SRNL-STI-2011-00151
5/26/11 Revision 0

Keywords: Pump, mixing,
blending, nuclear waste,
transfers, sludge, sludge
simulant

Retention: Permanent

Blending Study for SRR Salt Disposition Integration:
Tank S0H Scale-Modeling and Computer-Modeling
for Blending Pump Design,

Phase2

Robert A. Leishear

Michael R. Poirier
Mark D. Fowley

May 2011

Savannah River National Laboratory

Savannah River Nuclear Solutions, LLC
Aiken, SC 29808 @ S R N I
Prepared for the U.S. Department of Energy under T SAVANNAH RIVER NATIONAL LABORATORY

contract number DE-AC09-08SR22470.



Y4945
Rectangle


SRNL-STI-2011-00151
5/26/11 Revision 0

DISCLAIMER

This work was prepared under an agreement with and funded by the U.S. Government. Neither
the U.S. Government or its employees, nor any of its contractors, subcontractors or their
employees, makes any express or implied:
1. warranty or assumes any legal liability for the accuracy, completeness, or for the use or
results of such use of any information, product, or process disclosed; or
2. representation that such use or results of such use would not infringe privately owned
rights; or
3. endorsement or recommendation of any specifically identified commercial product,
process, or service.
Any views and opinions of authors expressed in this work do not necessarily state or reflect
those of the United States Government, or its contractors, or subcontractors.

Printed in the United States of America

Prepared for
U.S. Department of Energy

il



REVIEWS AND APPROVALS
AUTHORS:

SRNL-STI-2011-00151
5/26/11 Revision 0

R. A. Leishear, Principal Investigator Date
Engineering Development Laboratory

M. R. Poirier, Principal Investigator Date
Advanced Characterization and Processing

M. D. Fowley, Principal Investigator Date
Engineering Development Laboratory

REVIEWER:

M. R. Duignan Date
Engineering Development Laboratory

APPROVALS:

B. J. Giddings, Manager Date
Engineering Development Laboratory

S.L. Marra, Manager Date
Environmental & Chemical Process Technology Research Programs

W. B. Van Pelt, Project Engineering Manager Date
Savannah River Remediation, LLC

K. D. Harp, Project Operations Date

Savannah River Remediation, LLC

il



SRNL-STI-2011-00151
5/26/11 Revision 0

Preface and Acknowledgments

Savannah River National Laboratory (SRNL) research for the Salt Disposition Integration (SDI)
Project is expected to yield several million dollars in cost savings to SRS. Specifically,
recommendations are provided in this report for Savannah River Remediation (SRR) design and
installation requirements for blending pumps to blend salt solutions, and transfer pump
installation requirements for H-Area Tank Farm (HTF) or F-Area Tank Farm (FTF) waste tanks.
SRNL recommends a single, non-rotating pump for each Blend Tank. For facility safety, blender
pumps are required to blend salt solutions without disturbing a settled layer of solids on the tank
bottom, referred to as sludge. Additionally, research was completed to investigate the effects of
sludge disturbance during transfer pump operations to minimize sludge transfer to the Salt Waste
Processing Facility (SWPF) facility.

To support this research, a total of 126 pilot scale tests, 260 material property tests, and 39
Computational Fluid Dynamics (CFD) models were completed over 15 months. In addition to
design, procurement, and fabrication, 38 initial tests were completed in six weeks from start to
finish of the task: 13 work days to complete fabrication, and 16 work days to the first test.
During subsequent research, many technical obstacles were overcome to advance mixing
technology in liquid radioactive waste storage tanks, and provide project recommendations.

The research documented in this report is the product of a team effort, which included SRR and
SRNL staff members, who each contributed support to project success. The research team
spanned many technical disciplines, which included: nuclear engineering, corrosion engineering
and materials science; nuclear waste processing; pump design: chemical processing and
modeling; fluid mechanics and blending; pilot scale testing, statistical analysis; mechanical and
electrical design and fabrication; and CFD modeling. A list of major contributors includes:

SRNL Technician Staff: Mike Armstrong, Vernon Bush, Andrew Foreman, Tim Forehand,
Lowell Hicks, Chris Baxley, Dick Skeens, Steve Rikard, and Chris Rose.

SRNL Managers and Staff: Billy Giddings, Doug Sumpter, Sharon Marra, Steve Hensel, Patricia
Lee, Frank Pennebaker, Michael Stowell, Leroy Williams, Tommy McCoy, and Jim Buchanan.
SRNL Engineering Staff: Robert Leishear, Mark Fowley, Michael Poirier, Si Lee, Tim Steeper,
Mike Restivo, Michael Williams, Tommy Edwards, Mark Duignan, Chris Martino, John Pareizs,
Erich Hansen, David Koopman, David Stefanko, David Best, David Missimer, Bruce Wiersma,
and John Steimke.

SRR Managers: Keith Harp, Bill Van Pelt, David Burke, and Kevin Lancaster.

SRR Engineering Staff: Ken Parkinson, Bob Ervin, and Billy West.

v



SRNL-STI-2011-00151
5/26/11 Revision 0

EXECUTIVE SUMMARY

The Salt Disposition Integration (SDI) portfolio of projects provides the infrastructure within
existing Liquid Waste facilities to support the startup and long term operation of the Salt Waste
Processing Facility (SWPF). Within SDI, the Blend and Feed Project will equip existing waste
tanks in the Tank Farms to serve as Blend Tanks where 300,000 - 800,000 gallons of salt solution
will be blended in 1.3 million gallon tanks and qualified for use as feedstock for SWPF. Blending
requires the miscible salt solutions from potentially multiple source tanks per batch to be well
mixed without disturbing settled sludge solids that may be present in a Blend Tank. Disturbing
solids may be problematic both from a feed quality perspective as well as from a process safety
perspective where hydrogen release from the sludge is a potential flammability concern.

To develop the necessary technical basis for the design and operation of blending equipment,
Savannah River National Laboratory (SRNL) completed scaled blending and transfer pump tests
and computational fluid dynamics (CFD) modeling. A 94 inch diameter pilot-scale blending tank,
including tank internals such as the blending pump, transfer pump, removable cooling coils, and
center column, were used in this research. The test tank represents a 1/10.85 scaled version of an
85 foot diameter, Type IIIA, nuclear waste tank that may be typical of Blend Tanks used in SDI.
Specifically, Tank 50 was selected as the tank to be modeled per the SRR, Project Engineering
Manager. SRNL blending tests investigated various fixed position, non-rotating, dual nozzle
pump designs, including a blending pump model provided by the blend pump vendor, Curtiss
Wright (CW).

Primary research goals were to assess blending times and to evaluate incipient sludge disturbance
for waste tanks. Incipient sludge disturbance was defined by SRR and SRNL as minor blending
of settled sludge from the tank bottom into suspension due to blending pump operation, where the
sludge level was shown to remain constant. To experimentally model the sludge layer, a very thin,
pourable, sludge simulant was conservatively used for all testing. To experimentally model the
liquid, supernate layer above the sludge in waste tanks, two salt solution simulants were used,
which provided a bounding range of supernate properties. One solution was water (H,O + NaOH),
and the other was an inhibited, more viscous salt solution. The research performed and data
obtained significantly advances the understanding of fluid mechanics, mixing theory and CFD
modeling for nuclear waste tanks by benchmarking CFD results to actual experimental data. This
research significantly bridges the gap between previous CFD models and actual field experiences
in real waste tanks.

A finding of the 2009, DOE, Slurry Retrieval, Pipeline Transport and Plugging, and Mixing
Workshop was that CFD models were inadequate to assess blending processes in nuclear waste
tanks. One recommendation from that Workshop was that a validation, or bench marking
program be performed for CFD modeling versus experiment. This research provided
experimental data to validate and correct CFD models as they apply to mixing and blending in
nuclear waste tanks.

Extensive SDI research was a significant step toward bench marking and applying CFD
modeling. This research showed that CFD models not only agreed with experiment, but
demonstrated that the large variance in actual experimental data accounts for misunderstood
discrepancies between CFD models and experiments. Having documented this finding, SRNL
was able to provide correction factors to be used with CFD models to statistically bound full scale
CFD results. Through the use of pilot scale tests performed for both types of pumps and available
engineering literature, SRNL demonstrated how to effectively apply CFD results to salt batch
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mixing in full scale waste tanks. In other words, CFD models were in error prior to development
of experimental correction factors determined during this research, which provided a technique to
use CFD models for salt batch mixing and transfer pump operations.

This major scientific advance in mixing technology resulted in multi-million dollar cost savings
to SRR. New techniques were developed for both experiment and analysis to complete this
research. Supporting this success, research findings are summarized in the Conclusions section of
this report, and technical recommendations for design and operation are included in this section
of the report.

Design

1. The design parameter for opposing, dual nozzle, blending pumps is defined by UoD,
where Uo is the discharge velocity for each pump nozzle, and D is the nozzle diameter.

2. For a Tank 50 design waste tank with cooling coils and a center, roof support column,
pump design recommendations are:

a. For adequate blending, UsD > 5.10 feet*/second, and
b. To prevent sludge disturbance, U,D < 6.10 feet*/second

3. For a Tank 50 design waste tank design with a center column but without cooling coils,
pump design recommendations are:

a. For adequate blending, UsD > 3.58 feet’/second, and
b. To prevent sludge disturbance,  U,D < 4.85 feet*/second.

4. Within the UoD ranges given above, a single blending pump can blend salt contents for a
Tank 50 waste tank design.

5. Nozzle diameter effects were investigated for the range of 1-1/2” — 3-5/8” full scale
nozzles. Conclusions with respect to UyD and blending times are valid for this range of
UoD.

6. Blender pump discharge nozzles and discharge flow should be angled upward 15° from
horizontal and oriented parallel to a tangent to the tank wall with the nozzle discharge
located at the approximate mid-height of the 1,225,000 gallon tank level to prevent
disturbance of sludge with physical properties consistent with the very thin, conservative
sludge simulant used in this research.

7. The velocity at the sludge surface required to entrain a minimum, acceptable amount of
sludge during blending is 0.268 ft/second, using a sludge simulant.

8. For CFD scale-up, the theoretical velocity required to prevent any sludge entrainment at
all during a transfer is 0.022 ft/second. A different, more conservative acceptance
criterion of no sludge entrainment was used for transfer pump testing using a sludge
simulant, since a limited number of tests prevented scale-up of sludge entrainment.

9. A transfer pump with a 2" high suction screen and a flat, bottom plate installed should be
placed > 9.5” above the sludge to prevent any sludge entrainment.

10. A transfer pump with a 6” high suction screen and a flat, bottom plate installed can be
placed > 5.43” above the sludge without sludge entrainment.

11. A transfer pump without a bottom plate requires a 25.76 inch, or greater, sludge clearance
to prevent disturbance of a conservatively modeled sludge.

Operations
1. Tracer quantities of acid and base were added to a pilot scale tank to determine

recommended minimum blending times, where the quantity of tracer material scaled up
to a several hundred gallon addition to Tank 50. Predicted blending times are statistically
compensated to provide the maximum blending times with 95% confidence, which is a
common acceptance criterion for experimental results. Consequently, average blending
times may be as much as 70% less than the predicted maximum values.

vi
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The term “similar fluid” requires definition, where similar solutions have similar
viscosity and density. Quantifying material property differences to quantitatively define
“similar” solutions was not performed during this research.

The maximum predicted full scale blending times are recommended as follows for a
Tank 50 design without cooling coils, a center roof support column, and similar fluids.

a. At UoD = 4.85 feet’/second the recommended blending time is 4.86 hours.

b. At UoD = 3.58 feet’/second the recommended blending time is 6.58 hours.

The maximum predicted full scale blending times are recommended as follows for a
Tank 50 design with cooling coils, a center roof support column, and similar fluids.

a. At UoD = 6.10 feet’/second the recommended blending time is 8.89 hours.

b. At UoD = 5.10 feet*/second the recommended blending time is 10.63 hours.
When large quantities of salt solutions which are denser than, or the same as, the tank
contents are added to a tank, blending may possibly be completed by the transfer process
without operating the blending pump at all. Recommended blending times ensure that the
tank contents are fully blended, since the quantitative effects of transferring denser fluids
into less dense fluids at full scale were not further investigated. Further investigation is
recommended, since only one test was performed for this condition.

When less dense solutions are added to denser solutions in a tank, blending times may
increase to several days or longer. The effects of batch salt concentrations on blending
times during bulk transfers at full scale were not further evaluated for the addition of less
dense salt solutions to denser salt solutions. Further investigation is recommended, since
only one test was performed for this condition.

For full scale blending, a settling time of 33 days is required to prevent sludge
disturbance, based on testing of a conservative, slow settling sludge simulant.

Changes in the riser location for fluid additions (transfers into the pilot scale tank) had
little effect on blending times.

vil
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1.0 Introduction

Savannah River Remediation (SRR) will prepare and transfer 300,000 to 800,000 gallon batches
of salt solution as feedstock for the Salt Waste Processing Facility (SWPF). Previous Tank Farm
mixing applications focused on suspension of solids for removing those solids for further
processing. Blending of miscible salt solutions from a variety of source tanks into a single well-
blended batch without disturbing any settled solids is a new mixing application for the Tank
Farms. Conceptually, a submersible centrifugal pump will be used to provide blending function.
Research was required to define the appropriate technical basis for the submersible blender
pumps (SBP). After completion of blending, a centrifugal transfer pump will transfer the blended
salt solution batch from a Blend tank to Tank 49H which will serve as the feed tank for SWPF.
The transfer pump is required to transfer the blended liquid to a downstream tank, and prevent
excessive sludge transfer from the tank. The requirements for blending time, pump dimensions
and flow rates, and the effects of sludge disturbance were initially unknown, and pilot scale
experimental testing combined with CFD modeling were selected as research techniques.

1.1 SRS Waste Processing

Radioactive liquid waste is stored in forty-nine (49), 750,000 — 1,300,000 gallon, underground
tanks at the Savannah River Site (SRS ) in three different waste forms. The top of an underground
storage tank is shown in Figures 1-1A, and the waste forms typically contained in a waste tank
are shown in Figure 1-1B. These waste forms are liquid salt solutions referred to as supernates,
precipitated salts referred to as saltcake, and denser fluids referred to as sludge on the tank bottom.
Note that about half of the residual waste radioactivity is contained in the sludge which is only
eight percent of the total waste volume (Figure 1-1B).

Research presented here focused on supernate preparations in waste tanks prior to transfer to the
Salt Waste Processing Facility (SWPF, Figure 1-1E). At SWPF, separations processes yield three
products: strip effluent (SE) containing concentrated Cesium, a monosodium titanate
(MST)/sludge stream containing strontium and actinides, and a low level decontaminated salt
solution (DSS) stream. The SE and MST/sludge streams are transferred to the Defense Waste
Processing Facility (DWPF, Figure 1-1D), where they are incorporated into molten glass for
future disposition. Decontaminated salt solutions are transferred to the Saltstone facility (Figure
1-1C), where the decontaminated salt solutions are mixed with grout for permanent disposition at
SRS in South Carolina.

1.2 SRS Liquid Radioactive Waste Storage Tanks

The Blend and Feed Project within the SDI portfolio will configure selected waste tanks as Blend
Tanks where batches of salt solution feed for SWPF will be received, blended, and qualified. The
project will also prepare Tank 49H as the feed tank for SWPF. Some Type IIIA tanks, which may
serve as blend tanks, contain approximately three miles of serpentine, two inch diameter cooling
coils and a center roof support column, as shown in Figure 1-2.

In preparing batches of SWPF feed, salt solutions will be transferred from other waste tanks into
blend tanks, where different salt solution may stratify in the blend tanks (Figure 1-1F). Sludge
may already be present in the blend tanks initially, or sludge may accumulate on the tank floors
over time during transfers of salt solutions into waste tanks, since small amounts of sludge may
be entrained in salt solutions transferred from other waste tanks into the blend tanks. One
important goal of the blending operations in the SDI blend tanks is to ensure a well-mixed
composite salt solution batch while also ensuring that the amount of solids in the waste prior to
transfer to SWPF meets the SWPF Waste Acceptance Criteria (<1200 mg/L). Not only is sludge
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disturbance a potential issue for meeting the SWPF feed requirements, sludge disturbance is also
important for potential trapped hydrogen releases. Hydrogen release can potentially cause
flammable conditions. Minimizing sludge disturbance facilitates both of these goals. This report
provides research results for sludge disturbance studies, as well as related blending research and
CFD modeling, with respect to blending and transfer pump designs.

Sludge mixing pumnps Volume Curies
184 higal 171 MG
1e%) Salt Supernate (45%)
34.2 hyal 183 Wi
[82%) [2%)
1.8 higal (L //
B Sam:ake [

2 AMgal ////// 168 MG
= Sludge )
371 Millian 352 hillion
Gallons (Mgal) Curies (M)

Figuwre 1-1B: Nuclear Waste at SRS

Figure 1-1C: Saltstone Production Facility

Transfer pump [

Figure 1-1E: SWPT Facility

Figure 1-1F: Stratified Salt and Shidge Layers

Figure 1-1: SRS, Radioactive Liquid Waste Processing

18



SRNL-STI-2011-00151
5/26/11 Revision 0

i ~
Pump NS N
location { =X
e ; P NEN
= < o _\j'__\.“';fl-‘ N _\_: B S ,
NN AR NN Y/
PR RN : A -
\ RN {:\\\ /
SO RN Y/

Plan View
Center column

L~

N

(C

Y

Elevation

Fill level = 29 02 feet

Figure 1-2: Full Scale, Cooling Coil Installation

1.3 Full Scale Blending Pump

The flow through the full-scale blender pump can be visualized using Figure 1-3. A cross section
is shown on the left side of the figure, and an exploded view is shown on the right hand side. The
flow path through the pump is followed from numbers 1 through 6 on the figure. The flow enters
all around the suction screen at points labeled (1), passes up into the pump suction inlet at point
(2), to the eye of the pump impeller (3), through the rotating vanes of the impeller as the fluid
velocity increases (4), down through circuitous vertical passages to a directional cone (5), and out
through the pump nozzles into the tank (6). Part of the flow also cools the submersible motor (not
shown). A pump assembly drawing and photo of the machined pump casing are also provided in

the figure.

19



SRNL-STI-2011-00151

5/26/11 Revision 0

Impeller

7

ew

Exploded V

k)

Pump

Section

55

Cro

Pump,

sing

Pump Ca

D=2.25"

Pump Assembly

ign

Pump Des

ing

Full Scale, Bendi

Figure 1-3

20



SRNL-STI-2011-00151

5/26/11 Revision 0

the motor, and then exits the pump. A transfer pump mounted from the top of the tank is shown,

A full-scale Transfer pump is shown in Figure 1-4. Fluid enters through the suction screen, cools
along with a detailed view of the “business end” of the pump.

1.4 Full Scale Transfer Pump for Transfers from the Tank
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Figure 1-4: Full Scale, Transfer Pump
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1.5 Full Scale Bulk Transfers into Tank

In a separate set of blending tests, bulk transfers into the pilot scale tank were performed to
provide insight into the effects of incoming transfers on blending in a full scale tank. Bulk
transfers into the tank have different requirements than transfers out of the tank. Specifically,
flow rates requirements are different per SRR to protect bounding flow rate assumptions for
facility operations. Piping diameters and pump rates (typically 3” diameter, Schedule 40 pipe and
75 gpm at full scale) were scaled down for EDL testing. The transfer pipe, or downcomer, was
located above the waste level as specified in the TTQAP (Leishear, et al [2], but the final design
of the downcomer was undetermined at the time of testing. However, the downcomer was
modeled as straight section of pipe, which was assumed to provide a conservative result with
respect to bulk transfers. The effects of incoming transfers on sludge disturbance were not
investigated.

1.6 Phase 1 Research

Phase 1 research was performed to provide preliminary pump recommendations to enable SRR to
proceed at risk, while the remaining research was completed. This report is an extension of the
Phase 1 research (Leishear, Fowley, and Poirier [1]); and as such, all references, assumptions,
operating parameters, dimensions, and equipment descriptions in the Phase 1 report are tacitly
assumed in this document unless otherwise noted. Additional assumptions, risks, and test
requirements are listed in the Phase 2, Task Technical and Quality Assurance Plan (TTQAP,
Leishear, Fowley, and Poirier [2]). Also, two papers have been published in the engineering
literature to document this research (Leishear, Fowley, Poirier, Lee, Steeper, and Parkinson [3
and 4]). Sufficient Phase 1 results are provided here to support recommendations and conclusions.

2.0 Experimental Procedure

The framework of this research is summarized in Figure 2-1. Pilot scale tests were performed
with and without coils, and velocity measurements were available from full scale testing. Then,
CFD models were performed for pilot scale and full scale conditions. CFD models were
performed independently of experimental research to prevent biasing of modeling results. At the
end of research, CFD and experiment were combined to obtain final results, where data analyses
were performed using a combination of theory and CFD results.

Full-Scale:
Pilot Scale CFD,
Experiments, CFD, Theory, t=c-T2/Uo-D
1/10.85 1110.85
Blending E— —_—
with coils
Blending
without coils
and Transfer
pump
Full-s
measl

Figure 2-1: Experimentation, CFD Modeling and Scale-up
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Following an equipment description, experimental procedures for this research can be roughly
separated by primary measurement techniques, i.e., velocity measurements, blending test
techniques, turbidity measurement methods, material property tests (rheology), and settling tests.
Other processes and measurement techniques to establish material properties are noted as
required. Details of the pump designs, equipment setup, solids, and fluids follow.

2.1 Pilot Scale, Testing Equipment Description

A schematic for the test system is shown in Figure 2-2. A data acquisition system (DAS) recorded
and calculated wvariables, such as pH, concentration, turbidity, flow rates, temperature,
horsepower, motor speed, density, pump nozzle diameter, pump discharge jet velocity at the
nozzle, and UoD during testing. Tank temperatures were typically 70° F during tests as recorded
on the DAS. An external centrifugal pump re-circulated the fluid into the tank through two
diametrically opposed nozzles and back to the recirculation pump through the pump model
suction. A variable frequency drive (VFD), and PID controller (proportional, integral, derivative
controller) were used to control the motor speed and pump flow rates.

