21 18
60 63 21 18
64 61 20 18
68 60 20 17
72 59 20 17
76 58 19 17
80 57 19 16
84 56 19 16
88 55 18 16
92 55 18 16
96 54 18 15

4.28



5.0 Brief Discussions on Solid Erosion and Settling, and
Possible Exploratory Evaluation

This section discusses possible ECR experimental evaluations, the solid erosion, solid erosion and
deposition rates, and solids settling.

5.1 Water Jet Testing with High-Strength Simulants for
Measurements of Effective Cleaning Radius

The stored K-Basin sludge in STSCs is planned to be retrieved by a water jet to mobilize settled
solids and to withdraw the resulting slurry from the tanks. Thus, it is critical to confirm that a water jet is
capable of eroding the solids in STSCs.

As discussed in Sections 2 and 3, among 14 ECR models reviewed, two ECR models, the Powell-3
(or its non-dimensional form, the Gauglitz ECR model) and the Crowe-2 ECR models are more
applicable to the K-Basin condition than other ECR models. These two models matched reasonably well
with measured ECR values of the SY-101 and AZ-101 Tanks (see Table 2.2 in Section 2). Shear
strengths of SY-101 and AZ-101 sludges are 0.73 and 1.77 kPa, respectively, as compared to up to 200
kPa of the expected shear strength of the stored K-Basin sludge. Moreover, these ECR models are based
on experiments with sludge simulants, whose shear strengths are at least one-order of magnitude smaller
than the expected shear strength of the stored K-Basin sludge. Also, jet velocities of Powell’s
experiments were fixed at 18.3 m/s through 10- and 6-mm nozzles to derive these two ECR models, as
compared to much higher expected required jet velocities.

These two ECR models predicted that the current XAGO water jet system would mobilize soft sludge
of several kPa shear strength up to 25 inches away when all seven jets are used simultaneously at a total
discharge of 42 gpm. However, it is unlikely to mobilize the high-strength stored K-Basin sludge with
the shear strength up to 200 kPa, unless these seven nozzles are placed at about 1 inch from the STSC
wall.

The analysis presented in Section 3 would assist in developing an adequate water jet retrieval system
and in operational planning. However, the predicted values of the shear strength threshold of concern and
the required jet velocities, discharge, etc. have significant uncertainty, as stated above.

It is known in the mining and construction industries that when they use a high-speed water jet to
blast rocks (or other solid materials), they do not necessarily need to completely destroy the rocks, which
consist of several different minerals (Summers 1995). They only need to break a weak rock mineral (or
minerals) bonding the various rock minerals together to form the rock. Thus, they design their water jet
system to break the weaker link of the rock. Once the weaker part of the rock is broken by the water jet,
the rest of the rock cannot hold together, and it crumbles. An example of this so called
“hydrodemolition” is removal of deteriorated concrete of a road. Deteriorated concrete is removed by a
water jet to fill and pressurize its cracks with water to break the deteriorated concrete, but the pressure is
set below that required for crack growth in the healthier underlying concrete.
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The stored K-Basin sludge is expected to have a shear strength of up to approximately 200 kPa. But
the sludge is reported to have a weak “paste” with a shear strength of only 3 ~5 kPa, bonding with the
hard “chunks,” which have an estimated shear strength of 380 ~ 770 kPa (Delegard et al. 2007, Wells et
al. 2009). Thus, if a water jet needs to break only the paste for the sludge to crumble, the water jet
requirement would be significantly reduced, and the probability of success of a water-jet sludge retrieval
system would be greatly increased. However, this experience of the mining and construction industries
must be tested for the stored K-Basin sludge conditions to confirm the validity of this concept for the K-
Basin application.

To obtain a more accurate evaluation of the adequacy of a required water jet system, more accurate
and realistic water jet experiments should be performed with high-strength sludge simulants covering the
entire range of the expected shear strength of the stored K-Basin sludge, from several kPa up to 200 kPa.
Under separate K-Basin tasks, PNNL developed several high-strength homogeneous simulants, whose
shear strength varies from approximately 3 kPa to 200 kPa. PNNL is also developing heterogeneous
simulants whose shear strength would be of the same range as that of the homogeneous simulants.

It is useful to use these homogeneous and heterogeneous simulants to conduct water jet experimental
testing using expected nozzle sizes and jet velocities. The purpose of the testing would be to obtain an
accurate ECR for a given water jet and to evaluate whether the water jet can adequately erode the stored
K-Basin sludge. These experiments would also determine whether the jet needs to destroy only the
weaker link of the stored K-Basin sludge or needs to overcome the overall shear strength of the sludge If
so desired, the testing would also provide the critical shear stress for erosion and the erodibility
coefficient, which would provide the rate of the solid erosion and the duration (time) required to erode the
required amount of sludge, as will be discussed in Sections 5.2 and 5.3. It may be useful to conduct
additional testing for selected water jets to evaluate possible stainless steel wall erosion.

This water jet testing would be conducted with simulants having 3 ~ 200 kPa shear strength and high-
speed jets produced by a high-pressure pump to realistically duplicate the expected stored K-Basin sludge
conditions. A conceptual set-up of a small-scale water jet testing is shown in Figure 5.1.
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Figure 5.1. Conceptual Small-Scale Water Jet Test Set-up

The simulant block and a nozzle would be placed under water, as shown in this figure. The K-Basin
sludge will be stored under water in the STSCs. Most of the water above the stored K-Basin sludge can
be pumped out. Thus, the scaled model would match the expected remaining water depth above the
sludge surface in the testing if needed. The simulant would be placed in a stainless steel simulant
container of 7 cm long, 7 cm wide and 9 cm deep, as used in the separate homogeneous simulant task
being conducted for CHPRC.

