AT S
T gy

Uil aa

&%??OZ@M

SEP 3 1) 1395

ENGINEERING DATA TRANSMITTAL

Page 10t __ |

-ET NO 6513758

2. To: (Receiving Organization) 3. From: (Originating Organization) 4. Related EDT No.:
FSAR Development Safety Issue Resolution N/A
5. Proj./Prog./Dept./Div.: 6. Design Authority/ Design Agent/Cog. 7. Purchase Order No.:
Engr.:
D.R. Bratzel N/A
8. Originator Remarks: 9. Equip./Component No,:
This report presents an in-depth technical review of the N/A
potential for nuclear criticality to occur in Hanford 10. System/8ldg./Facility:
~[-defense waste tanks during safe storage operations. N/A
11. Receiver Remarks: 11A. Design Baseline Document? [ ] Yes [X] wo 12. Major Assm. Dug. Ne.:
N/A
13. Permit/Permit Application No.:
N/A
14. Required Response Date:
N/A
15. DATA TRANSMITTED {F) (6) (H) (1
(A) . {Cy {0} 8 Tit o ot £ Dat Approval Reason Origi- Receiv-
Item Drawing No. Sheet Rev. tle or Description of Data Desig- for nator er
No. (B) Document/Drawing No No. No. Transmitted nator Trans- | Dispo- | Dispo-
mittal sition sition
1 WHC-SD-WM-TI-7587 4] Fluid Dynamics, Particulate
Segregation, Chemical
Processes, Natural Ore Analog
and Tank Inventory SQ
Discussions that Relate to
the Potential for Criticality
in Hanford Tanks
16. KEY
Approval Designator (F} Reason for Transmittat (G) Disposition (H) & (I}
E, S, Q, DorN/A 1. Approval 4. Review 1. Appiuved 4. Reviewed no/comment
(sea WHC-CM-3-5, 2. Release S. Post-Review 2. Approved w/ 5. Revi: d i t
Sec.12.7) 3. Information 6. Dist. (Receipt Acknow. Required} 3. Disapproved w/comment 6. Receipt acknowlsdged
17. SIGNATURE/DISTRIBUTION
{See Approval Cesignator for required signatures)
{ci} [t {c)] H)
Rea- { Disp. (J) Name (K) Signature (L) Date (M} MSIN Rea- | Disp. () Name (K) Signature (L) Date (M) MSIN
son son
Design Authority 1 1 S. J. Eberﬂeinm
. lor 7/27/? L
Design Agent
1 1 Cog.Eng. D. R. Bratzi%_ui‘—ts Q)IPQL
N AR SR an S A K21
1 1 QA J. W. Hagan/)ﬁ 6> K¢
1 1 safety L. M. éé‘ﬁe/ro%
Env.
19. 21. DOE APPROVAL (if required)
,ﬁ / ctrl. No.
D. R. Bratze G. / /5 é {] Approved
21%#; ihf&ja AZ%&‘ g £ {1 Approved w/comments
Signature of FDT Date Authorized Represedtative Date gh Authority/ [1 Disapproved W/comments
Originator for Receiving Organization Cognizant Manager

BD-7400-172-2 (05/96) GEF097



S

WHC-SD-WM-TI-757, Rev. O

Fluid Dynamics, Particulate Segregation, Chemical .
Processes, Natural Ore Analog and Tank Inventory
Discussions that Relate to the Potential for

Criticality in Hanford Tanks

Serne
Whyatt
Mamgod

J
AL
. V.
. Onis
. G. Dm:tur

. N. Bjornstad

. R. Powell

. M. Liljegren

. H. Westsik, Jr.

.. Aimo

. P. Recknagle

- R. Golcar

. B. Miley

G. R. Holdren

Pacific Northwest National Laboratory, Richland, WA 99352

SORZECEES<HOR

D.W. Jeppson

R.K. Biyani

G.S. Barney

Westinghouse Hanford Company, Richknd, WA 99352

U.S. Department of Energy Contract DE-AC06-87RL10930

EDT/ECN: oeaeee- X2 uc
Py 9 /%96 "

TRADEMARK DISCLAIMER. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thereof or
its contractors or subcontractors.

Printed in the United States of America. To obtain copies of this document, contact: WHC/BCS
Document Control Services, P.O, Box 1970, Mail stop H6-08, Richland WA 99352, Phone (509) 372-2420;
Fax (509) 376-4989.

DATE: HANFCRD o
. ROLEASE .
quz 2,

A S A, 4

Released Apprval Date’ Release Stamp

Approved for Public Release

A-6400-073 (10/95) GEF321 1o0f 2



WHC-SD-WM-TI-757, Rev. O

Org Code: 8M700 Charge Code: N1696
B&R Code: Totat Pages: #xx” P8 2 wrn ot 7/27%;

Key Words: Hanford Tank Farms, Criticality Safety Basis, Fissite Materials

Abstract:

This report presents an in-depth review of the potential for nuclear criticality to occur in Hantord defense waste tanks during
past, current and future safe storage and maintenance operations. The report also briefly discusses the potential impacts of
proposed retrieval activities, although retrieval was not a main focus of scope. After thorough review of fluid dynamic aspects
that focus on particle segregation, chemical aspects that focus on solubility and adsorption processes that might concentrate
plutonium and/or separate plutonium from the neutron absorbers in the tank waste, and ore-body formation and mining
operations, the interdisciplinary tcam has come to the conclusion that there is negligible risk of nuclear critically under existing
storage conditions in Hanford Site underground waste storage tanks. Further, for the accident scenarios considered an accidental
criticality is incredible.

The executive sumnmary and summaries at the end of cach section in which sub analyses, c: ions or
interpretations were performed provide more detaited findings and support for these conclusions.

TRADEMARK DISCLAIMER. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thersof or
its contractors or subcontractors.

Printed in the United States of America. To obtain copies of this document, contact: WHC/BCS
Document Control Services, P.O. Box 1970, Mail stop H6-08, Richland WA 99352, Phone (509) 372-2420;
Fax (509) 376-4989.

DATE:

STA: q,
B 75~ 4 PEP30199

HANFCRD
RCLEACE

Relasée Appfoval Date Release Stamp

Approved for Public Release

A-6400-073 (10/95) GEF321 2 of 2

- - [e—



WHC-SD-WM-TI-757
Revision O

Fluid Dynamic
Particulate Segregation,
Chemical Processes,
and Natural Ore Analog
Discussions that Relate
to the Potential for
Criticality in Hanford
Tanks

Prepared for the U.S. Department of Energy
Office of Environmental Restoration and
Waste Management

Westinghouse
Hanford Company Richland, Washington

Management and Operations Contractor for the
U.S. Dapartment of Energy under Contract DE-AC06-87RL10930

Approved for Public Release



WHC-SD-WM-TI-757, REV 0

Document Title: FLUID DYNAMIC PARTICULATE SEGREGATION, CHEMICAL PROCESSES, AND NATURAL ORE ANALOG
DISCUSSIONS THAT RELATE TO THE POTENTIAL FOR CRITICALITY IN HANFORD TANKS

(\ 0
Prepared by: M \‘&-j‘t"\l 3,,(1,014

R. J.Nedrnk ™ Date
Staff Scientist, Applied Geology and
Geochemistry Group

Pacific Northwest National Laboratory

7-23-9¢

Date

G. A. Whyatt
Senior Development Engineer, Chemical
Separations & Slurry Processing Group
Pacific Northwest National Laboratory

S 1 Jnfoe

S. V. Mattigod

Senior Research Scientist, Applied Geology
and Geochemistry Group

Pacific Northwest National Laboratory

Onisha Uesine
Y. Onishi Date

Program Manager, Hydrology Group
Pacific Northwest National Laboratory

%%ﬁ;&dm&w) jl‘u'@to
D. W. Jeppson Da

Process Engineering
Westinghouse Hanford Company

Reviewed by: %U M’

'W. Brothers Date
rogram Manager, Project Management Group
Pacific Northwest National Laboratory

Approved by: Q)ZR Pjt.!) NI
D. R. Bratzel Date
Criticality Séfety Project, TWRS Safety Issue Resolution
Westinghouse Hanford Company




WHC-SD-WM-TI-757, REV O
ACKNOWLEDGMENTS

The authors wish to thank Ed Lipke, Bob Cash, Dave Nyham, and especially
Dave Bratzel of Westinghouse Hanford Company for funding this work and keeping
us focused on the key objectives. We wish to thank Don Alexander from the
U.S. Department of Energy, Richland Operations Office for introducing us to
the technical issue and programmatic history. His insight and preliminary
analyses gave us a good foundation from which to venture forward. We wish to
thank Joe Brothers from the Pacific Northwest National Laboratory Program
Office for guiding us on protocols, for being our laison to the Westinghouse
Hanford Company financial and program groups, for being our advocate in
several programmatic meetings, and for reviewing the draft document.

Numerous scientists, engineers, and project managers freely shared their
related work, both published and drafts, and helped guide us to other
important literature or issues. Among these willing helpers we wish to
recognize John Lafemina, Reza Shekarriz, Jun Liu, Brian Rapko, Penny Colton,
Jim Campbell, Greg Lumetta, Jack Ryan, and Linfeng Rao of Pacific Northwest
National Laboratory and Cal Delegard, Harry Babad, Bob Marusich, Terry Vail,
George Reddick, John Harris, III, Kayle Boomer and Chuck Rogers of
Westinghouse Hanford Company. Other technical materials and ideas were
provided by Dave Hobbs and Major Thompson of Westinghouse Savannah River and
Steve Agnew of Los Alamos National Laboratory.

We wish to acknowledge the stimulating discussions that we had with
outside consultants, other Hanford Site staff members, and formal reviewers,
who were often unknown to us, but whose comments on draft material helped
sharpen the final report. Some of the participants include Arlin Postma
(private consultant), Nabil Morcos (Idaho National Engineering Laboratory),
Dick Vorehm (M. Chew & Associates), Wally Schulz (W23 Company), Roland Felt,
Carole Sohn, and Harry Calley (U.S. Department of Energy), Jess Greenborg, Lou
Rodgers, and Alan Waltar (Westinghouse Hanford Company), Rob Tayloe (Battelle
Columbus) and Andy Prichard (Pacific Northwest National Laboratory).

Finally we wish to thank Mary Curry and Maggi Nielson of Boeing Computer
Services Richland for editing the document and preparing many of the figures
for duplication, formatting the report, and coordinating all other
prepublication tasks.

iii



WHC-SD-WM-TI-757, REV 0

This page intentionally left blank.

iv



WHC-SD-WM-TI-757, REV 0
EXECUTIVE SUMMARY

This report uses information compiled and critically assimilated by the
staffs at the Pacific Northwest National Laboratory (PNNL) and Westinghouse
Hanford Company (WHC) to evaluate the potential for nuclear criticality to
occur in Hanford Site defense waste tanks during present waste storage and
under some selected accident scenarios. The report also addresses active
operations such as tank cascading, and operation of air-lift circulators to
cool the contents of self-boiling tanks to evaluate whether they could have
created conditions that would predispose the tanks toward criticality events
during inactive storage.

Our critical review found no scenarios or physical and chemical
processes that would likely lead to a criticality event. While numerical
probabilities for a criticality event have not been attempted, the possibility
of such an event during the continued waste storage or future maintenance and
retrieval operations is judged to be very remote. The conclusions presented
in the following paragraphs support our overall conclusion.

SUPPORTING CONCLUSIONS

Fissile material and the bulk of the neutron absorbers are present in
the sludge phase in Hanford Site tanks. The sludge particles are very small
grains of crystalline and amorphous hydrous oxides, phosphates, carbonates,
and other minor compounds. The particles readily agglomerate and coagulate
into larger clusters in the high-pH and high-ionic-strength tank environment.
The agglomerated material is cohesive in terms of fluid dynamic properties.
Cohesive material is not easily suspended by low-energy physical disturbances
and does not promote fluid transport through settled beds. This latter
property minimizes convective transport of dissolved material or fine-grained
suspended particles through the settled sludge.

Transmission electron microscopy [TEM] characterization of the sludge
clearly shows that the sludge primary particles are submicron in size and that
agglomeration into larger clusters has occurred. The primary particles
agglomorate randomly, rather than selectively with particles of similar
composition. Most of the agglomerates appear to be random mixtures of primary
particles that are held together by physical forces controlled by innate
surface charges, particle size, and the chemical nature of the surrounding
fluids. Theoretical discussions that support the TEM observations are found
in Appendix A.

Sedimentation studies and inferred particle-size characterization using
visual and Tight-scattering techniques indicate that the sludge particles
range from a few microns to hundreds of microns in size. These observations
are consistent with the TEM information only if the material is agglomerated
into larger clusters.

Sludge agglomerates are likely to be broken up by vigorous mixer pump
and jet-fluid sluicing operations associated with retrieval; reagglomeration
of particles is expected to occur rapidly during settling of the sludge in
receiver tanks or after the mixer pumping ceases. As long as the aqueous
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fluid chemical environment is kept at pH values greater than 10 and the ionic
strength is kept at values greater than 0.1 molar, the fissile and neutron
absorbers should readily reagglomerate. Because the neutron absorbers are
present in much higher concentrations than the fissile material, the
agglomerates should contain ample neutron absorbing properties to keep the
sludge subcritical.

OQur review of chemical processes and available sludge characterization
data did not identify the form in which the fissile material in the tanks
exists. It could be as discrete solids controlled by solubility relationships
or it could be bound to sludge adsorbent surfaces such as iron and aluminum
hydrous oxides. Theoretical arguments to support both mechanisms were
presented because available data is too sparse to clearly choose which
mechanism is more likely. However, it is well established that the solubility
of plutonium in the various tank chemical environments is well below that
needed to promote a criticality event in solution. The available tank
supernate solution data clearly corroborates this conclusion. The effects of
many chemical variables including ionic strength, pH, inorganic and organic
competing ligands, and radiolysis were reviewed and arguments presented to
show that they cannot lead to the necessary high solubility.

The chemical and physical conditions necessary to create natural ore
bodies were reviewed. We concluded that tank environments are not similar to
the natural environments that promote ore-body formation. The time scale,
finite size of the tanks, and the relatively low mass transport into and out
of tanks precludes the formation of an anthropogenic ore body. Further, most
natural ore bodies are formed at temperatures and pressures that are well
beyond those found in tanks and are generally formed over millions of years.

The sludge primary particles, including some theoretical estimates of
the size of discrete particles of plutonium hydrous oxides, if they exist, are
much smaller than the size of minerals that can be readily separated and
concentrated by mineral processing techniques. Further, specialized mineral
processing techniques such as flotation, require a narrow chemical environment
in the supporting liquid and special organic reagents to carry the selected
mineral to the floating layer. The high ionic strength, high pH and types of
organics in the tank are not similar to the conditions required for successful
flotation.

To provide defense-in-depth, we also performed numerous fluid dynamic
calculations assuming that the fissile particles were not agglomerated with
neutron absorbers or adsorbed onto the surfaces of neutron absorbers. The
calculations assumed that fissile and neutron absorbers agglomerated only with
themselves to form particles whose size was the same as distributions measured
by light-scattering and visual-settling techniques. We then performed
quantitative calculations using both one- and three-dimensional conceptual
models and codes. Chapters 3 through 6 present the calculations that show,
for the most realistic cases, that the level of segregation of fissiles from
neutron absorbers was about a factor of 2.5. The concentration necessary to
reach criticality is estimated to be about 20, based on the highest measured
concentration of plutonium in tank sludge.

Some worst case simple-settling calculations were performed that did
lead to separation factors larger than 20. The scenario required that the

vi
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plutonium be present as the finest grained particles in the sludge at the
highest concentration for any tank at the Hanford Site and that no
interparticle type agglomeration occurred. Further, the neutron absorbers
were the larger particles in the sludge distribution. In this extreme case we
assumed that all the neutron absorbers settled first and the plutonium slowly
settled on top to form a thin, fissile-rich layer. Even though the thin layer
exceeded the 2.6 g/L safe plutonium concentration for infin;te geometry, the
layer was of a uniform pancake shape far below the 240 g/ft° necessary to go
critical.

The evidence shows no indication that such large separation factors
could be reached by any of the past tank operations, including tank-to-tank
transfers, cascading, salt-well pumping, and air-1ift circulation. Further,
in-tank mixing and jet-sluicing operations that are planned in the future will
not produce fluid dynamic conditions that would lead to such large separation
factors.

A set of experiments was designed that would provide the necessary data
to determine whether the plutonium present in the tanks is discrete solid
phases or is adsorbed onto the surfaces of the ubiquitous neutron absorbers
such as iron and aluminum hydroxide. The experiments would also determine
whether the plutonium-bearing particles would tend to separate from the other
sludge particles, especially the better neutron absorbers, during settling
from suspensions.

vii



WHC-SD-WM-TI-757, REV O

This page intentionally left blank.

viii



WHC-SD-WM-TI-757, REV 0

CONTENTS

1.0 INTRODUCTION . . . . . . . . . . . o i s et e e e oo
1.1 FLUID DYNAMIC CALCULATIONS . . . . . . . . . . . .. . ...
1.2 CHEMISTRY OF SOLID AND LIQUID PHASES . . . . . . . . . . ..
1.3 NATURAL ORE DEPOSIT ANALOG . . . . . . . . . . . ... ...
1.4 ORE PROCESSING TECHNIQUES . . . . . . . . . . . ... ...

2.0 PHYSICAL PROCESSES RELATED TO SOLID SEGREGATION . . . . . . . . . .

2.1 SOLID TRANSPORT MECHANISMS . . . . . . . . . . . . . .. ...
Solid Properties . . . . . . . . . ... ..o
Controlling Parameters for Solid Transport . . . . . .
Initiation of Solid Motion . . . . . . . . . . . ...
Critical Condition for Cohesive Soltids . . . . . . . .
Bed Forms . . . . . . . ... o L. . 0L
Solid/Sediment Discharge Rate Formulas . . . . . . . .
Solid Transport, Deposition, and Resuspension

Mo N
i ubalatatale
m\lo‘lm-h(.ﬂi—'

3.0 SUMMARY OF FEATURES INCLUDED IN TEMPEST MODELS . . . . . . . . . .
3.1 TEMPEST FLUID DYNAMIC MODEL . . . . . . . . . . .. .« ..
3.1.1 Limitations of the TEMPEST Model . . . . . . . . . .