SRNL pilot scale testing dimensions were geometrically (linearly) scaled, and the pump
discharge velocity remained constant at both pilot scale and full scale to ensure that jet velocities
were comparable at equivalent locations in both tanks.

For most testing, simulated cooling coils were installed, but the coils were removed in some tests
to quantify the effects of cooling coils on blending. In addition to acid and base testing, a blue dye
was added to the pilot scale test tank to qualitatively visualize blending, and videos of the dye
dispersion were recorded. The blue dye testing tentatively provided an indication of the slowest
and fastest blended areas to determine optimal locations for pH probes. For acid and base testing,
pump parameters were varied to investigate blending effects (section 2.3). Parameters considered
were nozzle length, nozzle diameter, nozzle velocity, and pump orientation. Pump orientations
included nozzle positions parallel to the vertical tank wall (referred to as the 0° position),
perpendicular to the vertical tank wall (90°), and at an angle of 45° to the vertical tank wall.

As noted, equipment such as the Data Acquisition System (DAS), piping, and operational
requirements are discussed in detail in the Phase 1 report. However, the pilot scale tank,
instrument locations, and some of the piping were modified for Phase 2 testing.

2.1.1 Pilot Scale System Schematic

Major equipment consisted of pilot scale pump models, tank internals, external pumping, flow
monitors, chemical addition locations (hoppers), pH probes, and turbidity probes. Equipment is
shown in the Piping and Instrumentation Diagrams (P&ID) in Figure 2-2 and Figure 2-3.
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Figure 2-2: Detailed Piping and Instrumentation Diagram
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Figure 2-3: Simplified Piping and Instrumentation Diagram

24



SRNL-STI-2011-00151
5/26/11 Revision 0

2.1.2 Pilot Scale Tank Description

The polyethylene 94 inch inside diameter tank used in Phase 1 was replaced by a transparent,
acrylic tank of the same diameter, where waste tank components were geometrically scaled
(1/10.85). The total volume used in the pilot scale tank was 939 gallons, where the total fluid
level was 32.1 + 0.5 inches, and the sludge level used in testing approximately 3/4 inch, where
24.6 gallons of SB6 simulant was initially added to the tank. Scaling was performed in
accordance with available techniques (Poirier and Qureshi [5], Paul, et al. [6]), and further design
details and scaling assumptions are available in the Phase 1 report. Models of those coils are
shown in Figure 2-4. Some tests were performed using installed cooling coil models and some
tests were performed without cooling coils. A centrally mounted, vertical support column, which
supported the tank roof of a full scale tank was scaled and installed in the pilot scale tank.
Transfer pumps and blender pumps were geometrically scaled, where the blending pump was
located in the B3 riser location, and the transfer pump was raised up and down as required at the
B5 riser location. The velocities at the pump discharge nozzles were equal to blender pump
nozzle velocities at full-scale. Transfer pump suction inlet velocities were the same at both pilot
and full scale (130 gpm at full-scale, 1.1 gpm at pilot scale). For a pump with bottom plate,
velocities were determined at the perimeter of the bottom plate, and for a transfer pump without a
bottom plate, similar flow rates were used. Pump model dimensions were approximated while
vendor design was in process. The scaled cooling coils, central support column, the scaled nozzle
location (BS riser), and chemical addition locations are also shown in Figure 2-4.

Chemical additions at the B5 riser location were valve controlled to ensure consistent test results,
and the quantity of acid or base added to the tank varied between one and one and half liters. For
Tank 50, chemical addition quantities scaled up to 326 — 489 gallons. In other words, most
blending tests were performed for the evaluation of several hundred gallon additions to Tank 50.
This technique adequately evaluated requirements for pump design, while minimizing test costs.

IMozzle location

i S wy B
"llli e

Pilot scale tank, Plan view, 8 foot diameter Eemovwable cocling coils and center column models

Figure 2-4: Pilot Scale Tank Model
(Design by T. Steeper)
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2.1.3 Pilot Scale Blending Pump Model Details

Phase 1 research investigated the effects of different nozzle lengths, diameters and velocities to
establish a recommended UoD and pump orientation for blending. Phase 2 research focused on a
0.209” tee nozzle blender design, a supplied CW blending pump model design, sludge
disturbance, and transfer pump requirements. In fact, the recommended UoD from Phase 1
research was initially specified for a CW supplied pump model, and that specification resulted in
sludge disturbance for all nozzle velocities investigated at pilot scale. The CW pump model was
modified by adding replaceable nozzles which were required to recommend the final nozzle
design, and additional tests were successfully performed. Models for blender pumps were
developed prior to, and parallel, to the final pump design. The simplified pump models used for
Phase 1 testing are shown in Figure 2-5, where the models were scaled down from SRS pumps
referred to as Quad Volute and Standard slurry pumps, and a “design tee”, which was of the same
nozzle diameter as the final design.

As Phase 1 blending tests progressed, different versions of the nozzles shown in Figure 2-5 were
installed at different orientations with respect to the nozzle center line. Initially, simple tee
junction nozzles and suction pipe with a drilled pipe cap on the end of the pipe were used for
blending tests, as shown in Figure 2-5.

Following preliminary Phase 1 recommendations, a nozzle with D = 0.209” was selected by the
pump manufacturer (CW) to start pump design. The final design (CW model) is shown in Figure
2-6. To represent the pump suction, a pipe was installed parallel to the supply pipe attached to the
nozzle assembly. The suction inlet dimensions, cross section of the CW pump model, and
assembled CW pump installed in the tank are each shown in Figure 2-6. The CW nozzle design
was used for most Phase 2 blending tests, and variations of the CW design were used for all
Phase 2, blending pump sludge disturbance tests. Further details are available in the TTQAP.
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D= 0134" D =0.334" D =0334"
Standard pump model Quad model Short Quad model

Phase 1 nozze designs

Installed, Design "tee" 0.209" ID
Tritial Phasze2 nozzle design

Pump suction model for all “tee” nozzes

Installed "tee" and suction

Figure 2-5: Pilot Scale, “Tee” Nozzle Designs
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2.1.4 Pilot Scale Transfer Pump Model Details

To model transfers to SWPF, the transfer pump suction inlet was similar to the blender suction
inlet (Figure 2-7) in that tests were performed with a bottom plate, which was both removed and
installed for different tests. Transfer pump suction inlet velocities were scaled from full scale
(130 gpm at full-scale), and were suspended from the superstructure above the tank similar to
blending pump installation. The experimentally modeled transfer pump does not reflect the final
transfer pump design, and further modeling of the final pump design is recommended. The
research goal was to validate a CFD models with experimental models to enable future use of
CFD modeling for the final transfer pump design.
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2.1.5 Pilot Scale Test Fluids

Fluids used for sludge disturbance testing included simulated SRS Sludge Batch 6 (SB6), and
solutions to imitate a nearly transparent supernate. The sludge simulant was selected to provide a
very conservative suspension for sludge disturbance investigations (see section 2.5), since it is
slow settling and has low yield stress. Although a single non-Newtonian sludge simulant was
used, different Newtonian supernate simulants were used for testing, which consisted of sodium
hydroxide in water (=1 centipoise, 1 g/ml pH > 11) and a sodium nitrite solution supernate (2.33
centipoise, 1.317 g/ml, NaNO,) with NaOH added to reach pH > 11. Salt simulants were selected
to imitate 6.4 molar sodium supernate solutions, as specified by SRR. These two solutions were
selected to investigate the effects of supernate properties on sludge disturbance (i.e., density and
kinematic viscosity). The actual molarities were closer to 5.8 due to filtering, where salt solutions
were filtered with a 0.2 micron filter to remove impurities from commercial grade salts. However,
kinematic viscosity was shown to be at a maximum value, since the addition of more salt to
solution had negligible effect on kinematic viscosity.

For pH testing, another salt supernate simulant was used. Sodium nitrate (NaNQOs, 2.35 centipoise,

1.257 g/ml) was blended to approximate a kinematic viscosity similar to the NaNO, solution used
for sludge disturbance.
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2.1.6 Instrumentation and Pilot Scale Equipment Installation

In Figure 2-8, the locations are shown for fixed pH probes indicated by the designation PH, and
turbidity probes indicated by TUR. Also shown in Fig 2-8 are details of the cooling coils, riser
locations, where chemical additions were made, and pump installation.

Phase 2: Chemical addition location for 20°
blending tests, transfer pump location,
and bulk transfer addition location & f

/

Blending pump

Phase 1: Chemical addition location for
blending tests

Jet nozzle, flow direction

Location for sodium b
concentration samples

Component Elevation from bottom plate, +/- g 5 All compaonents used Tor testing are located at
Turbidity probe elevations 13 the center of the locations shown
pHZ, pHA. pHS, pHS elevations 9.5 T = tulndity probe location
pHI elevat ion 1_" ) Vel = velocity probe loeation
pH3 elevation 16.06" pH = PH probe location

. e L . . .

Ll ) 3zl B, C.D,E, G, H V= scaled rizer locations
Blendmg pup elevation, center line 16.3
Bulk transfer downcomer elevation 35.62"
Chemical addition elevation Ll

Mininmim transfer pump elevation 0.25"

Figure 2-8: Phase 2, Locations of Turbidity Probes, pH Probes, and Velocity Probes

2.2 Velocity Measurement Equipment

Most velocity measurement locations are shown in Figure 2-8, where detailed dimensions are
provided in the CFD report (Lee [16]). A single, moveable velocity probe was attached to a rod
suspended from the tank superstructure. The probe was moved to numerous elevations and radial
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locations, where the orthogonal axes of the electromagnetic sensor were aligned as shown with
respect to X and Y directions in Figure 2-9. That is, velocities were measured in the X direction
parallel to the vertical tank wall, and the Y direction perpendicular to the vertical tank wall. Two
dimensional fluid velocity measurements were thus obtained, using a Marsh McBirney, model
511, electromagnetic velocity probe. Figure 2-10 shows the factory calibrated Marsh McBirney
equipment, used to collect velocity data. The equipment consisted of a transducer probe, cable,
and DAS. The instrument measured two dimensional flows in a plane normal to the longitudinal
axis of the electromagnetic sensor, which was parallel to the tank bottom. The panel meters
provided visual observation of flow, and the consequent analog output voltages were recorded
with the DAS at 3 Hz for 3 - 10 minutes. The measured X and Y velocity vectors were then
added to obtain an absolute velocity vector. Using this equipment, 20 (X and Y) velocity
measurements per minute were obtained at each data point to capture variations in velocity,
during velocity tests that lasted three to ten minutes. The application of the raw velocity data is
discussed in section 3.1.1.

2.2.1 Instrument Uncertainty

As discussed in the Phase 1 report, instrument uncertainties negligibly affected pilot scale
blending time calculations. The pH error was 0.24 pH units. Tank temperature was monitored
with a thermocouple that had a £1.7° C error. At the end of testing, there was a 4% error with
95% confidence of the F1, flow meter used to monitor pump flow rates, even though an error
<1% was noted at the beginning of testing. pH probes were located within + %" of locations
specified in the Phase 1 report. The accuracy of probe locations was ensured by attaching rods to
the probe assembly to accurately obtain elevations and distance from the tank wall. At full scale,
the accuracy of probe location was + 1”. Velocity probes were located within + %™ of locations
specified in the CFD report (S. Lee [16]). Velocity probes had an uncertainty of = 2.15% at full
scale with 95% confidence (see Figure 3-14). Phase 2 scale-up results were compensated for
velocity and flow rate measurement uncertainties. The same velocity probes were used at both
scales.
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Figure 2-9: Velocity Probe Installation
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g Velocity Probe

Figure 2-10: Velocity Probe

2.3 pH Measurements and Blending Times

Blending times are required for many process industries. In pilot-scale testing pH can be used to
evaluate blending time where pH data is typically normalized between values of 0 and 1, using
the techniques described in the Phase 1 report. A 95% blending time occurs when tank contents
attain a concentration throughout the tank within + 5% of the total change in concentration. To
determine 95% blending times, acid and base tracers were added to the eight foot diameter tank,
and the pH data was recorded and normalized on the DAS output to monitor blending. Six pH
probes were located throughout the tank to provide a thorough understanding of blending
processes. Blending times were established when the normalized pH converged between 0.95 and
1.05 on the graphs. Seventy nine different tests were performed to evaluate the effect of changes
in UoD on the blend time. From this data, uncertainties were calculated.

2.3.1 Blending Time Calculation Techniques

Much detailed discussion is provided about blending times in the Phase 1 report, and pertinent
discussion is updated here to provide a comprehensive discussion of blending. The controlling
factor or design parameter for blending is expressed as U,D (feet’ / second), where U, is the
discharge velocity of a blending pump nozzle, and D is the inside diameter of the pump nozzle.
Different nozzle diameters and flow rates were used to vary UoD. The diameters of the nozzles
used in testing were scaled from 1-1/2”, 2-1/4”, and 3-5/8” full scale nozzles (see Figure 2-5 for
scaled nozzle designs). Equations describing the blending time for miscible liquids in tanks mixed
with single horizontal turbulent jet located in one corner of the tank are typically of the general
form

t=(C-T%)/(Uy-D)=(3.72 - T%/(Uo - D) Equation 1

where ¢ is the blending time, C is a correlation constant, and T is the tank diameter (Grenville and
Tilton [7 and 8], Dimenna, et al [9]).

This equation shows that the blend time is a function of UoD, where C is typically in the range:
3.0 < C<4.5. The most recently predicted value for C was 3.0. Grenville noted that this value
for C was valid for tank volumes up to 3 million gallons. Experimentally, the constant was
required for the pilot scale models, since this value is based on experimental data presented in the
literature for tanks blended without a center column or coils, and a single jet nozzle with a
centerline coincident to the tank radius. Accordingly, the 3.0 value for C provided only an

32



SRNL-STI-2011-00151
5/26/11 Revision 0

estimate to find flow rates and pilot scale blending times. The value for this constant was
investigated as this study extended this simplified blending equation to a tank with dual nozzles
in a tank without cooling coils. This study showed that this simple equation was consistent with
test results, even though C is affected by the number and location of nozzles. For Phase 1 testing,
C = 3.72 when the maximum blending time values were considered for dual opposing nozzles in
an 8 foot diameter tank without cooling coils.

To quantify blending performance, blending times were determined using commercial 95%
blending criteria. The Hydronium ion concentrations [H'] were calculated from p/H measurements
and normalized to establish mixing times for 95% mixing (Paul, et. al [6]). The 95% mixing
criteria is a generally accepted criterion which defines the time following the addition of a tracer
at which the concentrations throughout the tank are within £ 5 % of the bulk concentration.
Normalization is a common practice for empirically quantifying mixing using concentration
measurements. The 95% mixing time provided blending acceptance criteria, but lacked accuracy
to quantify chemical concentrations throughout blended liquids.

From Paul, et al [6], pH probes are commonly used to establish 95% blending times,
which are determined from concentrations after adding a reactive tracer. To do so, a normalized
concentration is calculated, where
' Ci — C0

G Equation 2

C,-C,

where C’; equals the normalized concentration, C; equals the measured variable concentration, C,

equals the initial concentration, and C, equals the final equilibrium concentration. The 95%

blending time equals the time required for the normalized probe output to reach and remain

within 95 to 105%. Equations 3 to 8 provide relationships between concentration and pH. For the
pH probe response, Equation 2 is rewritten as

Normalized [H " ] = H: __ Iili Equation 3

and pH=- log[H+] Equation 4
[H+ ]: 107" Equation 5

pOH = —log[OH_] Equation 6

[OH_]z 107" = oPH-1 Equation 7

pH+pOH =14 Equation 8

Typical acceptance criteria for good blending in process industries are defined by 95% blending
(normalized [H']), where a typical process is paint mixing. For pharmaceutical industries, where
product quality is more critical, 99% blending is sometimes used, where the normalized [H'] =
0.99 —1.01. The Phase 1 report showed that 99% blending is not recommended, or achievable,
with commercially available instrumentation. A 95% blending time is the recommended
acceptance criteria for this research. Probe uncertainty and solution buffering also affected
blending as discussed in the Phase 1 report, since they are related to the determination of 95%
blending. Diffusion of the tracers in the tank was negligible when compared to the blending
effects of the jet nozzle.
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2.3.2 Typical Blending Time Calculations

A typical derivation of the maximum blending time is shown in Figure 2-11. In Figure 2-11, the
pH probes converge within the 95% blending criterion near a 32 minute blending time. In Figure
2-12, blending did not occur within a 24 hour scaled blending time, where the pH probes reached
equilibrium values only after the pump was operated at maximum flow. Detailed test procedures,
test results, and discussions of all Phase 1 tests are provided in the Phase 1 report.

2.00
v t=31.72
1.50 -
£ 1.00 | o
" J\Mm “
o
N
=
£
s
4
0.50
— Probe 1
— Probe 2
0.00 - — Probe 3 ||
Probe 4
— Probe 5
— Probe 6
-0.50 . . . . .
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Time (min)

Figure 2-11: Typical Phase 1, Pilot Scale Blending Test Result, Test 25, UoD =0.47
ft*/second
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Figure 2-12: Pilot Scale Tank Contents Not Blended During Phase 1 Testing, Test 22,
UoD=0.09 ft*/second

2.4 Monitoring Sludge Concentration Using Turbidity Measurements

In general, density meters are inaccurate for monitoring the low sludge concentrations tested, and
turbidity probes provided a better technique for monitoring solids concentrations in slurries.
Selected for this task, the Hach Solitax® turbidity probe measures turbidity in Formazin
Nephelometric Units (FNU). The probe contained an infrared light source and photoreceptor at
90° to the source. The amount of light reflected back to the photoreceptor determines the
turbidity reading and can provide a measure of concentration. The turbidity can be affected by
particle shape, color, size, and distribution. Multiple calibrations using known concentrations of
SB6 simulated sludge solids were performed to develop a relationship between turbidity and
concentration (weight percent undissolved solids), and to demonstrate repeatability. As shown in
Figure 2-13, two probes were used (indicated by pairs of lines). Consider first the lower pair of
probe results. The turbidity levels off at about 0.13 weight percent, and then decreases. As more
light is absorbed by the particles, or scattered into the particle field within the suspension, the
amount of reflected light measured by the sensor decreases, and consequently the accuracy of the
sensor decreases. In other words, the probes are most accurate up to at least 0.1 weight percent in
the SB6 simulant, which is above the required range of 0 - 0.09 weight percent required for this
study. Beyond this value, the results are still accurate, but the possibility of confusing two
different results at the same value is possible.

Figure 2-13 also describes the appearance of different concentrations of sludge slurries. Several
calibration samples are shown below the figure, where each sample is related to the weight
percent undissolved solids directly above it on the graph. Of particular interest, the 0.09 weight
percent acceptance criterion yields a nearly black suspension. The concentration may be small,
but the effect of entrained solids seems large.
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Settling properties also affected the turbidity measurements used to monitor sludge disturbance.
When calibrations were initially performed, the upper curves were obtained. These results were
obtained by immersing the turbidity sensor into a container of slurry with a known concentration
of SB6 sludge, and allowing the turbidity reading to stabilize. However, agitation of the turbidity
sample contents during calibrations yielded different results as shown by the lower curves in
Figure 2-13. This material behavior is attributed to a fast settling rate of solids. When more solids
are agitated into solution, the turbidity is lower since more light is absorbed or scattered. The
calibration sample contents were agitated continually with a peristaltic pump to obtain the lower
curves for all slurries. Agitation of the sample was not performed for the upper curves. That is,
stirring the sample contents decreased the amount of light reflected back to the sensor by
suspending more of the denser solids, as shown by the upper and lower sets of curves.
Concentrations during pilot scale were expected to occur between these two limits, where the
lower curves provided data for well mixed slurries, and the upper curves provided data for
slurries that were allowed to settle for several minutes. After a few minutes, turbidity stabilized
and fast settling characteristics were assumed to be effectively compensated. Calculations were
conservatively performed to the lowest curve, since fast settling effects are not consistently
repeatable.

Tuibidey Caltratcn
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Figure 2-13: Turbidity Calibration
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2.5 Sludge Rheological Properties

Radioactive waste rheological properties are highly variable, and largely unknown in many cases.
Some historical data is supplied in Figure 2-14 to present this variability for yield stress. The
quantity of hydrogen entrapment by sludge is dependent on material properties, but this
relationship is not well-defined. Even so, a sludge simulant was required for testing. The sludge
simulant was prepared using a procedure for a recently qualified, SRS, sludge batch simulant,
referred to as Sludge Batch 6 simulant. The simulant was qualified to reflect the chemical
properties of Sludge Batch 6, which is a blend of different tank wastes to be processed in the
Tank Farms. This particular sludge is a slow settling sludge, since the sludge settles slowly after
mixing into suspension in a full-scale waste tank. The non-radioactive SB6 simulant contained
aluminum, iron, manganese, and nickel compounds. Although SB6 is referred to as slow-settling,
individual compounds in suspension settled at different rates, and SB6 settling behavior directly
affected sludge disturbance behavior during the time required to complete a test.