Simulants shown in Figure 5.1 as a simulant block would have three shear strengths, approximately
30, 100, and 200 kPa. For each of these three shear strengths, there may be up to three homogeneous
simulants and up to three heterogeneous simulants, all having similar shear strength. Thus, a total of up
to 18 simulants is expected to be used. Three nozzle diameters would be selected, e.g., 2-, 3-, and 4-mm
nozzles. For each simulant and a nozzle diameter size, the jet velocity would be increased (or the distance
between the nozzle and the surface of the sludge would be reduced) to erode a test simulant. The test
should be run until no more erosion occurs, as shown in Figure 5.2. The distance H in this figure is the
distance between the original sludge surface and the nozzle. H. is the same distance but after the jet
reaches its maximum erosion depth. H, is the jet core length, which still has the original nozzle jet
velocity along the jet centerline. The core length is about six times the nozzle diameter for a water jet
injected into water. This is a main reason that the optimal nozzle position is about 8 times the distance
from the solid surface to be cut (Moore and Masch 1962, Mazurek et al. 2001), as stated previously. As
will be discussed, the values of H, and H,, could be used to estimate the critical shear stress for erosion
(Hanson and Simon 2001).

53



HP
Tc =T, IR 5.1

e

where 1 is the maximum applied shear stress within the potential core, and 7 is the critical shear stress
for erosion.

These tests would provide the nozzle diameter and jet velocity needed to erode the sludge of known
shear strength and required erosion depth.

Flow

Water surface

Qriginal Bed

Scoured
Bed !'\Jet Centerline

Figure 5.2. Schematic of Sludge Erosion

The water jet testing may be conducted in the following two phases:
e Phase 1: Feasibility of Stored K-Basin Sludge Retrieval
— Stage 1: Small-scale water jet testing (see Figure 5.1)
0 Use up to three homogeneous simulants developed by PNNL

0 Use up to six heterogeneous simulants being developed by PNNL to conduct the several sets
of the heterogeneous simulant testing with

=  Weaker weak paste and very hard chunks
= Stronger weak paste and very hard chunks.

— Stage 2: Large-scale water jet testing to repeat selected sets of the small-scale testing conditions
with 3- and/or 4-mm nozzle and expected ECR of 10 inches or less. This large-scale testing may
be performed with a required pressure of 5,000 psi or less.

0 Use PNNL homogeneous simulants selected by the small-scale water jet testing.
0 Use PNNL heterogeneous simulants selected by the small-scale water jet testing.

e Phase 2: Detailed Evaluation of Sludge Erosion by Jets to Determine the Solid Erosion Rate,
Erodibility Coefficient, and Required Erosion Duration

— Stage 1: Small-scale water jet testing (see Figure 5.1 and Figure 5.2)
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0 Obtain the critical shear stress for erosion and the erodibility coefficient.

0 Validate or modify Equations 5.3, 5.6, and 5.12 to be able to estimate the critical shear stress
for erosion and the erodibility coefficient so that in the future, these values may be
determined without conducting water jet testing.

0 These tests would be conducted with simulants of several different shear strengths. For each
fixed shear strength testing, there would be two tests with homogeneous and heterogeneous
simulants having the same shear strength to examine the ECRs.

— Stage 2: Large-scale water jet testing to repeat selected sets of the small-scale testing conditions
with 3- and/or 4-mm nozzle and expected ECR of 10 inches or less. This large-scale testing
would be performed with a required pressure of 5,000 psi or less

0 Use PNNL homogeneous simulants selected by the small-scale water jet testing.

0 Use PNNL heterogeneous simulants selected by the small-scale water jet testing.

These two phases (each with two stages) of the experimental water jet testing would provide a sound
scientific basis to develop the required water jet system for the stored K-Basin sludge retrieval operation.

As discussed in Section 4, the Papp wall erosion model was developed at the jet velocity of 12 and
14 m/s through a 1.049-in. nozzle placed at 1.574 inches from the steel surface. These wall erosion test
conditions are not similar to those expected of a K-Basin water jet system. The applicability of the wall
erosion model to the stored K-Basin condition and its accuracy are not certain.

Thus, the small scale testing would also include the stainless steel wall erosion testing. As indicated
above, the homogeneous and heterogeneous simulants would be placed in a stainless steel simulant
container. Thus, after sludge erosion testing, a simulant container with the stimulant and/or a stainless
steel plate would be placed under water for wall erosion testing under some selected conditions. The
objective of this wall erosion testing would not be necessary to confirm or modify the Papp wall erosion
model, but rather to confirm that the selected water jet systems would not erode more than 10% of the
STSC wall.

5.2 Critical Shear Stresses for Erosion and Deposition

Much has been published on solid erosion by water jets and streams (Partheniades 1962, Onishi et al.
1993, Hanson and Simon 2001, Clark and Wynn 2007). Most of them quantify solid erosion and its rate
by using the critical shear stress for erosion, rather than using the shear strength or yield stress of the
settled solid layer (Mazurek et al. 2001, Mazurek and Hossain 2009, Clark and Wynn 2007, Partheniades
1993). The critical shear stress for erosion is the shear stress value above which a settled solid starts to
move. Even in the case of a solid erosion caused by an impinging jet, the shear stress acting on the
surface of the solid layer is considered to be responsible for the solid erosion (Hollick 1976, Tolhurst
et al. 1999, Hanson and Simons 2001, Clark and Wynn 2007). However, this approach has not been
adopted by the Hanford, Savannah River, and Oak Ridge Sites when the solid erosion by a water jet has
been evaluated, as stated in Section 2. If the concept of the critical shear stress for erosion were to be
adopted at the Hanford Site, a considerable amount of erosion rate data and knowledge may be available
to evaluate the K-Basin sludge retrieval.
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Waste solids greater than 20 um are usually non-cohesive (Wells et al. 2007). It is much more
difficult (sometimes up to 50 times more difficult) to mobilize a mixture of cohesive and non-cohesive
solids than non-cohesive sediments alone even for the same median particle diameter of the mixture
(Kothyan and Jain 2008). Because waste solids greater than 20 um are usually non-cohesive, sludge

consisting of solids of both smaller and greater than 20 um tends to be a mixture of cohesive and non-
cohesive solids.