3.2 COMPARISON OF INPUT AND TANK WASTE
CHARACTERIZATION DATA . . . . . . . . . v e i v e e e e v
3.2.1 Viscosity . . . . . . . L oo e e
3.2.2 Yield Stress . . . . . . . . . L. L0000

4.0 PARTICLE SEGREGATION MODELING IN HANFORD WASTE TANKS
WITH TEMPEST AND STOMP CODES . . . . . . . . . . . . . . . . .. ..
4.1 WASTE SLUICING AND TANK PUMP-OUT OPERATIONS . . . . . . . . .
4.1.1 Tank Waste Sluicing . . . . . . . . . . .. .. ...
4.1.2 Slurry Pump-Out Operation . . . . . . .. ... ...
4.2 SLURRY RECEIVING TANK OPERATIONS (ORIGINAL TANK FILLING,
CASCADING, TANK TRANSFERS/ADDITIONS) . . . . . . . . . . ..
4.2.1 Analytical Solution Predictions (Most Representative
of the Cascading Process and Tank Filling with
Slurry Containing Low Suspended Solids) . . . . . . .
4.2.2 TEMPEST Modeling For Waste Tank AY-102 . . . . . . . .
MIXER JET PUMP OPERATION (PROPOSED FOR TANK SY-102) . . . . .
SALT MELL PUMPING . . . . . . . . . . . . . . . v o ..
AIR LIFT CIRCULATORS . . . . . . . . v v v v v v v v e
4.5.1 Estimation of Air-Induced Liquid Flow . . . . . . . .
4.5.2 Liguid and Solid Movement . . . . . . . . . . .. ..
4,6 THERMAL EFFECTS . . . . . . . . . . . . o oo o v v v v v ..

o
oW

5.0 SCOPING RESULTS FOR STAGNANT SETTLING CASE . . . . . . . . . . . ..
5.1 SIMPLIFIED SEDIMENTATION MODEL . . . . . . . . . . . . . ...
5.2 SIMULATION RESULTS . . . . . . . . . v v o v v v v v v v v
5.2.1 Bounding Sensitivity Analysis . . . . . . . .. ...
5.2.2 Hindered Settling Effect . . . . . . . . . . ... ..
5.2.3 Interpretation of Results from One-Dimensional
Settling Calculations . . . . . . . . . .. ... ..



WHC-SD-WM-TI-757, REV 0

CONTENTS (cont)

6.0 EVALUATION OF 1/12-SCALE DATA FROM MIXING UNIFORMITY TESTS . . . . . 6-2
6.1 SCALED EXPERIMENTS . . . . . . . . . . . . o v v v v v v v v 6-2
6.2 TEST PROCEDURE . . . . . . . . . . . . . . v v v v v v v v .. 6-3
6.3 PROPERTIES OF WELL-MIXED SIMULANTS . . . . . . . . . . . . .. 6-3
6.4 EFFECT OF PUMP POWER ON THE DIAMETER OF

SUSPENDED PARTICLES . . . . . . . . . . . . . . v v v .. 6-4
6.5 SETTLED SOLIDS . . . . . . . . . . . v v v v v e e e e e 6-5
6.6 IMPLICATIONS . . . . . . . . . & v i v i i ittt i i e 6-6
7.0 CHEMICAL PROCESSES THAT CONTROL FATE OF PLUTONIUM
AND NEUTRON ABSORBERS . . . . . . . . . . . . . . .. ... ... 7-1
7.1 SOLUTION SPECIES . . . . . . . . . . . . . o v v v v oo 7-1
7.1.1 Redox Status . . . . . . . . . .. .. ... ... 7-1
7.1.2 Hydrolysis . . . . . . . . 0 i e e e e e e e e 7-2
7.1.3 Complexation . . . . . . . . . . . . .. ... ... 7-3
7.1.4 Tlonic Strength Effects . . . . . . . . . . ... .. 7-4
7.1.5 Temperature Effects . . . . . . . . .. ... ... 7-5
7.1.6 Radiolysis Effects . . . . . . . . . .. .. .. .. 7-5
7.2 SOLUBILITY . . . . . . . . o vttt st e e e e e e e 7-7
7.2.1 Precipitation of Plutonium Hydroxide Phase . . . . . 7-7
7.2.2 Organics Present in Hanford Site Tanks and
their Influence on Solubility and
Plutonium Speciation . . . . . . . . . . ... ... 7-10
7.2.3 Effects of Other Parameters on
PTutonium Solubility . . . . . . . . . ... ... 7-14
7.2.4 Solid Solution Phases . . . . . . .. . ... ... 7-15
7.2.5 Crystallization and Particle Size of
Precipitated Phases . . . . . . . . . . . ... .. 7-17
7.3 ADSORPTION . . . . . . . . . e e e e e e e e e e e e 7-21
7.3.1 Introduction . . . . . . . . . ... .. ... ... 7-22
7.3.2 Adsorption Substrates in the Waste
Tank Envivonment . . . . . . . . . .. ... ... 7-24
7.3.3 Tetravalent Plutonium Adsorption on Iron and
Aluminum Oxide/hydroxide Substrates . . . . . . . . 7-27

8.0 INTRODUCTION TO NATURAL ORE DEPOSIT EFFORTS . . . . . . . . . ... 8-1
8.1 INTRODUCTION AND BACKGROUND . . . . . . . . . . . . . . ... 8-1
8.2 ORE-FORMING PROCESSES . . . . . . . . . . . . v o v v o . 8-2

8.2.1 Natural Ore-Forming Processes . . . . . . . . . . .. 8-2
8.2.2 Potential Ore-Forming Processes in Waste Tanks . . . . 8-4
8.3 NATURALLY OCCURRING RADIOGENIC MINERALS . . . . . . . . . .. 8-7
8.4 DATANEEDS . . . . . . . . . . . oo e e e e 8-8

9.0 PROPERTIES OF GENERATED WASTE RELEVANT TO CRITICALITY HAZARD . . . . 9-1
9.1 OBJECTIVE/SCOPE . . . . . . . . . . . ¢ v v v v v v i v e 9-1
9.2 BACKGROUND . . . . . . . . . . . o i i e e e e e e e e 9-1

9.2.1 Wastes from Plutonium Separations and Finishing

Operations at Hanford . . . . . . . . . . . ... .. 9-1
9.2.2 Operational Controls on Waste Transfer . . . . . . . . 9-3
9.2.3 Maste Properties Relevant to Criticality Hazard . . . 9-4
9.2.4 Activity Status of Tanks . . . . . . . . . . . .. .. 9-4



WHC-SD-WM-TI-757, REV 0

CONTENTS (cont)

9.3 WASTE STREAM CHARACTERIZATION . . . . . . . . . ... . ...

Hanford Defined Waste . . . . . . . . . . ... ...
PUREX . . . . . o o e e e e e e e e e e e e
Thorium Fuel Waste to Tank Farms . . . . . . . . . ..
REDOX . . . . . v o e e e e e e e e e e
Bismuth Phosphate Process Wastes . . . . . . . . . ..
Uranium Recovery Waste Stream . . . . . .. .. ...
Plutonium Finishing Plant Waste . . . . . . . . ...
IUM AND ABSORBER CONCENTRATIONS IN WASTE . . . . . . . .
SION OF ACTIVE TANKS (DOUBLE-SHELL TANKS) . . . . . ..
Waste in Tanks AW-103 and AW-105 . . . . . . . . . ..
Waste in Tank AW-106 . . . . . . . . . . . .. .. ..
Waste in Tank AY-101 . . . . . . . . . . .. . . ...
Waste in Tanks AZ-101 and AZ-102 . . . . . . . . . . .
9 5 5 MWaste in Tank SY-102 . . . . . . . . . . .. .. ...

lO%D\OiOHI'_KDEO\D\D‘D‘DO
O
#NNHMZ\IO\MOO\)N»—!

mmmwn—cuwwwwww

9.6 SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . ... ...

10.0 LABORATORY EXPERIMENTS TO SUPPORT
CRITICALITY ISSUES . . . . . . . . . . .. . o ..

10.1

ADSORPTION EXPERIMENTS . . . . . . . . . .. . ... ...

10.2 SOLID-SOLUTION FORMATION EXPERIMENTS . . . . . . . . . . .
10.3 PLUTONIUM SOLID PHASE FORMATION EXPERIMENTS . . . . . . .
10.4 TESTS ON ACTUAL HANFORD WASTE TANK SLUDGES . . . . . . ..

11.0 REFERENCES . . . . . . . . . . o o o v b e s s e s e

APPENDICES
APPENDIX A
APPENDIX B
APPENDIX C

APPENDIX D
APPENDIX E

APPENDIX F

FLOCCULATIONS OF WASTE PARTICLES

GRAVITY CONCENTRATION

ANALYSIS TO DETERMINE THE VOLUME OF AIR ENTRAINED BY A
SINGLE AIR LIFT CIRCULATOR

PATHWAYS OF IRON HYDROXIDES, OXYHYDROXIDES, AND OXIDES
FUEL PROCESSED AT PUREX AND PUREX-TO-TANK FARM WASTE
TRANSFER DATA SINCE 1983

CONCENTRATION RATIO OF PLUTONIUM (IV) HYROXYCARBONATE
AND PLUTONIUM (IV) HYDROXY-EDTA COMPEXES

xi



LSO n
wN —

WHC-SD-WM-TI-757, REV 0
LIST OF FIGURES

Drag Coefficient of Spheres as a Function of

Reynolds Number . . . . . . . . . . . . L ... o Lo F2-1
Shields Diagram . . . . . . . . . . .. . .. .o o000 . . F2-2
Comparison of Predicted and Observed Total Sediment

Discharges for the Colorado River at

Taylor’s Ferry, Colorado . . . . . . . . . . . . . ... .... F2-3
Comparison of TEMPEST Model Predictions and

102-SY Characterization Data for Various

Water-Sludge Dilutions . . . . . . . . . .. .. ... F3-1
Predicted Vertical Distribu}ions of Flow (m/s) and

Solid 9 Concentration (kg/m’) on Vertical Plane 14

(9 0’clock Position) of the Hole at

7 Simulation Minutes . . . . . . . . . . . .. ... ... F4-1
Predicted Horizontal D1str1but1ons of Flow (m/s) and

Solid 9 Concentration (kg/m ) at Bottom of the Hole

at 7 Simulation Minutes . . . . . . . . . .. .. ..o, F4-2
Predicted Horizontal Distri?utions of Flow (m/s) and

Solid 5 Concentration (kg/m’) at Bottom of the Hole at

7 Simulation Minutes. . . . . . . . . . . .. ... oL F4-3
Predicted Horizontal Distrib¥tions of Flow (m/s) and

Solid 5 Concentrations (kg/m’) at Top of the Hole at

7 Simulation Minutes . . . . . . . . . . ... ..o F4-4
Predicted Horizontal D1str1but10ns of Flow (m/s) and

Solid 1 Concentration (kg/m ) at Bottom of the Hole at

7 Simulation Minutes . . . . . . . . .. .. ... ... F4-5
Predicted Vertical Distribu}ions of Flow (m/s) and

Solid 9 Concentration (kg/m’) on Vertical Plane 14

(9 O’clock Position) of the Hole without Yield Stress

at 7 Simulation Minutes . . . . . . . . . . ... ... ... F4-6
Predicted Vertical Distributions of Flow (m/s) and

Solid 9 Concentration (kg/m’) on Vertical Plane 14

(9 0’clock Position) of the Hole without Yield Stress

at 20 Simulation Minutes . . . . . . . . .. ... ... ..., F4-7
Predicted Vertical D1str1but1ons of Flow (m/s) and

Solid 5 Concentration (kg/m } on Vertical Plane 9

Containing One of the 1-in. Nozzles in Tank AY-102

at 1 Simulation Hour . . . . . . . . . ... L., F4-8
Predicted Horizontal Distributions of Flow (m/s) and

Solid 5 Concentration (kg/m’) at 15 inches Above

the Bottom of Tank AY-102 at 25 Simulation Minutes . . . . . . . F4-9
Predicted Horizontal D1str1but10ns of Flow (m/s) and

Solid 5 Concentration (kg/m ) at 23 Inches above

the Bottom of Tank AY-102 at 1 Simulation Hour . . . . . . . .. F4-10
Predicted Horizontal Distri?utions of Flow (m/s) and

Solid 5 Concentration (kg/m”) on the Plane Containing

Four 1-in. Nozzles in Tank AY-102 at

1 Simulation Hour . . . . . . . . . . . L L. o .. F4-11
Close-up of Predicted Horizontal Distribut;ons of

Flow (m/s) and Solid 5 Concentration (kg/m’) on the

Plane Containing Four 1-in. Nozzles in Tank AY-102

at 1 Simulation Hour . . . . . . . .. .. .. ... .. ..., F4-12

xii



WHC-SD-WM-TI-757, REV O
LIST OF FIGURES (cont)

Predicted Horizontal D1str19ut1ons of Flow (m/s) and

Solid 5 Concentration (kg/m’) at the Top of Tank AY-102

at 1 Simulation Hour . . . . . . . . . . . . ... .. ... F4-13
Predicted Vertical 91str1but1on of Flow (m/s) and Solid 1

Concentration (kg/m’) on Vertical Plane 9 Containing One

of the 1-in. Nozzles in Tank AY-102 at 1 Simulation Hour . . . . F4-14
Predicted Horizonta] Distributions of Flow (m/s) and Solid 1
Concentration (kg/nP) at 23 Inches Above the Bottom of

Tank AY-102 at 1 Simulation Hour . . . . . . . . . . ... ... F4-15
Predicted Vertical 91str1but1ons of Flow (m/s) and Solid 9

Concentration (kg/m ) on Vertical Plane 9 Containing One of the

1-in. Nozzles in Tank AY-102 at 1 Simulation Hour . . . . . . . . F4-16
Predicted Horizontal Distri?utions of Flow (m/s) and

Solid 9 Concentration (kg/m°) at 23 Inches Above the

Bottom of Tank AY-102 at 1 Simulation Hour . . . . . . . . . .. F4-17
Predicted Maximum Solid Segregation for Solids 1, 5, and

9 at 23 Inches Above the Bottom of Tank AY-102 Over

1 Simulation Hour . . . . . . . . . . . oL ... ..o F4-18
Predicted Three-Dimensional Distribution of Solid 9

Volume Fractions After 2 Minutes of Mixer Pump

Operation for Initially Settled Sludge . . . . . . . . .. ... Fa-19
Predicted Three-Dimensional Distribution of Solid 9

Volume Fractions after 30 Minutes of Miser Pump

Operation for Initially Settled Sludge . . . . . . . . .. ... F4-21
Predicted Three-Dimensional Distribution of Solid 9 Volume

Fractions After 1.5 Hours of Mixer Pump Operation for Initially

Settled STudge . . . . . . . . . . . L ... F4-23
Predicted Vertical D1str1but10ns of Flow (m/s) and Solid 7
Concentrations (kg/m ) on Vertical Plane 11 (12:30 Clock

Position) with Sludge Initially Fully Mixed With Supernate at

1.5 Simulation Hours . . . . . . . . ... L. o0 F4-25
Predicted Hor1zonta1 Distributions of Flow (m/s) and Solid 7
Concentration (kg/m ) at the Bottom of Tank With Sludge Initially

Fully Mixed With Supernate at 1.5 Simulation Hours . . . . . . . F4-27
Predicted Horizontal Distributions of Flow (m/s) and Solid 1
Concentrations (kg/m ) at the Bottom of Tank With Sludge Initially

Fully Mixed With Supernate at 1.5 Simulation Hours . . . . . . . F4-28
Predicted Vertical Distributions of Flow (m/s) and Seolid 4

Concentration (kg/nP) on Vertical Plane 9 (2 0’clock Position) in

with Off-Center Jet at 5 Simulation Minutes . . . . . . . . . .. F4-29
Predicted Horizontal Distributions of Flow (m/s) and Solid 4
Concentrations (kg/m’) at the Bottom of Tank with Off-Center

Jet at 5 Simulation Minutes . . . . . . . . .. ... ..., F4-30
Predicted Vertical Distributions of Flow (m/s) and Solid 4 (with

10 Times Greater Settling Velocity) Concentration (kg/m3) on

Vertical Plane 9 (2 0’clock Position) with Off-Center Jet at

5 Simulation Minutes . . . . . . . .. . ... ... ... ... F4-31
Predicted Horizontal Distributions of Flow (m/s) and Solid 4 (with

10 Times Greater Settling Velocity) Concentrations (kg/m3) at the

Bottom of Tank with Off-Center Jet at 5 Simulation Minutes . . . F4-32

xiii



4-31
4-32
4-33
7-1
7-2
7-3
7-4
7-5
7-6
7-7

7-8

WHC-SD-WM-TI-757, REV 0

LIST OF FIGURES (cont)

TEMPEST Predicted Velocity Field for Sludge Slurry at Bottom of

Tank While Air Lift Circulators are Running . . . . . . . . . .. F4-34
Temperature Profile and Velocity Profile for Heat Convection

Simulation (Base Case) . . . . . . . . . . . . . . ... ... F4-35
Temperature Profile and Velocity Profile for Heat Convection

Simulation Range (High-Heat-Generation Case) . . . . . . . . .. F4-36
Distribution of Pu(IV)-Hydroxycarbonate Species as a Function of

pH at Fixed Total Carbonate Concentration of 1.0M . . . . . . . F7-1
Distribution of Pu(IV)-Hydroxycarbonate Species as a Function of

Total Carbonate Concentration at a Fixed pd of 8.5 . . . . . . . F7-2
Computed Distribution of Pu(IV) Aqueous Species as a Function

of pH at a Fixed Carbonate Concentration of 0.001 M . . . . . . . F7-3
Computed Distribution of Pu(IV) Aqueous Species as a Function

of pH at a Fixed Carbonate Concentration of 0.05 M . . . . . . . F7-4
Experimental Data for Solubility of PuQ, *xH,0 as a

Function of pH and Total Carbonate Concentration . . . . . . .. F7-5
Hanford Waste Stream Data Compared with the Experimental

Equilibrium Solubility of Pu0, exH,0 . . . . . . . . . ... .. F7-6
Hanford Waste Tank Supernatani Data Compared with Experimental
Solubility Data for Solubility of Freshly Precipitated and Aged

Pud, xH,0 Solid . . . . . . . . . ... L0 F7-7
Experimental Data for Decontamination Factor of Plutonium in

Cladding Removal Waste as a Function of Added Lanthanum

Concentration . . . . . . . . . .. 0L 0 e e e e e e F7-8
Adsorption Isotherms for Pu(IV) Adsorption on Goethite at Fixed
Electrolyte Concentration . . . . . . . . . . .. .. ... ... F7-9
Adsorption Isotherms for Th(IV) Adsorption on Goethite at Fixed
Electrolyte Concentration . . . . . . . . . . . . .. ... ... F7-10

Experimental Data for Pu(IV) Adsorption on Goethite as a

Function of Total Dissolved Carbonate Concentration at a Fixed

pHValue of 8.6 . . . . . . . . . . . . . ... e e e e F7-11
Experimental Data for Th(IV) Adsorption of Goethite Function of