As solutions are transferred into the Blend and Feed tanks, sludge is expected to be entrained into
the stream. The selected simulant was SB6, which was considered to be conservatively bounding
for the purposes of this test. Specifically, the selected simulant had the lowest yield stress and
largest settling time of any simulant processed to date. This sludge disturbance research
conservatively assumed that if this simulant remains undisturbed during testing, any actual sludge
will also remain undisturbed in the waste tanks. Validation of this assumption through sludge
property testing throughout future processing is recommended.
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Figure 2-14: Typical Sludge Properties Obtained by Diluting Radiocative Waste Samples
(Stone [11], Hamm and Ebra [12])
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2.5.1 Sludge Simulant Preparation

SB6 simulant was prepared (Herman, et al [10]), based on bench scale processing and testing of
the qualified simulant. Rheological properties were not specified and varied widely for delivered
SB6 simulants. Three 55-gallon batches were received at SRS: Batches 1, 2, and 3. Batch 1 and 3
were similar in that they were the thinnest suspension, and poured easily. Batch 2 was much
thicker, where a boat paddle stood up in the middle of the 55-gallon drum without support.
Unwashed radioactive SB6 sludge was removed from a waste tank after blending several waste
streams, and was measured to have a yield stress of 3.6 Pascal and 6 weight percent insoluble
solids (data provided by e-mail from T. Pareizs). Data with respect to settling times was
unavailable. Batch 1 simulant had an as delivered yield stress of 1.55 Pascal, SpG of 1.16, and
9.05 weight percent insoluble solids (< 1% uncertainty at 95% confidence) after thorough mixing
(Figure 2-15), where mixing of the 55-gallon drum was required since settling had occurred.
Batch 1 simulant was selected as the test simulant since it had the lowest yield stress of any
simulant to date. The lower the yield stress, the more likely it will be disturbed during salt
blending. The selection of Batch 1 simulant provided a lower limit for sludge rheological
properties to be used in modeling. Rheology testing methods are discussed in section 3.5.3.3.
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Figure 2-15: As-received SB6 Simulant Rheology Results From a 55 Gallon Drum

2.5.2 §SB6 Sludge Simulant Addition to the Pilot Scale Tank

After Batch 1, SB6 simulant was mixed with simulated supernate simulant, the yield stress
decreased to approximately 0.8 Pascal (Figure 2-16), even though the yield stress was also
significantly affected by supernate concentration. When the SB6 was added to the bottom of the
tank with a peristaltic pump, it floated to the surface, and then particles rained from the surface to
the tank bottom. The yield stress was also affected by tank chemistry, where SB6 mixed with
water had a higher yield stress than SB6 mixed with NaNO,. In addition, non-Newtonian SB6
fluid properties varied with respect to time due to settling, and this time dependence had a
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significant effect on testing. Time dependence of sludge properties was also observed by Poirier
and Herman [13]. The yield stress for a sludge sample after all testing was complete decreased
slightly, as shown in Figure 2-17.

SB6 Settling Test 2-14-2011, 741, 25C, R1, 2-22-2011
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Figure 2-16: SB6 Simulant Rheology Data After Initial Blending of SB6 and NaNO, Plus
NaOH Using Standard Vane
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Figure 2-17: Final SB6 Simulant Rheology Results at Test Completion, Density = 1.316 g/ml
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2.5.3 SB6 Sludge Simulant Properties

Particle sizes, rheological properties, and chemical compositions were evaluated to provide
insight into both sludge settling and sludge disturbance. For example, the general behavior of
settling SB6 sludge is observed in Figure 2-18. The as-received SB6 simulant is shown on the left
side of the figure after nearly six days, where clear supernate was evident above the settling
sludge. Figure 2-19 provides a comparison between SB6 simulant and radioactive SB6 waste.
Time dependent yield stress data is unavailable for 3.6 Pascal, radioactive SB6 waste. However,
time dependence of yield stress was considered for the SB6 simulants. Referring again to Figure
2-18, a mixture is shown for SB6 simulant with NaNO, and 0.01 molar NaOH. Overnight, most
of the solids settled, and supernate was nearly clear after a few days for a 32.1 inch fluid level test.

14!1_! Hou‘r Initial mixing 16 Hour
Settling Time Settling Time
0.5% Sludge
Sludge Only Sludge Plus Supernate

Figure 2-18: Settling of As-received SB6 and Settling of SB6 Mixed with Supernate
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Figure 2-19: Settling Comparison for SB6 Simulant and Radioactive SB6 Sludge / Waste
(Rad. data from J. Pareizs)

2.5.3.1 8B6, Bench Scale Sludge Settling

Testing showed several behaviors of settled sludge simulants. During the settling of SB6 in
NaNO,, the yield stress of the sludge increased as it was compacted. Figure 2-20 summarizes the
investigation of sludge compaction during settling of salt / sludge suspension of comparable
depth to the pilot scale tank, where Figure 2-21 and Figure 2-22 provide the test results used to
generate the curve shown in Figure 2-20. In a 6 inch diameter settling column, 15/16 inch of SB6
simulant was added to obtain a 32.1 inch total fluid level, which was the same as the fluid level
used in the pilot scale tank. These settling columns were fabricated to have removable lower
sections to permit testing without disturbing the settled sludge bed. Both water with NaOH and
NaNO, were tested with SB6 and NaOH to prevent rag formation. The Rag is a term to describe a
gelatinous layer that forms on sludge surfaces exposed to solutions with insufficient caustic in
solution. A pH of 11 was recommended and bench scale testing demonstrated that rag formation
was prevented when the pH was maintained above this level during bench scale rag testing.
Samples were rheologically tested using a Haake rheometer shown in Figure 2-20. This
instrument rotates at 1/5 rpm, and the torque on the submerged vane is converted to yield stress,
where the yield stress is the fluid stress required to mobilize the sludge. The vane used for testing
is also shown in the figure, along with a typical test result and a graph of the rheology tests
performed for both simulants over a six week period. Note that results for water are different than
results for NaNO, simulant. When testing was performed by slowly mixing the SB6 with
simulant, the water / SB6 had higher yield stresses. Yield stresses were comparable before and
after testing, but particle sizes decreased slightly during testing.
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Figure 2-20: Rheology Testing Settled SB6 in Water Plus NaOH and in NaNO, plus NaOH,
Supernate Simulant

(E. Hansen)
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Figure 2-21: Pilot Scale Rheology Test Results
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Figure 2-22: Pilot Scale Rheology Test Results
(E. Hansen)
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2.5.3.2 Particle Sizes of SB6 Simulant

Particle size testing was also used to monitor sludge properties throughout testing, where the
percentage of the number of particles is presented in the figures provided here (number average
basis). For the as- received SB6 simulant, note that the particle sizes are small 7 micron average
size, where the denser particles settled without adequate pre-mixing (Figure 2-23). Figure 2-24
shows that same material after the drum containing the material was thoroughly mixed. In other
words, the as-received simulant settled before it was initially sampled. This result led to the
observation that the SB6 settled rather fast with respect to test requirements, although the SB6
was referred to as slow settling. The changing material properties required monitoring throughout
testing. Figure 2-25 shows that the particle sizes actually decrease in size as the SB6 was added to
the salt simulant solution. Figure 2-26 shows the final particle size distribution after testing. And
the particle sizes were reduced slightly due to pump processing throughout testing.

SRNL-STI-2011-00151
5/26/11 Revision 0

100 . : ; 10

A4 -=nna- ."\-'i" - --'r-\."'-g- ------ .-r—-ué -----------

m" - - -_'."'l"";""‘"__r" swapEPrAINY r‘r- - -rrr'u-f bt gl e BN

704 ..k i
E 60 HL---- Pidnrapen e ens . -
Po aatii i wa
g E S .............................. E

0 -4+ duee cbebdddiibensad shbblifne b oli 448

204 «=fedeienid ebob g dd e de b s oheiei 24

104 --4-4--

o ’

0.1 1

Figure 2-23: As-received, SB6 Simulant Particle Size Distribution for Partially Settled,

*iPasding

Incompletely Mixed Sample
(D. Missimer)

1004 v - = T 10

m-i ----------- E ---------- 1 :dé——++=~'--'*'--—:lr— .-.--.—--.E.-..Z._..-.-.- |
au.z--h,"-.-,i,”--'_;.--:,i-...-',: O s et
Suma me o B
o8 IR REH:: MENEHE: IR R
s0%--- - d 4E s o E f
m. __________ i i .E_;. i .: hidd b
m: - ..!-“ _,..:":.E...:...-..,..?--...-.--..E.-,.,...,_ L

. 1 - TP P - aeE EEE TR T CE TR R T

103 - i P R I

03 o

01 1 10 100 1,000 10,000

Size{mberons)

Figure 2-24: As-received, SB6 Simulant Particle Size Distribution for Fully Mixed Sample
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Figure 2-26: SB6 Simulant Final Particle Size Distribution After Test Completion

(D. Koopman)

2.5.3.3 Comparison of Rheology Test Methods

Figure 2-16 and Figure 2-27 also show the similarities, and differences, between results obtained
from a standard vane test used for rheological testing which varied the shear rate, and a shorter
vane test, which applied a constant shear stress for this application. Both tests provide a yield
stress, but the measured yield stress is somewhat different as measured from the two techniques.
The low fluid depth required to imitate pilot scale tank conditions required a shorter height vane
for full submergence to obtain adequate results. The type of test was also varied, and although the
predicted yield stress varied due to technique, close inspection of Figure 2-16 and Figure 2-27
show that the yield stresses are quite similar near 0.5 Pascals. One technique provides a constant
torque using concentric cylinder viscosity tests, while the other technique provides a constant
strain rate using a vaned impeller for testing. Each technique determines a slightly different yield
stress. When using the data for this research, the differences in technique were considered.
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Figure 2-27: SB6 Simulant Rheology Data After Initial Blending of SB6 and NaNO, Plus
NaOH Using Modified Vane

(E. Hansen)

2.5.3.4 Summary of SB6 Simulant Particle Size and Yield Stress Changes

Even though particle size changed slightly during tests, the rheological properties of interest were
conservatively affected. When the SB6 was first received it had a yield stress of 1.61 Pascals
(Figure 2-15). After mixing with the salt solution, the yield stress decreased to 0.8 Pascals, and
then further decreased to 0.65 Pascals throughout testing. The fact that the yield stress decreased
during testing implies that the test results are conservative, since less flow was required to disturb
the sludge as testing proceeded. In fact, the process of removing sludge from the tank bottom
after settling may have affected the properties, since some of the larger particles were removed
from the test fluid.

2.5.3.5 Chemical Composition of SB6 Simulant

The chemical composition of SB6 simulant was also tested to better understand the settling
process during blending. Measurements of suspended solids during blending were compared to
initial chemical constituents, as provided in Table 2-1, where the 1-sigma concentration
uncertainty typically varies between 10 — 20%. Also included in the table are the ratios of various
metals with respect to aluminum. To understand the table, the method of obtaining samples
requires discussion. One sample was obtained from the as-received SB6 after it was thoroughly
mixed. The other two samples were obtained after removing sedimented sludge from the bottom
of a tank, where the SB6 settled in a 2500 gallon tank for several weeks. Then, the sludge was
removed from the bottom of the tank, and a layer of settled solids remained on the tank bottom
after most sludge was removed. These residual sludge solids were later removed from the tank
bottom, and sampled for chemical composition. The relative concentrations of metals with respect
to aluminum were used for these comparisons, since the samples were different. Consider the
iron in the residual sample (residue), where the ratio of aluminum to iron equals Al / Fe
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=3170/3350. For the as-received SB6 simulant, Al/Fe = 17400/20200 = 0.86. The residue had a
higher concentration of iron with respect to aluminum for the residue than the as-received SB6.
Similarly, all of the metals were of higher relative concentrations for the residue, and were of
lower concentrations for the “after test” samples. That is, the “after test” samples provided longer
settling times since more of the metals were settled into the residual simulant. These test results
are of importance to full scale settling tests and other properties, since the “after test” simulant
was used for full scale settling tests. Even so, settling rates are dependent not only on density, but
on particle shape, which was not further investigated. The data suggests that settling is affected
by density, but sufficient research to fully quantify this statement was not performed during this
research. That is, there is a difference between the ratios of different metals to aluminum listed in
the table, but the analytical uncertainty exceeds the observed measurements, and therefore a firm
conclusion with respect to settling cannot be reached. To further understand relevant settling
processes, evaluation of 30 foot settling column tests were performed to provide further insight
into sludge settling characteristics (section 2.6).

After test
Companent As receied |completion  Hesidue
A 17400.0 8E10.00 31700
Ca 1460.0 8510 4540
Ce 114.0 107.0 85249
Cu 955 4972 271
Fe 20200.0 11400.0 3350.0
K 720 /310, 4590
La B34 393 19.3
Py B24.0 335.0 875
Pl BO50.0 327000 9930
Pl 37 L 30.4
Mli 24500 13400 396.0
F 42.0 397 343
5 B93.0 1600 1330
Si 25500 15200 4210
Sr 5.4 5.1 4.4
n k3.0 375 17.7
[A] 7 [Fe] 0.86 1.32 0.95
[A]F [Mn] 287 263 317
[A] £ M) 7.10 B.42 8.00
[A] F [Ma] 27 .88 25700 32A1
[A] 7 [5] 2511 A381 XS/
[Al] F[50] B.8Y 5.BB A3
[Al] f [£n] 20585 229600 17910

Table 2-1: Percent Solids Concentrations (ug/g: As-received and After Test Completion

2.6 Full Scale Sludge Settling Test

The purpose of full scale settling tests was to compare settled sludge conditions for full scale
operations and pilot scale testing. For test results to be comparable, the settled sludge properties
needed to be comparable. A settling time for pilot scale testing was obtained by observation of
minimal sludge disturbance. A full scale settling time was required to obtain a settled sludge
simulant with equivalent properties. A comparable SB6 sludge simulant sample was used for
testing at both scales (section 2.5.3.5).
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Full scale settling tests were performed at SRNL using the slow settling Batch 1, SB6 sludge
simulant shown in Figure 2-28. The falling bed height was visually observed and recorded in
parallel to turbidity measurements, which were measured at two different levels in the settling
column, as shown in Figure 2-29. Data analysis showed that a 32.14 day settling time (= 33 days)
is required for materials with properties similar to SB6 simulant. This recommendation was
slightly longer than an initial estimate of 30 days. The initial estimate was obtained by
multiplying the 66 hour time (see section 3.10) required between sludge tests to prevent sludge
disturbance times the 10.85 scaling factor (66 hours - 10.85 = 29.84 days). The recommended 33
day settling time was determined in a full scale settling test by allowing a known quantity of
simulant to settle to a depth comparable to the settled depth observed in pilot scale testing. In
pilot scale testing, 12.3 gallons (0.86” deep) of simulant settled to =~ 0.81”+ 0.13”. At pilot scale,
this uncertainty equaled 16.7 %, as calculated from the data in Figure 2-30, which was compiled
from 20 different pilot scale tests. This uncertainty was assumed to be applicable to full scale test
results. For full scale testing a quantity of SB6 simulant was added to the settling column to
provide a depth of 10.64 inches. Applying the 16.7 % uncertainty to the data in Figure 2-29, the
settling time was found to be slightly less than 33 days.

Fast settling of the denser metal compounds in the slurries was observed throughout testing.
Monitoring turbidity with redundant probes, Figure 2-31 shows that two distinct material layers
were present in the falling bed height, since marked changes in concentration occurred at two
different times within the apparently opaque settling bed. This issue was not further investigated,
and this consideration of settled sludge properties concludes a description of test equipment and
measurement processes required to support pilot scale testing.

o

4" diameter
30 foot tall settling column

Figure 2-28: Full Scale, 30 Foot Settling Column
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Figure 2-29: Settled Bed Height in Full Scale Settling Column Test
Linear regression for pilot scale settling
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Figure 2-30: Pilot Scale Settling Times
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Figure 2-31: Settling Column, Turbidity Measurements

3.0 Results and Discussion

Blending time and sludge disturbance are the parameters to be scaled. CFD modeling is a primary
method to accomplish scaling, and velocity measurements are required to determine the accuracy
of these models.

3.1 Turbulence Intensity and Average Velocity

There are several fundamental aspects of velocity measurements (Figure 3-1). One is referred to
as turbulence intensity (Warda, et al [15]), where turbulence intensity is a time averaged
fluctuation of velocity around the mean velocity. Other aspects of velocity are the average, or
mean value of the velocity, and the repeatability of those average measurements. Average
velocities were the basis of recommendations provided here, and were evaluated using statistical
uncertainty analysis (T. Edwards, Appendix A).

Recall from Figure 2-8 the location of the velocity probe, and consider typical measurements
shown in Figure 3-1, Figure 3-2, and Figure 3-3. Each set of velocity measurements is identified
by a boxed set of three dimensions, i.e., the angle from the jet, the height from the tank floor, and
the distance from the tank wall. For example, consider the two shaded boxes at 40° from the
pump, 2” off the floor, and 10” from the wall. To obtain the resultant velocity, V,,., at a point at
each time,

Viyz =y Vi +Vy + V37 Equation 9
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A resultant velocity, V,,, is obtained in the horizontal plane from the two-dimensional probe, such

that
Vyy =+ V2 4+ V2 Equation 10
xy =\ Vx y quation

Turbulent intensity is defined as the variance of the velocity about the mean, and qualitative
repeatability of this variance about the mean is readily observed, e.g., Figure 3-2. Additionally,
relative turbulence intensity is defined as the ratio of the turbulent intensity divided by the
average velocity magnitude (section 3.1.4.4). Turbulence intensity and relative turbulence
intensity may be approximated, such that

Vi=Vi-Vay Equation 11
n n
2
Z (Vi - Vavg)2 Z (Vf )
vr= =L =1/ Equation 12
(n) (n)
V'/Vavg = relative turbulence intensity Equation 13

where 7 is the number of velocity measurements at different times at a point, V; = instantaneous
velocity, V,, = average velocity with time, V; = instantaneous velocity fluctuation, and V"’ =
average turbulence intensity.

Another aspect of turbulence is also noted in Figure 3-2, where the average velocity is frequently,
but not always, the same for similar test conditions. The two measurements indicated by the
shaded boxes were taken on the same day, in the same tank, using the same materials, but the
average velocity is obviously different. This phenomenon was noted in several tests, and in some
cases is even observed within a given test as shown in Figure 3-4. In that test, the average
velocity can be observed to drop in magnitude as the test progresses. The variation in average
velocity, as well as the turbulence intensity, demonstrates the chaotic, random nature of fluid
velocity in the pilot scale tank. Given this chaotic fluid state, statistical data analyses were
warranted to address the complexity of turbulent flow. Velocity plots are similar, and all velocity
data is provided in Appendix B.

52



SRNL-STI-2011-00151
5/26/11 Revision 0

Velocity measurements, UoD = 0.70 ft*2/second, Cooling coils, NaNO3, 15 degree upward

nozzles, CFD Case 12b
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Figure 3-1: Typical Velocity Measurement
Velocity measurements, UoD = 0.70 ft*2/second, Cooling coils, NaNO3, 15 degree upward
0.3 nozzles, CFD Case 12b
80°
] i
_||[Angle 60° 10"
0.2 Elev 2" —
Dist 10"
Q)
=
S
<}
[
>
-0.2
— VX
-0.3 . . . .
0 50 100 150 200 250
Time (min)

Figure 3-2: Typical Velocity Measurements With Coils
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Velocity measurements, UoD = 0.58 ft*2/second, No cooling coils, NaNO3, 15 degree upward
nozzles, CFD Case 11b
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Figure 3-3: Typical Velocity Measurements Without Coils
Velocity Measurements, UoD = 0.58 ft*2/sec, Cooling coils, Water, 15 degree upward nozzles,
CFD Model 11b
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Figure 3-4: Variation of the Mean Velocity During a Test
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3.1.1 Velocity Data and Comparison to CFD Models

The average values of collected data were calculated and compared to the same locations in CFD
models. Test data for pilot scale tests with and without cooling coils installed for both water and
salt solutions were obtained in this research. All of the velocity probe location dimensions are
listed in a companion CFD report (S. Lee [16]).

For pilot scale testing, several steps were taken to ensure that velocity probes were located within
a % inch of the locations specified in the CFD report. The tank perimeter was marked to establish
the angle between the pump / tank center line and the required probe location. The rod holding
the probe was then located by measuring with a tape measure from the inside tank wall to
establish the correct radial location of the probe. Several extensions were attached to the end of
the rod to ensure that the probe was located at the proper elevation. Once the probe was in
position, the rod was visually inspected to ensure that it was plumb, and that the probe was
rotated to ensure that the probe axes were properly aligned with the tank wall.

Also, full scale testing was required to understand turbulent effects. For the full scale ADMP
testing discussed below, the probe locations were + 1.5 inches.

3.1.2 Full Scale Test Data

Previous testing provided some data at full scale for a much larger pump (10,500 gpm) in an 85
foot diameter test tank. CFD modeling and experimental velocity measurements were used to
successfully predict that sludge could be removed from Tank 18 (Leishear, Lee, and Stefanko
[17]). That pump was referred to as the Advanced Design Mixer Pump (ADMP), and the test
facility is partially shown in Figure 3-5. Operating at a 70 inch fluid level, velocity measurements
were obtained at the locations shown in Figure 3-6, where a typical velocity measurement is
shown in Figure 3-7. The average velocity measurements were predicted with CFD within about
25% for most locations away from the pump for locations of concern to this research (Figure 3-8).
Velocity data from this research was available for review and was used during statistical analysis
to establish a relationship between CFD and experimental results.

Another aspect of the ADMP research was the use of empirical equations to establish a velocity
required to suspend sludge (Churnetski [18 and 19]). That equation is expressed as

ECR=K-U,-D-, /P Equation 10

T
where the effective cleaning radius (ECR) equals the distance to which the pump can remove
sludge (Figure 3-9), and K is an experimentally determined constant. Note that at high velocities,

sludge disturbance is related to both UoD and material properties (Leishear, et al [20]).
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Figure 3-6: ADMP, Velocity Measurement Locations
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Figure 3-8: Comparison of ADMP Experimental Data to CFD Results
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Figure 3-9: Sludge Mixing

3.1.3 Statistical Velocity Data Analysis

Using mean velocities, a velocity correction factor was established during this research, which
can be applied to CFD model predictions for blending, sludge disturbance, and sludge
entrainment during transfers. Velocity data was used in calculations to establish a relationship
between CFD and experiment.

3.1.3.1 Velocity Data

Velocity data was available from the pilot scale tests performed during this research, and
additional data was available from other previous full scale testing (Leishear, et.al. [17]).
Although the full scale testing was performed with a pump of much higher flow rates, the concern
here is not the flow rate, but the accuracy of CFD to model those flow rates at any point in a tank.