Cohesive and non-cohesive solids significantly differ in their erosion, deposition, and transport
behavior. The diagram of solid erosion and deposition rates of a cohesive solid is shown in Figure 5.3.
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Figure 5.3. Solid Erosion and Deposition Processes

In Figure 5.3, 1¢p is the critical shear stress for deposition, t¢ is the critical shear stress for solid
erosion by floc (or grain), Tcy, is the critical shear stress for solid mass erosion, and ts is the shear strength.

As shown in Figure 5.3,

e For 1t <1cp, Suspended solids would be deposited.

Fortcp<t<1c, No suspended solids would deposit, and no settled solids would be eroded.

For tcri <t <71cMm, Settled solids would be eroded floc by floc.
e Fortem <t <7cs, Settled solids would be mass (chunk by chunk)-eroded.

e Fort > 15, Settled solids would be eroded by destroying the structural integrity of the solid
layer as a solid.
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In general (Teeter 1988, Onishi et al. 1993),
Tcp € Te «Ts.

As discussed below, Tcp and t¢ are measured experimentally or at the field. Ty has not been studied
much because calculation of the solid erosion rate uses ¢, not tcm.

For a non-cohesive solid, a value of the critical shear stress for deposition, tcp, is the same as that of
the critical shear stress for erosion, Tc. But tcp is not used to estimate the deposition of the solid amount
because the amount of solid erosion and deposition is not only a function of the liquid and solid
properties, but also the flow and suspended solids concentration, as will be discussed later in this section.
However, as stated above, the initiation of the non-cohesive solid (i.e., the critical shear stress for erosion,
Tc) is a solid property.

The critical shear stress for erosion is usually expressed through the Shields Diagram, as shown in
Figure 5.4 (Vanoni 1975, Onishi 1994, Garcia 2008).
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Figure 5.4. Shield Diagram for Critical Shear Stress for Erosion

In this figure, t¢ is the critical shear stress for erosion. Us (=1/py) is the shear velocity, where 7 is the
shear stress (the bed shear stress) of the flow/jet acting on the surface of the solid layer, and 1 is the
critical shear stress for erosion, tc, when the solid starts to move along the surface of the solid layer as the
bed load.

The Shield Diagram applies to a wide range of conditions of various liquids and solids. It provides
the specific value of the critical shear stress of erosion for non-cohesive solids. This non-cohesive solid
region is shown in the right side of the diagram (the Boundary Reynolds Number, R* > 5). As the Shields
Diagram indicates, the larger and/or the heavier the solid, the greater the critical shear stress, and thus it is
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harder to mobilize. For a non-cohesive solid, the critical shear stress for erosion is a solid property and
does not depend on the flow condition.

Although the Shields Diagram does not provide the specific value of the critical shear stress for
erosion of a cohesive solid, it qualitatively shows that the smaller the solids, the greater the critical shear
stress for erosion. It is not quantified because the critical shear stress for erosion of a cohesive solid
depends on the cohesiveness of the solid layer, thus affected by not only the sludge physical property and
chemistry, but also the sludge conditions (e.g., the overburden weight, a condition under which solids
settled to have formed a solid layer, the composition of the solid layer, etc.). Thus, the critical shear stress
for erosion of a cohesive solid usually has to be measured.

However, there are some simple formulas to estimate the critical shear stress for erosion (Dunn 1959,
Clark and Wynn 2007).

Clark and Wynn (2007) reported that

7. =0.16P1°% (5.2)

where PI is the plasticity index (ASTM International 2000), and ¢ is the critical shear stress for erosion
(Pa). The plasticity index (PI) is a measure of the plasticity of a soil. The plasticity index is the size of
the range of water contents where the soil exhibits plastic properties. The Pl is the difference between the
liquid limit and the plastic limit (PI = LL-PL). Soils with a high PI tend to be clay, those with a lower PI
tend to be silt, and those with a PI of 0 tend to have little or no silt or clay, as stated in the Wikipedia
webpage.

Dunn (1959) proposed a more detailed model as

7o +180

7. =0.02+ tan(30+1.73PI) (5.3)

where 1g is the shear strength (Pa), and tc is the critical shear stress for erosion (Pa).

Dunn’s model was developed with soil data and is most accurate when the PI is between 5 and 16
(Dunn 1959). With the use of Equation 5.3, it might be possible to obtain a rough estimate of the critical
shear stress for erosion with the known shear strength and plasticity index of the stored K-Basin sludge
with some reservation.

Thus, it may be useful to determine the plasticity index value of the stored K-Basin sludge. The
standard method for PI is described in ASTM International (2000). The estimated tc can be compared
with measured t¢ to validate Dunn’s formula (Equation 5.3) if the scaled water-jet experimental tests
suggested in Section 5.1 are conducted.

Some ECR models use the critical shear stress or its associated critical velocity for erosion. They
include Mazurek et al.’s non-dimensional formulas on ECR and the eroded soil volume, V, for a
vertically impinging jet (Mazurek et al. 2001).
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0.74
@:0.19£X_XC] (5.4)

(5.5)

Where x and x¢

d
are defined as 7., =0.16pU 12(

2
—jj =0.16X
h

2 dj ’
re =0.16pUf| 1| =0.16x;

h = jet nozzle height above the soil surface
Ujc = jet velocity needed to start the solid erosion
Tmax — Maximum shear stress that the impinging jet is imposing on
the soil
tc = critical shear stress or shear strength of the soil.