Total Dissolved Carbonate Concentration at a Fixed pH

Value of 9.0 . . . . . . . . . . . e e e e e e F7-12
Estimated Pu(IV) Adsorption Envelope as a Function of pH and Total
Dissolved Carbonate Concentration . . . . . . . . . . .. . ... F7-13
Estimated Pu(IV) Adsorption Isopleths with pH and Total Dissolved
Carbonate as Variables . . . . . . . . . .. .. ... ... .. F7-15

Estimated Pu(IV) Adsorption Isopieths as a Function of Total
Dissolved Carbonate Concentration and at Various

Fixed pH Values . . . . . . . . . . . . . . . 0 v v v F7-17
Settling Velocities for Gold Particles of Various Sizes

and Degrees of Flatness . . . . . . . . . . ... ... ..... F8-1
Schematic for the 28 DSTs at the Hanford Site . . . . . . . . .. F9-1
Schematic for the Two Types of SSTs at

the Hanford Site . . . . . . . . . . . . ... ... F9-2
Schematic of Tank AW-103 Showing Waste Introduction Location . . F9-3

xiv



»orR
Lo N =

Eolo
~N oo

n NN

n

<]

i i1 =)
e Ww N — O W

L7 B N A S N S

H

N —

WHC-SD-WM-TI-757, REV 0
LIST OF TABLES

Solid Size Classification . . . . . . . . . . . . . ... .. ..
Values of the Exponent Constant a in

Hindering Fall Velocity . . . . . . . . . . . . . ... ... ..
Guidelines for Selection of Independent and

Dependent Variables in Alluvial Streams . . . . . . . . . . . ..
Critical Shear Stresses for Cohesive Sediments . . . . . . . ..
Shear Strength of Aggregates . . . . . . . . ... ... ...
Input Data Requirements and Output for Some

Sediment Discharge Formulas . . . . . . . . . . . .. .. ...
Evaluation of Six Sediment Discharge Formulas

for Five Rivers . . . . . . . . . . . . . . . . o oo
Cohesive Sediment Erosion Parameters . . . . . . . . . . . ...
Cohesive Sediment Deposition Parameters . . . . . . . .. . . ..
Particle Size Distributions of Tank C-106 Sludge. . . . . . . . .
Maximum Segregation over the Initial Conditions Near

the Bottom of the Hole . . . . . . . . . . . . . ... .. ...
Particle Size Distributions of Tank SY-102 Siudge . . . . . . . .
Power Law Curve Fit Parameters for Tank SY-102 Wastes . . . . . .
Simulation Input Parameters . . . . . . . . . .. .. .. ...
Maximum Segregation Over the Initial Conditions near the SY-102
Tank Bottom . . . . . . . . . . . . . ..o e e e
Particle Size Volume Distributions Used in Modeling . . . . . . .
Maximum Factor Increases in Pu0, Mass Fraction

in Sediment Layer . . . . . . .. . L. Lo Lo
Bounding Sensitivity Cases for Maximum Pu0,

Particle Size . . . . . . . . . . . . L. e e
Factor Increase in Mass Fraction Solids Concentration

for Various Particles With and Without the Effect of

Hindered Settling . . . . . . . . . . . . . . o0
Particle Sizes and Viscosity of Simulants Used in Experiments . .
The Effect of Pump Power on the Size of Suspended Particles . . .
Particle Diameters in Settled Solids for Simulant S2 . . . . . .
Oxidation-Reduction Potentials for Plutonium . . . . . . . . ..
Stability Constants for Hydrolytic Species of Pu(IV) . . . . ..
Stability Constants for Pu(IV) Complexes . . . . . .. . . . ..
Probable Stochiometries of Pu(IV)-OH-CO; Mixed Ligand

Agueous Species . . . . . . . . ... oL Lo e e e e e
Total Dissolved Plutonium, Carbonate, and Hydroxyl

Concentrations in Supernatants and Drainable Liquids

from Single- and Double-Shell Tanks at the Hanford Site . . . . .
Organic Content (by Class) in Tank SY-101 . . . . . . . . . . ..
Average Organic Content of SY-101 Core Samples. . . . . . . . ..
Organic Carbon Analyses for Tank SY-103 Samples . . . . . . . . .
Summary of Organic Types in Tank Samples wt.% . . . . . . . . . .
Organic Compounds and Other Inorganic Species Found in

Organic Layer of Tank C-103 . . . . . . . . . . .. .. ... ..
Analysis of Supernate Solution in Tank C-103 . . . . . . . . ..
Organic Carbon Analyses on Tank C-103 Samples . . . . . . . . . .
Organic Species Identified in Tank AN-107 Supernate Solution . .
Organic Species Measured in Tanks C-102 and C-204 . . . . . . . .
Organic Species Measured in Tank BY-108 . . . . . . . . . . . ..

Xv



Tl\l
]

—
~N

1

1
3PN = N

]
[ 3 0

[
W0 o~

(V=R V. JVe] lO\O\IO WO WO W oo

WHC-SD-WM-TI-757, REV 0

LIST OF TABLES (cont)

Solid Solution Compounds Pu(IV) . . . . . . . . . . . . .. ... T7-14
Differences in Ionic Radii Between Pu(IV) and Potential Selid

Solution Forming Ions in Hanford Site Waste Streams (%) . . . . . T7-15
Comparison of Naturally Occurring Ore Deposits . . . . . . . .. T18-1
Ore-Forming Processes . . . . . . . . ¢ « . v v v v i v e 0 a T8-3
Plutonium Production by Plant . . . . . . . . . . ... .. ... T9-1
Tank Diameters . . . . . . . . . L0000 e T9-1
Minimum Subcriticality Mass Ratio for Selected

Absorber Materials . . . . . . .. . . .. 0oL T9-2
Single-Shell Tank Plutonium Inventory Comparison . . . . . . .. T9-3
Double-Shell Tank Estimated Plutonium Inventory Comparison . . . T9-11
Tanks With Enough Fissile Material To Warrant Further

Consideration . . . . . . . . . . . .. .. 0o e e e e T9-12
Fuel Processed at PUREX and Associated Waste Volumes . . . . . . T79-13
Zirconium-Clad Fuels Processed at PUREX . . . . . . . . . . . .. T9-13
Decladding Waste Sludge Formation in AW-103

and -105 Receiver Tanks . . . . . . . . . . .o . 0. T9-14
Plutonium and Associated Insoluble Absorbers in Zirflex

Decladding Waste . . . . . . . . . . . . ..o o000 T9-14
Neutralized Zirflex Current Acid Waste Transferred from TK-F16 . T9-15
Sources and Quantity of Some Insoluble Absorbers in the NZCAW . . T9-16
Sludge Volume Formed in Tanks from NZCAW . . . . . . . . . . .. T19-17
PUREX Canyon Sump Waste Plus Ammonia Scrubber Bottoms

Accumulated in Tank F-18 . . . . . . . . .. ... .00 T9-18
Organic Wash Waste Transferred from Tanks TK-G8 and TK-R8 . . . . T9-19
Aluminum Cladding Waste . . . . . . . . . . .. .. ... .. .. T9-20
Studge Formation in Receiving Tanks from Aluminum Cladding

Removal Waste . . . . . . . . . . . . . .o 000 T9-20
Sources and Quantity of Some Insoluble Absorbers in the NCAW . . T9-21
Neutralized Current Acid Waste from Aluminum Clad

Fuel Processing . . . . . . . . . ¢ v v v vt e e e e e e e e e T9-22
Thorium-Aluminum Coating Waste from TK-E5 . . . . . . . . . . .. T9-23
Thorium - Neutralized 1WW Waste from TK-F18 . . . . . . . . . . . T19-24
Thorium - Organic Wash Waste from TK-G8 and TK-R8 . . . . . . . . T9-25
Thorium - Canyon Sump Waste from Tank TK-F18 . . . . . . . . .. T9-26
Thorium - Flush and Lab Waste from PUREX . . . . . . . . . . .. T9-26
Typical REDOX Waste Compositions . . . . . . . . . . .. .. .. T9-27
Typical Bismuth Phosphate Waste Composition . . . . . . . . . .. T9-28
Volume and Composition of Uranium Recovery Waste . . . . . . .. T19-29
Plutonium Criticality Ratios - Single-Shell Tanks . . . . . . . . T9-30
Neutron Absorber-to-Plutonium Mass Ratios for

Solids in Double-Shell Tank . . . . . . . . . . . . . ... ... T9-35
Supernatant Plutonium Concentration for Double Shell Tanks with

more than 10 kg of plutonium . . . . . . . . . . . . ... ... 79-36
AW-103 and AW-105 Tank Waste Analysis . . . . . . . . . . . . .. T9-37
AW-103 and AW-105 Sludge Insoluble Neutron

Absorber-to-Plutonium Ratios . . . . . . . . . . . ... ... T9-37
AY-101 Sludge Analysis and Insoluble Absorber to

Plutonium Mass Ratios . . . . . . . . . . . .. . ... T9-38
AZ-101 Tank Sludge Analysis Compared to Projections from Process

Records . . . . . . . . . L. Lo e e e e e e e e T9-38

xvi



9-35
9-36

9-37

WHC-SD-WM-TI-757, REV 0
LIST OF TABLES (cont)

AZ-101 Sludge Insoluble Neutron Absorber-to-Plutonium Ratios
Tank SY-102 Sludge Insoluble Neutron Absorber Analysis and
Comparison to Projections from Process Records . . . . . . . ..
SY-102 Sludge Insoluble Neutron Absorber to Plutonium Ratios

xvii



CFD
DST
HDW
HLW
HTCE
LANL
LMWA
MOX

NCAW
NMC
NPH
NZCAW
PFP
PNNL
PRTR
PUREX
PWR
REDOX
SNL
SST
8P
TCR
TOC
WHC

WHC-SD-WM-TI-757, REV 0

TERMS

computational fluid dynamics
double-shell tank

Hanford (Site) Defined Waste
high-level waste

Historical Tank Content Estimate
Los Alamos National Laboratory
low-molecular-weight organic acid
mixed oxide (fuel)

metric ton

neutralized current acid waste
nuclear material control

normal paraffin hydrocarbons
neutralized zirflex current acid waste
Plutonium Finishing Plant

Pacific Northwest National Laboratory
plutonium recycle test reactor
Plutonium-Uranium Extraction (Plant)
Shippingport reactor fuels
Reduction-Oxidation

Savannah River National Laboratory
single-shell tank

tributyl phosphate

Tank Characterization Reports

total organic carbon

Westinghouse Hanford Company

xviii



WHC-SD-WM-TI-757, REV 0

1.0 INTRODUCTION

This report uses information compiled and critically assembled by the
staffs at the Pacific Northwest National Laboratory (PNNL) and Westinghouse
Hanford Company (WHC) to evaluate the potential for nuclear criticality to
occur in Hanford Site defense waste tanks during present waste storage and
under some selected accident scenarios. The report also addresses active
operations, such as tank cascading and operation of air-1ift circulators to
cool the contents of self-boiling tanks, to evaluate whether they could have
created conditions that would predispose the tanks to criticality events
during the inactive storage mode. Some analyses of past operations' fluid
dynamics use conceptual models and data relevant to future retrieval
operations because they have fluid-dynamic and particle-segregation
characteristics similar to those of future operations.

Our report is organized as follows.
e Chapter 2.0 describes the fluid dynamic separation processes.

e Chapter 3.0 briefly describes the conceptual model and processes
included in the TEMPEST code that was used.

e Chapter 4.0 provides the results of the TEMPEST calculations.

e Chapter 5.0 contains some results from simplified one-dimensional
settling calculations.

* Chapter 6.0 contains data from observations of particle
segregation in 1/12th scale mixer pump testing.

* Chapter 7.0 describes aqueous speciation, solubility, and
adsorption processes that affect the potential for criticality
from waste deposition and retrieval activities in the Hanford Site
waste tanks.

e Chapter 8.0 examines how natural ore deposits form and the
potential for such natural processes to analogously form enriched
zones of fissile materials inside the waste tanks.

e Chapter 9.0 tabulates the tank inventory and waste process
chemistry that bounds the chemical process discussions presented
in Chapter 7 and neutronics calculations presented in companion
reports such as Bratzel et al. (1996), Rogers et al. {1996), and
Waltar et al. (1996).

e Chapter 10.0 discusses laboratory tests that are recommended to
provide further data specific to the Hanford Site tanks. Such
data should generate more definite conclusions about the dominant
chemical mechanisms that influence the fate of plutonium and
neutron absorbers in the tanks.

e (Chapter 11.0 is the list of references.
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e Appendix A presents a theoretical description of agglomeration and
the variables that influence it. It also discusses sludge
characterization results that used TEM to show that agglomeration
is occurring in tanks.

e Appendix B reviews mineral ore processing techniques used to
separate trace quantities of valuable material from the common
bulk rock.

e Appendix C presents detailed calculations to support the values
for bubble velocities used in Chapter 4.0 to evaluate the impact
of air-Tift circulators on particle separation.

e Appendix D presents details on characterization of tank sludge
mineralogy, particle size and leaching attributes that support
discussions presented in Chapter 7.0.

e Appendix E presents data on various PUREX reprocessing campaigns
that support the discussions found in Chapter 9.0.

e Appendix F presents the concentration ratio calculations for
Pu(IV) hydroxycarbonate and Pu(IV) hydroxy-EDTA complex
concentrations.

The first five technical sections of the report describe our evaluations
of processes that influence the degree of segregation between fissile material
(primarily ““Pu) and neutron absorbers. Reviews of fluid dynamic processes
set the stage for describing various computer, simple analytical, and physical
model exercises to quantify the degree of particle segregation that could
occur during current “"safe-storage” and tank maintenance, and during past
tank-filling operations.

This study originally had two purposes. The first was to use available
chemistry information to establish that the neutron absorbers and plutonium
are in the same particles. The second was to show that the potential for
fluid-dynamic processes to segregate the plutonium does not exist. If these
goals had been met, the fluid dynamic work described would not have been
necessary to assure that conditions in the waste tanks are subcritical.
Further, it appears unlikely that the assertion that a strong, permanent (over
the 40+ years of waste aging) chemical bonding between the plutonium and
neutron absorbers exists can be proven using existing data. However, recent
analyses on agglomeration do support physical association of the fissile and
neutron absorbers in the settled sludge layers and during resettling of sludge
after vigorous resuspension. Finally, we see merit in evaluating all the
potential processes that bear on the problem to perhaps develop several lines
of reasoning and "defense in depth” regarding the potential for criticality in
Hanford Site waste tanks. To achieve this, much of the report covers fluid
dynamics constructs and calculations.

Throughout the criticality analyses, we have assumed agreement that the
only phase in which criticality events would be plausible is the tank waste
sludge phase. As discussed in Bratzel et al. (1996) and Waltar et al. (1996),
the solubility of plutonium in tank supernate liquid is too low for enough
plutonium to homogenously dissolve and lead to criticality in the liquid
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phase. Also, the ability of salt cake to adsorb plutonium, or to retain
enough plutonium-containing pore liquid is limited to the extent that
plutonium concentrations needed for criticality cannot be attained.
Therefore, we concentrate our analyses on the behavior of plutonium and
neutron absorbers in the sludge and its interstitial liquid phases in the
waste tanks.

Finally, after a review of the available data, we wish to inform the
reader that the available data on the particle size and mineralogy of discrete
types of compounds (e.g., plutonium-rich, iron-rich, aluminum-rich, etc.) in
the sludge stored in the Hanford Site waste tanks is very limited. The
speciation of plutonium in tank supernate solutions also has not been
evaluated. Without such information, performing definitive thermodynamic or
fluid dynamic calculations is difficult. We performed the calculations using
assumptions based on expert opinion and rationale explained in the report. We
hope that we have explained the rationale adequately for the reader to assess
the validity and merit of our conclusions.

1.1 FLUID DYNAMIC CALCULATIONS

Some evidence indicates that discrete hydrous plutonium oxide particles
may exist in the Hanford Site tanks as small particles relative to the bulk
sludge, which also exhibits a rather limited particle size range (from
submicron to a few hundred microns). This will greatly reduce the potential
for significant segregation and localized accumulations. This developing
argument assumes that knowledge on particle sizes of "fresh" sludge does not
directly apply to "aged" sludge. Further, much of the current knowledge
relies on laboratory tests on simulated sludges that are considered to be
fresh. Direct measurements of the chemical speciation of plutonium and
neutron absorbers and sludge rheological properties using aged sludge are
sparse. Without a conclusive understanding on whether the plutonium and key
neutron absorbers within sludge exist as discrete mineral phases or amorphous
gels, we decided to emphasize the potential importance of inertial
segregation.

The fluid dynamics portion of our review addresses general potential
particle segregation issues using cases that are specific to Hanford Site
tanks. We chose this approach to save time. The following specific cases
will be used:

e Retrieving sludge waste tank C-106 by sluicing
e Settling the retrieved sludge in tank AY-102

e Mixing the sludge in tank SY-102 with variable energy inputs
followed by pump shut-off.

Also, physical and chemical attributes of sludge from tank C-106 were used to
calculate the effects of salt-well pumping and sludge heat generation.
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From these specific calculations and earlier literature specific to tank
operations (i.e., use of air-lift circulators), we infer conditions for other
operations such as tank-to-tank transfers of sludge slurry, cascading, mixer
pump operation and salt well pumping. The work performed in the solid
segregation area is broken down into the following categories:

Complex multidimensional fluid dynamic modeling
Simplified analytical models

Evaluation of 1/12-scale data

Evaluation of related segregation technologies.

A primary thrust was to set up and execute TEMPEST (see Eyler et al.
1993 and Trent and Eyler 1993) fluid dynamic models to simulate portions of
the retrieval processes that are believed to have the greatest potential for
concentrating plutonium-enriched particles from other sludge particles.
Preliminary results that cover the first few hours of TEMPEST simulations are
included. More work is being performed specific to retrieval and will be
reported in Whyatt et al. (1996). We emphasize that our early TEMPEST
calculations appear to be approaching steady state and that the results may
represent the long-term state of the waste tanks, but we will certainly
monitor the continuing work .

1.2 CHEMISTRY OF SOLID AND LIQUID PHASES

Several activities were performed, including a computer literature
review on chemical, geochemical, and thermodynamic topics that pertain to
understanding the chemical reactions such as plutonium
solubility/precipitation, plutonium adsorption/desorption, and plutonium
separation from known neutron absorbers that are present in the tank wastes at
concentrations hundreds to thousands of times higher than plutonium. Finally,
using thermodynamic constructs we performed equilibrium (solubility)
calculations to estimate the likely conditions in tanks with high plutonium
inventories and large driving forces that could influence plutonium
distribution (e.g., high heat, high carbonate, and low free hydroxide).