All pilot scale data is shown in Figure 3-10, and data used for analysis is shown in Figure 3-11.
For blending analysis, velocities below 0.026 ft/second were discarded since they were below the
range of interest, and velocities were also distinctly non-linear below 0.026. Presumably,
instrumentation accuracy does not permit measurements at these low velocity levels, but
instrument accuracy was not further investigated.

Essentially, full scale test results at 10,500 gpm in an 85 foot diameter tank and pilot scale test

results at 9-16 gpm in an eight foot diameter tank were shown to be comparable. For this
comparison, the mean variation warranted consideration.
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Figure 3-10: All Mean Velocity Data
(Appendix A)
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Figure 3-11: Mean Velocity for Full Scale and Pilot Scale Data

(Appendix A)

3.1.3.2 First Approximation for Velocity Comparison of CFD to Experiment

Experimentally measured velocities were compared to CFD models, and velocities were shown to
be comparable throughout the range of test data. As a first approximation to compare CFD to
experiment, both CFD predictions and experimental test results are shown in Figure 3-11. Each of
the data points in the figure depicts the mean experimental velocity at a point for a discrete test.
The solid line in the figure indicates predicted velocities obtained from CFD calculations. With
95% confidence (Appendix A), the dotted lines provide a relationship between experimental
velocities and CFD results. For a 95% confidence level of 95% blending times, the variation
between CFD predictions and the full range of experimental blending times varied by a factor of
1.49, where this large variance is consistent with observations. Although not investigated further,
the variance seems to decrease at full scale where flow rates are considerably larger. A velocity
correction factor of 1.49 could have been selected for design recommendations, but the correction
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factor was further refined using statistical analysis. To do so, the average experimental values for
95% blending times at 95% confidence were compared to CFD results. CFD predicted blending
times were not statistical blend times, but were, in fact, the time required for all points in the tank
to reach the 95% blending criterion.
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Figure 3-12: Variation of Experimental Mean Velocities Compared to CFD Velocities
(Appendix A)

3.1.3.3 Velocity Comparison of CFD to Experiment

Rather than comparing all of the mean velocities to the CFD results as in Figure 3-11, the average
value of all experimental results was compared to CFD model results. That is, a straight line was
obtained on a log-log graph to represent the average value of the mean velocities, as shown in
Figure 3-12. By doing so, an average variation between experiment and CFD was obtained,
where the CFD models provided the time at which all of the points in the tank were blended to
95% mixing, or better. To compare the pilot scale results to these limiting CFD values, the
average value of experimental data was selected. From the offset shown in Figure 3-12
(Appendix A), the ratio of the average test velocities to CFD predictions throughout the range of
interest was 1.262. This variation in velocity reflects a realistic velocity comparison between
CFD and experiment. However, instrumentation errors also need compensation. The flow meter
uncertainty was 4%, per SRNL calibration standards. The velocity probe uncertainty was 4.3%,
where the Vendor Calibration Certificate specified tolerances in the x and y directions of = 0.01
ft/second for three different tests, which were performed at 2.00 ft/second. The uncertainty at full
range then equaled 4.303 - 0.001 = 4.3 ft/second (2.15%) at full scale, where 4.303 is the student-t

61



SRNL-STI-2011-00151
5/26/11 Revision 0

for a sample size of three (Coleman and Steele [14]). At a zero velocity, the uncertainty was
determined from Figure 3-13 and Figure 3-14. Before the pump was operated, the uncertainty for
95% confidence was calculated to be 0.0046 + 0.002 ft/second. Since the uncertainty at a zero
velocity is a positive quantity, it conservatively predicts high velocities and was neglected for the
purposes of this report. A minor uncertainty due to probe location was also evaluated. Using a %4
inch variation on probe position, several points were evaluated using CFD models. Typical
variations over this distance were 1.5%, or less. For two points in the jet of the pilot scale pump
nozzle, the uncertainty was 2- 2.5%. The 2.5% value conservatively bounds measured probe
placement uncertainties at both full and pilot scale. At full scale, the probes were located within
an inch of specified locations, and the uncertainty due to probe location was smaller than at pilot
scale. Consequently, an uncertainty calculation for pilot scale bounds both scales. The total

variation in the average velocity was obtained from i\/ 0.262% +0.04% +0.02152 +0.025% =
0.267. That is, a = 26.7% uncertainty yields a correction factor of 1.267. From this calculation, a
velocity correction factor was determined to be 1.267. To use this velocity correction factor,
velocities calculated by CFD at pilot scale are multiplied by 1.267 to obtain the predicted velocity
at full scale. Since this value was obtained from independent tests, different pump designs, and
different scales, the factor is assumed to be pertinent to velocities obtained from different CFD
results obtained using Fluent. Since Fluent was the base code for all CFD calculations for full and
pilot scale modeling referenced in this research, the velocity correction factor may be applied as
required to CFD results. Essentially, numerous CFD models were statistically compared to an
average of all the mean velocities measured during a sequence of tests, i.e., an average of the
average values, so to speak. From this comparison, a single velocity correction factor of 1.267 for
CFD models was determined to be applicable for tanks with or without coils at either pilot scale
or full scale.
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15
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Speed ramp-up due to PID contro|\ /
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Time (min)

Figure 3-13: Flow Rates During Initial Testing
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Figure 3-14: Velocity Measurements During Initial Testing (x-y plane)

3.1.3.4 Turbulence Intensity

Average velocities were used for statistical calculations in Appendix A where the effects of
turbulence intensity were not calculated. This discussion provides a qualitative basis for that
assumption. The goal of this research was not to investigate the complexities of turbulent
intensity, but the observation of velocity fluctuations required consideration with respect to
sludge disturbance. The conclusion here is that fluctuations observed at pilot scale are expected to
be of the same magnitude, or a lower magnitude at full scale. Consequently, the effects of
velocity fluctuations on sludge disturbance observed at pilot scale are expected to have similar or
smaller effects at full scale.

Measurement of velocity fluctuations and the definition of turbulent intensity require further
attention. When a velocity is measured there are many variables of concern. Some variables are
related to instrumentation, and some are related to fluid mechanics. First, consider
instrumentation. The same instrumentation was used for both pilot and full scale testing. The
velocity instrument and positioning have an inherent error, as discussed in section 3.1.3.3.
Additionally, electrical noise and mechanical vibrations can affect the indicated velocity.
Inspection of Figure 3-14 concludes that the effects of electrical noise are negligible, since
electrical influences were not observed as the power ramped up to turn the impeller. Mechanical
vibrations were assumed to be negligible, since the small, three horsepower pump motor was
located external to the tank and was connected to the tank through a PVC pipe (poly-vinyl
chloride). Instrument response time also affects velocity indications, where lower values of
velocity fluctuations may be recorded if the response is too slow. Since response times for the
velocity probes were not fully evaluated, indicated velocity fluctuations may be lower than actual
for both pilot and full scale testing. In short, the velocity fluctuations reported here have errors
that were not fully quantified, and similar errors may occur at both pilot and full scale.
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Now consider the effects of fluid mechanics on velocity measurements. One aspect of fluid
effects is the probe size and shape, which may have localized fluid flow effects that affect
velocity indications. Another aspect of velocity fluctuation is related to the flow from the pump,
which may in fact be the primary contributor to velocity fluctuations for the low flow rates into
the tank. In Figure 3-14, fluctuations in velocity occur in the pilot scale tank before the flow rate
changes in the tank. Velocity fluctuations initiated by the pump resulted in fluid oscillations of
the entire tank contents. Even before flow into the tank commenced, the freewheeling impeller
caused oscillations of the tank contents as the impeller speed fluctuated. As shown in Figure 3-15,
the turbulence intensity is reasonably constant for different velocities throughout the tank at a
constant pump flow rate, but when the speed is increased the turbulence intensity increases as
shown in Figure 3-16. An inspection of the velocity plots in Appendix B shows that velocity
fluctuations decrease throughout the tank when the nozzle velocities decrease. Velocity
fluctuations are apparently related to the pump speed. That is, the tank fluid contents move at a
high frequency vibration, which is superimposed on the overall fluid motions in the tank. One
could effectively argue that these fluid oscillations due to a pump are not turbulence at all, but
separating the effects of pump pulsations from turbulent flow effects is impractical for this
research. Even so, similar phenomena are expected to occur during both pilot and full scale
testing, where the pulsations are expected to be the same or smaller at full scale. Further
investigation may be warranted but is outside the scope of this research.

To qualitatively consider turbulence intensity at both full scale and pilot scale, turbulence
intensity values were considered, which were noted in the literature to be 30-35% for one-
dimensional axial turbulence intensity as reported by Warda, et al [15]. The probes used in this
work provided only two-dimensional turbulence intensity data. Referring to Figure 3-11, note a
range of values indicated as turbulence intensity data. These values were selected since they
represent the only data points where full scale and pilot scale testing overlapped for this research.
One inference is that the measured turbulence intensity is significantly affected by liquid velocity
and pump pulsations. Some of the data for the ADMP research is provided in Appendix D. At full
scale, the relative intensity seems to be more affected as the distance from the pump increases.
Table 3-1 provides a comparison between the available pilot and full scale test results. The
intensity values at both pilot and full scale were consistent with observed turbulence intensity
noted by Warda. From the available data, the effects of turbulence intensity on sludge disturbance
are assumed to be similar at either full scale or pilot scale. Again, further research is
recommended to better understand turbulence intensity with respect to pump operations and
pulsations. Specifically, higher frequency data is required to better measure the response of tank
contents to pump induced oscillations. In short, the chaotic, random behavior of fluids during
blending was simplified by using statistical analysis to establish correction factors for use in CFD
modeling.
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Figure 3-15: Turbulence Intensity at a Lower Pump Speed (x and y directions)
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Figure 3-16: Turbulence Intensity at a Higher Pump Speed (x and y directions)
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ADMP Data, Appendix D,

Leishear, et.al. [16]

Awerage velocity at a point,

WY
272
3.73
27
3.08
2.4
3.18
1.14
1.54
1.89
117
0.95
1.659
3.39
4.08
3.81
3.44
4.03
264
1.73
0.96
0.9z
237
1.72
117
1.14
1.11

Average of all velocities
225
Average Relative
Turbulence Intensity
Average
0.37

Turbulence
intensity

0.94
1.24
1.02
1.14
0.93
0.93
0.66
0.74
1.03
0.52

0.6
067
1.04
1.24
1.16
1.03
1.18
1.02
0.56
0.47
0.45
0.96
0.2
0.52

0.6
0.53

Average of all
turbulence

intensities

0.86

Pilot Scale Data, In and
around the jets, near the
pump nozzle, Lee and
Armstrong, Table 11 [15]
Awerage velocity at a paint,
Wy
277
27
2.4
1.14
1.54
1.89
1.17
0.95
1.59
254
1.73
0.95
0.9z
237
1.72
1.17
1.14
1.11

Average of all velocities
1.66
Average Relative
Turbulence Intensity
Average
0.44

Turbulence
intensity

054
1.02
0.93
0.66
074
1.03
052

0B
067
1.02
0.86
0.47
0.45
0.96
072
052

0B
0.53

Average of
all
turbulence
intensities
074

Note: Turbulence intensities are the measured values from the velocity probe for resultant

velocities.

Table 3-1: Turbulence Intensity at Pilot Scale and Full Scale
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3.1.4 Jet Characteristics, Cavitation, and Pump Design

The variability of the velocity was also evidenced by the instability of the jet as it exited the
nozzles. The photo in Figure 2-6 shows some variation, or waviness, in the SBP jet, but the jet is
very wavy as discerned from review of videos. That is, the shape of the jet fluctuates considerably
with respect to time, which is consistent with the properties of a turbulent jet. This fluctuation
affects turbulent flow measurements in the tank, and was captured by using statistical data
analysis. There is also some minor fluctuation in flow through the nozzles as shown in Figure
3-17.

For the Phase 2 blending tests, the flow rates through the CW nozzles were reasonably constant at
less than a 1% error with 95% confidence, as indicated by Figure 3-17. Pump flow characteristics
were similar for other CW tests. A concern was raised that variability in blending times may be
related to pump flow rate variability, but this small variability seems to an unlikely cause of the
significant blending times observed during this testing.

During testing, cavitation bubbles were observed in the nozzle jets external to the pump. Bubbles
exited the nozzles, and then collapsed as they entered solution within about a foot of the nozzles.
At the operating nozzle velocity of 40.16 ft/second, cavitation is a reasonable outcome, since
cavitation occurs in pipe systems at flow rates as low as 6 — 8 ft/second.

High internal pump velocities should be considered, since cavitation is a potential risk to pump
reliability. Therefore, vibration analysis seems warranted before the pump is installed. After the
fact, a premature pump failure cannot be repaired, and even troubleshooting the failure is
complicated by the radioactive waste tank environment. However, if there is a pump cavitation
problem, the design could be revised to include an inducer on the pump, which is essentially an in
line propeller installed on the drive shaft in the pump suction. The CW pump is basically a new
design for a waste tank, and the design should be very carefully reviewed while in design and
fabrication.
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Test 52, UoD = 0.70 ft*2/second, cooling coils, 15 degree upward nozzles, NaNO3,
nozzle velocity = 40.16 ft/second
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Figure 3-17: Typical Pump Flow Rates During a Phase 2 Blending Test

3.2 Blending Times for Test Results of Similar Solutions

All blending test results are similar to Figure 2-11, and although all graphs are not provided here,
all important test results and test parameters for blending are listed in Table 3-2 and Table 3-3.
Graphs and detailed discussions are provided for all Phase 1 tests in that report.
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Phase 1
Initial
fluid f MNozzle
added position . D Ua UoDr  Probe | Probe | Probe Probe | Probe  Probe
Test  Testtype, Nozzle design fluid  Coils| (deg) (in) (ftfs) |(ft"2/s) 1 2 3 4 5] G
Wyater,
1 Blending, dve, Quad, Tee Dye it 0 0334 780 D022
Wyater,
2 Blending, dye, Quad, Tee Dye it a0 0334 787 D022
WWater,
3 Blending, dye, Quad, Tee Dye it 45 0334 770 021
WWater,
4 Diffusion, dye, Tee Dye Y AR MAA, 0 0
Wiater,
5 Diffusion, hase, Tee Basze b MR A 0 1]
Wiater,
6 Diffusion, acid, Tee Acid M MA AR 0 1]
Wiater,
7 Blending, Guad, Tee Base he 0 0.334 788 022
Wiater,
8 Blending, Quad, Tee Acid hE 0 0.334 789 022
Wiater,
9 Blending, Quad, Tee Acid hE 0 0.334 790 022
Wiater
10 Blending, Guad, Tee Base hE 0 0.334| 16.83] 047
Wiater,
11 Blending, Cuad, Tee Acid e 0 0.334 1684 047 1441 1129 777 125 1381 1203
Wyater,
12 Blending, Cuad, Tee Acid i 0 0.334 1884 D047 MM16 65585 jiki] 54 9583 5458
Wiater,
13 Blending, Cuad, Tee Base Y 0 0.334 1684 047 1196 0973 722 972 1045 353
Wyater,
14 Blending, Cuad, Tee Base Y 0 0.334) 20829 082 663 &7 52 B25 571 532
Wiater,
15 Blending, Cuad, Tee Base Y 0 0.334 2838 082 923 B25 653 1027 533 083
Wyater,
16 Blending, Guad, Tee Acid i 0 0334 2838 082 545 529 479 552 363 512
Wiater,
17 Blending, Short Quad, Tee Base Y 0 0.33) 1735 048 18.07 B£.598 739 B97 1022 521
WWater,
18 Blending, Standard, Tee Base Y 0 0134 2083 023
Wyater,
19 Blending, Standard, Tee | Acid i 0 0.134 4184 046 47.28 1457 1165 1427 1649 1427
Wiater,
Acid,
20 Blending, Quad, Tee Dye i a0 0334 1684 047 1135 1331 1186 2004 1203 1822
WWater,
21 Blending, Guad, Tee Base Y el 0.334 16884 D047 837 636 9 1372 1822 0728
Wiater,
22 Blending, Guad, Tee Acid he 45 0.334 334 009
Wiater,
23 Blending, Guad, Tee Acid he 45 0.334 670 019
Wiater,
24 Blending, Guad, Tee Base hE 45 0.334 788 022
WWater,
25 Blending, Quad, Tee Acid i 45 0334 1180 033 3138 31.08 2233 2164 318 2031
Wifater,
26 Blending, Quad, Tee Acid i 45 0.334 16.84 047 1525 1275 97 1572 1587 16.34
WWater,
27 Blending, Quad, Tee Base i 45 0334 2288 064 938 7.04 679 567 7582 5.4
Wiater,
28 Blending, Quad, Tee Base hié 45 0334 3571 053 R46 48 483 B19 B9 6.8
Wiater,
29 Blending, Quad, Tee Acid N 45 0.334 670 019
Wiater,
30 Blending, Guad, Tee Base N 45 0.334 670 019
Wiater,
31 Blending, Guad, Tee Acid 1 45 0334 1185 033 1126 725 781 1219 1204 1296
Wifater,
32 Blending, Guad, Tee Base N 45 0334 1674 047 381 423 336 38 487 373
Wiater,
33 Blending, Guad, Tee Base N 45 0334 2288 D0B4 361 317 317 344 298 31
Wifater,
34 Blending, Guad, Tee Acid N 45 0334 3483 087 385 278 302 407 302 372
Wiater,
35 Blending, Standard, Tee  Acid N 45 0.134 922 0.105
Wifater,
36 Blending, Standard, Tee  Base N 45 0.134| 2083 0.23
WWater,
37 Blending, Standard, Tee  Acid 1 45 0.134) 4230 047 589 572 48B3 697 B24 6.4
Wiater,
38 Blending, Standard, Tee  Base I 45 0134 5281 0.60

Note: Blending times not shown are below the recommended design conditions for UoD.

Table 3-2: Phase 1, Blending Test Results
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Phase 2
MNozzle
position D Uo UoD  |Probe Probe Probe Probe Probe Probe
Test Testtype, Mozzle design  Fluids  Coils (deg) ((in) (ftfs) (ft"20s) 1 2 3 4 5] 8
Blending, Design, Tee, MaMNO3,
39 Dye added to suction pipe  Dye i 1] 0.209 4658  0.81 NA (R IN7A IMAA A (NI
Elending, Design, Tee, MNano3,
40 Dye added to suction pipe Dye Y a 0.209 4658 081 NA  NA A M NAA IiA
41 Blending, Design, Tee Water Y 1} 0209 4658 081 917 1072 754 2248 NA 18 45
42 Blending, Design, Tee Water Y 0 0208 4657 081 912 8987 825 989 9895 1047
43 Blending, Design, Tee Water Y 1] 0.208 4658 081 774 603 547 441 BA2Z 180
44 Blending, Design, Tee Water Y 1} 0209 4658 081 808 884 790 931 910 840
NaNO3,
45 Blending, T, O degree B4 M e 0 0206 47400 081 615 B7I8 B31 B54 840 93
MNaMG3,
4G Blending, CW, D degree B4M Y 0 0205 4734 081 7687 1387 777 737 851 0885
MNaNG3,
47 Blending, CWW, Odegree B4 M Y a 0205 4733 081 541 618 695 828 755 681
NahD3,
48 Blending, CW, 15 degree B4 M Y a 0208 4648 081 1076 1188 1195 763 11.88 1073
NaNC3,
449 Blending, C¥V, 15 degree B4 M i 0 0.208 4648 081 854 3895 648 635 890 723
NaNO3,
50 Blending, CW, 15 degree B4 M e 0 0.208 4647 081 1173 848 1073 1081 11.76 1113
Naho3,
£1 Blending, CW, 15 degree B4 M Y a 0209 46848 081 17.20 N/A TAA 814/ 8B40 977
NaNC3,
52 Blending, CWW, 15 degree B4 M i 0 0.208 4016 070 16.71 MNi& MNIA 1432 843 1213
NaNO3,
53 Blending, CW, 15 degree B4 M e 0 0.208 4016 070 1623 16.51 1324 1458 1253 1597
NaNO3,
54 Blending, C\W, 15 degree B4 M e 0 0208 4017 070 772 436 715 685 B85 738
NaMo3,
55 Blending, C\W, 15 degree B4 M e 1} 0208 4017 0700 1111 524 1313 7B9 11.89 13.41
NaNG3,
56 Blending, CW, 15 degree 6.4 M e a 0.208 4016 D70 14.52 MNiA N/A 1085 1073 1307
Naho3,
57 Blending, CW, 15 degree B4 M Y a 0208 4016 070 532 443 283 251 592 228
NaNo3,
58 Blending, CW, 15 degree B4M Y 1] 0.208 4017 070 581 834 9438 871 848 979
NaNo3,
59 Blending, CYW, 15 degree  B.4 M e 0 0.208 40016 070 282 248 173 145 111 208
NaNO3,
B0 Blending, CW, 15 degree 6.4 M e 0 0.208 4016 070 894 7TBI 675 544 T8 581
NaMo3,
B1 Blending, Design, Tee B4 M N 1] 0208 40016 081 319 318 325 2838 743 302
MNaMG3,
B2 Blending, Design, Tee 6.4 M M a 0208 4648 081 BB1 880 216 214 729 5E7
Naho3,
B3 Blending, Design, Tee B.4 M M a 0208 4647 081 273 441 288 322 783 307
NaMNC3,
B4 Blending, CW, O degree B4 M N 1] 0208 4738 081 478 561 273 362 225 421
NaNC3,
B5 Blending, CWW, 0 degree B4 M N 0 0205 4738 081 564 8.80 444 485 558 564
NaNO3,
B6 Blending, CW, 0 degree B4 M N 0 0.205 4740 081 413 6145 401 467 441 438
NaNO3,
B7 Blending, C\W, 0 degree B4 M N 0 0205 47400 081 185 191 142 202 1683 074
NaMo3,
BB Blending, CW, D degree  B4M N 0 0205 4733 081 289 283 327 441 379 338
MNaNG3,
B9 Blending, C\W, 15 degree 6.4 M M a 0208 4648 081 612 7.83 6BB3 681 244 501
NahD3,
70 Blending, CW, 15 degree B4 M ] a 0208 4648 081 480 6.15 356 305 387 444
NaNC3,
71 Blending, CW, 15 degree B4 M N 1] 0.208 4650 081 413 498 453 4893 598 316
NaNO3,
72 Blending, CW, 15 degree B4 M N 0 0.208 4648 081 364 450 404 484 441 253
NaNO3,
73 Blending, C\W, 15 degree B4 M N 0 0.208 4648 081 319 376 285 283 279 295
NaMo3,
74 Blending, C\W, 15 degree B4 M N 1} 0208 3324 058 407 538 3358 104 389 447
NaNG3,
75 Blending, CW, 15 degree 6.4 M M a 0208 3324 058 752 860 487 589 B0 B15
Naho3,
76 Blending, CW, 15 degree B4 M N a 0208 3324 058 345 436 310 342 453 356
NaNo3,
77 Blending, CW, 15 degree B4 M N 1] 02089 3329 058 495 692 444 501 424 470
MNaMG3,
78 Blending, CW, 15 degree 3.2 M e a 0209 4648 081 16.23 NA TAA 1731 17.03 18491
Naho3,
79 Blending, CW, 15 degree 3.2 M Y a 0.208 4649 081 857 NiA MNIA 538 188 402
NaNo3,
30 Blending, CW, 15 degree | 32M Y 1] 0.2089 4648 081 1464 NiA N 8E3 837 974
NaNo3,
81 Blending, CYW, 15 degree 3.2 M e 0 0.208 4648 0.81 10.62 MNiA T7A 732 GA3 383