Kothyan and Jain (2008) developed the following formula based on their experiments to determine
the critical shear stress of a mixture of cohesive and non-cohesive sediments:

1 9

Tee 2 =5 O\
Tee —1.88(1+ P )se (1+0.001UCS" fo 1.0 (5.6)
Tc
where Pc = percentage of clay (particle sizes of 0.5 ~ 4 um)
UCS* = unconfined compressive strength of the mixture of cohesive and non- cohesive
sediments

tc = critical shear stress of non-cohesive sediment
critical shear stress of a mixture of cohesive and non-cohesive sediment having the
same median size as that of the non-cohesive sediment alone.

Tce

Although Equation 5.6 is for sand, silt, and clay and does not directly apply to the stored K-Basin
sludge, it indicates that the ratio of the critical shear stress of a mixture of cohesive/non-cohesive solids to
that of noncohesive solid might be estimated by the unconfined compressive strength and the plasticity
index of the mixture as well as the critical shear stress for erosion of a noncohesive solid. A pocket
penetrometer can measure the unconfined compressive strength while the Shield Diagram provides the
critical shear stress for erosion of the non-cohesive solids (Figure 5.4). This approach might be adapted
to estimate the critical shear stress of the stored K-Basin sludge.

Thus, it may be useful to obtain the plasticity index of the stored K-Basin sludge besides measuring
the unconfined compressive strength. If the scaled water-jet experimental tests suggested in Section 5.1
will be conducted, the t¢ estimated with Equation 5.6 can be compared with measured 7 to validate
Kothyan and Jain’s formula (Equation 5.6). Thus conducting the scaled water jet testing, Equations 5.3
and 5.6 may be validated or modified to apply to the stored K-Basin sludge condition. These two
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equations could significantly reduce the time and cost to estimate the erosion rate of the stored K-Basin
sludge by a water jet.

The shear stress of an impinging jet along the solid surface after the jet perpendicularly hits the solid
surface is briefly discussed here. Powell et al. (1995a) derived the following expression for the shear
stress acting on the solid surface at the point of impingement based on the jet velocity distribution:

1.1284;(+12

r=0.02782p vdy 2 8.5{1—exp| ———— 1 |L-2 (5.7)
X 17

where 1 is the shear stress (N/m?) on the tank wall at some axial (downstream) position, X, and X is the
downstream (axial) distance between the nozzle and the impinged sludge surface (see Figure 2.4).

On the other hand, Beltaos and Rajcratnam (1974) derived the maximum shear stress of an impinging
jet acting on the sludge surface to be

P d sz J

T = 0.16 v (5.8)

Thus, with a known shear stress value generated by an impinging water jet on the solid surface and
the critical shear stress of the sludge, it may be possible to determine

e arange of solid properties that would be mobilized by water

e what solids would be suspended by a water jet.

Computational fluid dynamics (CFD) codes capable of simulating erosion, deposition, and transport
of cohesive and non-cohesive solids are required to determine the suspended solid concentrations and
their uniformity in the STSCs. These codes include the ARIAL (Onishi and Trent 1999) and FLESCOT
models (Onishi et al. 1993). They have been applied to many Hanford DSTs (e.g., 241-AZ-101, 241-AZ-
102, 241-AN-104, 241-AN-105, 241-AY-102) to determine the performance of pump jet mixing (e.g.,
sludge erosion and settling) and the uniformity of the suspended solid concentrations in these tanks as
well as the migration (transport, deposition, and re-suspension) of cohesive-cohensionless sediments and
toxic chemicals in the natural environment (e.g., the Buzzard Bay and New Bedford Harbor in
Massachusetts).

The combination of the critical shear stress-shear strength measurements and a CFD code would
determine

e what solids will be eroded and kept suspended
o what solids will be eroded, but will quickly settle down to the container’s bottom
o what solids will not be mobilized

e achievable solid concentrations (e.g., 5 vol%, 1 vol%, or less at 70 gpm)
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Degree of required amounts (volume or weight) of solids dislodged from the container’s bottom

Degree of vertical and horizontal uniformity of suspended solid concentrations

Amounts and locations of not-mobilized settled solids on the bottom

the degree of successful/acceptable retrieval.

Thus, the computer simulation would also be suggested as a possible future exploratory work. A
CFD code must be able to adequately simulate the solid erosion, suspension, deposition, settling, and
transport for sludge consisting of several different particle sizes and densities, besides the slurry flow with
varying slurry rheology induced by a water jet.

5.3 Solid Erosion and Deposition Rates

This section discusses the erosion rate of the stored K-Basin sludge and the time to erode a
satisfactory amount of the sludge in the STSCs. For cohesive solids, the solid erosion and deposition
rates (the amounts of solids being eroded or deposited per unit solid bed surface area per time) are usually
expressed as (Krone 1965, 1993, Partheniades 1962, 1993, Muzurek et al. 2001, Clark and Wynn 2007).

T
Sk =k(——1]=K(T—TC) when T > 1 (5.9
Tc
T
Sp =VSC(1——J when 1 <1tep (5.10)
Tcp
S =S,=0 when tep <1 <TC (5.11)
where C = solid concentration

K, k = erodibility coefficient
Sp = amount of solid deposited on the bottom per unit bottom surface area per unit time
Sg = amount of solid eroded from the bottom per unit bottom surface area per unit time
Vs = solid settling velocity

flow shear stress.