We have determined that the key chemical processes that are important to
assessing the potential for nuclear criticality are solubility/precipitation
and adsorption/desorption of plutonium onto neutron absorbers. Several
parameters or variables influence these two processes; important ones are
included in our critical review. Both processes can be quantified by
evaluating the distribution of the constituent of interest (e.g., plutonium or
a selected neutron absorber such as iron) between the existing solid phase and
solution phase. Therefore, our discussions include reviews of how important
parameters influence species in solution and in solid phases. Important
parameters that are included and effect both solution and solid are as
follows:

1. Hydrolysis—pH effects

2. Soluble inorganic and organic complexation
3. Radiolysis
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4. Redox

5. lonic strength

6 Temperature effects on parameters 1 through 5
7 Time (aging, recrystallization).

To complete the critical review we collected available literature
germane to the waste tank environments using computer literature searches of
technical journals, reports, and databases, available Hanford topical reports,
operating contractor internal memos, and important issues offered by numerous
outside review teams that oversaw waste-tank operations at the Hanford Site.
Each report or resource was then read and pertinent notes prepared that
distill the information to key facts describing mechanistic tests and
hypotheses about each parameter's effects on solubility and adsorption or
direct observations and data that can be used to corroborate/compare with the
hypotheses.

The available literature on the nature of plutonium and neutron
absorbers within the waste tank sludge and supernate solutions is insufficient
to conclusively determine whether the plutonium is present in sludge as
adsorbed species on the surfaces of the major sludge hydrous oxides
(e.g., iron, manganese, chromium, and aluminum ) or as discrete crystalline or
amorphous solid phases. If the plutonium molecules are chemically adsorbed
onto the hydrous oxide sludge, enough neutron absorber should always accompany
the plutonium to inhibit criticality. If the plutonium molecules are present
as discrete plutonium compounds such as hydrous plutonium oxide or as solid
solutions with other Targe cations (such as zirconium, lanthanum, and bismuth)
in hydroxide or phosphate compounds, the enriched plutonium particles could be
segregated from the more ubiquitous hydrous oxides of the common metals (iron,
aluminum, manganese, etc.) during mechanical disturbances that resuspend
particles. Depending on the size and density of the plutonium-rich particles
and neutron absorber particles, differential settling of the various particles
could lead to segregation and concentration, perhaps to the extent that
criticality might occur. Our assessment led to two hypotheses. Both are
explained in Chapter 7.0, but the reader can decide which seems more likely.
To be thorough we consider both hypotheses as plausible and rely upon the
fluid dynamics discussions to evaluate whether mechanical forces are
sufficient to promote the degree of particle segregation needed to allow the
sludge to go critical.

1.3 NATURAL ORE DEPOSIT ANALOG

Some processes occurring in Hanford defense nuclear waste tanks may be
analogous to those in which a trace material becomes highly enriched by
naturally occurring processes. In the case of Hanford waste tanks we are
interested in processes whereby fissile particulate matter (i.e., precipitates
of plutonium) could be concentrated. The common types of ore deposits are
those that form near the earth’s surface and those that form under high
temperature and pressure deep underground. However, we should note that
natural ore bodies and waste in Hanford Site tanks are significantly
different. The most significant difference is that a natural ore body forms
over thousands to millions of years, while waste has been stored in tanks for,
at most, four to five decades. Another difference is that the processes that
occur in hydrothermal ore deposits that form at great depth and high
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temperature (300-600 °C) and pressure do not apply to near-surface Hanford
Site waste tanks, the contents of which are generally at or below 100 °C, and
under relatively low (atmospheric) pressure.

1.4 ORE PROCESSING TECHNIQUES

The mining literature was reviewed to determine if the mechanisms that
achieve gravity separations are applicable to separating plutonium-rich
particles from neutron-absorber sludge particles in the tanks. Chapters 4.0,
5.0 and 6.0 present our critical analyses, using various fluid dynamic tools,
of the potential for particle separation in tanks. We state in several places
that the these analyzes do not include all possible mechanisms and processes,
such as momentum-driven processes that are too complicated to be easily
reduced to simple mathematical algorithms. We reviewed some of these
difficult-to-quantify processes that challenge existing mathematical
algorithms. We are particularly looking for evidence that ore-milling
processes that are engineered to separate different particles could occur
spontaneously within tanks during the various operations used to transfer or
retrieve waste, remove liquid, or to remove heat from tanks. Our goal is to
review ore milling operations to understand their basic principles and to
evaluate whether past and future Hanford Site tank operations could reproduce
the necessary conditions and driving forces.
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2.0 PHYSICAL PROCESSES RELATED TO SOLID SEGREGATION

Solid particle movement affects the transport of tank waste both
indirectly and directly. Indirectly, sediment transport changes properties
and rheology (e.g., density, viscosity, shear stress, bottom roughness, and
heat transfer coefficient) of the waste mixture in waste tanks. These changes
in turn affect the flow velocities of particles and solution and also the
temperature distribution within the tanks. Changes in temperature
distribution may also affect the solubility of some chemicals causing
precipitation or dissolution of specific chemical compounds. This affects
particle size, solid and fluid densities, and rheology found in the tanks.

Natural processes in tanks can directly suspend and transport solids by
creating flow (from, for example, buoyancy caused by heat and the presence of
gases. Human activities related to waste tank maintenance (e.g., mixer jet-
pumps and injection of new wastes into tanks) also can cause particle
transport. Suspended solids settle in different Tocations, depending on how
well flow transports specific solids. Both suspended and bottom solids can
adsorb dissolved wastes, then migrate and settle in a different location in
the tank. The potentially nonuniform deposition of contaminated suspended
solids and the direct adsorption of soluble contaminants by the bottom
sediment may build up the specific solids in the tank bottom. Sludge can be
subject to subsequent resuspension or desorption. Contaminant adsorption by
solids can also reduce concentrations in supernate solution and bring neutron
absorbers present in the waste sludge/salt cake into close contact with
insoluble fissile materials. Thus, the effects of mass transfer from solution
to solid and vice versa can either increase or decrease the potential for
criticality to occur, depending on which reactions dominate.

In this section, we evaluate potential physical processes that could
promote segregation of solids in the defense waste tanks on the Hanford Site.

2.1 SOLID TRANSPORT MECHANISMS

Transport, deposition, and resuspension processes can rearrange particle
distributions through their compiex interdependency with flow, rheology, and
bottom roughness or resistance to flow. Hydraulic and environmental engineers
have investigated sediment transport in natural environments extensively.

This knowledge is useful to assessing particle movement in Hanford Site tanks.
Solid/sediment transport is generally controlled by geometric and channel
characteristics, fluid properties, flow characteristics, and solid properties
(Raudkivi 1967, Graf 1971, Vanoni 1975, Simons and Senturk 1977, Onishi,
1994a).

2.1.1 Solid Properties

2.1.1.1 Solid Types. Solids/sediments are composed of a variety of minerals.
In the natural environment (e.g., rivers) the most common mineral is usually
quartz, because of its great resistance to weathering and abrasion (Leliavsky
1966, Richards 1982). However, solids in Hanford Site tanks are formed
through various chemical reactions and consist of a wide variety of chemical
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compounds, e.g., NaNOs(s), NaNO,(s), AT(OH); (s), and other aluminum, lead,
iron, and manganese oxyhydroxides (Reynolds "and Herting 1984, Tank Waste
Science Panel 1991, Castaing 1994, DiCenso et al. 1995, Onishi and Hudson
1996) .

Solid particles can be divided into cohesive and noncohesive solids.
Noncohesive solids consist of discrete particles whose movement depends only
on particle properties (e.g., size, shape, and density) for given transport
and erosion forces (Vanoni 1975, Jansen et al. 1979). The main properties of
noncohesive solids that relate to solid/sediment transport are particle size,
shape, density, and fall velocity. Sand and gravel are examples of
noncohesive sediments. Movement of cohesive solids also depends on the
strength of cohesive bonds between particles. They flocculate (or aggregate)
and the aggregate properties depend on sediment type, and concentration of
ions in the water, and flow conditions (Krone 1962, Mehta et al. 1989). Fine
silt and clay are often cohesive sediments. The fine-grained sludges in
Hanford Site tanks also are considered to be cohesive particles.

2.1.1.2 Solid Sizes. The most important property of the solid particle is
its sjze (Vanoni 1975, Simons and Senturk 1977). Particle sizes may be
defined by volume, weight, fall velocity, and sieve size, and other size
parameters such as Feret’s diameter, Martin’s diameter, and projected area
diameter. Because the size and shape of grains in sediments vary over wide
ranges, descriptions are based on groupings into different size classes.
Table 2-1 shows a commonly used grade scale with associated sieve sizes (Lane
1947, Vanoni 1975). Note that particle behavior on a sieve and the
probability of falling through the sieve depend on many factors, e.g.,
particle size and shape, mesh size and shape, duration of sieving, and sieve
loading. Some recommendations for the sieve loading were reported in Shergold
(1946) and Jansen et al. (1979). For fine particles the pipet method, which
relies on fall velocity to describe particle size, is commonly used. Usually
size distributions are plotted as normal or log-normal, and geometric means
and standard deviation of the particle distribution are determined.

2.1.1.3 Shape of the Solid Particles. The most pertinent shape parameters
are sphericity and roundness. Sphericity is defined as the ratio of surface
area of a sphere of the same volume as the particle to the actual surface area
of the particle to describe relative motion between the falling particle and
the fluid (Wadell 1932, Simons and Senturk 1977). Roundness is the ratio of
the average of the corners and edges of a particle to the radius of a circle
inscribed in the maximum projected area of the particle (Vanoni 1975).
Roundness is important for abrasion, but has a negligible impact on the
hydrodynamic behavior of the particles.

Both these parameters tend to decrease with decreasing particle size
(Simons and Senturk 1977). Because of practical difficulties in measuring
sphericity and roundness, a more common parameter is a shape factor, SF
defined as

SF = (2.1)

<
vyab

where a, b, and c are the length of the longest, intermediate and shortest,
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mutually perpendicular axes of the particle. The fall velocity can be
expressed as a function of SF and a particle Reynolds number (Vanoni 1975), as
discussed in Section 2.1.1.5.

2.1.1.4 Specific Weight of the Solid Particles. The specific weight of
quartz is 2.65. Other common minerals include feldspar, chert, and
carbonates, whose specific weights are 2.55 to 2.76, 2.65, and 2.85,
respectively (Vanoni 1975). However, many solids in the waste tanks have
different specific weights from these values, e.g., NaNOy(s) and NaNO,(s) have
specific weights of 2.26 and 2.17, respectively. Aluminum and iron oxides
that are present in the Hanford Site tank sludge in the form of boehmite,
gibbsite, ferrihydrite, goethite, hematite and magnetite have specific weights
of 3.44, 2.4, 3.96, 4.77, 5.26, and 5.18, respectively (Lide 1995).
Crystalline Pu0, is much heavier (specific weight of 11.46), but no value is
available for amorphous plutonium hydrous oxide. Further, many solids,
including plutonium may be coprecipitated or adsorbed on other solids, and
thus may have specific weights significantly lower than that of the pure Pu0,
crystal solids.

2.1.1.5 Fall Velocity of Spheres. The fall velocity of a sphere is given by
(Raudkivi 1967, Vanoni 1975)

w? = % 955 (”Sf;" ) (2.2)
D

where C, = drag coefficient
d, = sediment diameter
g = gravitational acceleration
w = fall velocity
p = density of fluid
o, = solid particle.

Rouse (1937a, b) presented the drag coefficient as a function of a
particle's Reynolds number or the auxiliary scale of the nondimensionalized
submerged weight of the particle, as shown in Figure 2-1. A particle Reynolds
number, R, and submerged weight, F, shown in Figure 2-1 are calculated using
Equations 2.3 and 2.4.

wd,

= s

R S (2.3)

nd2
F = 65 (Ys—‘y) (24)

where v = kinematic viscosity
¥, = specific weight of the solid
y = specific weight of the liquid
d_ = sediment diameter.
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Rouse (1937b) also presented the fall velocity of a quartz sphere as a
function of particle size and water temperature or particle Reynolds number,
as reported by Leliavsky (1966), Raudikivi (1967), Vanoni (1975), and Graf
(1971). For a Reynolds number of less than 0.1, the fall velocity, w, is
given by the Stokes law

2 -
we= 9% Y¥s7¥, (2.5)
18v ¥y

An effect of particle shape on the fall velocity was reported by McNown
et al. (1951). They relate the fall velocity as a function of a particle
Reynolds number, R, a shape factor, SF, and resistance factor, K, defined as

F/ (3npwd,) (2.6)
where # is the dynamic viscosity of the fluid.

2.1.1.6 Effects of Solid Concentrations on Fall Velocity. The fall
velocities determined by Equations 2.2 and 2.5 are valid for a single
spherical particle in a quiescent infinite fluid. If only a few closely
spaced particles are in a fluid, they will fall in a group with a velocity
that is higher than that of a single particle falling alone. On the other
hand, if particles are dispersed throughout the fluid, the interference
between neighboring particles will reduce (or hinder) their fall velocity
(Raudkivi 1967). Thus the effective size of individual particles decreases
with increasing fine sediment concentrations. Simons and Senturk (1977)
reported that the main changes in fluid properties caused by increasing the
fine sediment concentration are increases in viscosity and specific weight of
the sediment-fluid mixture. The hindered settling velocity may be expressed
using (Richardson and Zaki 1954, Jansen et al. 1979) as
X o= (1-0)" (2.7)
a

where ¢ = sediment concentration

w, = fall velocity without sediment concentration effects

a = constant, a function of the particle Reynolds number, R.

The values of a reported by Richardson and Zaki (1954) are shown in
Table 2-2.

For cohesive sediment, at higher concentrations, ¢ (e.g., above
300 mg/L), continuing aggregation or break-up of cohesive sediment affect the
sediment fall velocity. Another way to express the fall velocity in this case
is

Wl

(2.8)

w=ACcC
where A is constant. At sediment concentrations above approximately 10 g/L,

sediment settling is hindered by the close spacing of settling aggregates. In
this case, the resulting fall velocity is commonly expressed by
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w, = w (1-k.,c)*® 2.9)
where k, = constant,
w, = hindered fall velocity.
¢ = sediment concentration.

For laminar flow conditions, simpler expressions are available (Govier
and Aziz 1972), including the following Famulado and Happel formula:

1

L
w 1 (2.10)
° 1+k,c 3

where k, = a constant in the range of 1.30+0.24.
2.1.2. Fluid Properties and Flow Characteristics

2.1.2.1 Fluid Properties. The main fluid properties that affect sediment
transport (or particle settling velocity) are fluid viscosity and density and,
to a lesser extent, heat capacity. Relevant to the Hanford Site tank waste,
Mahoney and Trent (1995) obtained the following equation for the liquid
viscosities, based on the viscosity data obtained from the literature for
NaNO; solutions:

W, = a, exp(lay + a,C + a,C%1 /1) (2.11)
where: a, = coefficients fit from experimental data as shown in Table 2-3
T = solution temperature, (°K)
C = weight percentage (concentration) of the solute.

The correlation is thought to give estimates that are within 10 percent
of the actual value for solutions with 0 to 90 wt% NaNO; in the temperature
range from 273 °K to 433 °K.

Mixtures of fluids and sediment with high sediment concentrations likely
exhibit non-Newtonian flow characteristics (Govier and Aziz 1972, Trent and
Eyler 1993). Many models have been developed for the rheological behavior of
non-Newtonian fluids (Mahoney and Trent 1995). These include power law or
Ostwald-DeWaele (Bird et al. 1960), Cross (1965), Carreau (Ellwood et al.
1990), biviscous (Kalyon et al. 1993), Bingham (Bird et al. 1960), Casson
(Bird et al. 1960), Herschel-Bulkey (Bird et al. 1960), and Gay (Dabak and
Yucel 1987) models. A Bingham model for shear stress, for example, is
expressed as

1 2
T=—|[p,* D for =1 >
2 (2.12)
im
2
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and D=0, for %n,, < 12 (2.13)

where D shear rate tensor

F% second invariant of the shear rate tensor (see Bird et al. 1960,
pg. 102

| | = scalar portion of the tensor

T, = yield strength

B, = Newtonian viscosity at high shear rate.

The Bingham model has been used on other Hanford Site tank waste
problems (Trent and Eyler 1993, Onishi et al. 1995) but was not used in the
analyses presented in this report (see Section 3.0 for more details).

No viscosity correlation for multicomponent, solid-liquid waste mixtures
is available because the solid-liquid mixtures and their interactions are so
complex. Developing such a relationship for uniform spherical particles has
been the subject of numerous theoretical and experimental efforts (Mahoney and
Trent 1995). One commen approach is to extend Einstein’s viscosity
relationship to apply at finite particle volume concentrations (Onishi and
Hudson 1996). The type of relationship that results is typically of the form

By =B (1+2.5C,+14.4C5+..) (2.14)
where C, = the particle volume fraction
i, = viscosity of a mixed electrolyte solution
4, = viscosity of a pure electrolyte solution (one salt component only).

Similar expressions have been given by a number of authors (e.g.,
Frankel and Acrivos 1967). Relationships of this form apply for uniform
spherical particles with low to moderate particle volume loadings. As the
particulate volume loading approaches maximum packing, the predicted
viscosities will deviate significantly from those observed. A model of this
form does not include any colloidal or large-aspect ratio effects that make
the mixture viscosity much more nonlinear than that predicted by
Equation 2.14.

Some empirical formulas have been developed to estimate the fluid
density for a multicomponent solution (Mahoney and Trent 1995, Onishi and
Hudson 1996) For tank wastes, the following formulas for the liquid density,
'R (kg/m )} are suggested by Mahoney and Trent (1995).

p,= 1171.8-9.140C-0.7758T+0.4866T?+4.318m,, (2.15)
or its simplified form,
p.= 1245.8-9.824C-1.0606T+0.6812T? (2.16)
where C = the weight percent of the all aqueous species to the total

solution weight
the molality of hydroxide in the solution, and

m
on 0 1
solution temperature, °K.

T
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The slurry mixture density, p,, is a function of the solid and 1iquid
densities, as well as the solids fraction, and can be expressed as (Onishi and
Hudson 1996)

Pr

s (2.17)
pa-2)

solid particle density, (or volume weighted average density for
mixtures)
Xs = solid mass fraction (weight of solids/weight of total slurry).

Py =

where p_

Important flow characteristics that are required along with combinations
of Equations 2.11 through 2.17to predict particle settling velocities in a
mechanically disturbed regime are flow discharge and velocity, depth of fluid,
width of flow, energy slope, and shear and yield stresses.

Similar to the density formula (Equation 2.17), single-phase liquid heat
capacity, Cp» May be expressed by (Mahoney and Trent 1995)

Cor,

= a +a,C+a,T+a,C%T (2.18)
empirically determined coefficients

where a,, a,, a,, and a,
T temperature in degrees kelvin.