Table 3-3: Phase 2, Blending Test Results
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3.3 Blending Times for Similar Solutions

Additional test data provided statistical insights into blending of similar solutions not previously
available. In particular, blending with dual opposing nozzles was shown to be a quite random,
chaotic process. Even though dye tests and other efforts were performed to identify the last place
to blend in the tank, the last location to reach 95% blending varied from test to test. In Table 3-2
and Table 3-3, the probe where blending last occurred is shown in bold text. There was no
consistent pattern among the pH probes regarding which probe location was the last to reach the
95% confidence pH range. As a result, blending times vary by 50% to more than 100% for
seemingly identical tests. This finding is important with respect to blending, since a conclusion is
obtained that all of the data, rather than only the highest valued blending time requires
consideration in a statistical analysis. Grenville’s research [8] concluded that the 95% confidence,
blending time uncertainty was 23.7% for a tank without coils, which is much lower than the
observed uncertainty for these tests. Another aspect of this blending research is the fact that the
variation in test data is much higher as the flow rate diminishes. Although additional research is
warranted to explain the physics of blending, observations of blue dye tests noted that the acids
and bases slowly moved across the tank floor in what appeared to be laminar streamlines Even so,
occasional random vortices were seen moving around the tank floor in other tests, as indicated by
the motion of small particles in solution. These mechanisms are considered to contribute to the
higher variability of blending times at lower flow rates, and require further research. In short,
Phase 1 results were based on uncertainties of the largest blend times during sets of similar tests
with similar UoD, and Phase 2 results are based on the uncertainty of blend times at all probes for
similar test sets. That is, the technique of statistically analyzing the data was changed between
Phase 1 and Phase 2 testing. For Phase 1, only the maximum blending time values were used in
calculations. For Phase 2, all of the blending times from each probe were used in calculations.
These findings were used as the basis for Phase 2 statistical uncertainty analyses (T. Edwards,
Appendix A), where statistical analysis for Phase 1 blending is considered in detail in the Phase 1
report.

Another aspect of blending concerns the fluid addition location. Riser locations were changed
from the C1 riser in Phase 1 to the BS5 riser in Phase 2 (Figure 2-8). Experimental results showed
that this change had a negligible impact on blending times. However, addition of a blue dye to the
suction side of the blender pump decreased the blending time by a factor of 20 — 30 (Tests 39 and
40, Table 3-3). This result was expected since the dye travels directly through the pipe to the
pump, rather than across the tank floor to the pump. Blending by additions to the suction piping
have little effect on the present design, since SRR plans to only add salt solutions through risers
on the tank tops. Even so, this test provided some additional insight into blending processes, and
transfers into a tank through the blender suction could greatly reduce blending times.

3.3.1 Phase 1 Summary for Blending Tests

An array of design parameters were investigated in Phase 1 to establish several of the basic
design recommendations, and the reader is referred to the Phase 1 report for supporting
discussion of test results. Those test results are summarized in Figure 3-18, where nozzle
diameters and UoD were varied and data was analyzed to establish the following relationships.

1. Pilot scale blending times were significantly affected by cooling coil installation.
Blending times in a tank with coils were twice the blending times for a tank without coils,
within the recommended range of operation. Below the recommended range of operation
the basic fluid mechanics of blending is not understood, and blending times for a tank
with coils was as much as seven times the blending time for a tank without coils. CFD
models showed that coil affected blending times by a factor of 1.5 to 2 at full scale in the
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range of interest (S. Lee [16] and Figure 3-18), where CFD and experimental results are
consistent.

Diffusion was very slow when compared to blending times, and consequently had a
negligible effect on blending.

Pilot scale blending times in a tank with coils varied by more than 100% for the same
nozzle design and UoD, but this variation was included in the statistical analysis of the
data to provide a conservative blending time estimate.

For pH tests, pilot scale blending times were independent of initial and final
concentrations of acid or base. This observation validated the comparison of many
different tests, which had different start and end pH conditions.

The 0° nozzle position, parallel to the vertical tank wall was recommended.

Nozzle position and diameter had minor effects on blending times.

Nozzle diameter effects were not investigated outside the range of the Standard and Quad
nozzle diameters (1-1/2” — 3-5/8” scaled down to 0.138 and 0.334” respectively). At
smaller diameters, conclusions with respect to UpD and blending times may not be valid.
A 95% blending time criteria was validated for use in test results, and a 99% blending
time could not be obtained due to technical limitations of commercial equipment.

pH measurements during testing were acceptable to describe normalized blending times
near equilibrium, but were significantly in error during testing due to the buffering effects
of carbonates formed in solution.

Instrument uncertainties for Phase 1 testing were shown to be negligible with respect to
UoD. All variances in blend times were shown to be realistic expectations.

Visual indications using blue dye indicated much lower blending times than determined
by using pH measurements. This observation is consistent with Grenville’s [8]
observations on this topic.
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Figure 3-18: Phase 1, Blending Test Results
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3.3.2 Phase 2, Pilot Scale Blending Results for Similar Solutions

Phase 2 blending tests focused on final design requirements for the blending pump. All of the
pertinent test results are displayed in Figure 3-19. Basically, Table 3-4 summarizes the design
parameters and test groupings, which were investigated and statistically analyzed in Phase 2
research. This table, along with Figure 3-19 and Appendix A can be used to compare the effects
of various parameters on blending times, where the average value of each set of tests is shown as
a straight line for all of the probes in a related group of tests. Accordingly, the effects of any test
parameter can be investigated, such as UoD, cooling coil installation, or type of fluid.

Additionally, some data sets were shown to be more influential on recommendations, and since
that test data was critical to design recommendations, Figure 3-20, Figure 3-21, and Figure 3-22
show the details of those blending tests. Those data sets describe the variability of average
experimental blending times with respect to CFD models, and provide blending times at the
operating conditions where sludge disturbance was observed for testing with and without cooling
coil models installed. Other Phase 2 blending test figures are left out of this report.

Significant conclusions from data analysis are that:

1. A negligible blending improvement is noted when nozzles were changed from a tee to the
CW design (compare tests 64-68 to 61-63). This observation further demonstrated that
UoD is the primary factor with respect to pump design, rather than specific pump design
details.

2. Changes in kinematic viscosity have a negligible effect on blending when coils are
installed (compare tests 78-81 to 48-51).

3. From analysis of Figure 3-18, the recommended minimum pilot scale, pump design
requirements are UoD > 0.33 ft*/sec for a tank without coils, and UoD > 0.47 ft*/sec for a
tank with coils. Although blending can probably be performed at lower UoD’s than
recommended, there was insufficient available data at lower UoD to extrapolate test
results to full scale from test results and accompanying analysis.

4. Consistent with Phase 1 observations, the initial and final testing pH had a negligible
effect on blending times. For example, comparable blend times (11.0 and 11.9 minutes)
were observed when the pH test range varied by either 5.86 or 1.52 (Tests 12 and 13
respectively).

5. A review of test data concluded that blending times varied considerably for the same
design conditions. For example, Tests 52 and 58 had similar test conditions, i. e., pH
conditions (7.3-10.4 and 7.4-10.8), operating temperatures (70° F and 71° F), fluids,
procedures, and UoD. However, blending times varied by more than a factor of 2.3, when
maximum blending times were 18.25 and 7.94 minutes, respectively. This example is
characteristic of blending time results, where there was a large variation in blending time
for apparently identical conditions.

6. Measurements of sodium concentrations were performed for four successive tests under
similar conditions to investigate the changes in concentration during blending. Changes
in concentration varied significantly from test to test, and those results are presented in
Appendix C. In those four tests, samples were taken at the same point in the tank at one
minute intervals under similar test conditions. The differences in test results further
exemplify the random nature of blending processes.
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Test Grouping

Tests 11-13,17, 19
Tests 14-16
Test 19
Tests 20-21
Tests 32,
Test 37
Tests 41-44
Tests 45-47
Tests 48-51
Tests 52-60
Tests 61-63
Tests 64-68
Tests 69-73
Tests 74-77
Tests 78-81

Test Conditions

UoD ~0.47,
UoD ~0.81,
UoD =047,
UoD =0.47,
UoD =0.47,
UoD =0.47,
UoD =0.81,
UoD =0.81,
UoD =0.81,
UoD =0.70,
UoD =0.81,
UoD =0.81,
UoD =0.81,
UoD =0.58,
UoD = 0.81,

Quads, Coils,
Quad, Coils,
Std, Coils,
Quad, Coils,
Quad, No coils,
Std, No coils,
Design Tee, Coils,

CW, 0° upward nozzles, Coils,
CW, 15° upward nozzles, Coils,
CW, 15° upward nozzles, Coils,
Design Tee, No coils,
CW, 0° upward. nozzles, No coils,
CW, 15° upward nozzles, No coils,
CW, 15° upward nozzles, No coils,
CW, 15° upward nozzles, Coils,

0° to wall, water

0° to wall, water

0° to wall, water

90° to wall, water

45° to wall, water
45° to wall, water
0° to wall, water

0° to wall, 6.4 M NaNO;
0° to wall, 6.4 M NaNO;
0°to wall, 6.4 M NaNO;
0° to wall, 6.4 M NaNO;
0° to wall, 6.4 M NaNO;
0° to wall, 6.4 M NaNO;
0° to wall, 6.4 M NaNO;
0° to wall, 3.2 M NaNO;

CFD Blending Time,
minutes

Ac 18.9
Ac 10.73
Ap 18.9
Ap 18.9
Ap 9.3
Ap 10.73
Ac 11.03
13.5

Ap 7.20

Ac 7.20

Ac 7.4

Notes: Ac = actual CFD model, Ap = experimental tests approximated from a similar CFD model.

Table 3-4: Pilot Scale Test Groupings for Comparison to CFD Models
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Figure 3-20: Blending Tests Used to Establish a Bounding CFD Correction Factor
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Figure 3-21: Blending Times for a Tank without Coils at the UoD Required to Disturb
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Figure 3-22: Blending Times for a Tank with Coils at the UoD Required to Disturb Sludge
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3.3.3 Statistical Analysis and CFD Results for Blending of Similar Solutions

To obtain a scaling factor for blending, the statistical discussion provided in Appendix A needs to
be related to experimental data. To do so, Figure 3-23, provides two different variabilties for
consideration, and one must be selected based on the nature of the tests performed. The typically
larger variability (square symbol, UTL, upper tolerance limit for individual probes) provides the
maximum value that would be obtained with 95% confidence if a single probe were installed in
the tank to measure the blending time. This higher variability would only be used for evaluation
of a single probe installed in a tank to measure a blending time. The typically lower variability
(diamond symbol, UTL on mean blend time) provides the maximum value at 95% confidence for
predicted blending times for a set of tests. This latter variability is appropriately applied to test
groups. In short, predicted CFD values are within 20 — 80% of the average experimental values
(cross symbol, grand average of blend times), but the predicted variation in blending times is
even larger due to experimental variations in blending times.

To establish an experimental correction factor for CFD models, Figure 3-23 bears further scrutiny.
Test sets {20, 21} and {32, 37} are discounted, since insufficient data points yielded questionable
blending time predictions with very high resultant uncertainties. The rest of the data sets are
pertinent to a correction factor.

Reviewing Table 3-5, the largest UTL data variance is shown to occur for test set {41-44} for
cases where CFD models were available for comparison. For this data set, the pilot scale blending
correction factor equals UTL/CFD blend time = 28.33/10.73 = 2.64, which is rather large but the
2.64 correction factor provides an estimate to correct CFD models at pilot scale. This correction
factor is based on experimental variation in test data.

Blending data is unavailable at full scale for all cases of concern, and Equation 1 is reconsidered,
along with the velocity correction factor of 26.7% (section 3.1.3). Since the blend time is
inversely proportional with respect to velocity, the velocity correction should also be inversely
proportional with respect to blend time. In that case, the correction factor at full scale equals 2.64
-1.267 = 3.35, and a scale-up CFD correction factor of 3.35 is justified for scale-up of CFD
blending calculations by the analysis provided in Appendix A.

Two factors were combined to obtain a blending correction factor. The first factor, 2.64, was
calculated from the experimental variation in blending times observed during numerous tests.
This variation was compared to CFD predictions to obtain 2.64. At pilot scale, this value was
experimentally validated to be a realistic variation in blending times. The underlying physical
explanation of this wide scatter in data was not fully investigated, since hundreds of additional
experiments would have been required. Even so, experiments were carefully conducted to ensure
that experimental results were consistent from test to test. Statistical analysis of experimental data
was used to describe the complexities of chaotic blending processes and obtain a correction factor
to be applied to CFD models. One could, perhaps, argue that this 2.64 correction factor is
adequate for scale-up. However, full scale blending data for a tank without coils is unavailable,
but the overall agreement of CFD models with experiment at pilot scale implies that CFD is also
acceptable at full scale. In Phase 1 testing, velocities were shown to be equivalent at different
scales for any point in the tank. Therefore, velocity was used as a scale-up criterion for blending.
Velocity was shown to vary by a correction factor of 1.267 throughout the range of interest.
Consequently, the two factors were multiplied to obtain 3.35, which is the recommended factor to
multiply calculated CFD blending times. That is, when a CFD model predicts a blending time,
that blending time needs to be multiplied by 3.35 to obtain the probable (95% confidence)
maximum blending time that may occur. This correction factor is not an experimental error, but is
a factor required to account for expected variations in blending times. Further research may
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improve the prediction of this value for a correction factor, but the need for a correction factor has
been clearly demonstrated. In fact, the correction factors developed from this research are a
significant advance to blending theory.

Test Number _-jn'_erage of | Variance | Variance UTL on Mean UTL 95/95 for CFD
Grouping of Test %;I;l;;geil?il::il among | among pH | Blend Time for this | Ind Probes over Bl_i_r}dmg
= Runs e Tests Probes Type of Testing AL tests i
Tests 1051 s 1035 7511 0.265 2439 3155 189
Tests 14-16 3 6.34 26364 1.5337 2408 2736 10.73
Tests 20-21 2 11.73 13.3259 10.0264 2036 213.17 189
Tests 32, 37 2 5.01 21797 0.5112 £2.61 3477 9.3
Tests 41-44 4 9.05 2.5305 02972 2833 36.19 10.73
Tests 4547 3 7.099 0.8954 29729 18.33 2274 11.03
Tests 48-31 4 9.78 3.2583 42981 217 274 )
Tests 52-60 g g4 177423 3.7893 12 82 27.08 135
Tests 61-63 3 4.44 0 4 8849 444 103 7.2
Tests 64-68 5 388 23106 1.0058 11.66 14.02 7.2
Tests 69-73 5 4 47 13473 .7861 10.19 1238 ]
Tests 74-77 4 4.74 1.4969 13122 12.82 15.64 74
Tests 78-21 4 9.96 279221 2701 4471 51.58
Table 3-5: CFD and Statistical Data for Blending Tests
(Appendix A)
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Figure 3-23: Statistical Data for Blending Tests

(Appendix A)
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3.3.4 Comparison of Test Results to Published Results

Correction factors and uncertainty calculations were used to compare experimental results to
published results in the literature. The recommended correction factor provided from this research
for blending times (2.64 -1.267 = 3.35, section 3.3.3) is considerably higher than the expected
uncertainty listed in the literature for blending tank contents, where a single jet was angled
upward from a bottom corner to blend the tank contents. Per Grenville, the 1-sigma uncertainty
was 11%. Then the approximate uncertainty for 95% confidence is = 22%, from which a
correction factor of 1.22 is obtained. Certainly, the tests performed here were different than the
tests considered by Grenville, but the correction factor recommended here nearly triples the value
recommended for a single nozzle. This difference requires some consideration.

3.3.4.1 Published Results

First, consider Grenville’s research [7] for blending with a single nozzle, which is summarized in
Figure 3-24, where the correlation constant is obtained from Equation 1. Grenville calculated an
11%, 1-sigma uncertainty (relative standard deviation) from the data in this figure for C = 3.0.
The uncertainty for C is, in fact, the blending time uncertainty. Note that the variation in data
varies by 25%, or less, for any set of tests at a given Reynold’s number. Below Re = 100,000 at
the jet nozzle, the blending time variation is less than 10%.
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Figure 3-24: Blending With a Single Nozzle

3.3.4.2 Test Results From This Research

Second, consider the results from this research for nozzles located at the mid-height of the tank.
Consider Figure 3-18, where test results are graphically shown both for a tank with and without
coils.

For a tank without coils, the variation in data was comparable to the results obtained by Grenville.
In fact, the blending time correction factor provided here could be reduced through further
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statistical analysis, if required. In that case, there would be two different correction factors, one
for a tank with coils and one for a tank without coils.

For a tank with coils installed, the variability was considerably higher as noted in Figure 3-18 and
Figure 3-19. Specifically, the blending times varied by magnitudes of up to more than a 100% for
tests performed at Re = 43,000 — 75,000 at the jet nozzles (UoD) = 0.47 — 0.81 ft*/second, see
Phase 1 report, Leishear, et.al. 1). That is, variations in blend times were consistently larger than
expectations from Grenville’s research. There were three different quantities that affected
variability, which included the experimental variations, deviations from the CFD model, and
velocity variations (section 3.3.3). The experimental and CFD variations yielded a 2.64 correction
factor required for scale-up, and differences in velocity yielded a 1.267 correction factor, which
may, or may not, be essential for scale-up. Together these quantities provided a conservative
scale-up technique, which advances the application of CFD models for use in blending
applications. Additional testing may further reduce the blending time correction factor by
providing additional data, which would reduce the uncertainty of the blending time variability and
the velocity variability that are the bases for the correction factor. Even so, the correction factor
for a tank with coils installed would still be higher than for a tank without coils.

3.4 Scale-up for Blending of Similar Solutions

Recommendations result from blending tests and CFD models, as follows:
1. The recommended minimum, full scale, pump requirements are UoD > 10.85 - 0.33 =3.58
ft*/sec for a tank without cooling coils (section 3.3.2).

2. The recommended minimum, full scale, pump requirements are UoD > 10.85 - 0.47 = 5.10
ft*/sec for a tank with cooling coils (section 3.3.2).

Different techniques can be used for scale-up to find maximum blending times:
For example, consider a full scale, 85 foot diameter tank without coils at UoD = 8.8 ft*/second
(Phase 1, UoD =10.85 - 0.81 ft*/sec),

Example 1: CFD predicts 64 minutes (Case 14, S. Lee [16]). Corrected, the maximum
blending time equals

3.35 - 64 min /(1 hour / 60 min) = 3.57 hours
where 3.35 is a blending correction factor (section 3.3.3).

Example 2: Using Equation 1, and test set {41 — 44}, the correction factor equals 3.35
(section 3.3.3), and the average blending time equals

2 2
t(theoretical)(min) =3.35 C17 — 335 3.72- (85_ft)

Yo-b 8.8(ftj(ft)- 60[“?)60[“““)
sec min hr

The CFD estimate with a conservative correction factor provides a slightly longer (26%), more
conservative prediction, where the blending time is expected to vary between 1.07 and 3.57 hours.
Note that this value is conservative, since the correction factor was based on results from Tests 41
—44,

=2.84 hours
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For a tank with coils and horizontal nozzles at UoD = 7.6 ft*/second (pilot scale UoD = 0.70
ft*/second),

Example 3: CFD predicts 140 minutes (Case 14, S. Lee [16]). Corrected, the maximum
blending time equals

3.35 - 140 min / (1 hour / 60 min) = 7.82 hours.

This estimate of the blending time was based on all experimental blending time data and
a 95% confidence level to find the maximum blending time.

Example 4: From Phase 1, the estimated blending time was 6.8 hours, which also
included uncertainty considerations. This blending time was based on 95% a confidence
level and the upper, limiting values of the blending times.

For this example, CFD predicted a slightly longer (15%) maximum blending time (6.8 hours -
1.15 =7.82 hours).

Examples 3 and 4 provide strong inductive proof of scale-up techniques. Similar test conditions
were used in two sets of tests to compare Phase 1 and Phase 2 blending time calculation
techniques. Example 3 uses Phase 1 test results, and empirical equations, while Example 4 uses
Phase 2 results and CFD models. Two independent sets of data supported by two independent
calculation techniques yielded similar results, where a 15% difference in predicted blending times
was reasonable. The scale-up techniques work well, but full scale blending tests are
recommended for validation. This example is the crux for scale-up resulting from this research,
since two completely different techniques yielded similar solutions.