T

Some data and erosion formula are available for the solid erosion rate of cohesive sediment when the
flow shear stress acting on the surface of the settled solid layer is above the critical shear stress, but below
the shear strength (e.g., Krone 1962, Partheniades 1962, Teeter 1988). These studies provide the solid
erosion rates of cohesive sediment as the weight of solid eroded per a given area per a given time.
Erosion and deposition rate formulas (Equations 5.9 and 5.10) for cohesive sediment were used to
determine the solid erosion and deposition with known critical shear stresses and the erodibility
coefficient, and have been incorporated into various sediment and contaminant transport codes to predict
transport, deposition, and erosion of cohesive sediments (Onishi 1981, Onishi et al. 1993, 2007). This
approach would provide the number of hours needed to mobilize the stored K-Basin sludge by a water jet.
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The critical shear stress for erosion, tc and deposition t¢p, and the erodibility coefficient, K, are
usually determined by measurements. However, based on Midwestern U.S. soil, Hanson and Simon
(2001) developed the following formula to correlate tc and K as

02

Jre

Thus, the combined use of Equation 5.3 and 5.12 may determine the values of ¢ and K needed to
determine the erosion rate and the time to mobilize the required amount of the sludge if the shear strength
and the plasticity index of the stored K-Basin sludge are appropriately selected. However, these two
equations were developed with soil data, and it is not certain how they apply to the conditions at the
K-Basin.

K (5.12)

Thus, conducting the scaled water jet experiments would validate or modify Equation 5.12 to apply to
the stored K-Basin sludge. This could reduce the time and cost of the feasibility evaluation of the stored
K-Basin sludge retrieval by a water jet.

The water jet experiments suggested under Section 5.1 would provide data to evaluate whether
Equations 5.3 and 5.12 developed with soil measurements are applicable to the stored K-Basin sludge. If
not, these experimental data and their analysis may provide alternative relationships that are more suitable
to the K-Basin conditions under many different storage and retrieval scenarios.

The amount of non-cohesive solids eroded from the bottom or deposited to the bottom is usually
estimated as (Onishi 1981, 1994, Garcia 2008)

Sg = (Qsc - QSA)/tR For Qsa < Qsc (5.13)

Sp = [QSA —Qsc ]/tD For Qsa > Qsc (5.14)

where Qga is the actual sediment discharge, Qsc is the sediment discharge capacity of a flow to carry
sediment, and tp and tg are the durations required to complete deposition and erosion, respectively.

There are many formulas to estimate the non-cohesive sediment discharge capacity, Qsc of a given
flow (Vanoni 1975, Simon and Senturk 1977, Onishi 1994, Garcia 2008).

Some studies address time versus the solid erosion amount or the ECR (Hamm et al. 1989, Hanson
and Robinson 1993, Hanson 2001, Hanson and Simon 2001, Poirier 2004). Hamm et al. (1989) plotted
the ECR versus time data and found that the following form fit the data well (Powell et al. 1997):

ECR oc t33703 (5.15)

Others like Hanson and his associates express the erosion time in a logarithmic form (Hanson 2001).
Based on the velocity along the jet centerline expressed in Equation 2.15, Poirier at the Savannah River
National Laboratory summarizes various equations for t, the time to reach the maximum erosion amount
(Poirier 2004), including:
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2
t =32 D (5.16)
dJUi

where Dy is the tank diameter (ft), t is the time to reach the maximum amount of erosion (s), and U; is
the jet velocity (ft/s).

For the pump jet mixing of Tank 241-AZ-101, it took more than a day to erode the 17-in.-deep sludge
by two 300-hp pumps, each injecting 60-ft/s jets through two 6-in. nozzles at a jet discharge of
10,600 gpm (Carlson et al. 2000, 2001).

5.4 Solid Settling

Solid settling affects both the deposition and consolidation of solids on the tank bottom and the
distribution of the suspended solid concentrations in the STSCs. Heterogeneous simulant development
also needs to address solid settling during a simulant making period. The vertical distribution of the
suspended solid concentrations is a result of the solid settling counter-balanced by the upward component
of the turbulence of the flow (Vanoni 1975). The one-dimensional (vertical) distribution of solid
concentration is well characterized by Rouse Number, z (Vanoni 1975), as shown in Figure 5.5.
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Figure 5.5. One-Dimensional Solid Concentration Distribution

The Rouse Number is defined as

VS VS
7= Xy, = = Rouse Number (5.17)
. T
pr.|—
PL
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where Vs = solid settling velocity
U« = shear velocity
B = constant (= 1.0)
K = von Karman constant (= 0.4)
pL = liquid density
shear stress acting on the solid surface.

T

The shear velocity and the shear stress are correlated to the turbulence; thus, the Rouse Number
expresses the ratio of the solid settling velocity to the turbulent intensity of the flow.

Therefore, the solid settling has a significant effect on the vertical solid concentration distribution,
although a distribution of suspended solid concentrations in an STSC will not be one-dimensional. The
solid settling velocity is an important parameter for both solid deposition and accumulation as well as
vertical distributions of the solids during the water jet retrieval process.

When solids are suspended, they will settle toward the tank bottom. Some will fall as an individual
particle without interacting with other solids. Others will go through the following stages in the
sequence:

Slowly settle while suspended solids are flocculating to form larger agglomerates.

Settle faster as agglomerates.

Settle slowly because of hindered solid settling when solid concentrations become high enough, and
their falling restricts the flow movement between solids.

Consolidate settled solids very slowly within the solid layer over a long time.

Three of these four settling stages are clearly identifiable in Figure 5.6, showing the measured solid
settling of both actual Hanford waste and chemical simulants in a 30-ft column (MacLean 1999).
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Figure 5.6. Measured Solid Settling of Hanford Waste in a 30-ft Column
The solid settling velocity is generally a function of
¢ the size, shape, and density of the solid particle
o suspended solid concentration
o density and viscosity of the liquid

o waste chemistry affecting the solid agglomeration.

Individual particle settling:

The fall velocity of an individual spherical particle is described by (Vanoni 1975),

V2_igds (ps_pLj
. =——s| 8 11
3G Pu

where Cp = drag coefficient
ds = spherical particle diameter
g = gravitational acceleration
Vs = solid settling velocity
pL. liquid density
ps solid density.
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Figure 5.7. Variation of Drag Coefficient with Particle Reynolds Number

Figure 5.7 shows the drag coefficient, Cp, vs. the particle Reynolds Number, R, defined by Equation
5.19.