Currently no data is available to develop an empirical formula for heat
capacity of the multicomponent fluid in Hanford Site tanks. Heat capacities
for a liquid-solid (gasless) mixture, C,,, and a bubbly mixture (liquid-solid-
gas), C,;, for potential application to Ehe Hanford wastes are estimated in
(Mahoney and Trent 1995) as follows:

= nLPLCpL+ (1_nL) pscps

2.19
o np,+(1-np)p, ( )
and
Cpp= (1-Dg) Cpp (2.20)
where p, = density of the Tiquid phase in the mixture,
p, = particle density of the representative solid,
Co = heat capacity of the representative liquid
Cps = heat capacity of the representative solid,
n,_ = porosity that is filled with liquid (volume fraction in the
mixture filled with liguid),
n, = porosity that is filled with gases (volume fraction in mixture

filled with gas

2.1.2.2 Flow Characteristics. Important flow characteristics that must be
known to predict whether particles will be suspended and potentially separated
from other particles during deposition are flow discharge and velocity, depth,
width, energy slope, and shear and yield stresses. One of the main
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characteristics of the sediment-Taden flow is the interaction between flow and
sediment transport. For example, in a waste tank, a sufficiently fast flow
transports solids. The solids' transport changes the properties and rheology
(e.g., density, viscosity, shear stress, bottom roughness, and heat transfer
coefficient) of the waste mixture in the tanks (Onishi et al. 1995). These
changes in turn affect the flow velocity and temperature distributions.
Changes in temperature and chemical species distributions may also affect the
solubilities of some chemicals causing either precipitation or dissolution of
specific chemical compounds. This affects particle size, solid and fluid
densities, and rheology, which in turn affect the flow velocities in the tanks
(Onishi and Hudson 1996). The variables controliling particle transport have
continual feedback or an interrelationship, therefore, one must be cognizant
of these complications when performing either simple or complex calculations.

Flow-sediment interactions have been investigated most intensively in
alluvial streams (Leliavsky 1966, Raudkivi 1967, Richards 1982). That flow
affects sediment transport, which controls the hydraulic roughness and channel
geometry through bed formation and sediment deposition and erosion is well
known (Vanoni 1975, Onishi 1994a). The hydraulic roughness and channel
geometry, in turn, affect the flow (Simons and Senturk 1977).

For example, multiple flow velocities and sediment transport rates for
the same flow depth or discharge in a given channel, depending on the bed
form, are common (Nordin 1989). Thus, to predict depth, discharge, and
velocity requires knowledge of the relationships among flow parameters, fluid
and sediment properties, and the hydraulic roughness or friction factors
affected by sediment transport.

To close the lToop of interdependency among the flow, sediment transport
and hydraulic roughness, numerous methods and formulas are available to
predict stage/depth-discharge/velocity relationships and to calculate sediment
transport rates in rivers (Onishi 1994a). These relationships and empirical
equations are an integral part of numerical sediment transport models/codes
(Vanoni 1975; National Research Council 1983; Fan 1988, Onishi 1994a). These
stage/depth-discharge/velocity predictors include the following:

s Einstein-Barbarossa (Einstein and Barbarossa 1952)
Garde-Raju (Garde and Raju 1966)
e Simons-Richardson-Haynie (Simons and Richardson 1966; Haynie and
Simons 1968)
Engelund (1966)
Inamenskaya (1967)
Raudkivi (1967)
Kennedy-Alam-Lovera (Alam and Kennedy 1969; Lovera and Kennedy
1969)
e Maddock (1969)
e Mostafa-McDermid (Mostafa and McDermid 1971)
e Brownlie (1983).

As summarized by Raudkivi (1967), Vanoni (1975), and Onishi (1994a),
most of these predictors are based on the concept that a specific variable
(e.g., friction factor, hydraulic radius, or cross-sectional area) can be
divided into two components, one corresponding to the skin friction (grain
roughness), and the other accounting for the form drag (bed forms).
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Many of these methods were compared against measured data obtained from
the Colorado River in Colorado (Vanoni 1975), the Niobrara River in Nebraska
(Vanoni 1975), and the Sacramento River in California (Nakato 1990). These
comparisons show wide variations among predictions. These variations are
caused by an incomplete understanding of the relationship between bed forms
and hydraulic roughness. Among these predictors, Brownlie reveals the best
match to the measured data (Onishi 1994a).

2.1.3 Controlling Parameters for Solid Transport

Flow, solid/sediment transport, and bottom roughness and flow-field
geometry are interdependent. In general, the following parameters are
relevant for the solid/sediment transport (Vanoni 1975, Simons and Senturk
1977):

Water discharge, Q

Solid/sediment discharge, Q

Flow channel bottom width, b

Mean fluid flow depth, d

Friction factor, f

Channel plan geometry, m

Depth/hydraulic radius, r

Energy gradient, S

Mean velocity, V

Fluid kinematic viscosity, v

Fluid density, o

Solid particle density, p

Mean falling ve]oc1ty,

Geometric mean size of bottom solid material,
Geometric standard deviation of bottom solid ma%er1a1
Gravitational acceleration constant, g.

Selecting appropriate independent variables as input data is important
to obtaining unique solutions for unknowns, the dependent variables, for a
specific problem. Table 2-4 provides guidelines for selecting independent
variables (Vanoni 1975).

2.1.4 Initiation of Solid Motion

As the flow over a sediment (in our case sludge and/or salt cake)
surface increases from zero, flow-induced forces (1ift and drag) acting on the
solid particle increase. When these forces exceed the submerged weight of the
particle, the solid particle starts to move. This critical condition for
initiation of motion has been correlated to the velocity using the
relationship (Leliavsky 1966)

chitical = kw1/6 (2.21)
where V_ ... = critical velocity to initiate solid particie movement
= constant
W = dry particle weight in air.

2-9



WHC-SD-WM-TI-757, REV 0

Subsequently, many researchers, including Shields (1936) and White
(1940), correlated the flow intensity controlling initial particle movement
and the subsequent sediment transport rate to velocity, shear stress, or
stream power (product of shear stress and velocity), as summarized by
Leliavsky (1966), Henderson (1966), Raudkivi (1967), Vanoni (1975), Graf
(1971), Simons and Senturk (1977), Jansen et al. (1979), and Richards (1982).
Assuming that the initiation of motion is determined by bed shear stress (75)»
the specific weight difference (y, - y) between sediment and water, d_, p, and
v, the following dimensional ana]ys1s yields the well-known Shields dﬁagram
for the initiation of motion (Shields 1936).

% . E&) 2.22
(¥s-Y) 4, F( v (2.22)

where F = functional relationship
U, = the velocity shear (r,/p).

Figure 2-2 clearly indicates that particle sizes for the critical shear
stresses needed to erode bottom sediments differ significantly. The most
easily erodible sediment is a particle having the particle Reynolds number,

R of around 10, while very small particles (having smaller particle Reynolds
number) exhibit greater resistance to being entrained by a given flow. This
is mainly because most small particles are cohesive. Thus, a given flow can
clearly segregate specific-sized particles by selectively eroding some solid
particles. Further, it is not the smallest particles that are eroded first as
the flow rate increases from zero. Because sludge in Hanford tanks is very
fine grained and cohesive it will not erode at low fluid velocities as one
might intuitively expect.

When flow conditions reach the critical stage of initiating motion, some
bottom solid particles start to move. Initially, they roll and slide along
the bed with increasing velocity; some jump and hop. These particles make up
the "bed Toad"; the rest of the moving particles that seldom fall back into
the interface are the "suspended load." Together these make up the sediment
transport.

2.1.5 Critical Condition for Cohesive Solids

Unlike noncohesive solids, the fall velocity and critical shear stress
for erosion and deposition of cohesive solids depend not only on the solid
properties (e.g., density and diameter), but also on the electrochemical
environment of the solid, flow characteristics, and solid past history of
transport, deposition, and resuspension, (e.g., phenomena such as flocculation
and consolidation) as described in Vanoni (1975). Few studies have been made
that address the initiation of movement of cohesive particles and knowledge of
these phenomena are very limited (Krone 1962, Partheniades 1962, Onishi et al.
1993, Onishi 1994b).

Since Sundborg (1956) derived the critical shear stress for cohesive
solids, some studies have been done that correlate the stress to shear
strength, S, and plasticity index, I,. For example, Dunn (1959) conducted
measurementS with sediments ranging from sand to silty clay, and obtained the
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following relationship for critical shear stress for cohesive sediments with a
plasticity index between 5 and 16:
=0.001 (S,+180) tan (30+1.73Ip) (2.23)

shear strength

where §,
plasticity index.

"o

p

The critical shear stress increases with the plasticity index, I_. Some
of these studies provided a wide range of critical shear stress for erosion,
as shown in Table 2-5.

Another important consideration is the formation of aggregates on the
critical shear stress. The larger the aggregation, the smaller the critical
shear stress for erosion (Krone 1962). The shear strength of various
aggregates, based on a San Francisco Bay sediment, are shown in Table 2-6.

Note that zeroth order aggregates are made up of the sediment particle
themselves. The first order aggregate is made up with zeroth aggregates,
second-order aggregates are made up with first-order aggregates, and so on.
These values clearly indicate that the more the cohesive sediment aggregates,
the weaker the bond between the aggregates and the bed sediment, and the lower
the critical shear stress needs to be for erosion to start. Section 2.1.8
covers the transport, deposition, and erosion of cohesive sediment in more
detail.

2.1.6 Bed Forms

The common bed forms are ripples, bars, dunes, transition, flat bed, and
antidunes, listed in the general order of their occurrence with increasing
velocity, Froude number, and sediment transport rates (Raudkivi 1967, Vanoni
1975, Jansen et al. 1979). The ripples are the smallest, having wave lengths
and heights up to approximately 30 cm and 3 cm, respectively. Bars have wave
lengths and heights comparable to the stream channel width and flow depth.
Dunes are larger than ripples, but smaller than bars. With increasing
velocity, dunes will disappear, forming a flat bed, thus reducing the friction
factor/hydrau]ic roughness significantly. In the transition from dune to flat
bed, the bed is mainly covered by low-amplitude rippies and dunes,
1nterspersed with f]at bed. Antidunes have a nearly sinuscidal form with a
wave length of 29V° /9 and variable height dependlng on flow depth and
velocity. Antidunes are always accompanied by in-phase waves of the water
surface.

Predictions of the bed forms have been studied theoretically,
experimentally, or by field observations (Kennedy 1963, Simons and Richardson
1966). Simons and Richardson (1966) provides the bed form prediction as a
function of mean particle diameter and stream power (defined as the product of
bottom shear stress and velocity).

2.1.7 Solid/Sediment Discharge Rate Formulas
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Many formulas have been developed for calculating solid/sediment
discharges of bed materials (mostly non-cohesive sediment), since DuBoys
(1879) presented a relationship between sediment discharge, particle mean
diameter, and the shear stress acting on the bed. Many of these formulas
correlate the sediment discharge to shear stress, velocity, or stream power,
as well as fluid and solid properties. For example, DuBoys' formula relates
the bed loads to shear stress by (Vanoni 1975)

g = Xo To (To - rc) (2.24)

where g, = sediment discharge per unit width (= Q./b),
X, = coefficient.
7, = bed shear stress, and
7. = critical bed shear stress for initiation of motion.

<

The values of 7, and 7, are solely functions of a median bed sediment
size. Many other formulas, e.g., Meyer-Peter (Meyer-Peter and Muller 1948)
and Shields (1936), use a similar concept of correlating the sediment
discharge to shear stress. Some relate the sediment discharge directly or
indirectly to velocity, including the Einstein bed load function (Einstein
1950) and Colby (1964a,b). Einstein postulated that a sediment particle moves
if the instantaneous hydrodynamic 1ift force exceeds the particle weight, and
that the motions should be expressed statistically. A third group of formulas
relating to stream power are represented by Engelund and Hansen (1967), Ackers
and White (1973), and Yang (1973, 1979). Yang hypothesized that the sediment
transport rate is related to the rate of energy dissipation, which in turn can
be expressed by the stream power (product of velocity and shear stress), which
he called the unit stream power. These formulas have been summarized in many
publications (Rouse 1950, Leliavsky 1966, Raudikivi 1967, Graf 1971, Vanoni
1975, Simons and Senturk 1977, Jansen et al. 1979, Richards 1982). Required
input data and their output for some formulas are summarized by Nakato (1990),
as shown in Table 2-7.

A major problem that the engineer faces is which sediment discharge
formula to use to calculate the sediment discharge for given hydraulic and
sediment parameters. The following 23 methods are representative sediment
discharge formulas applicable to non-cohesive bed sediment under uniform
steady conditions and are reviewed by Onishi (1994a):

DuBoys (DuBoys 1879, Vanoni 1975)

Schoklitsch (Shulits 1935, Vanoni 1975)

Shields (Shields 1936, Vanoni 1975)

Meyer-Peter (Meyer-Peter and Muller 1948, Vanoni 1975)
Meyer-Peter-Muller (Meyer-Peter and Muller 1948)
Einstein-Brown (Brown 1950)

Einstein Bed Load Function (Einstein 1950)
Laursen (1958)

Colby (1964a, b)

Bagnolid (1966)

Blench Regime Formula (Blench 1966)
Engelund-Hansen (Engelund and Hansen 1967)

2-12
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Inglis-Lacey (Inglis 1968)

Toffaleti (1969)

Graf (1971)

Shen-Hung (Shen and Hung 1972)
Ackers-White (Ackers and White 1973)
Yang (1973, 1979)

Maddock (1976)

Engelund-Fredsoe (Engelund and Fredsoe 1976)
Karim (Karim and Kennedy 1981)
Brownlie (198la, b)

Van Rijn (1984a, b).

Vanoni (1975) compared the following 13 sediment discharge formulas
against observed data for the Colorado River at Taylor's Ferry, Colorado, and
Niobrara River near Colby, Nebraska: DuBoys, Schoklitsch, Shields, Meyer-
Peter, Meyer-Peter-Muller, Einstein-Brown, Einstein Bed Load Function,
Laursen, Colby, Blench Regime Formula, Engelund-Hansen, Inglis-Lacey, and
Toffaleti. Predictions made using these formulas and field data vary by
several orders of magnitude (See Figure 2-3 for the Colorado River). The
Toffaleti, Colby, Inglis-Lacey, and Engelund-Hansen formulas predicted values
closer to the measured data for these river conditions than other sediment
discharge formulas.

Yang and Molinas (1982) compared the following six formulas against
1,259 data sets from laboratory flumes and five rivers: Colby, Engelund-
Hansen, Shen-Hung, Ackers-White, Maddock, and Yang. The five rivers were the
Niobrara and Middle Loup Rivers in Nebraska, Mountain Creek in South Carolina,
the Rio Grande in New Mexico, and the Mississippi River in Missouri. All six
formulas predicted the total sediment load in the rivers within an
approximately 200-percent error, as shown in Table 2-8, showing both mean
values and the distributions of the ratio of the computed to the measured
total sediment load. The Yang and Shen-Hung formulas show the best results,
followed by Ackers-White, and Engelund-Hansen. However, the Shen~Hung formula
is limited to small rivers because it uses a dimensionally nonhomogeneous
parameter (Yang and Molinas 1982).

A series of performance tests of sediment discharge formulas by many
researchers clearly demonstrates a wide range of variations and limitations
for these formulas. The Engelund-Hansen, Inglis-lLacey, Toffaleti, Ackers-
White, and Yang formulas show the most acceptable results over a wide range of
flow and sediment conditions (Onishi 1994a). However, users must be very
careful to select several formulas and test them for a specific application.

2.1.8 Solid Transport, Deposition, and Resuspension

2.1.8.1. Solid transport. Solid/sediment transport is commonly expressed by
the following advection-diffusion equation (National Research Council 1993,
Onishi 1994a, 1994b):

24V-(ue) = V-(eVe) 46, (2.25)
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where c= solid concentration
e = dispersion coefficient
G, = solid erosion and deposition rates.

The erosion and deposition rates are usually formulated separately for
cohesive and non-cohesive sediments (Onishi et al. 1993). Most commonly used
methods to determine the sediment erosion and deposition rates are discussed
in Section 2.1.8.2 (National Research Council 1993, Onishi 1994a).

2.1.8.2 Solid Deposition and Erosion. Particle erosion and depoesition
depends not only on fluid flow and solid characteristics, but alse on actual
concentration of solids in the fluid.

For non-cohesive solids

G, = Q5 Csa for erosion (2.26)
AA

g, = L% for deposition (2.27)
AA

where sA = unit bottom surface area to and from which solid will be deposited
or eroded
Q.= sediment transport capacity for the given flow per unit
surface area
Q,,= actual sediment transport rate per unit surface area.

Q. can be evaluated by various sediment transport discharge formulas
(e.g., Linstein 1950, Toffaleti, 1969, Ackers and White 1973, Yang (1979)), as
discussed in Section 2.1.7.

For cohesive solids (Partheniades 1962, Krone 1962)

G, = M (—2-1) for erosion (2.28)
Ter
Gy =w C (1—7;3) for deposition (2.29)
cD
where M = erodibility coefficient
w = particle(or agglomerate) fall velocity
7 = bed shear stress

Tp= Critical shear stress for deposition
7= Critical shear stress for erosion.

The fall velocity, w in Equation 2.29 may be determined by Equation 2.2
or 2.5 if the solids concentration is relatively low and cohesive solids do
not form many aggregates. However, as we discussed in Section 2.1.1.5, at
higher concentrations (e.g., above 300 mg/L), continuing aggregation or break-
up of cohesive solids affects the sediment fall velocity. Thus, the fall
velocity becomes a function of solids concentration under this condition (See
Equations 2.7 through 2.10).
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Teeter (1988) and Krone (1962) conducted experiments specifically to
obtain parameters in Equations 2.8, 2.28, and 2.29 with Buzzards Bay
(Massachusetts)sand, and Clinch River (Tennessee) sediments. The erosion and
deposition parameters values shown in Tables 2-9 and 2-10 are obtained by
Teeter’s experiments.

Many sediment transport and contaminant transport codes are available
that have incorporated these sediment transport, deposition, and erosion
formulas to evaluate behavior of sediment and sediment-sorbed contaminants, as
evaluated and summarized in National Research Council (1993), Onishi (1994a)
and Onishi (1994b).
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Figure 2-1. Drag Coefficient of Spheres as a Function of Reynolds Number
(Rouse 1937b).
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Figure 2-2. Shields Diagram (Shields 1936, Vanoni 1975)
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Figure 2-3. Comparison of Predicted and Observed Total Sediment Discharges
for the Colorado River at Taylor’s Ferry, Colorado (Vanoni, 1975).
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(adopted from Vanoni 1975).

Solid Size Classification

Sieve Mesh Opening per in.