3.5 Aerosolization and Rooster Tailing

Blending pump operation was evaluated for all tests at the mid-height of the tank liquid level, but
mention of off-normal operating conditions seems warranted. Specifically, rooster tailing is
shown in Figure 3-5, and is of concern when operating blending pumps in waste tanks, where a
submerged jet breaks through the free liquid surface. Generated water vapor could saturate tank
ventilation HEPA filters, causing them to pass radioactive contaminants outside the tank.
Although outside the scope of this research, the potential for rooster tailing due to the upward
angled SBP discharge nozzle design should be more fully evaluated prior to placing an SBP in
radioactive service.

Limited pilot scale, aerosolization data was collected during testing, and is provided here for
reference. For the pilot scale tank containing water, initial jet breakthrough at the liquid surface
occurred at 3.76 inches above the horizontal pump centerline. At a liquid level of 2.3 inches
above the pump centerline, some splashing on the tank wall from the jets was observed. Rooster
tailing for tests with water occurred at a similar level, but additional splashing and spray was
observed.

3.6 Blending Due to Transfers Into A Tank

Most testing was performed using the acid and base tracer addition technique, and this technique
provided the design requirements for the pump with a limited number of tests. However, a better
understanding of the actual salt solution blending processes was required, and a few tests were
performed to evaluate limiting conditions for salt additions to a tank. These tests consisted of
water additions to a salt solution, salt to water, and water to water. The results from these tests for
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bounding conditions provided some insight into the blending of inhomogeneous solutions, but
were inadequate to fully assess the effects of adding one salt solution to another. The kinematic
viscosity of salt solutions added to blend tanks are expected to vary from batch to batch, but
differences in kinematic viscosity are not expected be as disparate as the kinematic viscosities of
water and salt solutions. Expected kinematic viscosity and density differences for expected waste
streams were not provided by SRR.

DAS
|
I
Flow
Tank 2 Flﬂ‘-vV Rate
Indicator
pH and
Turbidity Probes
Recirculation Pump
VFD Control Pilot Scale Blending Tank

Figure 3-25: Simplified Schematic for Transfers Into the Pilot Scale Tank

Three tests were performed in the pilot scale tank to investigate blending effects due to transfers
into a waste tank, using the equipment setup shown in Figure 3-25. The minimum full scale
transfer flow rate for the facility was specified by SRR as 75 gpm, and the scaled flow rate was
0.61 gpm at the pilot scale BS riser location. A three inch Schedule 40 pipe (0.285” ID) was
scaled down, using commercially available 0.277 “ ID tubing to drop fluid from above the waste
level into the tank. The difference in tubing diameter was neglected given, since this test was
primarily a scoping test. Final transfer piping design was unavailable, but the clearance of the
incoming transfer pipe to the liquid level was scaled from P-PA-H-SK501 and P-PK-H-SK501.

As fluid flowed from the tube, the fluid above the free liquid surface flowed straight down
without any expansion of the jet above the surface. In fact, the fluid jetting from the tubing
looked almost like one of the cooling coils above the liquid level. When the flow struck the
surface it expanded as a jet into solution, where trapped air bubbles in the jet could be observed to
see the shape of the jet. However, the type of solution significantly affected the jet protrusion
down into the supernate as assessed by the depth of observed bubbles jetting down into the fluid.
The jet from the tube and supernate densities controlled bulk transfer blending.

Tests were performed by adding a 1/4 tank of one type of solution through the jet into a 3/4 full
tank containing another solution. To perform the tests, the two solutions to be blended were first
prepared by adding acid to one solution and base to the other, yielding one solution of pH = 4 and
another solution of pH = 10. The pH probes were then placed at a level below the surface of the
receipt fluid in the tank to monitor pH changes as fluid was added to the pilot scale tank and the
pH then approached an equilibrium value.
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When a denser solution was added to a less dense solution (NaNQO; to water), the air bubbles in
the jet traveled to within six inches of the tank bottom. When adding a salt solution to a salt
solution, the jet bubbles were within a foot of the tank bottom. When a less dense solution was
added to a denser solution (water to NaNQ;), the air bubbles in the jet only protruded about six
inches into the supernate. That is, the blending process was altered by the fluid densities, where
the depth of jet penetration was related to the overall blending of the tank contents. Inadequate
testing was performed to quantify the relationship between fluid properties and blending for salt
solutions. In fact, the term “similar” salt solution is used throughout this report without concise
definition, due to this blending anomaly which requires further research.

3.6.1 Blending During Transfers of Similar Solutions or Transfers of Denser into Less Dense
Solutions

When NaNO; was added to water, the tank contents were completely blended without operating
the blending pump. Blending was quantified by the use of pH measurements, and as shown in
Figure 3-26, pH values converged to equilibrium while blending occurred. That is, equilibrium
conditions were met while the transfer was in progress, and additional blending was not required
after transfer completion. When similar solutions were added together (transferred), complete
blending also occurred without operating the blending pump, as shown in Figure 3-27. In both
cases, blending was effectively performed solely by the transfer process into the tank.

Test 82, Bulk transfer, Cooling coils installed, 0.61 gpm pilot scale flow rate, 75 gpm full scale
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95% blending at 125.84 minutes, which occurred without
operating the blending pump at all.
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Figure 3-26: pH Measurements for Transfer of NaNO; to Water
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Test 83, Bulk transfer, Cooling coils installed, 0.61 gpm pilot scale flow rate, 75 gpm full scale

2.00
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Figure 3-27: pH Measurements for Transfer of NaNO; to NaNO;

3.6.2 Blending During Transfers of Less Dense Solutions into Denser Solutions

When a less dense solution was added to a denser solution (water to NaNQO;), the blending
mechanism changed completely. For water addition to a supernate simulant, a stratified salt
solution layer formed in the tank below a layer of water with dilute salt concentrations, and this
layer gradually lowered as the blending pump jet impinged on the salt layer surface, as shown in
Figure 3-28. Figure 3-29 shows the waves in the stratified salt solution surface due to the
blending pump. This surface layer was quite evident at about one inch above the initial water
level in the tank. That is, the NaNOj level was initially 24.2 inches, water was added to bring the
tank level up to 32.1 inches, a distinct layer was observed at 25 inches from the tank bottom, and
then the blending pump was turned on. Minimal blending occurred prior to blending pump
operation, and pH data provided some insight into this blending process.

Figure 3-30 demonstrates that thorough blending occurs above the salt layer surface, and little
blending occurs below that surface. Note that pH sharply increases as the layer drops past each
probe. In short, during the mass transfer process the water from the jet removed salt solution at
the wavy interface layer, and the level of the interface layer decreases with respect to time.
Stratification effects negated analytical techniques that are used for blending of similar solutions,
since theory is unavailable to explain this stratification process.

Although sufficient data is unavailable to accurately quantify scale-up, a rough estimate for the
blending time at full scale can be determined from the 6.73 hour blending time in Figure 3-28,
where an uncorrected blending time equals 10.85 - 6.73 hours = 3 days for this specific example.
This estimate is a reasonable lower bound for the blending time, since all blending mechanisms in
this report were shown scale up linearly and required a correction factor for use. Since only a
single test was performed, uncertainty data is unavailable. However, correction factors for
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velocity and blending times determined in this research varied from 1.27 to 3.35 respectively, and
the correction factor for blending of stratified fluids is expected to be in this range, but probably
near the lower limit. Then, the expected blending time is expected to be in the range of several
days to a week, or more, when adding less dense solutions to denser solutions. Additional cases
were not investigated, and blend times will vary depending on the relative solution concentrations
and quantities during transfer. Further research or measured data from a full scale tank is required
to validate blend times for inhomogeneous solutions.

The effect of stratification on sludge disturbance requires attention. Regardless of stratification,
sludge disturbance is not expected to be affected by the stratification process. Sludge disturbance
tests were performed using both water and salt solutions, where stratification was not present. For
either case, the results were comparable since sludge was disturbed at the same UoD. In that case,
only the additional wave motion at the salt solution boundary is a new variable with respect to
sludge disturbance. Considering wave motion in stratified solutions, waves were of negligible
magnitude as the salt interface approached the tank bottom, and the sludge layer approximated a
solid surface with respect to sludge disturbance. Similarly, waves are expected to be negligible at
the sludge surface as the salt interface lowers toward the sludge layer. Since the salt layer wave
motion is not considered to be an issue with respect to sludge disturbance, sludge disturbance is
expected to be the same when using either water or salt simulants. In other words, sludge
disturbance is expected to be the same at similar flow rates regardless of stratification effects, and
the recommended pump design flow rates (UoD) are unaffected by stratification.

Test 84,
Blending after bulk transfer,
Cooling coils installed, UoD = 0.70 ft*2/second, 15 degree upward nozzles parallel to tank wall

30

Blending pump started att = 0

25 <

20

15 —— Level of Intermediate Salt Solution Surface

Measurement accuracy=+/-1/16"
10

Pilot Scale Tank Level, inches

0 50 100 150 200 250 300 350 400 450

Time, minutes

Figure 3-28: Interface Layer, Level Changes During Blending of a Stratified Salt Solution,
Transfer of Water to NaNO;
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Figure 3-29: Interface Layer Between Water and Salt Solution Layers, Transfer of Water to
NaNO3

Test 84, Bulk transfer, Cooling coils installed, 0.61 gpm pilot scale flow rate, 75 gpm full scale
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Figure 3-30: pH Changes Due to Blending After Transfer of Water to NaNQOj;, Transfer of
Water to NaNQO;
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3.7 Sludge Disturbance

Minimizing sludge disturbance during blender pump operations is important both to ensure that
SWPF waste acceptance criteria are met, and to prevent a hydrogen release potential.

3.7.1 Hydrogen Release

One premise of this research is that if the sludge remains undisturbed by pump operations, and
hydrogen will not be suddenly released. Although some sludge disturbance is permitted in the
Tank Farm Safety Analysis and SRR is responsible for any evaluation with respect to sludge
disturbance, the premise for this research was that testing would be performed to ensure that
sludge was not significantly disturbed. If the sludge remains undisturbed, then hydrogen release is
not expected.

Using Hanford sludge simulants, previous SRNL full scale testing demonstrated the assumption
that sludge must be violently displaced to cause a sudden gas release. (Leishear, Restivo,
Guerrero [21]). In that testing, a sludge simulant was saturated with oxygen to simulate hydrogen
gas entrapment in sludge, and an air sparger was then used to suddenly release the trapped gas.
Although gas was slowly released from a sludge simulant without agitation, sparger agitation was
required for sudden gas release. Although gas release due to pump operation will vary in some
respects, this testing clearly showed that significant agitation was required to suddenly release a
gas from a Bingham fluid with a defined yield stress, which is typical of waste sludges.

3.8 Sludge Disturbance Testing
A series of 30 Sludge disturbance tests were performed. Tests were performed to establish:

Requirements for sludge settling times,

Sludge concentrations lifted into the supernate,
Pilot scale UoD requirements for the blender pump.
Pump nozzle orientation.

s

SRNL recommendations are that a 33 day settling time is required at full scale (section 2.6). As
discussed below, for a Tank 50 design with cooling coils the maximum UoD = 6.10 ft*/second,
and for the same design without coils the maximum UoD = 4.85 ft*/second.

All CFD models displayed in this report to assess sludge disturbance were extracted from S.
Lee’s research [16]. Typically, a sludge plane is assumed to exist at % inch from the tank bottom
for pilot scale. On this sludge plane, a CFD modeling assumption was that a frictionless slip
condition existed, which permitted calculations of velocities on the sludge plane. Minimal sludge
disturbance was considered acceptable per SRR for this research (defined in section 3.9). When
an acceptable test condition was determined at minimal sludge disturbance, the maximum
velocity on the sludge plane was determined by CFD. This velocity was assumed to relate failure
criteria at both pilot and full scales. Once a pilot scale velocity was determined using CFD, the
1.267 velocity correction factor (section 3.1.3.3) was applied to find the full scale velocity
acceptance criterion. A discussion of the testing required to reach a recommendation follows.

3.9 Initial Sludge Disturbance Testing

Phase 1 blending tests specified a preferred nozzle parameter of UoD = 0.81 ft’second for 95%,
using a tee nozzle design parallel to both the tank wall and the tank floor. Sludge was disturbed
symmetrically on both sides of the tank in an area roughly 40 inches along the tank circumference
by 18 inches from the tank wall toward the center column. A CFD model (Figure 3-31) provided
some insight into this phenomenon. Interestingly, the sludge disturbance behind the center
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column away from the pump was not noticed until after CFD modeling predicted it. For another
test, concentration calculations provide insight into sludge disturbance, where concentrations are
calculated using Figure 2-13, even though the concentrations exceed the limit recommended in
this report for the use of the turbidity probes. Note also that the 0.16 weight percent concentration
was measured (Figure 3-32), which exceeds the 0.09 weight percent limit, per the SWPF WAC.
Since many of the test results are similar, only a few representative tests are presented.

The sludge disturbance process in the pilot scale was rather complex. The particles lifted into
suspension were black in color, and when the pump speed was increased after testing to aid in re-
mixing the tank contents, tan particles exited the jets, which indicated that a different material
was not yet lifted into suspension during blending. Differential settling rates were assumed to
cause different metal oxide particles concentrations through the sludge layer (see section 2.5), and
a greater percentage of lighter metal oxide particles were expected to be lifted into suspension
during blending (see section 2.5.3.5), but the process was not further investigated.

The terms significant sludge disturbance and acceptable, or minimal, sludge disturbance require
definition. Significant sludge disturbance was bounded when the sludge was observed to be
scoured 1/16 - 1/8 of an inch in 20 to 30 minutes due to the blending pump operation, where
continued operation would have scoured the sludge even deeper. For initial sludge testing, the
sludge was scoured to the tank bottom in minutes. Minimal sludge disturbance was described by
the condition where some wisps of sludge were noted on the sludge surface. These wisps were
blended into suspension to slightly increase the turbidity in the tank, but the sludge level was
observed to remain constant over a 24 hour period. Tests were performed to find a sequence of
two tests at increasing values of UoD, where one test provided minimal disturbance while the
other test demonstrated the characteristic bounding sludge disturbance. The minimal disturbance
test was selected as the UoD design condition for the blending pump per SRR and SRNL
Engineering.

Lreas of gludge disturbance

1. #0w s01
10w il
B dile -01

T.50a -1
E.d0a-11

i.408 -1 ; W e by 1
L -1 il ol ol gy g
|.50a=0| i '

1.00s =00

Cantewrs ol inch s

_ B, 3
FLUERT £ 134, dp. s,

CFD Case 3: UoD =081 ft"2 second, Coils, Water, Honzontal nozzle

Figure 3-31: Example of Significant Sludge Disturbance, Velocities at the Sludge Plane
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Concentration, Sludge disturbance test, UoD = 0.83 ft*2/second, NaNO3, Cooling coils,
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Figure 3-32: Example of Significant Sludge Disturbance, Concentrations Determined From
Turbidity Probes

3.10 Nozzle Selection

Numerous different nozzle designs were used to investigate this problem, and the 15 degree
upward nozzle was selected, as shown in Figure 2-6. Nozzle attachments were designed for the
CW design, so that various nozzle angles could be investigated. Test were performed at 15°
upward, 30° upward, 45° inward, and 15° upward but pitched 45° toward the tank center. For
over-night testing, all nozzles disturbed sludge. The 15° upward design worked when the settling
time was extended to 6.7 hours. Tank contents were initially settled overnight, and all nozzle
designs that were tested significantly disturbed sludge, as evidenced by scouring of sludge down
to the tank floor. The settling time for the sludge was then extended to 66 hours for remaining
tests, where 15° upward pointing nozzles were shown to negligibly disturb sludge. Although
further testing may have shown that different nozzle designs may have provided better
performance, success of the 15° nozzles was sufficient to resume testing with that nozzle design.

3.11 Sludge Disturbance in a Pilot Scale Tank Without Coils

Using the 15° nozzles, testing was first performed to find a recommended UoD value for a tank
without coils that would result in minor sludge disturbance. To find a recommended UoD, the
UoD was incrementally increased by changing the flow rate through the CW pump model for
both water and salt supernate simulants. Then, additional tests were performed to validate that the
selected UoD resulted in a low sludge concentration. The acceptance criterion was that the sludge
did not visually decrease in level over a 24 hour period. Even so, concentrations of sludge lifted
into suspension remained below the SWPF WAC limit.

90



SRNL-STI-2011-00151
5/26/11 Revision 0

3.11.1 Pilot Scale UoD for a Tank Without Coils Containing NaNO, Solution

The test results for incrementally increasing UoD for a tank without coils is shown in Figure 3-33.
Unacceptable sludge disturbance occurred at UoD = 0.58 ft*/second. Note that the concentration
is an order of magnitude below the SWPF WAC of 0.09 weight %. Figure 3-34 demonstrates that
the solids lifted into suspension decrease with respect to time, as visually observed by the fact
that the sludge layer did not decrease during overnight testing at this design condition.

Since there were limited tests at UoD = 0.58 ft*/second, a 95% confidence value was calculated
from available test results to obtain 0.055 weight percent, which is still below the SWPF WAC.
Concentrations at full scale are expected to be much lower (approximately 0.004 weight percent).
To obtain this value, sludge disturbance is assumed to be proportional to velocity, and a crude
approximation is that velocities are approximately the same at both scales. Also, the sludge
disturbed per unit area is blended into the entire tank volume. Then, the concentration in a full
scale tank at UoD = 10.85 - 0.58 ft*/second approximately equals:

full scale wt%
pilot _scale wt% (full _scale tank diameter)2 (pilot _scale tank Volume)
= _ _ (8 ’
(pilot _scale_tank _ diameter)2 (full _scale_tank _ Volume)

852 .839 gal
821,225,000 gal

=0.055_wt_%- =0.004_wt_ %

Note that the actual concentration will be slightly higher, since CFD modeling for a sludge plane
in a tank without coils demonstrates that velocity scale-up is non-linear (section 3.11.5). Even
though this estimate of sludge disturbance is provided, the acceptance criterion was the visual
observation of negligible sludge disturbance.

91



SRNL-STI-2011-00151
5/26/11 Revision 0

Concentration, Sludge disturbance tests, Variable UoD, NaNO2, No cooling coils
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Figure 3-33: Concentrations Due to Incremental UoD Changes in a Tank Without Coils
Filled With NaNQO, Solution
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Figure 3-34: Concentrations at UoD = 0.58 ft*/second in a Tank Without Coils Filled With
NaNOQO; Solution
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3.11.2 Pilot Scale UoD for a Tank Without Coils Containing Water

Tests were performed to determine the required UoD to disturb sludge for both a water and salt
supernate simulants in a tank without coils. For each simulant, tests were initially performed by
incrementally increasing the UoD to establish the required UoD to disturb sludge. Once an
optimal UoD was determined, additional tests at that UoD were performed to confirm the
recommended UoD. Testing showed that the same UoD was recommended for either supernate
simulant, using the same sludge simulant with the same settling time requirements (UoD = 0.58
ft*/second). Since either simulant could be used for continued testing, the NaNO, simulant was
selected, where the salt simulant properties are more like actual waste supernate properties. Also,
SB6 simulant settled slower when mixed with NaNO, than when mixed with water (Figure 2-20),
where slower settling sludge properties provided conservative settling time recommendations.
These observations were the basis for using NaNO, with the SB6 simulant for further sludge
testing and full scale settling tests (section 2.6).

Test results for incrementally increasing UoD for a tank without coils is shown in Figure 3-35.
Acceptable sludge disturbance occurred at UoD = 0.58 ft*/second, and test results are shown in
Figure 3-36. Note that sludge concentrations are well below the SWPF WAC after 24 hours.
Suspended sludge concentration equals 0.014 weight percent at 95% confidence weight percent,
or less, at full scale in a tank without coils for any sodium salt solution. Scale-up was estimated at
10.85 days to reach this concentration.

Concentration, Sludge disturbance tests, Variable UoD, Water, No cooling coils
0.04
© Turbl+ (59)
O Turb2+ (58)
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|l oD =0.22
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Q
o
S 0.01
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0.00
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Figure 3-35: Concentrations Due to Incremental UoD Changes in a Tank Without Coils
Filled With Water
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Concentration, Sludge disturbance tests, UoD = 0.58 ft*2/second, Water, No cooling coils
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Figure 3-36: Concentrations at UoD = 0.58 ft*/second in a Tank Without Coils Filled With
Water

3.11.3 Velocity Acceptance Criterion for a Tank Without Coils
Using a CFD model for a tank containing NaNO,, the nominal velocity required to disturb sludge
can be determined, which can then be corrected with the velocity correction factor. Two types of
models are presented here. One is the slip plane model, where a plane is installed at the sludge
layer position and velocity is directly calculated on the sludge plane. The other is a blending
model, where fluid motion occurs down through the sludge layer to the tank bottom. For the
blending model, velocities at the tank floor are equal to zero, and velocities were determined at
the height of the sludge layer. The sludge layer was assumed at 15/16” to conservatively bound
velocity predictions, rather than the 9/16” - 7/8” inch observed in pilot scale testing. From Figure
3-37 or Figure 3-38:, the maximum velocity on the sludge plane where sludge is disturbed equals
0.34 - 0.36 ft/second. In other words, both models yield similar predicted velocities in the same
region on the sludge layer. This predicted 0.34 ft/second velocity is the theoretical maximum,
CFD predicted velocity. However, velocity testing showed that there is significant variability in
velocity, and this fact needs to be compensated. Using the 1.267 velocity correction factor to
conservatively estimate a lower velocity limit, the velocity required to disturb sludge at full scale
then equals 0.34/1.267 = 0.268 ft/second. The velocity is reduced to correct calculated deviations
of the measured average velocity from the average value predicted by CFD modeling. That is,
application of the velocity correction factor is appropriate, since a realistic variation in velocity

was experimentally determined (section 3.1.3.3).
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Figure 3-37: Velocities at the Sludge Layer for a Pilot Scale, Slip Plane Model, UoD = 0.58
ft*/second (CFD Case 11a)

(CFD models by S. Lee)
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Figure 3-38: Velocities at the Sludge Layer Elevation for a Pilot Scale Blending Model, UoD
= (.58 ft*/second (CFD Case 11b)
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3.11.4 Sludge Disturbance in a Full Scale Tank Without Coils

Two different models were used to establish the UoD design requirement for a tank without coils,
which contained a center column. Both models provided results that were likely to disturb sludge,
but the CFD results were used to extrapolate UoD and the recommended blending time for that
UoD.