R= M (5.19)
He
The symbol F in Figure 5.7 is defined as
7ds’g
F= 6 (ps _pL) (5.20)

for the third parameter, F/pv® (where p is pp in this case). The symbol v is the kinematic viscosity
(= ur/pr) of the liquid. With the use of the third parameter, the settling velocity can be calculated without
iteration with Figure 5.7.

Equation 5.18 applies to any range of the particle Reynolds number for a spherical particle shown in
this figure. If an equivalent spherical particle is used to represent a non-spherical particle with the use of
a shape factor, this equation can also apply to a non-spherical particle.

In the Stokes Law range (R < 0.1 ~ 1), the drag coefficient, Cp, is

Co=" (5.21)
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Substituting Equation 5.21 into Equation 5.18 yields the following well known Stokes settling velocity
formula (Wasp et al. 1977):

ds’ [ ps —
VS — gpL S (ps pL] (522)
1841, PL

Solid flocculation and agglomerate settling

When primary (crystal) particles are small, normally less than 20 um for the Hanford waste, primary
particles tend to flocculate to each other and form larger agglomerates, although it also depends on waste
chemistry (Rector and Bunker 1995, Wells et al. 2007, Hill 2010). The agglomerate density is less than
those of primary particles forming an agglomerate, but an agglomerate usually settles faster than its
primary particles (MacLean 1999). When the solid concentration exceeds a certain level, say around
0.3 g/L, the small primary particles start to form agglomerates (Mehta and Partheniades 1973).

A fractal analysis may be used to estimate the density of agglomerate of a given size by (Wells et al.
2007)

R

D -3
pP= (?j (ps - pL)+ PL (5.23)

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

Agglomerate density decreases as an agglomerate size increases for a constant value of Dg. The
higher solid concentration generally forms larger agglomerates, but not always (Selomnlya et al. 2002).

The value of D is around 1.6 ~ 1.8 when the driving force for agglomeration is very high (diffusion-
limited agglomeration). The value of Dris around 1.8 ~ 2.25 when the driving force is weak (reaction-
limited agglomeration). High-packing dense agglomerate may have Dg > 2.25 (Wells et al. 2007). A
wide range of primary particles in the Hanford waste may form agglomerates compressed by overlaying
solids. Thus, the fractal dimension value may be greater than 2.25 ~ 2.5 (Bunker et al. 2003, Wells et al.
2007). Selecting an appropriate fractal dimension value and an agglomerate size, one can estimate the
density of the agglomerate with Equation 5.23. With known solid size and density, settling velocity
equations presented above can determine the settling velocity of agglomerates.

Alternatively, Krone (1962) obtained the following equation by conducting a series of experiments
with San Francisco Bay sediments with densities of 2,650 kg/m® and solid sizes varying from 1 to 50 pm.
His solid settling equation, Equation 5.24, accounts for flocculation to determine the settling velocity of
the resulting agglomerate as a function of the solid concentrations (see Figure 5.8).

4

V = AC? (5.24)
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where A is the empirical constant, C is the solid concentration in g/L, and Vy is the solid settling velocity
(in cm/s in this case).
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Figure 5.8. Measured Variation of Agglomerate Settling Velocity with Solid Concentrations

Hindered solid settling

When the solid concentration exceeds a certain level, say around 10 g/L, hindered settling occurs
(Krone 1962,1993, Mehta and Partheniades 1973). Perry and Chilton (1973) suggest the following
equation for hindered settling:

b
Vi =V, | 1- 5.25
s so[ c ] (5.25)

V max

where b = coefficient (= 4.65 for the Stokes Law range)
Cy = solid volume fraction
Cvymax = maximum solid volume fraction (the packing factor)
Vo = settling velocity of a single particle.

Equation 5.25 is used in the computational chemical-fluid dynamic code, ARIAL, to assess waste
pump jet mixing and retrieval for many DSTs (Onishi and Trent 1999, Onishi et al. 2000, 2003).
MacLean (1999) reported that a form of Equation 5.25 matched reasonably well with settling velocities of
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Hanford wastes (C-106, C-107, S-107, AZ-101/102, BY-104, BY-110, and SX-108 wastes) and
simulants.

Unified solid settling approach:

To illustrate this alternative approach, Equations 5.22, 5.24, and 5.25 were applied to a 241-AZ-101
condition produced by the pump jet mixing testing. Assigning the fully mixed AZ-101 solid
concentration to be 31 g/L and the spherical particle diameter of the median-size solid ds, to be 3 um,
these equations yield a settling velocity of 0.029 cm/s. The AZ-101 test indicates that the majority of the
solids settled to within 90 inches above the tank bottom in 6.7 hours, indicating that the solid settling
velocity was approximately 0.026 cm/s. Therefore, the calculated settling velocity of 0.029 cm/s is in a
good agreement with the measured data. Note that the settling velocity of a single 3-um particle
calculated by Equation 5.22 is 0.00031 cm/s, which would take 24 days to settle to the same distance.

To illustrate the solid settling behavior, a sample application is shown here. Figure 5.9 shows the
settling velocity of two solids of sludge waste by using Equations 5.22, 5.24, and 5.25. The liquid density
and viscosity were assumed to be 1,200 kg/m® and 2 cP. Solid concentrations were assumed to vary from
0.01 g/L (0.0004 vol%) to 500 g/L (18 vol%). Two solids selected here for illustration are 6.3 and 14 um
with the same solid densities of 2,800 kg/m’.