Class Name Sizes (mm) TyTer U.S. Standard
Boulders
very large 4,096 - 2,048
Targe 2,048 - 1,024
medium 1,024 - 512
small 512 - 256
Cobbles
large 256 - 128
small 128 - 64
Gravel
very coarse 64 - 32
coarse 32 -16
medium 16 - 8 2.
fine 8 -4 5 5
very fine 4 -2 9 10
Sand
very coarse 2.000 - 1.000 16 18
coarse 1.000 - 0.500 32 35
medium 0.500 - 0.250 60 60
fine 0.250 - 0.125 115 120
very fine 0.125 - 0.062 250 230
Silt
coarse 0.062 - 0.031
medium 0.031 - 0.016
fine 0.016 - 0.008
very fine 0.008 - 0.004
Clay
coarse 0.004 - 0.002
medium 0.002 - 0.001
fine 0.001 - 0.0005
very fine 0.0005 - 0.00024
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Table 2-2. Values of the Exponent Constant a in
Hindering Fall Velocity.
Particle Reynolds Number Exponent Constant
R = wyd /v a
<0.2 4.65
0.2 - 1.0 4.35R°0-%3
1.0 - 200 4.45R°°"
>200 2.39

Table 2.3. Coefficients for Equation 2.10 Based on

Experimental Measurements of NaNO.
and Trent [1995

i Solutions (Mahoney
)

Coeff. Value
a, 5.8044 x 10-6 Pa-s
a, 1489.9 K
a, -0.97874 K
a, 0.19490 K

Table 2-4. Guidelines for Selection of Independent and Dependent Variables
in Alluvial Streams (adopted from Vanoni 1975).
i Functional
Independent variables relationships
Time Dependent :
frames | Properties of 1 va?iab]es Singl Multiple
fluid sediment ow ingle| values
and others characteristics values| for some
ranges
Short- :,pé Pss ds:05 Q, d, m Q, b, r, V, s, X
term
d, S, m G, Q, b, r, Vv, f X
Y‘, S, m Q) st bs dy v, f X
Q, S, m Q, b, d, r, V, f
Long- m, b, d, r, V, S,
term [V P2 Psr O 0, Q, f, dg, o5, W, X
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Table 2-5. Critical Shear Stresses for Cohesive Sediments.

Authors Critical i&ﬁﬁ{ Stresses
Dunn (1959) 0.058 - 0.24
Smerdon and Bearsley (1961) 0.0038 - 0.024
Flaxman (1962) 0.11 -0.72
Abde1-Rahmann (Vanoni 1975) 0.0072 - 0.043

Table 2-6. Shear Strength of Aggregates.

Orders of Aggregates Shear strength

N/w?

0 2.2

1 0.39
2 0.14
3 0.14
4 0.082
5 0.036
6 0.020
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Input Data Requirements and Output for Some Sediment
Discharge Formulas (Adapted from Nakato 1990).

Independent Variables Dependent
Properties of Fluid Flow ‘i{h}ﬁlﬁf
Sediment Characteristics P
Ackers-White V, ¥y Vs Dis d, d, U. (or S) Q;
Einstein-Brown |v, y, y,, D5, U, (or r, and §) Qg
Engelund-Fredsoe|v, v, y,, D v, d, S Qg and Qg
Engelund-Hansen |y, y,, Dsq V, U, (or r, and S) |Q;
Inglis-Lacey V, ¥, ¥e Dy v, d Q;
Karim V, ¥, Yo Dy q, d, § Q;
Meyer-Peter- vV, U, (or r, and
Mu'-'y]er V, Vs Yo D90’ Ds'i’ P‘- S) b ( b QB
Rijn Yo Vs ¥ss Digr Dsor Dges 1y, g, s Q, and Qg
90
Schoklitsch D, P; q, S Qg
Toffaleti Yo To ¥y ¥es Dess D 1y g, s Q, and Qg
i
Yang Vs y; ys’ DSO V! d! S gT

Digs D35s Dgys Do, and D ;=

Q;, Qg, and Qg

P

q
Yo

T
U

i

Uw
Oéker parameters are

bed sediment diameter such that 16, 35,

84, 90, and Si percent are finer,
respectively

respectively

ith fraction of bed material group
water discharge per unit channel width
hydraulic radius of bed only (cross sectional

total, bed, and suspended sediment load,

area of flow divided by wetted perimeter)

shear velocity

as

water temperature,

K,

shear velocity evaluated at bed surface
previously defined.
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Table 2-8. Evaluation of Six Sediment Discharge Formulas for Five Rivers

(Yang and Molinas 1982).

Ratio of Computed Values to the Measured Total Sediment Load
Frequency of Occurrence (%)

Sediment Ratio range
Discharge Standard
Formulas Mean | 0.75-1.25 | 0.5-1.5 | 0.25-1.75| 0.5-2.0 |Deviation
Ackers-White 1.50 31 61 75 80 0.80
Corby 0.61 13 29 71 33 0.66
Engelund-Hansen | 1.51 34 58 72 79 0.75
Maddock 0.49 24 43 56 45 0.48
Shen-Hung 1.18 43 71 80 81 0.61
Yang 1.12 50 76 95 88 0.44

Table 2-9. Cohesive Sediment Erosion Parameters.

Sediment Sizes

Sediment Sizes

Sediment Sizes

Erosion Variables (mm) (mm) (mm)
0.002<d <0.014 0.014<d.<0.030 0.030<d<0.072
e ( N/mD) 0.0060 0.6 - 0.16 > 0.6
M (g/m-s) 4.2 x 1073 - -
Table 2-10. Cohesive Sediment Deposition Parameters.
Sediment Sizes | Sediment Sizes | Sediment Sizes
Deposition (mm) (mm) (mm})
Variables 0.002<d_<0.014 | 0.014<d.<0.030 | 0.030<d<0.072
T N/ 0.043 0.33 0.42
w, cm/s 6.0 x 107 0.104 0.202
A 1.8 x 107 3.2 x 1073 6.4 x 107
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3.0 SUMMARY OF FEATURES INCLUDED IN TEMPEST MODELS

Section 2.0 presented a general literature review into the fluid dynamic
processes that could promote segregation. The first subsection, Section 3.1,
describes the features contained within the TEMPEST fluid dynamic model, which
was used (see Section 4.0) to perform predictions on particle segregation
specific to the Hanford tank ciriticality issue. The second subsection,
(Section 3.2), provides a comparison of TEMPEST code input data used in the
predictions to actual tank waste properties.

3.1 TEMPEST FLUID DYNAMIC MODEL

The TEMPEST code, as implemented for the simulations described in
Section 4.0, simulates an isothermal, incompressible flow in which the density
and viscosity are influenced by the concentration of suspended particulates.
Implicit within the TEMPEST model is the assumption that the Boussinesq
condition is applicable. The Boussinesq approximation assumes that the change
in density (in our tank analyses the slurry density) over the time steps used
in the code is quite small. This approximation is valid for liquids and
suspended solids under natural convection conditions and low velocity flows
expected in tank operations such as tank filling, tank-to-tank transfers, air
Tift circulators, and mixer pump operation. This approximation allows one to
simplify the governing equations by treating density as a constant in all
terms except the body force terms of momentum equations. The complete
equations for conservation of mass and momentum and for treatment of
turbulence are documented in Trent and Eyler (1989). Version T.2.10c of the
TEMPEST code was used.

Turbulent flow Reynolds stresses are modeled through an effective
viscosity. The Prandtl-Kolmogrov hypothesis is used to relate the effective
viscosity to velocity and Tength scales. In this approach, transport
equations for the turbulent kinetic energy (k) and the dissipation of
turbulent kinetic energy (€) are solved by the k-¢ model to determine the
effective turbulent (eddy) viscosity as:

by = C, 0o KY€ (3.1)
where

C,= constant equal to 0.09

p = fluid density

k = turbulent kinetic energy

€ = dissipation of turbulent kinetic energy

The baseline fluid density and molecular viscosity are taken as those of
water at 37 °C for all TEMPEST code calculations for tanks C-106 and AY-102.
The TEMPEST code ipput values for tank SY-102 were chosen from a measured
value of 1.03 g/cnP (Dicenso et al. 1995) for the fluid density and an
estimated molecular viscosity of the supernate of 1 cP (Onishi and
Hudson 1996).

3-1
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The slurry molecular viscosity is then calculated by multiplying the
molecular viscosity of the base fluid by a factor of “a” raised to the power
g

p=p, a’ (3.2)
where
B, = base fluid viscosity = 0.69 cP or 1.0 cP
a = 105,000
B =¢C/C
c, = volume fraction solids in slurry
Comax = 0.46

The form of this equation was selected in an earlier effort to model the
periodic rollover and gas release processes in tank SY-101 (Trent and Michener
1993). The value of “a” is determined by dividing a high viscosity intended
to represent a very high solids concentration by a viscosity typical of a more
dilute slurry. Reliable data on which to base the value of C_ s not
available. To reliably set this parameter, accurate data is needed for the
particle, bulk, and fluid densities for sludge. While a significant amount of
data of this type has been taken, it is considered unreliable and clearly in
error. For example, Bratzel (1980) examined four analyses of 106-C tank
sludge to ensure that measurements were using a consistent basis. The
resulting bulk density-particle density data pairs were,in g/cm’:

(1.22, 0.727), (1.324, 1.082), (1.579, 1.495), (1.485, 1.140). 1In all cases
the particle density was less than the bulk density, which is impossible for a
settling solid. This casts serious doubt on the validity of the data.

Because obtaining a direct measurement for the value of C, is difficult, a
reasonable value within the same range as values selected previously to model
tank SY-101 was chosen. The SY-101 modeling effort produced results similar
to observed tank phenomena during mixer pump operation.

The calculated slurry molecular viscosity is used to calculate the fluid
transport, but not to adjust the input settling velocity for each particle
size used in the model. The impact of high solids concentrations on particle
settling velocities is accounted for separately. The molecular viscosity of
the slurry is added to the turbulent viscosity and the sum is used in fluid
dynamic calculations.

Particle size distributions are modelled in TEMPEST using discrete
particle sizes to represent portions of particle size distributions obtained
from the characterization of sludge samples. We used data from only two
Hanford Site tanks: C-106 and SY-102 (Castaing 1994, DiCenso et al. 1995) for
all calculations discussed in Section 4.0. The extent to which the particies
within these size distributions may actually be aggregates or flocculants
instead of primary particles is unknown. Because we lack specific information
on the density of different sized particles, all TEMPEST calculations for
cases dealing with tanks C-106 and AY-102 initially assume that the particles
have a uniform density of 2.44 g/cm based on C-106 solids' properties
(DiCenso et al. 1995). For the TEMPEST calculations on tank SY-102 a particle
density of 1.80 g/cm” is used based on DiCenso et al. (1995).

Also, the actual shapes of different materials are not known, so all
particulates are assumed to be spherical. To some extent, the modeling

3-2
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results for different assumptions for the particle size, particle density, and
shape of a particle can be evaluated by calculating the settling velocity and
determining an equivalent diameter for that particle.

The settling velocity of each particle is provided to the code in the
form of a velocity that is calculated assuming spherical particles and using
Stokes Law (Equation 2.5). These input settling velocities do not include the
effects of particle interaction, such as particle flocculation or
agglomeration. Particle agglomeration is expected to occur and is discussed
in some detail in Appendix A. The TEMPEST model does include the effect of
hindered settling. The input settling velocity of each particle is adjusted
for the effects of hindered settling based on an equation of the form

w=w_ (1-8)° (3.3)

where

hindered settling velocity

input settling velocity (unhindered settling velocity)
C,/C.., Wwith C__ =0.46

volume fraction solids in slurry

6.0

[

TODE X

This correlation was discussed as Equation 2.6. The value of b for the
Stokes Law settling region was provided in Table 2-2 as 4.65. However, using
this value resulted in unrealistic settling occurring on top of the existing
settled sludge layers in the bottom of the tank in the AY-102 simulation.
Therefore, Equation 3.3 was modified. Because the value of C . affects the
viscosity calculation (see Equation 3.2), we changed the value of b instead to
avoid affecting the viscosity. Setting b to 6.0 increased the hindering
effect and prevented the unrealistic settling within the sludge layer. This
value of 6.0 was used for all simulations reported in Section 4.0. The check
made to ensure that the potential error introduced into the settling results
would not be unacceptableis discussed in Section 4.3.

In some but not all TEMPEST simulations, a yield stress was introduced

into the rheology model. Where used, its inclusion is noted with the results
(Section 4.0). The expression used to calculate the yield stress is

—a b
Tyiara = BB () (1-w) (3.4)
2

3-3
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where

= calculated yield stress

yield stress 1.5 psi

strain coefficient = 50 dimensionless
moisture exponent 25 dimensionless

yield

nowon

U)wO'NU' T~

c,/C

straih rate of fluid

a small constant set at 1 E-30

volume fraction gas, set to zero for all simulations

{2 T T

R m<

The calculated yield stress is added to the stress imparted by the
viscosity in response to fluid shear. This yield stress formulation has been
implemented with only 1imited success and the validity of its results is
uncertain. However, simulations were performed with and without the yield
stress to evaluate its effect on the results. Including the yield stress
resulted in numerical problems that, in some cases, required the model to be
adjusted further. However, where the code operated properly, the effect on
particle segregation was small.

While TEMPEST can model diffusive effects on solutes and particles, the
input was intentionally selected to eliminate diffusive effects.

3.1.1 Limitations of the TEMPEST Model

In the TEMPEST model, gravity causes the suspended particles to settle
relative to the base fluid. The particle settling velocity is adjusted to
account for hindered settling, but otherwise the particles neither accelerate
nor decelerate relative to the base fluid. The velocity remains constant. The
momentum of the particles is not included in the model. As a result,
particles will tend to follow the stream lines even through sudden changes in
direction. Several mechanisms that are useful in mineral processing cannot be
simulated using TEMPEST. These mechanisms include film concentration,
differential acceleration, Bagnold forces, flotation, and interstitial
trickling. Appendix B covers mechanisms that the mineral-processing industry
uses to achieve separations.

3.2 COMPARISON OF INPUT AND TANK WASTE CHARACTERIZATION DATA

In many cases, no rheological information exists for a tank sludge of
interest. Available tank sludge viscosity data typically includes information
for only one or two solids concentrations. Therefore, a fluid dynamic model
as described in Section 3.1 is needed to estimate properties in a continuous
manner for the remaining sludge concentrations. However, the predictions of
physical properties used within the model must be comparable to tank waste
data where data exist. This section explores the degree to which the fluid
property values within the model agree with measurements on actual tank waste.

3-4
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3.2.1 Viscosity

For the majority of regions in the TEMPEST simulations that have been
calculated, the turbulent viscosity is much greater than the molecular
viscosity after adjustments have been made for the solids content. Thus,
after these two values are added together in the model, the molecular
viscosity has 1ittle effect on the calculated results for these regions. The
molecular viscosity input values and viscosity model predictions become
important in the areas of the simulation where velocities are low and solids
concentrations are high. The low velocities reduce the magnitude of the
turbulent viscosity and the high solids content increases the fluid molecular
viscosity.

The value of “a” in Equation 3.2 (105,000) was calculated by dividing a
viscosity of 2,500 Pa-s (a value for a very high solids content slurry) by the
viscosity of 0.024 Pa-s, which represents a relatively dilute slurry.
Willingham (1994) surveyed data on tank sludges, slurries, and supernatants
and found sludge viscosities in the range of 30 to 1,800 Pa-s with occasional
high values exceeding this range. Thus, the high end viscosity of 2,500 Pa-s
appears reasonable for a consolidated sludge. Similarly, values for slurries
typically range from 0.010 to 0.070 Pa-s, which is consistent with the lower
value of 0.024 Pa-s.

The predictions of the viscosity model can be checked against
characterization data for sludge from SY-102. The TEMPEST SY-102 mixer pump
mode]l simulates an approximate three-to-one dilution of the settled siudge
with supernatant liquid (three parts supernatant 1iquid to one part sludge).
Actual characterization data for one-to-one and two-to-one dilutions of SY-102
sTudge with water indicate that the slurry exhibits no yield stress and fits a
yield pseudoplastic model (DiCenso et al. 1995). The viscosity model used in
TEMPEST is not psuedoplastic, so the viscosity is not shear dependent as long
as a yield stress is not specified. The data and the model are compared by
using the data-derived model to calculate the apparent viscosity for a range
of observed shear rates from the TEMPEST model for one mixer pump operating in
the center of the tank. The solids content for the TEMPEST model was
determined by assuming that the initial sludge layer had a volume fraction
solids of 0.45, which is just below the maximum value of 0.46. This
concentration is then diluted three to one with supernatant as the model
executes. Figure 3-1 shows this comparison. The range of shear rates
observed within a single cross section of the tank was 0.06 to 0.84
s”'. Because the mixer pump problem includes relatively high shear rates,
Figure 3-1 also includes values for lower shear rates.

In comparing the TEMPEST predictions and the actual data from tank
SY-101 apparent viscositiy for the one-to-one dilution, the TEMPEST model
appears somewhat more sensitive to increasing concentration than the available
102-SY characterization data would indicate. The discrepancy is larger at
high shear rates and smaller at lower shear rates. The data for the two-to-
one dilution appears to be fairly well approximated with the model slightly
over-predicting at high shear and under-predicting at low shear. Thus, while
the TEMPEST-predicted viscosities of the fully mixed tank may be very close to
the data-based predictions, the predicted viscosity in high-concentration,
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high-shear regions would be higher than the data for tank 102-SY indicates.
The differences in viscosity between TEMPEST predictions and actual data in
high shear regions has little impact on fluid dynamic calculations because the
turbulent viscosity tends to dominate in these regions.

3.2.2 Yield Stress
The yield stress model in TEMPEST contains several parameters.

e Parameter b, (strain coefficient) primarily allows an exponential
to function in place of the discontinuous Bingham model. Thus,
its value is not selected based on fluid dynamic properties.

e Parameters b, (yield stress) and b; (moisture exponent) are not
based on wasle characterization data. They are taken directly
from efforts to model the periodic rollover and gas release
phenomena occurring in tank 101-SY sludge.

The yield stress model was implemented for a run of the 102-AY model.
Examining the calculated yield stresses in the TEMPEST model, the yield stress
only appears to become important in the bottom two cells of the problem
containing the initial sludge layers. These are the layers where the solids
concentrations are highest. In these areas, the yield stress that is added to
the viscous stress reaches about 0.07 Pa at a volume fraction solids of 0.29.
This is somewhat smaller than the 4.7 Pa yield stress measured for a one-to-
one dilution of 102-AY solids with a volume fraction solids estimated to be
0.12. However, the measured value is uncertain because the characterization
report does not Tist the units in which the yield stress was measured. We
assumed that the units are the commonly used pascals (WHC 1993).