The acceptance criterion is 0.268 ft/second (section 3.11.3) for the Case 13 full scale tank without
coils (Figure 3-39). Linear scale-up at UoD = 0.58 ft*/second - 10.85 = 6.3 ft*/second, provided
0.420 ft/second maximum velocity in the CFD model, which was well above the acceptance
criterion and therefore unacceptable.

Another CFD case study was performed at a lower value of UoD = 5.1 ft*/second to address this
problem. Case 20 (Figure 3-40) yielded a maximum velocity of 0.300 ft/second, which was
slightly above the required 0.268 ft/second. Since there is only a small difference between 0.300
and 0.268, a linear extrapolation is warranted. A linear fit of the two test results yielded
UoD=-3.213-V +0.93

Solving for UoD at ¥ = 0.268, UoD = 4.85 ft*/second.

Also of some interest, the same UoD yielded a similar maximum velocity when the boundary
conditions were changed in the CFD model. For one case, the fluid level in the tank was modeled
down to the sludge layer and a slip plane was used at the sludge layer (z = 0, Figure 3-40). For the
other case, the liquid level was modeled down to the tank floor, and a wall plane was used as a
boundary condition (V' = 0). Similar maximum velocities were not noted for a tank with coils
installed (see section 3.13)

3.11.5 Blending Time in a Full Scale Tank Without Coils for Similar Fluids

To find the blending time, a correction factor (3.35) is required from section 3.3.3, and a blend
time is required from the CFD report (82.7 minutes at UoD = 5.10 ft*/second). Then, the blending
time for a tank without coils at UoD = 4.85 ft*/second is

(5.1/4.85)-3.35-82.7/60= 4.86 hours
At UoD = 3.58 ft*/second, linear extrapolation provides a conservative prediction for the blending
time for scale-down, such that 4.86-4.85/3.58=6.58 hours. The approximation is conservative,

since scale-up was shown to exceed the expected velocities that would be obtained from a linear
scale-up.
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Figure 3-39: Velocities for a Full Scale Tank Without Coils, UoD = 6.3 ft*/second (CFD Case
13)
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Figure 3-40: Velocities for a Full Scale Tank Without Coils, UoD = 5.1 ft*/second (CFD Case
20a, Slip Plane Sludge Model)
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Figure 3-41: Velocities for a Full Scale Tank Without Coils, UoD = 5.1 ft*/second (CFD Case
20, Wall Plane Blending Model)

3.12 Sludge Disturbance in a Tank With Cooling Coils

The same techniques are used for a tank with or without coils. CFD models and velocity
correction factors are used to determine full scale acceptance criteria for a tank with coils
installed. Experimental tests were again performed by first incrementally increasing the UoD to
obtain a recommended UoD, and then performing several tests to validate that recommendation.
The SRNL recommendation is UoD = 0.70 ft*/second for the case of a pilot scale tank with
cooling coils and 15° upward pointing nozzle installed, using NaNO, supernate simulant and SB6
sludge simulant.

3.12.1 Velocity Acceptance Criterion for a Tank With Coils

Test results for a tank containing cooling coils and NaNO, are shown in Figure 3-42, where UoD
= 0.70 ft’/second is the value required for minimal sludge disturbance. Tests were performed in
incremental steps of 0.17 ft*/ second to determine this value. Some higher velocities, as high as
0.453 ft/second, are noted behind the column away from the pump, but the acceptance criterion is
0.34 ft/second along the wall, where the most significant sludge disturbance occurred. The
swirling action of the jet flow down the tank wall in this zone may affect mixing characteristics of
the sludge. The nominal velocity is then 0.34 ft/second, which is close to the nominal value
determined for a tank without coils as expected. Applying the 1.267 velocity correction factor,
= 0.268 ft/second. Application of the velocity correction factor is appropriate, since a realistic
variation in velocity was experimentally determined (section 3.1.3.3).
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Figure 3-42: Velocities at the Sludge Layer for the Pilot Scale, Slip Plane Model, UoD = 0.70
ft*/second (CFD Case 12b)

3.12.2 Sludge Disturbance in a Full Scale Tank With Coils

Although the cooling coil cases scale-up in a nearly linear fashion as seen by comparing Figure
3-42 to Figure 3-43, the velocity correction factor demonstrates that the UoD needs to be reduced.
To correct this problem, a CFD model was performed at UoD = 6.1 ft*/second, which is shown in
both Figure 3-44 and Figure 3-45. Note again, that the two different CFD model techniques
present nearly the same results for velocities on the sludge plane, where one model considered a
solid plane at the sludge layer, and the other model assumed a solid plane below the sludge layer
at the wall, and the boundary conditions were changed accordingly. However, the slip plane
sludge layer provides a higher, 0.268 velocity along the tank wall, and the 6.1 ft*/second model is
shown to be the limiting design case to prevent sludge disturbance in a tank with cooling coils
and conservative sludge. The sludge disturbance on the other side of the column away from the
pump is comparable, when Figure 3-42 is compared to Figure 3-45. The recommended maximum
UoD = 6.1 ft*/second.

3.12.3 Blending Time in a Full Scale Tank With Coils for Similar Fluids

From the CFD report, the blending time equals 159.2 minutes, and from section 3.3.3 the
correction factor equals 3.35. Then the recommended blending time at UoD = 6.1 ft*/second
equals 3.35 - 159.2 minutes = 8.89 hours. At UoD = 5.1 ft*/second, the maximum blending time
equals 8.89 hours - 6.1/5.1 = 10.63 hours.

3.13 Summary of Blending Times and CFD Results

Note that all of the recommended maximum blending times incorporate a 3.35 correction factor,
which implies that the average value of the blending time may be lowered by nearly 1/3.35 =
70.1% from the maximum value. Note also, that these average blending times are near the CFD
model predictions as discussed in the CFD report.
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Figure 3-43: Velocities at the Sludge Layer for the Full Scale, Slip Plane Model, UoD =7.3
ft*/second (CFD Case 14)

nooo 0193 n.33n
Contours of Ft_sec hpr 18, 2011
FLUENT 8.3 13d, dp, pbns, skel

Figure 3-44: Velocities at the Sludge Layer for the Full Scale, Blending Model, UoD = 6.1
ft*/second (CFD Case 19)
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Figure 3-45: Velocities at the Sludge Layer for the Full Scale, Slip Plane Model, UoD = 6.1
ft*/second (CFD Case 19a)

3.14 Material Property Effects on Sludge Disturbance During Blending

For high yield stress sludge, or sludge simulants theory is available to describe sludge disturbance,
but data is unavailable in the literature to understand sludge disturbance for low yield stress
Bingham plastic fluids. Phase 2 Research performed some limited investigation, but results
provided insight into the sludge disturbance process at low velocities.

Data for low yield stress sludge simulant obtained during this research is shown in Figure 3-46,
where points A and B present bench scale material properties for sludge tests performed with
either NaNO, or water. Note that the yield stresses vary by a factor of nearly two. Pilot scale tests
without coils installed showed that the UoD required to disturb sludge for these two different
yield stress sludge simulants was the same. In other words, yield stress was not a predominant
factor in sludge disturbance during these tests. This conclusion is decidedly different than classic
sludge mixing calculations, where sludge disturbance is directly related to yield stress (section
3.1.2). In short, these tests have shown that sludge disturbance at low values of UoD for low yield
stress sludge is a function of velocity, rather than yield stress. Further research is recommended.
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Figure 3-46: Material Effects on Sludge Disturbance

3.15 Pilot Scale Transfer Pump Tests

Sludge entrainment tests were also performed for two different transfer pump models (section
2.1.4), operating at 1.1 gpm, which was scaled from an SRR specified 130 gpm upper limit for
facility transfer flow rates.

1. A pump was modeled without a bottom plate, as a straight tube with an orifice plate on
the bottom of the tube.

2. A pump was modeled with a bottom plate to divert flow through the suction screen. The
suction screen was not modeled. The experimental pump with a bottom plate was scaled
down from a 4” vertical opening where a screen would typically be installed on a full
scale transfer pump.

In all transfer tests, the pumps were lowered to different elevations above the pilot scale tank
floors to determine the elevation at which sludge disturbance occurred.

The acceptance criterion can be selected as either no sludge entrainment (disturbance) to prevent
any possible hydrogen release, or the SWPF WAC limit can be used. The two conditions result in
very different acceptance criteria, and no sludge entrainment (disturbance) was the criterion was
selected, since a limited number of tests were planned, and sufficient data to scale up the sludge
entrainment results were not obtained. Consequently, recommendations are conservative, and the
magnitude of that conservatism was not quantified. As sludge is transferred through the suction
pipe, the concentrations are measured, and the amount of sludge transferred at pilot scale could be
estimated from flow rates and concentrations. However, a scale-up concern still remains. What is
the velocity required to disturb sludge sufficiently to release sludge into suspension? For blending
tests, a visual observation was used and a velocity was selected based on this observation and
supporting calculations (0.268 ft/second), but that visual observation could not be quantified for
transfer tests. During transfer testing, sludge simulant was observed in a transparent section of the
transfer piping during transfers. However, an acceptable amount of sludge observed in the pipe
was not quantified for scale-up. That is, sufficient tests to scale-up the test data were not
performed. Also, sludge entrainment at the transfer pump suction could not be observed, due to
distance of the pump suction from the tank wall. Velocities to disturb sludge (0.022 ft/second,
section 3.15.3) are an order of magnitude less than recommendations to disturb sludge during
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blending pump operation. Why is there such a significant difference? Determination of the
velocity required for no sludge disturbance was not fully investigated for blending, but the
velocity required for zero sludge entrainment due during transfers is much lower than the 0.268
ft/second blending value. That is, the acceptance criterion is decidedly different for blending
versus transfers. Not only were the acceptance criteria different, but the behavior of the sludge
was different. Specifically, the concentration in the transfer pipe spiked and then dropped.
Consequently, a significantly higher value is perhaps acceptable for transfers, but the lower
conservative value of 0.022 ft/second value was conservatively selected to minimize testing, and
this value was based on no disturbance (0 % entrainment) during tests and supporting calculations
as follows.

3.15.1 Sludge Transfer for a Pump Without a Bottom Plate

For a transfer pump without a bottom plate, Figure 3-47 provides all test results for a specific set
of tests where the pump was gradually lowered. When the pump was initially turned on at a 23-
5/16” elevation, there was spike in concentration due to settled solids in the transfer pipe. Once
the piping was cleared, an equilibrium condition was reached for tests at pump elevations
between 5-5/16"down to 2-15/16”. When the pump was further lowered to a 2-3/8” sludge
clearance, sludge minor, incipient sludge disturbance was observed. Since no sludge disturbance
is the acceptance criterion, no sludge entrainment at full-scale is expected to occur when the
sludge clearance > 25.78” = 2-3/8” -10.85. Additional CFD models at a 2-3/8” clearance are
expected to provide a lower velocity to be used as an acceptance criterion. The same test results
are shown on a different scale in Figure 3-48 to better clarify the findings.

More sludge disturbance was measured when the pump was lowered to 9/16”. Sludge disturbance
at the pump could not be observed, since the transfer pump was located away from the tank wall,
but some sludge simulant was observed in the transfer pipe during this transfer. When the pump
height was located at a 9/16” sludge clearance at pilot scale, the sludge concentration was below
the SWPF WAC. A CFD model was performed for this case (Figure 3-49), and the maximum
velocity at the sludge surface equaled 0.142 ft/second. The corrected velocity equaled 0.112
ft/second (0.142/1.267 = 0.112, section 3.1.3.3).

The design for a pump without a bottom plate was not further evaluated, since significant
improvements can be obtained when a plate is mounted below the pump suction to deflect the
flow direction away from the sludge, and minimize sludge disturbance. A pump with a bottom
plate was selected by SRR for design based on these preliminary findings.
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Figure 3-49: Velocities When the Transfer Pump is 9/16” Above the Sludge Layer,
No Bottom Plate Installed, NaNO,, 1.1 gpm, Elevation (CFD Case 15)

3.15.2 Pilot Scale Sludge Transfer Tests for a Pump With a Bottom Plate Installed

For a pilot scale transfer pump with a scaled down 4” screen and a flat, bottom plate attached, the
pump can be moved to within 3/8 inch of the sludge without entraining the sludge. Several pilot
scale tests are discussed below to support this conclusion.

First, a series of tests were performed at different pump clearances to the sludge layer to
determine a recommended pump height. Shown in Figure 3-50 these tests show that an increase
in concentration occurred when the pump was lowered to 1/4inch, or less, and above that level no
sludge was entrained. Note that the sludge concentrations are well below the SWPF WAC at a %4
inch pump level. A 3/8” clearance is endorsed to ensure that no sludge is disturbed. The Excel®
conversion equation results in negative concentrations at these low values (Figure 2-13), since the
concentration is not set equal to zero when the turbidity equals zero. However, the relative
concentration change is accurate.

Secondly, another set of tests were performed to better describe sludge disturbance when the
pump was installed on the surface sludge or located at a 4 inch clearance to the sludge. These
results are shown in Figure 3-51, where installing the pump on the surface entrains the sludge to
near, but not over, the SWPF WAC limit of 0.09 weight percent. At the ¥4 inch clearance, sludge
disturbance concentration was well within the SWPF WAC. However, additional replicate data
are needed to statistically investigate and quantify scale-up.

Additional tests were performed at a sludge clearance of 3/8 inch, and sludge was not entrained,
as shown in Figure 3-52. CFD modeling was then performed to investigate sludge entrainment at
full scale.
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3.15.3 CFD Models for a Transfer Pump With a Bottom Plate Installed

CFD models for the case of no sludge entrainment are shown in Figure 3-53. The maximum
velocity on the sludge plane for no sludge entrainment is then 0.028 ft/second. The corrected
velocity equals 0.022 ft/second (.028/1.267 = 0.022 ft/second, section 3.1.3.1), and this value is
endorsed by SRNL. Note again (section 3.15), that this value is an order of magnitude less than
the acceptance criteria for blending sludge disturbance.

The lower predicted velocity may be influenced by different factors. The sludge entrainment
mechanism may be different for a transfer pump than a blending pump. For a blending pump, the
flow moves across an open surface, while for the transfer pump the flow is confined to the
immediate area surrounding the pump. Additionally, the performed tests may have had some fluid
transient anomalies. For example, a backflow problem was observed by a cloud of sludge near the
transfer pump when the first tests were performed. Procedures were modified to correct this
problem to ensure that backflow through the piping did not occur when the transfer pump was
started, and sludge clouds were not observed in subsequent tests. However, there may have been
slight, unobserved backflow, or shock waves due to valve opening that occurred at test start-up,
which may have suspended some solids. Even so, similar transients would be expected during a
full scale transfer interruption during operations, when the pump would be started and re-started.
Transfers are suspended occasionally during Tank Farm operations. Then start-up at pilot scale
and re-start at full scale are similar with respect to start-up and shut-down, although transient
effects would be lessened at full scale. Transient effects would be reduced at full scale, since
frictional and wave speed effects are both reduced in larger diameter pipes. Consequently, pilot
scale transients and full scale transients would be similar, and CFD models are comparable at
either scale. The velocity required to suspend sludge at the transfer pump is between 0.022
ft/second and 0.34 ft/second. In short, inadequate data is available to fully address all technical
issues with respect to fluid mechanics at the transfer pump suction inlet, but the recommended
velocity offers a conservative velocity estimate for CFD scale-up. This conclusion provides
appropriate scale-up estimates with respect to sludge suspension. Additional tests can be
performed to further evaluate this issue, as required.

Using the 0.022 ft/second velocity and CFD models, transfer pumps designed with a flat plate at
the bottom of the inlet screen may be installed for the following conditions.
. CFD Case 17b: A 9.5 inch pump height above a settled sludge layer for a 2”
screen is recommended, since the CFD models provided 0.021 ft/second, which is less
than 0.022 ft/second acceptance criterion. A 2 screen can be placed somewhat lower, but
a CFD model was not performed to evaluate lower sludge clearances.
. CFD Case 17c: A 5.43 inch pump height above a settled sludge layer for a 4”
screen is not recommended, since the CFD models provided 0.026 ft/second, which is
greater than 0.022 ft/second. The pump height needs to be increased for this case.
. CFD Case 17a: A 5.43 inch pump height above a settled sludge layer for a 6”
screen is recommended, since the CFD models provided 0.021 ft/second, which is less
than 0.022 ft/second.
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4.0 Conclusions and Recommendations

As a result of testing, major innovative, technological advances have been achieved in the areas
of sludge mixing and salt solution blending in liquid radioactive waste storage tanks. Based on
these discoveries, safe and effective design recommendations were determined for blending and
transfer pump design, installation, and operations.

For blending of similar salt solutions, the controlling factor, or design parameter, for blending is
expressed as U,D (feet’/second), where U, is the discharge velocity of blending pump nozzles,
and D is the inside diameter of those nozzles. During tests, the UyD and pump orientation were
varied, but the liquid level and pump elevation were constant. Pilot scale blending was
determined using a commercial 95% blending criteria, where blending was complete when the
final normalized concentration was within 5% of the change in concentration between test start
and completion. To evaluate this criterion, tracer chemicals were added to the tank, and the pH
was monitored throughout the tank to monitor blending times. To select a blending time, sludge
disturbance required analysis.

In short, a single blending pump can blend salt contents for a Tank 50 design if the pump UoD
equals 3.6 to 6.1 ft*/second. Many operating parameters were considered and analytical methods
were proven to permit investigation of other operating parameters. For the 2.25 inch diameter
nozzles designed in the CW design, the recommended total flow rates through both nozzles are
473 — 806 gpm.

Sludge disturbance during blending was assessed by operating the blender pump at different
values of UyD to determine when sludge was disturbed. A = % inch deep, pourable sludge
simulant was used below a 31.35 inch salt supernate simulant layer (total level = 32.1 inches).
The selected simulant was considered to be conservative for the purposes of this research, where
the simulant had a negligible yield stress. The blending requirements are likened to mixing a layer
of water over a layer of syrup without disturbing the syrup, since the sludge simulant was as thin
as a light syrup. The higher the U,D, the faster the blending occurred. The lower the UyD, the less
likely that sludge was disturbed. An operating range was experimentally shown to meet these
conditions at pilot scale.

A few blending tests were also performed by transferring supernate simulants to the pilot scale
tank. One quarter of the total test volume was added to the tank, which initially contained 3/4 of a
tank of supernate. Solutions were added at a flow rate scaled down from a 75 gpm minimum
facility transfer flow rate. When the added solution was of equal or higher density than the tank
solution, the tank was completely blended by addition of the added fluid. That is, when a 5.8
molar salt solution was added to a tank containing salt solution or water, the tank contents were
blended without turning on the blending pump at all. Blending may not be required for some
cases, but for other cases blending is required. Sufficient testing was not performed to determine
when blending is, or is not, required when denser solutions are added to a tank. Also, when a half
tank of water was added to 5.8 molar salt solution, blending performance changed, a lower
stratified salt layer formed which slowly lowered, and the scaled up blending time equaled
between three days and a week, or more. Intermediate density solutions were not investigated, but
lower density fluid additions may significantly increase blending times.

Pilot scale transfer tests from the tank were performed to investigate sludge entrainment, during

transfers to SWPF. Transfers were performed at a rate scaled down from a 130 gpm maximum
facility transfer flow rate, using the same pilot scale tank and equipment. The waste acceptance
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criterion is 0.09 weight percent for transfer to the SWPF. This concentration was not accurately
measurable using commercial density meters, and SRNL consequently developed techniques to
use turbidity probes to measure low concentrations in the transfer lines. The probes emit infrared
light, and the reflected light is measured to determine solids concentration in solution. Overall,
experimentation and CFD modeling showed that a preliminary transfer pump design with an
attached, flat bottom plate can be lowered to as close as 9-1/2 inches from the sludge layer
without disturbing the sludge at all. Models of the final transfer pump design are required for
validation of this clearance.

Parallel to pilot scale tests, CFD validation for scale-up to Tank 50 was required. To perform this
validation, velocities at numerous locations and elevations in pilot scale and full scale tanks were
used for comparison to CFD models. Statistical evaluations of experimental velocity and blend
time data were combined with CFD results and visual observations to establish the required U,D
range required to meet full scale blending time, and establish transfer pump requirements to
prevent sludge entrainment. This validation provided validation of pilot scale CFD modeling with
experimental results. CFD modeling was then used to predict full scale performance during pump
operations.

In other words, the primary goals of this research were to provide pump design recommendations,
and validate CFD methods to support future calculations for system operation. Those goals were

met, and are summarized by the research accomplishments listed below.

4.1 Summary of Advances in Research

1. For a tank without cooling coils, scale-up blending times were nearly identical for two
independent calculation techniques. One set of experimental results were used along with
empirical equations from the literature, while another set of experimental results was
used along CFD models. Both the experimental data and the calculation techniques were
independent. Statistical analyses of each set of results yielded nearly the same blending
times, which provides strong defense for the use of CFD to calculate blending times.

2. Salt solution blending and sludge disturbance may be evaluated for other waste tank
designs using CFD. However, materials with different sludge properties or significant
differences in supernate, salt batch properties require further experimental investigation
before application of CFD modeling.