As shown in Figure 5.9, the settling velocity is independent of the solid concentration under a very
low solid concentration. Above around 0.3-g/L, the fall velocity starts to increase significantly because
agglomerate starts forming, resulting in faster solid settling up to two orders of magnitude greater. When
the solid concentration becomes very high, then hindered settling occurs, slowing down the solid
deposition toward the tank bottom. At 500 g/L in this case, the hindering effect becomes large enough
that the fall velocity becomes comparable to that of the individual fine particle. These changes in solid
settling may need to be accounted for when one evaluates the effectiveness of the stored K-Basin sludge
mobilization in the STSCs by water jets.
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Figure 5.9. Variation of Solid Settling with Solid Concentrations

This solid settling approach provides an example of a simple but a reasonably robust approach to
estimate the solid settling, covering individual particle settling, faster settling of agglomerated solids, and

hindered settling in a unified way.

However, Equation 5.24 was developed with data of San Francisco mud (silt and clay), and its
applicability to the K-Basin sludge is not certain. It may be useful to evaluate the validity of this
approach for a potential application to the K-Basin sludge conditions.
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6.0 Conclusions and Recommendation

6.1 Conclusions

K-Basin sludge will be recovered into the STSCs and will be stored in the T Plant for a number of
years while awaiting final sludge treatment/packaging. High uranium content sludge samples stored in
hotcells and samples subjected to hydrothermal treatment have been observed to self-cement and form
strong sludge (Delegard et al. 2005, Delegard et al. 2007, Wells et al. 2009). The shear strength of the
stored K-Basin sludge may range up to 200 kPa. This heterogeneous cohesive sludge has both paste and
chunks. The paste of some sludge has a shear strength of 3~5 kPa while chunks have an estimated shear
strength of 380 ~ 770 kPa (Wells et al. 2009). The stored K-Basin sludge in the STSC will be mobilized
by water jets impinging the sludge. Based on positive experience in the retrieval of sludge simulant from
engineered containers using the XAGO HydroLance™ retrieval system (CHPRC 2009), the STP is
considering the XAGO retrieval system as a starting point for designing a system to retrieve sludge from
the STSCs after interim storage. The current XAGO system has seven nozzles: two 1-mm, two 3-mm,
and three 3.5-mm-diameter nozzles to inject high-speed water jets. It is important to determine whether
water jets can mobilize and erode the stored K-Basin sludge from these engineering containers.

The objective of the evaluation was to determine the range of sludge shear strength for which there is
high confidence that a water-jet retrieval system can mobilize stored K-Basin sludge from STSCs.
Fourteen ECR models were reviewed. These models were all developed with simulants with shear
strength of less than 10 kPa, and their jet velocities were much smaller than those expected for the stored
K-Basin sludge retrieval. The validity of these ECR models was examined by applying them to
reproduce the measured ECRs produced by pump jet mixing in SY-101 and AZ-101 DSTs. The
validation test identified that the Powell-3 and Crowe-2 ECR models were the most accurate among the
ECR models reviewed.

These two ECR models were applied to the stored K-Basin sludge with various shear strength values,
assuming that water jet nozzles with 1-, 2-, 3-, and 3.5-mm diameters were located at 1, 5, 10, 17, and 25
inches from the STSC wall. The application results with 200-kPa shear strength follow:

e When a single nozzle located 25 inches from the STSC wall, a jet injected from a 1-mm or probably a
2-mm nozzle is sufficiently strong to mobilize the stored K-Basin sludge up to 25 inches away at
42-gpm discharge. The jet discharge and pressure requirements for 1-mm nozzle would be
approximately 16 gpm, but the pressure requirement is too large to be practical. Those requirements
for the 2-mm nozzle would be approximately 32 gpm and 30,000 psi. The water jet industry has
high-pressure pumps that generate 40,000 to 94,000 psi to produce very high velocity. When a single
3-mm or 3.5-mm nozzle is located at 25 inches from the wall, the required jet discharge and pressure
for 3-mm nozzles are approximately 48 gpm and 13,000 psi, respectively, to mobilize all sludge up to
25 inches away. Those for a 3.5-mm nozzle are 55 gpm and 9,400 psi.

o [f any of these single nozzles are located within 17 inches from the STSC tank wall, stored K-Basin
sludge would be eroded to the tank wall at 42 gpm. The required jet discharges to mobilize the
200-kPa sludge up to 17 inches away from the nozzles are 11, 22, 32, and 38 gpm for 1-, 2-, 3- and
3.5-mm nozzles, respectively. Pressure requirements for 1-, 2-, 3-, and 3.5-mm nozzles to erode
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200-kPa sludge would be approximately 57,000, 14,000 5,900, and 4,500 psi, respectively. Thus,
high-pressure pumps of the water jet industry can provide the required pressure, as stated above.

o [fthese single nozzles are located 10 inches away from the STSC wall, the required jet discharges for
these four nozzles are 6, 13, 19, and 22 gpm to erode the sludge up to the tank wall. The required
pressure would be approximately 19,000, 4,900, 2,100, and 1,500 psi, respectively. The jet velocity
and pressure requirements would be further reduced if these nozzles need to erode a shorter distance
than 10 inches. This could be achieved if the nozzles can move forward (toward the unmoved portion
of the sludge) as they erode the sludge.