The validity of the TEMPEST yield model is uncertain. The users manual
for the TEMPEST code notes that “The Bingham yield model is in development and
testing and should be used with caution in the present version” (Eyler et al.
1993). The difficulty in modeling a yield stress using a Bingham yield model
is that the viscosity is predicted to go to infinity when the shear rate drops
to zero. Also, a discontinuity occurs at the point where the shear stress is
equal to the yield stress (Mahoney and Trent 1995). The approach taken in
TEMPEST to avoid these problems is to substitute a stiff exponential for the
yield stress. In addition, the yield stress model used in TEMPEST
incorporates a dependency on the solids concentration. It should be noted
that the particulates in the colloidal size range have the greatest effect on
yield stress. Therefore, a simple correlation to volume fraction solids may
not be sufficient to predict the yield stresses between different waste
slurries.

The yield model was implemented for the AY-102 TEMPEST calculations
presented in Section 4.2 to determine if unexpected behaviors might influence
the segregation behavior. However, the yield model itself should not be
considered an accurate representation of the yield behavior of the sludge.
While the cases have been calculated for investigative purposes, the
development and validation of the TEMPEST yield model is beyond the scope of
the current activity.
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The conceptual model described here, including yield stress, viscosity,
hindered settling, discrete particle size bin selections was implemented to
calculate several specific problems that are described in Section 4.0.
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Figure 3-1. Comparison of TEMPEST Model Predictions and 102-SY
Characterization Data for Various Water-Sludge Dilutions.
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4.0 PARTICLE SEGREGATION MODELING IN HANFORD WASTE TANKS
WITH TEMPEST AND STOMP CODES

This chapter describes our efforts to determine the amount of particle
segregation that might occur when the contents in Hanford Site waste tanks are
disturbed as kinetic energy is generated. Kinetic energy can be generated
during filling, post-filling operations such as tank transfers or additions,
or stirring tank contents to remove heat or material (such as drainable
liquid). Energy also is generated by aging processes such as radioactive
decay. The potential for particle segregation during the following tank
operations is discussed in this chapter:

. Tank filling, including the cascade process where supernate from
one tank overflows into a second tank as the volume of slurry
input to the first tank exceeds its capacity

. Additions and/or tank-to-tank transfers
. Salt well pumping

. Tank mixing to inhibit episodic gas release (burping, steam
release) using mixer pumps or air-1lift circulators

. Sludge sluicing and retrieval in anticipation of final
pretreatment and disposal.

This chapter also includes the results of TEMPEST and STOMP modeling
performed to date. A separate document to be prepared for the WHC retrieval
program managers late in fiscal year 1996 will include the final computer
modeling results for the specific Tank C-106 retrieval and Tank SY-102 mixing
campaigns (Whyatt et al. 1996).

Tank sludge shows some discrete hydrous iron, zirconium, and aluminum
oxide and several metal phosphate particles exist in tanks. Crystalline
uranium phases have also been found in selected tanks. Thus it is plausible
that discrete hydrous plutonium phases might exist in tanks. Details are
provided in Chapter 7 and Appendix D. However, direct measurements of the
chemical speciation of plutonium and neutron absorbers and on sludge
rheological properties are sparse. Because we do not know conclusively
whether the plutonium and key neutron absorbers exist predominately as
discrete mineral phases or amorphous chemically and physically agglomerated
gels, we decided to emphasize the potential importance of inertial segregation
of discrete particles. This approach will not allow us to overlook possible
fissile material-concentrating mechanisms and should lTead to a thorough
critical analysis of the criticality issue.

Some of the fluid dynamics analyses presented in this chapter for past
operations use conceptual models and data that also are relevant to future
retrieval operations such as jet-pump sluicing and retrieval. The specific
cases and code input data used rely heavily on the anticipated retrieval and
mixing activities and data on the sludges and liquids in tanks AY-102 (the
receiver tank for sluiced waste from C-106), C-106, and SY-102.
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The particle size distribution in each TEMPEST simulation is represented
by either seven or nine discrete particle sizes. The particle sizes were
selected to match the particle size distributions based on available data for
solids in tanks SY-102 (DiCenso et al. 1995) and C-106 (Castaing 1994).

TEMPEST requires up to 24 hours of computer processing time to create
results that represents just 2 to 3 minutes of real time where complicated
fluid dynamics are occuring. These results presented here represent only the
first tens of minutes of each of the following processes: sluicing of tank
C-106, settling of sluiced solids into receiver tank AY-102, and jet-pump
mixing of the solids in tank SY-102. Because the models represent such a
short time, computer exercises may not show the processes at steady state and
the final results could differ from these preliminary findings.

Despite these caveats, our expert opinion is that these results do
represent the likely fate of sludge particles in the Hanford Site tanks, and
that future calculations made over enough time for the process to reach a
steady state will not dramatically change the conclusions presented herein.

The STOMP code was used to evaluate the potential for particle
resuspension and transport during salt-well pumping and during heat-generated
convection from radioactive decay. Particulars on the STOMP code can be found
in White and OQostrom (1996a,b) and Nichols et al. (1996).

4.1 WASTE SLUICING AND TANK PUMP-OUT OPERATIONS

The fate of sludge particles during these types of operations is being
evaluated using TEMPEST runs on the C-106 sludge sluicing and pump-out
operation. Although the simulations discussed in this section were performed
at a fixed temperature, the TEMPEST code can create simulations that consider
the influences of the thermal effects caused by the pump and by friction
between particles. The physical properties of the sludge waste used in the
modeling are taken from Castaing (1994). These include the bulk density of
the sludge at approximately 1.45 g/mL and a void volume of approximately
40 percent filled with interstitial solution. The particle density of the
sludge was estimated to be 2.4 g/mL. The particle size distribution is shown
in Table 4-1.

The average particle size for this sludge sample, based on weight, is
about 16 ym. The overlying supernate has a density of 1.03 g/mL. As
discussed in Chapter 7.0, plutonium-oxide particles are conservatively
estimated to have a particle density of 11.46 g/mL. Some chemists on the team
have argued that the amorphous/hydrous plutonium oxide has a particle density
closer to 6 g/mb. The settling velocity of the conservative-density Pu
particles with a conservative particle size of 11.5 um is 0.81 mm/s in pure
water at 37°C, which corresponds to the settling velocity of solid particles
of Size Fraction 5 (see Table 4-1). The less dense hydrous plutonium oxide
particle (perhaps a more realistic case) with a realistic particle size of
2-um diameter has a settling velocity of 0.016 mm/s in pure water at 37 °C.
This realistic settling velocity is much slower than those for solid particles
of Size Fraction 1 in Table 4-1. Thus very small hydrous Pu oxides with a
density of "6 g/ml would actually settle slower than the particles of Size
Fraction 1. Thus, the TEMPEST model results for Solids 5 and 1 will over
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predict the actual settling velocity of discrete plutonium-bearing solid
behavior in Hanford Site sludge. Because our concern is preferential settling
of heavy particles, the analyses presented should over-predict the actual
separation of discrete Pu-bearing particles from the rest of the sludge. This
should lead to an over-estimation of the potential for criticality in Hanford
tanks.

4.1.1 Tank Waste Sluicing

The supernate of tank AY-102 will be injected into tank C-106 to sluice
tank C-106 sludge. The velocity at the 1-in. nozzle exit of the sluicer jet
is 37 m/s. Because the density of the tank AY-102 supernate is 1.0 g/mL
(Castaing 1994), and is much heavier than the air in the tank C-106 head
space, the jet velocity is not expected to slow much from the initial velocity
of 37 m/s before the jetted water hits the sludge.

The critical velocity of water flow needed to erode the sediment in the
natural environment varies significantly with the sediment sizes as discussed
in Section 2.1. It varies from approximately 0.2 m/s for the most easily
erodible medium sand (diameter of 0.3 mm) to 0.4 m/s for coarse sand (diameter
of 2 mm), to 1.3 m/s for medium gravel (diameter of 1 cm), to 2.5 m/s for 1 um
clay (Vanoni 1975, Simons and Senturk 1977). Some of these values are very
approximate, especially the critical velocity to erode clay-sized material
because of its cohesive nature.

The particle density of most natural sediments is about 2.65 g/mL and
the water density at 20°C is 1 g/mL, so the density difference in these
natural cases is 1.65 g/mL. The density difference between tank C-106 sludge
and tank AY-102 supernate is 1.4 g/mL. The critical velocity for the tank
sludge is similar to those in nature, and should be much smaller than 37 m/s.
Therefore, with the sluicing jet velocity fixed at 37 m/s, all solid particles
directly hit by the jet should be readily and completely resuspended.

Finally, sluicing operations are not expected to segregate solid particles.

4.1.2 Slurry Pump-Out Operation

A retrieval pump will withdraw the slurry generated by the sluicing
operation at the rate of 300 gal/min. The current plan is to dig a 3-ft-deep
5-ft-diameter hole (well point) in the sludge in tank C-106, from which the
slurry pump will extract the material and transfer it to tank AY-102. To
simulate this case, the well point is being simulated as a right-circular
cylinder 5 ft in diameter and 3 ft high. The well point for withdrawing the
sludge provides a location where larger, more dense sludge particles could
selectively segregate from the flow and collect at the bottom of the well
point. The TEMPEST code is being applied to this case as a full three-
dimensional representation. The inlet slurry stream to the hole is assumed to
contain 30 wt¥% solids, which is the maximum capacity of the pump being used.
The slurry will be removed by a suction pump 4 in. in diameter. For these
calculations, the pump is located at the top center of the cylindrical well
point. The actual location of the retrieval pump will be at some elevation
within the pit. Moving the suction point to the top of the cylinder is a
simplification and probably increases the potential for settling in the bottom
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of the well point. This should make our analysis conservative for particle
segregation. We divided the solids into 9 size fractions by combining the
25-30 um and the 30-35 pm sizes as the fifth of the nine size fractions
(Table 4-1). This was done because TEMPEST can only handle 9 discrete size
categories instead of the 10 discrete sizes available from the actual data.
Although all solids are assumed to have particle densities of 2.4 g/mL for the
TEMPEST calculations, a real particle's settling velocity can be used
determine which of the nine particle bins would be equivalent. Once specific
particle size and density information becomes available for actual sludge
species, one can easily determine which bin should be used to estimate
particle segregation potential without rerunning the code.

Although some solids entering the pump out point will Tikely be in the
form of chunks of aggregated sludge, chunks are not included in the model.
Chunks would tend to settle very fast relative to individual particles and
would include both fissile material and neutron absorbers. The presence of
mixed-particle chunks would, therefore, reduce the segregration of discrete
plutonium-rich particles.

We model the slurry as being forced by the sluicing into this hole from
a 10 cm-wide by 5 cm deep channel at one edge (the 9 o' clock position on the
figures) of the top of the cylindrical hole. The channel is shown in Figure
4.4 because this figure represents the top of the well point. In other
figures the channel is not explicitly shown because they represent layers
deeper in the hole below the location where the channel meets the well
point(hole). The slurry will be withdrawn from the top-center of the hole
through a 4-in.-diameter pipe. With the sluicing rate of 300 gal/min, the
hole will fill in about 1.5 min. Steady-state flow is expected fairly
quickly.

We used the TEMPEST code (Trent and Eyler 1993 and Onishi et al. 1995)
to examine the possibility of particle segregation in the bottom of the 3- by
5-ft cylinder dug out by the sluice jet for the pump-out operation. The
TEMPEST code and our conceptual model accounts for various physical properties
and rheology correlations for non-Newtonian flow and hindered particle
settling needed to simulate waste in Hanford Site tanks (see Section 3.0).

The main model parameters for the tank waste transport modeling are
those that determine viscosity, particle settling velocities, and yield/shear
stress. Specific formulas and values selected for the modeling are shown in
Equations 3.1, 3.2, and 3.3 (See Section 3.0). The current TEMPEST version's
handling of the yield stress is limited in that it cannot keep sludge that
should not get resuspended together for an extended time. Because no measured
rheology values are available for the tank C-106 waste, we selected rheolaogy
values that were constrained by measured values for tank SY-101 waste and the
rheology values that were used in TEMPEST models for mixing SY-101 tank waste
(Trent and Michener 1993). Furthermore, because tank waste retrieval
operations are not being performed yet, the models cannot be calibrated to
specific tanks. However, because we are using the same rheology parameter
values that were successfully used by the TEMPEST SY-101 modeling, we feel
that this calculated overall behavior valid. Moreover the predicted values of
viscosity (approximately 17 cP) for fully mixed waste in Tank SY-102 that
relied on the Tank SY-101 rheology matched reasonably well with the measured
consistency factor of 0.013-0.014 Pa-s for the mixed SY-102 waste (with the
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volume ratio of sludge to supernate of 0.5). This confirms the general
validity of the chosen model parameters (DiCenso et al. 1995).

The simulation time step used for the sluicing-pump out modeling was
approximately 2 milliseconds. Early simulation results (out to 7 min) show
that concentrations of each of the 9 particle-size solids are relatively
uniformly distributed within the entire hole. Solid 1, the finest at 5-10 um,
(see Table 4-1) is most uniformly distributed and Solid 9, the coarsest at 50-
55 pm, show some nonuniformity.

Figure 4-1 shows predicted distributions of flow (m/s) and Solid 9
concentrations (kg/m3) in a vertical plane extending from the top to the
bottom of the hole and from the slurry inlet channel (shown at the right of
the figure) to the center of the hole after 7 min from the start of the
sluicing. Figure 4-2 shows the horizontal distribution of Solid 9
concentration for the circular plane at the bottom of the hole. As indicated
in these f1gur§s, predicted concentrations of the Solid 9 after 7 min vary
from 22.1 kg/m” near the surface to 40.1 kg/m° near the bottom, revealing some
differential particle settling effects. The major portion of ‘the hole from
top to bottom has a Solid 9 particle concentration of approximately 23 kg/m’.
Note that the incoming slurry has a Solid 9 concentration of 22.2 kg/m*. Thus
there is very little change within the bulk of the excavated hole from which
the slurry is pumped out of the tank.

Compared to Solid 9, Solid 5 (a medium-sized particle or the
conservative representation of plutonium-bearing solids) particle
concentrations are even more uniformly distributed than the biggest particles
in the hole. Near the bottom of the well ?o1nt excavation, Solid 5 particle
concentrations vary from 20.7 to 21.2 kg/m’; they vary only from 17.2 to
17.5 kg/m3 near the top of the hole, as shown in Figures 4-3 and
respectively. The incoming concentration of Solid 5 is 17.5 kg/m”. Thus, the
concentration increases only slightly near the bottom of the excavation.

For Solid 1 (the more realistic representation of the plutonium-bearing
solids), the particle concentrat109 distribution is uniform throughout the
hole, ragg1ng from 130 to 131 kg/m”, with the incoming concentration of
130 kg/m”. The predicted Solid 1 d1stribution near the bottom of the
excavation is shown in Figure 4-5.

To test the sensitivity of the predictions to the yield stress of the
sludge (and the limitation in the TEMPEST code), we also modeled the sluicing-
pump out operation with no yield stress. This is equivalent to allowing all
the sludge to be moved without the threshold velocity needed to create solid
movement. Figure 4-6 shows the predicted Solid 9 particle concentrations
after 7 min of sluicing. The predictions for ng yield stress show particle
concentrations that vary from 22.1 to 40.2 kg/m’. As the comparison between
Figure 4-1 (showing Solid 9 concentrations varying from 22.1 to 40.1 kg/m")
and Figure 4-6 clearly shows, these results are similar, indicating that the
solid movement is insensitive to the selection of yield stress values in these
calculations. The gradual solid accumulation at the bottom of the hole is
evident in Figure 4-7 after 20 minutes of simulated sluicing (without the
y1e]g stress), showing that Solid 9 reached a maximum concentration of 62.5
kg/ This is an increase of 50 percent over the 7-min predictions and an
1ncrease in coarse particle concentration at the bottom of the hole of

4-5



WHC-SD-WM-TI-757, REV 0

280 percent over the incoming well-mixed sltudge slurry. - This value is not the
total enrichment factor for Solid 9 particles versus total sludge. Such a
calculation requires one to add the concentration of all nine particle sizes
to get the bulk sludge concentration.

Predicted maximum solid segregation for Solids 1, 5, and 9 over the
incoming sTurry concentrations that account for the total sludge settled at
various positions near the bottom of the well point excavation are shown in
Table 4-2.

Table 4-2 shows the relative concentrations of plutonium-bearing solids
for the realistic case and conservative case (Solids 1 or 5, respectively) are
actually reduced within the pump-out hole, because the concentration of
coarser solids (e.g., Solid 9 with an assumed particle density of 2.4 g/mL)
increases slightly under the model test conditions and durationssimulated.

For the model results obtained to date , the sluice/pump-out operation does
not segregate plutonium-bearing solids in any measurable degree. Apparently
the advective fluid flow patterns created by the sluice jet and suction pump
completely overcome the tendency of individual particles to settle with
different velocities.

These predictions indicate that hardly any segregation of the particles
takes place in the horizontal direction (across the cross section at any depth
looking down from above the hole). Some concentration of larger particles
takes place near the bottom, but the smaller particles (e.g., Solid 1) make up
most of the bulk solids, even at the bottom of the hole, if they have the same
particle density as the bulk sludge. The sluice/pump-out operation appears
unlikely to segregate solid particles in any significant degree, based on
these initial results. Once we obtain the actual particie density of the
sludge as a function of particle size, we can calculate the individual
settling velocities and choose the appropriate bin number. We will be able to
reinterpret the TEMPEST code predictions without rerunning the code unless a
large portion of the sludge particle density-size values result in calculated
settling velocities outside the range shown in Table 4-1.

4.2 SLURRY RECEIVING TANK OPERATIONS (ORIGINAL TANK FILLING, CASCADING,
TANK TRANSFERS/ADDITIONS)

We are examining the possibility of solid segregation in a tank
receiving sluiced tank wastes via a pipe either from another tank or directly
from the process facilities. We selected Tank AY-102 to represent this
slurry-receiving operation for the TEMPEST modeling, but the analytical
solution predictions are for a generic tank with slurry containing low
suspended solids with generic particle size distributions and rheology
properties.

4.2.1 Analytical Solution Predictions (Most Representative of the Cascading
Process and Tank Filling with Slurry Containing Low Suspended Solids)
An analysis based on potential flow solutions for the fluid velocity in

the tank will be applied to predict the preferential segregation of different-
sized particles that occurs when dilute slurry is added to a receiver tank.
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small particles at dilute concentration. Results are being obtained, and will
be provided in a later report.

The analysis method is based on an asymptotic expansion for the particle
velocity and concentration field. It is assumed that extremely small
particles follow the fluid stream lines perfectly. Larger particles deviate
from the fluid velocity field because of finite inertia and settling velocity.
This is accounted for in the asymptotic expansion of the particle field and
the particle differential equations describing conservation of mass and
momentum of the particle phase.

Use of an asymptotic expansion for the particle velocity and
concentration fields provides approximate solutions that account for the
effects of particle settling relative to the fluid and particle segregation
caused by the effects inertia. Particle settling occurs because of gravity;
inertial effects arise when particies cannot follow fluid stream lines
perfectly. Examples include the tendency of particles to migrate outward
during centrifuging operations. Inertial effects could lead to segregation.
Currently available codes, including TEMPEST, that treat particles as passive
scalars that settle do not account for these inertial effects.

The approximate solutions will be based on fluid velocites that are
described by potential flow solutions. The fluid inlet in a receiver tank at
the Hanford Site will consist of four jets in a horizontal plane. The jets
are oriented 90° apart. Flow from this geometry can be modeled by using the
superposition of potential flow solutions. A potential source will be placed
at the location of the jet outlet; this will provide the correct total mass
flow rate of fluid. However, a potential source results in flow moving out
radially so that the magnitude of the velocity is constant on the surface of a
sphere surrounding the source and its direction is purely radial. This is not
realistic for four horizontal jets. To correct for this, two potential
quadrapole solutions will be used.

Potential flow solutions for the velocity obey inviscid transport
equations of fluid mechanics and apply approximately when the Reynolds number
is very large. These equations are appropriate for modeling the far field
effects of jets. However, errors arise in regions with high viscosity, such
as boundary layers. This degree of approximation is not necessary in
computational fluid dynamics (CFD) codes. Therefore, the method used will
account for particle inertial effects, which are not accounted for in TEMPEST,
but will not account for viscous effects on the fluid velocity profiles, which
are accounted for in TEMPEST. We anticipate that the results will provide an
additional bounding calculation. This calculation will allow two independent
assessments of particle segretation; this potential flow analysis and the
TEMPEST calcuations. Appendix B also contains material that addresses the
effects of momentum and inertial flow on particle segregation. As discussed
in Appendix B, momentum and inertial forces are used extensively in mineral
separation and purification. The various processes using accelerating tables,
jigs and other devices use much more energy and specialized conditions than
expected in any of the tank operations that were used in the past or
contemplated in the future to retrieve sludge from the Hanford site tanks. We
expect the results of CFD modeling will also corroborate this conclusion and
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support the finding that extensive segregation of plutonium-bearing particles
from neutron absorber-bearing particles is unlikely in the Hanford tanks.

4.2.2 TEMPEST Modeling For Waste Tank AY-102

The stream containing 330 gal/min of sludge slurry with 30 wt% solids
will be sluiced from tank C-106 into tank AY-102. We assumed that the solids
in the slurry have the same size distribution as the tank C-106 sludge
(Table 4-1). This presupposes that the jet-nozzle sluicer does not destroy
the sludge's original particle size distribution. Tank AY-102 initially
contains 1.5 ft of the sludge and 15 ft of supernate above the sludge layer.
The sludge in tank AY-102 has a butk density of 1.4 g/mL (Castaing 1994), and
is assumed to have the same particle size distribution as that in tank C-106.

Tank AY-102's inlet pipe has a distributor consisting of four 1-in.-
diameter nozzles, oriented at right angles to each other to form a cross in
the horizontal plane. The distributor is located 6 ft off the tank center and
13 ft above the tank bottom. A 4-in.-suction pipe to recirculate the
tank AY-102 supernate back to tank C-106 for continued feed to the sluice jet
is located 22 ft from the center (or 28 ft from the slurry inlet distributor)
at the surface of the supernate (16.5 ft above the tank bottom). We located
the suction pipe 45° between two of the four injection nozzles. The suction
pipe volumetric flow rate for outgoing supernate liquid is set to 300 gal/min
to match the incoming slurry discharge. To simplify the simulation and still
maintain some conservativeness regarding potential solid setting in the tank,
we moved the slurry distributor inlet to the center of tank AY-102, and
increased the tank diameter from the actual 75 ft to 81 ft (to account for the
inlet's actual location 6 ft off center). This allows us symmetry in the
calculation, which cuts down the run times significantly, but still gives us
the "right" geometry to the walls and distance between the inlet and supernate
outlet suction pump. It is our professional judgement that this
simplification will not significantly bias or invalidate the sludge settling
results.

We used the TEMPEST code to calculate a full three-dimensional
simulation case (with yield stress, but without simulating chemical reactions)
with approximately 20-msec time steps. Figure 4-8 shows the predicted
vertical distribution of Solid 5 (the conservative plutonium-bearing solid)
concentration after 1 simulation hour. The figure shows the slurry plume
descending from one of the four nozzles toward the tank bottom and the density
current spreading the slurry over the original 1.5-ft-deep tank AY-102 sludge
layer. Little mixing with the original tank sludge is predicted. Near the
surface of the tank in the supernate, there is very Tittle Solid 5 present.
Figures 4-9 and 4-10 show the predicted Solid 5 concentrations on a horizontal
plane just above the original AY-102 sludge layer after 25-min and 1-hr
simulation times, respectively. The fan-shaped isoconcentration contours
reflect the density current movement. These figures show that the jets cause
the slurry plume to break into four discrete fingers that hit the tank wall
and swivel back toward the tank center. Solid 5 concentration profiles show
the accumulated sturry from the four distributor nozzles after 25 min. After
60 min, the Solid 5 concentrations are increased between the four jet pathways
and along the tank periphery. Variations of Solid 5 concentrations within
this horizontal plane near the original sludge interface vary only
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approximately 30 percent (from 5.6 to 7.3 kg/m3at 1 hour) across the tank
cross section. Particles of all sizes will accumulate steadily in this layer
just above the original AY-102 sludge layer. Therefore, the concentrations
are expected to increase for all solids, eventually reaching a total volume
fraction of 0.46 (C,, ), the value chosen to represent a completely settled
sludge layer. Once a layer (represented by grid spacings in the numerical
computer calculation) reaches this volume fraction of settled solids, solids
that settle later must accumulate in the grid layer just above the layer that
has just reached C,. = 0.46. This sequence is expected to continue until all
of the Tank 106-C Siuiced slurry has been placed in in Tank AY-102 and
settles.

Immediately after being expelled from the l-in. nozzles, the slurried
sludge solids sink rapidly toward the tank bottom. Figures 4-11 and 4-12 show
velocity and Solid 5 distributions on the horizental plane containing the four
slurry jet nozzles near the liquid surface. Figure 4-12 covers an expanded
radial distance (1.9 m) equal to the distances shown by velocity arrows in
Figure 4-11. The closely bunched contours indicate rapid initial mixing.
Because the four slurry jets distribute the slurry to slide on the original
tank AY-102 sludge surface as a density current, hardly any solids move upward
toward the pump suction inlet at the surface. This prevents solids from being
recirculated back to tank C-106. This is clearly indicaged in Figure 4-13,
where Solid 5 concentrations ranging from 1.2 x 107 kg/m> to 2.7 x 107° kg/nF
are found in this surface plane.

Other particle size solids show patterns similar to that of Solid 5.
Solid 1 (more realistic representation of plutonium-bearing solids) shows an
even more uniform distribution (Figures 4-14 and 4-15). Solid 9, the largest
particles in the sludge, have somewhat less uniform distribution patterns
(Figures 4-16 and 4-17). These simulation results are for 1 hr simulation
time (1 hr of sludge entering tank AY-102 after sluicing tank C-102 begins).
The predictions indicate that most of the slurry introduced into tank AY-102
will accumulate over the original tank AY-102 sludge layer at the tank bottom.

Figure 4-18 shows the predicted maximum segregation for three of the
particle sizes over the initial slurry concentrations on the horizontal layer
just above the original tank AY-102 sludge after 1 simulation hour. Solid 5
gradually increases its relative concentrations by up to 1.5, while Solid 1
shows practically no segregation. If we assume that these two particle bins
represent the conservative and most representative estimates for plutonium-
bearing solids, respectively, the predictions indicate that the slurry-
receiving operation does not significantly segregate plutonium-bearing solids
in the receiving tank. This conclusion is thought to hold for other
operations such as original tank filling, additions to partially filled tanks,
cascading, and tank-to-tank transfers within the limits of the modeling
assumptions and input values chosen. Any detailed discussion is not viable
without more detailed data on the slurry flow rates into tanks, slurry
particle concentrations, and the individual particle densities and chemical
makeup of sludge of different particle sizes, if differences truly exist.
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4.3 MIXER JET PUMP OPERATION (PROPOSED FOR TANK SY-102)

Potential particle segregation during the jet mixer operation in double-
shell tanks is being evaluated using tank SY-102 as a representative tank for
the jet mixing operation. Tank SY-102 has a sludge layer with a bulk density
of 1.56 g/mL; the overlying supernate has a density of 1.03 g/mL (DiCenso
et al. 1995). The particle density of the average bulk sludge is 1.80 g/mL.
The sludge contains NaNO,(s), A1(OH);(s), NasP0,-12H,0(s), and iron solids
(Onishi and Hudson 1996). The particle distribution and calculated unhindered
settling (fall) velocity are shown in Table 4-3 (DiCenso et al. 1995). These
settling velocities were calculated by assigning fluid viscosity to be 1.0 cP.

The average particle size based on the volume is about 53 ym (DiCenso
et al. 1995). In tank SY-102 modeling, we include all seven of these solid
fractions. As discussed previously, a conservative estimate is that plutonium
solids have a particle density of 11.46 g/mL. Some chemists on the team
believe that the amorphous/hydrous plutonium oxide has a particle density
closer to 6 g/mL. The unhindered settiing velocity of the denser particles
(conservative) with a conservative particle size of 11.5 um is 0.81 mm/s,
which corresponds to the settling velocity of solid particles of Size Fraction
4 (Table 4-3). While the less dense particles (perhaps more realistic) with a
realistic particle size of 2 um diameter has a unhindered settling velocity of
0.016 mm/s. This realistic settling velocity is much smaller than those of
solid particles of Size Fraction 1 in Table 4-3. Thus, the predicted model
results for Solids 4 and 1 can be regarded as conservative and more realistic
representatives of plutonium-bearing solid behavior.

The tank SY-102 conceptual model used in TEMPEST simulates the operation
of two mixer pumps each with two jet nozzles. The four outlets have
6-in.-diameter nozzles and are placed 17 in. above the tank bottom, with the
15-in. diameter pump suction line positioned 7 in. above the tank bottom. The
mixer pumps are located 20 ft from the tank center on opposite ends of a
diagonal line through the tank center. Each jet rotates over a half circle at
0.5 rpm and injects fluid into the tank at 60 ft/s.

Tank 102-SY is the most challenging problem currently being modeled.
Tank SY-102 TEMPEST runs are three dimensional but are reduced by assuming
that the tank is symmetrical, so that only one quadrant of the tank has to be
modeled. Using symmetry arguments to simplify the problem makes an implicit
assumption that the jets of the two mixer pumps are synchronized and counter-
rotating.

We selected the following three TEMPEST test cases for tank SY-102
modeling. A1l cases assume a three-to-one ratio of supernate liquid to
sludge. Currently, we are simulating all three test cases without a threshold
yield stress for the settled sludge. Later we plan to model with yield stress
(see Whyatt et al. 1996). Cases 1 and 2 were modeled to address concerns that
the flow patterns of the jet rotating in 90° increments used in Case 3 might
not agitate the overall sludge enough to show significant differences in
particle deposition patterns.
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e Case 1, Static Sludge. The rotating jet is located in the center
of the tank. The simulation begins with the tank sludge sitting
on the bottom of the tank.

e (Case 2, Mixed Sludge and Supernate. The rotating jet is located
in the center of the tank. The simulation begins with the tank
sludge fully mixed in the tank supernate.

¢ (Case 3, Off-center Jet. The jet is located 20 ft off center, but
discrete 90° changes in mixer pump discharge direction at
30-second intervals simulate a rotation rate of 0.5 rpm. The
simulation begins with the tank sludge sitting on the bottom of
the tank.

We ran the Case 1 model for 1.5 hr. As the jet mixes the sludge and
supernate, all the solid concentrations change with time. However, instead of
changing the solid concentrations in the jet at every time step, we only
changed the jet solid concentrations several times during the simulation.
Thus, the model results at this time are a qualitative representation of the
pump mixer operation. The three-dimensional distributions of predicted volume
fractions of Solid 9 after the first 2 min, 30 min, and 1.5 hr are shown in
Figures 4-19 through 4.21, with color-coded volume fractions . These figures
indicate that as the sludge-mixing time progresses, the jet containing the
sludge slurry is mixing the sludge and supernate. It takes over 1 hr to mix
them fully. Also the stream of slurry exiting the jet eventually hits the
tank wall. Because the current TEMPEST has limited success handing yield
stress, especially for the sludge to resist initial movement induced by the
flow, we assigned the yield stress for the current simulation as zero. This
causes some uncertainty in these TEMPEST results that show almost all the
bottom sludge as eventually mixed. If the sludge has a significant yield
stress before beginning the jet pump mixing, more resistance to sludge
movement than is currently modeled could exist. We will further evaluate this
uncertainty for the specific retrieval report (see Whyatt et al. 1996).

In Case 2, we evaluated potential particle segregation during continuous
pump operation once the sludge and supernate are fully mixed. Internally,
TEMPEST-generated calculated viscosity varies from 0.016 to 0.022 Pa-s.
Although these values are not directly comparable to available measured
rheology data, they are nonetheless similar to measured consistency factors of
0.013-0.014 Pa-s for fully mixed SY-102 tank waste obtained in the laboratory
by mixing tank SY-102 sludge with twice the volume of its supernate, as shown
in Table 4-4 (DiCenso et al. 1995). A more detailed discussion on rheology
was presented in Chapter 3.

The model predicted some settling of Solid 7 (the coarsest solid, with
100-175-um diameter) and hardly any settling of Solid 1 (the finest solid,
with 10-20-um diameter), as expected. (See Figures 4-22 and 4.23 showing the
Sotlid 7 and 1 distributions at 1.5 simulation hours). Fully m1xed
concentrations for Solids 1 and 7 are 16.6 kg/m3 and 9.0 kg/m respectively.
Changes from the initial solids concentrations for all other so]ids, including
Solid 4, fall between these two patterns. As indicated in Figures 4-24 and
4.25, accumulation patterns for Solids 7 and 1 on the bottom of the tank also
reflect these patterns, showing Solid 7 varying its concentration from 9.1
kg/m> near the tank center to 14.2 kg/m® along the tank wall, while Solid 1

4-11
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varies only from 16.6 kg/m> to 16.7 kg/m>, showing no position-sensitive
variable accumulation.

Predicted solid maximum segregation (the factor change over the
initially assumed well-mixed state) for Solids 1, 4, and 7 is shown in
Table 4-5. This table indicates that the relative concentrations of the two
presumed plutonium-bearing solids (Solids 1 or 4) are actually reduced near
the tank bottom, because the concentration of coarser solids (e.g., Solid 7)
increases slightly under the model test conditions and durations tested.
According to the model results obtained under the conditions and duration
simulated, the mixer pump operation does not segregate the plutonium-bearing
solids in any measurable amount once the sludge and supernate are fully mixed
and the pump is continuously run.

Case 3, with the off-center jet, requires very small simulation time
steps. At 5 simulation minutes, the model predicted that a large portion of
the sludge still is not mixed by the jet, as shown in Figures 4-26 and 4-27.
The figures depict a vertical slice through the tank at the 2 o’clock position
and a horizontal plane at the tank bottom, respectively. They show the
particle concentration distributions of Solid 4 (the conservative presumed
case for plutonium-rich solids). The particle concentrations shown jn
F1gu;e 4-26 (vertical slice through the tank) varies from 0.131 kg/m” to 21.0
kg/m’. This result indicates that even though no yield stress is imposed in
this case, sludge has not yet been appreciably resuspended mostly because
TEMPEST calculates a very large viscosity for the slurry based on the high
concentrations of suspended solids. Although we will evaluate the effects of
yield stress further, for this early simulation time, TEMPEST shows that the
bulk of the sludge has not resuspended and is hardly moving.

To test the effect of particle settling velocity on distribution
predictions, we arbitrarily increased the unhindered settling velocity of
Solid 4 by 10 times the actual value (0.81 mm/s, see Table 4-3). As before,
TEMPEST internally calculated a hindered settling velocity, as affected by the
suspended solids concentration. We kept all other solid settling velocities
(unhindered) the same as those shown in Table 4-3. The predicted
distributions of Solid 4, for this variant on Case 3, are shown in
Figures 4-28 and 4-29. The part]c]e concentration for the vertical slice
through the tank (at the 2 o’clock position) varies from 0.126 to 21.3 kg/m
(see Figure 4-28). Some additional settling occurs with increased settling
velocity. However, comparing Figures 4-28 and 4-29 with Figures 4-26 and 4-27
clearly reveals that the tenfold increase in settling velocity for Solid 4
did not significantly change the distribution and accumulation patterns for
this particle size in the tank. Note that approximately a hundredfold
difference in settling velocity, as seen between Solids 1 and 7, is needed
before significantly measurable segregation differences occur between the
sludge particles. This sensitivity analysis helps determine how much
difference in particle size and density, as they relate to hydrodynamic
settling velocity (see Sections 2.1.1.5 and 2.1.1.6 for the relationship),
will cause significant differences in settling trends between various types of
sludge components.
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4.4 SALT WELL PUMPING

Numerical simulations of salt well pumping of a single-shell tank were
performed using the STOMP code (White and Oostrom 1996a, 1996b) and certain
sludge properties taken from Castaing (1994) for tank C-106. These
simulations were performed for two reasons:

e To find the maximum fluid flow velocities caused by sait well
pumping

e To assess whether such velocities could promote the particulate
transport of plutonium-rich particles.

Input parameters needed for the simulations included: porosity and
permeab111ty of the sludge material, as well as the fluid properties and
pumping rate. Likely values for porosity range from 30 to 50 pergent while
permeability values could range from between 10° 2 cn and 107 These
values were chosen because we assumed that the sludge material has the
consistency of wet mud, which has a relatively high porosity, but a very low
permeability (e.g., clay). In addition, fluid properties such as viscosity
and density were chosen to reflect previous measurements (see Castaing 1994).
Accordingly, a fluid density of 1.4 gm/cm’, and a viscosity of 12.5 cP were
used. These properties represent a fluid made primarily of water saturated
with NaNO;. Reported pumping rates during salt-well pumping range from less
than 0.1 io 5 gal/min.

A worst case scenario, i.e., one that would yield maximum velocities
dur]ng gump]ng, was simulated using a porosity of 30 percent, permeability of
107" em?, and a pumping rate of 2 gal/min. Other simulations were performed
with dlfferent combinations of porosity, permeability, and pumping rate to
explore the sensitivity of the resulting velocities to these uncertain
parameters. However, a steady pumping rate could not be maintained because
the sludge has such low permeability. After an initial pumping period, the
sludge around the well stopped yielding fluid to the well. The velocity of
fluid movement toward the well when the area right around the pump is pumped
dryis very small. This phenomenon actually has been observed in some tanks
subjected to salt-well pumping.

Radial flow toward a pumping well is characterized by a very rapid
decrease in the magnitude of the f