¢ A moving nozzle is known to be more effective in mobilizing the sludge because an impulsive water
jet may need about '/3 or less energy required to break the material than a steady jet.

e For the nozzles located 5 inches from the STSC wall, 1-, 2-, 3-, and 3.5-mm nozzles would need 3.2-,
6.4-, 9.4-, and 11-gpm jet discharges to mobilize the stored K-Basin sludge with 200-kPa shear
strength, respectively. The corresponding minimum required pressures are 4,800, 1,200, 510, and
380 psi, respectively.

e For the nozzles located 1 inch from the STSC wall, 1-, 2-, 3-, and 3.5-mm nozzles would need 0.65-,
1.3-, 1.9-, and 2.2-gpm jet discharges to mobilize the stored K-Basin sludge with 200-kPa shear
strength, respectively. The corresponding minimum required pressures are 200, 49, 21, and 15 psi,
respectively.

e When all seven nozzles of the XAGO system are placed between 5 and 25 inches away from the wall
and are used at 42 gpm, it is unlikely that these jets would mobilize all of the sludge in the STSCs at
377-psi pressure.

e When these seven nozzles are located at 1 inch from the STSC wall, they would erode the sludge up
to the wall at 42 gpm. Wall erosion may become an issue if jets continue to hit the same STSC wall
location for 2 hours or more.

With the Powell-3 ECR model, parametric studies were also conducted by varying the shear strength
of the stored K-Basin sludge, jet nozzle diameters, jet discharge, and the required ECR to erode the sludge
up to the STSC tank wall.

The water jets to mobilize the stored K-Basin sludge should not erode more than 10% of the STSC
tank wall. The tank wall erosion amount was estimated with the Papp wall erosion model for 1-, 3-, and
3.5-mm nozzles located at 1, 5, 17, and 25 inches from the STSC wall for 10, 20, 30, and 40-vol% solids
concentrations of the jets and distances between the nozzle and the tank wall. The tank wall erosion rate
up to 100 hours was estimated for the 1-, 3-, and 3.5-mm nozzles for four solid concentrations (10, 20, 30,
and 40 vol%) of the jets. The wall erosion must be evaluated for a water jet retrieval system to confirm
that the jet would not erode more than 10% of the STSC wall thickness. For example, the XAGO system
located at 1 inch from the wall may erode the STSC wall at 42 gpm if these jets hit a same spot of the wall
for more than two hours. The Papp wall erosion model was derived from experiments with the 1.049-in.-
diameter nozzle with 12 and 14 m/s jet velocities placed at 1.574 inch from a steel surface. These test
conditions are not similar to those expected for K-Basin condition. The applicability to the K-Basin
conditions and its accuracy are not certain.

These parametric study results with the Powell-3 ECR and the Papp wall erosion models would assist
in developing the suitable water jet retrieval system to mobilize the stored K-Basin sludge. A main
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uncertainty of the use of these models for the stored K-Basin sludge analysis is that these models were
developed with experiments with much weaker sludge, slower jet velocity, and larger nozzle diameters
than those expected for the stored K-Basin sludge.

6.2 Recommended Exploratory Studies

As discussed in Section 5, we recommend the following exploratory evaluations as the follow-up for
this shear strength threshold of concern evaluation under two phases;

e Small- and large-scale water jet testing to answer the question of

whether a specific water jet can erode the stored K-Basin sludge

whether the shear strength of the bulk sludge or the shear strength of the weaker component of
the sludge is the controlling sludge property for mobilization

determining the erosion rate and time that will be required to retrieve a specific amount of sludge
by determining the erosion rate, erodibility coefficient, and erosion time

whether the candidate water jet systems would not erode more than 10% of the STSC wall
thickness.

To answer the first two questions, conduct Phase 1 evaluation in two stages

e Phase 1, Stage 1: Small-scale water jet testing

Use high-strength homogeneous simulants developed by PNNL to evaluate the shear strength
range of 3 kPa up to 200 kPa.

Use high-strength heterogeneous simulants being developed by PNNL to conduct several sets of
heterogeneous simulant testing with 1) weaker weak paste and very hard chunks and 2) stronger
weak paste and very hard chunks.

Use a stainless steel simulant container with a simulant and/or a stainless steel plate to confirm
that water jets would not erode the steel wall for some selected cases.

e Phase 1, Stage 2: Large-scale water jet testing to repeat selected sets of the small-scale testing
conditions with 3- and/or 4- mm nozzles with expected ECR of 10 inches are less. Under these test
conditions, the required pressure would be less than 5,000 psi.

Use PNNL homogeneous simulants selected by the small-scale water jet testing.

Use PNNL heterogeneous simulants selected by the small-scale water jet testing.

Water jet testing to estimate the erosion rate and the time needed to erode the required amount of
stored K-Basin sludge in the STSCs.

e Phase 2, Stage 1: Small-scale water jet testing

Obtain the critical shear stress for erosion and the erodibility coefficient with high-strength
homogeneous and heterogeneous simulants being developed by PNNL under separate tasks of the
K-Basin Project. Use the high pressure as required to conduct these tests.

Validate or modify Equations 5.3, 5.6, and 5.12 to estimate the critical shear stress for erosion
and the erodibility coefficient of the multi-component stored K-Basin sludge with the known
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unconfined compressive strength and the plasticity index without conducting water jet testing in
the future.

e Phase 2, Stage 2: Large-scale water jet testing to repeat selected sets of the small-scale testing
conditions with 3- and/or 4- mm nozzles with expected ECR of 10 inches are less. Under these test
conditions, the required pressure would be less than 5,000 psi.

o Evaluate the feasibility of estimating the solid settling velocity under the three settling modes of
individual solid settling, agglomeration settling, and hindered settling by using the unified solid
settling velocity approach (Equations 5.22, 5.24, and 5.25) for the K-Basin sludge.

e Conduct computer simulations of water jet erosion and mixing of the stored K-Basin sludge in the
STSCs with a suitable computational fluid dynamics code (e.g., the ARIEL code) to answer the
following questions to develop a sludge retrieval operational envelopes:

—  Which solids and where would they be eroded and kept suspended?

— How uniform is the suspended solid concentration distributions in the STSC?
— What are the achievable suspended solid concentrations?

— Which suspended solids would be deposited and how fast and where?

— Which solids and which parts of the STSC would not be mobilized?

— What is the degree of successful/acceptable sludge retrieval operation?
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