3. Blending times can also be calculated for a tank without coils using equations presented
here. Equations were not developed for a tank with coils.

4. Nozzle position with respect to the tank wall and nozzle diameter had minor effects on
blending times.

5. The 0° nozzle position, parallel to the vertical tank wall was recommended for blending.
However, only minor differences in blending times were observed between different
nozzle positions in a horizontal plane. The 0° nozzle position is also recommended to
minimize sludge disturbance.

6. UoD was shown to be the controlling factor during blending, where the pump design only
had a minor effect on blending. Then, the pump design is considered to be minor factor
for CFD modeling.

7. Pilot scale blending times varied by more than 100% for apparently comparable
conditions, where blending times were based on reaching a final concentration near
equilibrium after adding tracer quantities of acid or base to salt solutions. The initial and
final, acid or base, concentrations in the pilot scale tank did not affect blending times.

8. Cooling coils in waste tanks significantly affect blending times by a factor of 1.5 to 2.0 in
the recommended operating range. As UoD was lowered, cooling coils increased the
blending time by a factor of as much as 7 times, before blending was not completed at all.
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Statistical analysis was used to simplify the complexities of turbulence to provide
techniques for comparisons of experiments to CFD models and for the use of CFD
models for scale-up.

Not only was there a significant variation in blending times between tests, but the last
point at which complete blending occurred changed from test to test for comparable
conditions. This observation is contrary to opinions that have long been published in the
engineering literature that assume that the same point mixes last in repeated tests. In other
words, blending processes are extremely chaotic, and this chaotic property of blending
was quantified for the first time in this research.

When using CFD models to determine blending times, a blending factor of 3.35 is
recommended. Different blending factors were determined for different sets of tests, and
the most conservative of all tests was selected for use. To use the factor, a blending time
for other full scale tank designs may be calculated using CFD, and those calculated
blending times should be multiplied by the 3.35 correction factor to obtain recommended
blending times for facility operations. This finding is markedly different than the 23%
variation (1.23 blending factor) in blending times for tanks without coils cited in the
engineering literature.

Diffusion was very slow when compared to blending times, and has a negligible effect on
blending times.

When using velocities in CFD models to evaluate sludge disturbance or blending, a 1.267
velocity correction factor is recommended, which was determined by comparing
measured velocities to CFD calculated velocities. That is, an experimental variability in
the average fluid velocity of 26.7% was calculated between CFD predictions and
experiment, for both pilot and full scale testing. Attesting to the chaotic nature of
blending, different average velocities were measured at the same locations at different
times for comparable conditions.

Pump nozzles installed parallel to the tank floor disturbed sludge at pilot scale for
recommended pump flow rates, and the amount of disturbed sludge scaled up to 3000 —
4000 gallons for an 8 inch deep sludge layer. However, sludge disturbance was controlled
for design flow rates, using dual, opposing, 15° upward pointing nozzles installed
parallel to the tank wall.

Distribution of settled metals in the sludge layer was inhomogeneous. When sludge is
mixed into suspension, higher concentrations of denser metals were observed near the
bottom of the sludge layer, and higher concentrations of lighter metals were observed
near the surface of the sludge layer.

Sludge properties were a significant conservatism for this research. A sludge was selected
that would be representative of a sludge that was recently mixed, or transported into the
tank. As sludges settle, the yield stresses increase, and the ability to disturb sludge
decreases. In other words, the test results provided here become more conservative over
time as sludge settles.

A conservative velocity to disturb sludge at all was established for transfer pumps, since
inadequate experimental data was obtained to quantify the concentration of sludge lifted
into a transfer pump during pilot scale operations.

A 95% blending time criteria was validated for use in test results, and a 99% blending
time could not be obtained due to technical limitations of commercial equipment. pH
measurements during testing were acceptable to describe normalized blending times near
equilibrium, but were significantly in error during testing due to the buffering effects of
carbonates formed in solution.

At pilot scale, velocity fluctuations are significantly affected by pump speeds. This effect
is less pronounced at full scale.
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Variability in the blending time for a tank with cooling coils is considerably higher than
for a tank without coils. In fact, a lower blending time correction factor can be calculated
with available data for a tank without coils.

4.2 Recommendations for Future Work

Numerous recommendations for potential future work stem from this research.

1.
2.
3.

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

Validate blending times in a full scale tank.

Validate that sludge remains undisturbed in a full scale tank during blending.

Sample sludge as it accumulates in blend and feed tanks, and measure rheological
properties to validate sludge assumptions.

Investigate bulk transfer effects on sludge disturbance, since the currently planned 45°, 3
inch diameter transfer pipe will introduce higher velocity flows down into the tank than
previous downcomer designs.

Perform full scale testing or measurements at the tank to validate minimal sludge
disturbance due to transfer pump operations.

Evaluate blend time effects when adding less dense solutions to denser solutions, using
further pilot scale research or measured data from a full scale tank.

Perform additional CFD models if blend times are required at the lower operating limits,
since blending times were recommended for the upper operating limit only.

Perform additional CFD models to increase the recommended UoD, if longer settling
times are permissible

Perform additional CFD models for a Type IV tank if this pump design is used in that
type of tank.

Perform additional CFD blending and sludge disturbance models for sludge layers other
than 8.1 inches at full scale, as required.

Perform additional CFD models to establish the clearance to prevent sludge disturbance
for a transfer pump without a bottom plate for a conservative sludge simulant.

Perform full scale testing for aerosolization (rooster tailing) for upward pointing nozzles.
Perform additional CFD models at different pump elevations and liquid levels, if required
for operations.

Evaluate potential for cavitation damage in CW pump design and ensure longer pump life,
using vibration analysis. An SRNL peer review of the final pump designs is also
recommended.

Perform CFD models for the actual transfer pump suction for sludge disturbance.
Experimentally investigate sludge disturbance for higher yield stress sludges.

Perform additional testing or CFD modeling to determine if transfer pumps can be
lowered closer to the sludge layer, if required by SRR. Full scale testing using Kaolin
clay can also be considered to investigate sludge entrainment when the transfer pump is
lowered to the sludge surface.

The CFD modeling techniques for blending and sludge disturbance developed during this
research are also applicable to Type I and II tanks or other Type III or IIIA tanks, if
required. Complex tube bundle shapes may require further evaluation.

Sludge disturbance and gas release may also be investigated at pilot scale.

After pump operations are in process, an SRNL review of performance data is
recommended to validate recommendations from this report for future CFD applications.
Perform additional testing at pilot scale and collect full scale test data to reduce blending
time correction factors.

Investigate the effects of pump pulsations on turbulence intensity.
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1.0 INTRODUCTION

The Savannah River NWational Laboratory (SENL) 1s conducting tests at 1ts Engineenng
Development Laboratory (EDL) to investigate blending times and sludge disturbance for the Salt
Disposition Integration (SDI) Project for Savannah River Remediation, LLC (SER). The
expermmental setup at EDL provides results for a pilot scale (1:10.85) model of the full-scale tank
operation. A computational fluad dynamics (CFD) model is available for estimating both full-
scale and pilot-scale operational parameters. One of the objectives of the SRNL study 1s the
development of a solid understanding of the scaling required for the CFD models. To facilitate
this mvestigation. computerized runs of the CFD system have been conducted for the
expermmental conditions utilized during EDL’s palot-scale testing. The purpose of this document
15 to provide a statistical review and comparison of the EDL and CFD results.

2.0 Dlscrlrsshm:

Two parameters of the SDI operation that are of interest in this study are blending times and
velocities required to disturb sludge, which consists of settled solids on the floor of liquad
radioactive waste storage tanks. Measurements from EDL’s tests and from the CFD muns for these
parameters are presented and discussed 1 this section. JMP Version 7.0.2 [1] was used to support
this investigation.

21 Blending Times

The blending times determined for the EDL testing are provided in Table Al i Appendix A A
plot of the blending times by vanous groupings 15 provided in Exhubit Al of Appendix A Tests
conducted under smmlar settings were grouped as these exhibits were prepared. Exhibit A2
Appendix A provides an analysis of vanance (ANOVA) of the blending measurements for each
of the test groupings. The ANOVA estumates the vanances for two sources of vamation in the
measurements for each test grouping: test to test variation and probe to probe variation. The
former quantifies the vanation m blending times among a specified set of tests, and the latter
estimates the variation in blending times that 15 expected among the probes duning a single test
run. The estimates of these variances are to be used to bound a high percentage of the test to test
differences and the probe to probe differences, respectively. That 1s. based upon an assumption of
normality for the test to test differences in blend times and an assumption of normality for the
probe to probe differences. upper bounds on 95% of the possible test average blend times and
95% of the possible probe blend times were computed. Both of these calculations were performed
at the 97.5% confidence level, which provides an overall 95% confidence m the results from
these calculations. Both of these contributions to the vanation in blend times for a test are
assumed to be normally distributed with a mean of 0 and a vanance estimated by the ANOVA
results of Exhibit A2

As a justification for the analysis performed mn Exhibit A2, consider a set of blending tests
conducted by EDL under the same conditions. The averages of the blending times for each of the
tests in the set vary around the grand average for the set of tests. This variation around the grand
average 1s due to test to test variation that 1s estimated by the between test vanance mdicated by
“Test&Fandom™ in the ANOVA results of Exhibat A2 In addition, the probe to probe vanation
around an individual test average during the EDL experimentation is estimated by the “Residual”
vartance for a test groupmg i Exhubit A2, In attempting to bound the expenmental blending
times for EDL testing conducted under the same conditions. each of the sources of vanation in
blending times around the grand average for the given test conditions 1s assumed to follow a
normal distribution, with a mean of zero and with a vanance estimated by the ANOVA of Exlubit
A2 Thus, m a random sample of n expenmental tests conducted by EDL under the same
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conditions, let the grand mean of the resulting blend times be represented by X1 and the

estimated test to test vanance (denoted by “Test&Random” in Exlubit A2) be s—zr . then the results

for the n tests may be used to determine an upper 100{1-c)% tolerance bound for the distribution
of average blend times for tests conducted under these conditions with 100 (1-y/2)% confidence
as follows:

T +kT-5T (1)

where the equation for k involves the noncentral Student t distribution and 1s given by:

tly/2.n-14n-2z_,
ky = [T Zn I'_'\"IE Z-a) (2)

s i

where t(-) represents the upper-y/2 tail of the non-central Student t distnbution with n-1 degrees
of freedom and noncentrality parameter given by /n -z, . where z;, 1s the (1-c)100%- tile of
the standard normal distribution (see [2]).

If the blending times deternuned at each of the m (typically, m 1s equal to 6) probes momtored
during a test run are assumed to be a random sample of m times from the population of possible
blend times that could have been selected and if the blending times are nommally distributed
around the average for the given test. then the variation mn these times 15 estimated by the

“Residual” vanance of Exlubit A2, Also. using the mdividual test mean. ;. and the “Residual”

variance from Exhibit A2, denoted by 512:. . then an upper tolerance it (UTL) for 100(1-c)% of

the population of blend times at possible probe locations for a given test conducted under these
conditions with 100 (1-y/2)% confidence as follows:

Xt +kp-sp (3)
where the equation for k imnvolves the noncentral Student t distribution and 1s given by:

kp = t|{';,ra‘2,n1—li'la-zl_m} @)

Jm

where t(-) represents the upper-y/2 tail of the non-central Student t distnbution with n-1 degrees
of freedom and noncentrality parameter given by +/m - Z{_g - Where z;, 1s the (1-0)100%- tile of
the standard normal distribution.

Since each of these two tolerance limits 15 determuned with (1-y/2) 100% confidence, then with ~
(1- ¥)100% confidence an upper limit on 100(1-cc)% of the possible blending times for randomly
placed probes m 100(1-0t)% of the tests that EDL nught conduct for a given set of conditions 1s

given by
f]’ +]£T 5T +k1:r -5p (5}

Table A2 in Appendix A provides the UTLs deternuned with 97 5% confidence for 95% of the
tests and with 97.5% confidence for 95% of the probes for each of the vanous test conditions
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explored by EDL dunng these expennments. The table also includes the CDF results for each of
these test conditions as well. A plot of these results 15 provided 1 Exhibit A3, In looking to these
data to deternune a scaling factor or an offset that may be applied to the CFD blending times to
obtain an appropmate tume for blending, note that for groupmngs involving only 2 tests,
specifically the group of Tests 20 and 21 and the group of Tests 32 and 37. there is only 1 degree
of freedom associated the estimated vanance for test to test differences. Having only one degree
of freedom leads to a very large kr value in determining the UTL for these situations. and as a
result, the UTLs for these two groups should be used with caution.

2.2 Velocities

The velocities determuined at various locations and test conditions during the EDL tests and the
corresponding values generated by the CFD analyses for the velocities at these locations under
these conditions are provided in Table A3 m Appendix A The information m this table reveals
that these velocities were associated with full-scale as well as pilot-scale tests. One of the
parameters of this testing 15 the product UoD. where Up 15 the nozzle velocity for a single nozzle
of the pump used during a particular test and D is the nozzle diameter. The UoD values for this
testing are given in Table A3, and they range from a high of 29 4 ft'/sec to a low of 0.58 ft*/sec
with all of the pilot scale testing being conducted at UoD of no mere than 0.81 fi'/sec.
Scatterplots of the test velocities versus those generated by the CFD analyses for locations and
test conditions mvestigated are provided m Exlubit A4 i Appendix A The legend for these plots
appears at the bottom of Exhibit A4. The x- and y-axes in the top scatterplot are in ft per second
while for the lower graphic the common loganithms of the test versus CFD velocities are plotted.

A primary objective of the investigation into these velocities 1s the deternunation of the
relationship between these pairs of test velocities and CFD velocities, and one of the questions of
mterest is: Does the scale of the testing have a significant impact on that relationship? The lower
plot of Exhibit A4 suggests that these two values for velocity are reasonably well correlated for
most test conditions, except for those at the very low end (less than 0.026 fi'sec) of the CFD
values. Exhibit A5 in Appendix A provides a linear fit of the natural loganthms of the test
velocities to the natural loganithms of the CFD velocities. The fitted line 1s shown as the solid red
line in the plot of Exhibit A5 The dotted red lines form a 95% confidence interval for an
mdividual test velocity that might be seen at a location in the tank for a test condition with a
specific CFD velocity as indicated on the x-axis. The estimated mtercept for the fitted equation is
not statistically different from zero and the 95% confidence imterval for the estimated slope
mcludes 1.

These results suggest that it 15 possible to determine an offset that could be applied to the CFD
values. That is, 1t 15 possible to express the relationship between the pairs of values for velocity
as:

Average Test Velocity = CFD Velocity = Offset Value (6)

where the Average Test Velocity represents the average of all velocities that are measured
experimentally for various test locations and test conditions with the same CFD velocity as
mdicated on the x-axis. The scatter m the expenmental velocities that 15 evident m the
measurements of Exlubit AS 15 attnbuted to random effects due to turbulence, and 1t 15 the
average of these velocities that 1s of mterest in this experimentation since the CFD modeling does
not account for effects due to turbulence.

If equation (§) 1s transformed by taking the natural logarithm of both sides of the equation, then

the offset may be estimated using a special fitting option i JMP's Fit Y by X modeling platform.
The IMP output from this fit with the slope constrained to 1 15 provided in the left panel of
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Exhibit A6 in Appendix A The mtercept in this exhibit estimates the offset as a natural
logarithm. That value 15 0.142592. TMP was used to estimate an upper 95% confidence linut on
this offset. That analysis 15 provided m the night panel of Exlubit A6 and the upper bound (in
natural loganithms) 1s 0.232724. Takang the antilog of these values allows for the estimation of an
adjustment for the CFD velocity of 1.153 and of an upper bound for the adjustment of 1.262, and
for the re-expression of equation 6 (with 95% confidence):

Average Test Velocity = CFD Velocity x 1.262 (6)

The natural loganithms of these values are plotted in Exhibit A7 of Appendix A

3.0 SUMMARY AND CONCLUSIONS

This document provides analyses and compansons of EDL and CFD values for blending times
and slurry velocities. Times needed to successfully blend the tank contents for the vanous
conditions tested were statistically estimated and compared to those provided by the CFD model.
In addition. the testing velocity measurements at various posttions and the CFD velocity values
for these positions were utilized to provide an offset that may be apphied to CFD velocity values
to estimate corresponding operational average velocities.

4.0 REFERENCES
[1]  TMP Version 7.0.2. SAS Institute, Inc., Cary NC. 1989-2007.

[2] Odeh, B E. and D. B. Owen. Tables for Normal Tolerance Limits, Sampling Plans,
and Screening, Marcel Dekker, Inc.. New York 1980.
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5.0 APPENDIX A

Supplemental Tables and Exhibits
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Table Al. Blending Times for EDL Tests
Test Test TeD Blending
Groups Grouping (ft"2'sec) Test Probe Time (mmin)

Coils, water Tests 11-13, 17,19 0.47 11 pH Probe 1 14.41
Coils, water Tests 11-13, 17,19 047 11 pH Probe 2 11.29
Coils, water Tests 11-13. 17, 19 047 11 pH Probe 3 T
Coils, water Tests 11-13, 17, 19 0.47 11 pH Probe 4 125
Coils, water Tests 11-13, 17,19 0.47 11 pH Probe 3 13.61
Coils, water Tests 11-13. 17, 19 047 11 pH Probe & 203
Coils, water Tests 11-13, 17,19 047 12 pH Probe 1 11.156
Coils, water Tests 11-13, 17,19 0.47 12 pH Probe 2 355
Coils, water Tests 11-13, 17, 19 0.47 12 pH Probe 3 3.3
Coals, water Tests 11-13,17, 19 047 12 pH Probe 4 54
Coils, water Tests 11-13, 17, 19 0.47 12 pH Probe 5 953
Coals, water Tests 11-13,17, 19 047 12 pH Probe 6 5.59
Coils, water Tests 11-13. 17,19 047 13 pH Probe 1 11.96
Coils, water Tests 11-13. 17, 19 047 13 pH Probe 2 9.79
Coils, water Tests 11-13, 17,19 0.47 13 pH Probe 3 722
Coils, water Tests 11-13. 17,19 047 13 pH Probe 4 972
Coils, water Tests 11-13. 17, 19 047 13 pH Probe 5 10.45
Coils, water Tests 11-13, 17,19 0.47 13 pH Probe & 363
Coils, water Tests 14-16 0.82 14 pH Probe 1 663
Coils, water Tests 14-16 0.82 14 pH Probe 2 571
Coils, water Tests 14-16 0.82 14 pH Probe 3 52
Coils, water Tests 14-16 0.82 14 pH Probe 4 6235
Coils, water Tests 14-16 0.82 14 pH Probe 5 5.71
Coils, water Tests 14-16 0.82 14 pH Probe & 532
Coils, water Tests 14-16 0.82 15 pH Probe 1 923
Coils, water Tests 14-16 0.82 15 pH Probe 2 825
Coils, water Tests 14-16 0.82 15 pH Probe 3 653
Coils, water Tests 14-16 0.82 15 pH Probe 4 10.27
Coil=s, water Tests 14-16 0.82 15 pH Probe 5 533
Coils, water Tests 14-16 0.82 15 pH Probe & 9.83
Coils, water Tests 14-16 0.82 16 pH Probe 1 345
Coils, water Tests 14-16 0.82 16 pH Probe 2 529
Coils, water Tests 14-16 0.82 16 pH Probe 3 479
Coils, water Tests 14-16 0.82 16 pH Probe 4 552
Coils, water Tests 14-16 0.82 16 pH Probe 5 363
Coils, water Tests 14-16 0.82 16 pH Probe & 512
Coils, water Tests 11-13. 17,19 048 17 pH Probe 1 18.07
Coils, water Tests 11-13, 17,19 048 17 pH Probe 2 6.95
Coils, water Tests 11-13. 17,19 048 17 pH Probe 3 739
Coils, water Tests 11-13. 17,19 048 17 pH Probe 4 6.97
Coils, water Tests 11-13, 17,19 048 17 pH Probe 3 10.22
Coils, water Tests 11-13. 17,19 048 17 pH Probe & 521
Coils, water Tests 11-13, 17,19 0.47 19 pH Probe 1 728
Coils, water Tests 11-13, 17,19 0.47 19 pH Probe 2 14.57
Coils, water Tests 11-13, 17, 19 0.47 19 pH Probe 3 11.65
Coils, water Tests 11-13, 17,19 0.47 19 pH Probe 4 14.27
Coils, water Tests 11-13. 17,19 047 19 pH Probe 5 16.49
Coils, water Tests 11-13. 17, 19 047 19 pH Probe & 14.27
Coils, water Tests 20-21 0.47 ] pH Probe 1 1135
Coils, water Tests 20-21 047 ] pH Probe 2 13.31
Coils, water Tests 20-21 047 )] pH Probe 3 11.86
Coils, water Tesis 20-21 0.47 0 pH Probe 4 2004
Coils, water Tests 20-21 0.47 ] pH Probe 3 203
Coils, water Tesis 20-21 0.47 0 pH Probe & 18.22
Coils, water Tests 20-21 0.47 2] pH Probe 1 837
Coils, water Tests 20-21 047 21 pH Probe 2 636
Coils, water Tests 20-21 047 21 pH Probe 3 8
Coils, water Tests 20-21 0.47 2] pH Probe 4 13.72
Coils, water Tests 20-21 047 21 pH Probe 3 822
Coils, water Tests 20-21 047 21 pH Probe & 928

na na 033 25 pH Probe 1 31.38

na na 033 25 pH Probe 2 31.05

na na 033 25 pH Probe 3 233
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Table Al. Blending Times for EDL Tests

Test Test UaD Blending
Groups Grouping (ft" 2'sech Test Probe Time (1min)
na na 0.33 25 pH Probe 4 2164
na na 0.33 25 pH Probe 5 318
na na 033 25 pH Probe & 031
Coals, water Test 26 0.47 26 pH Probe 1 1525
Coals, water Test 26 047 26 pH Probe 2 1275
Coals, water Test 26 0.47 26 pH Probe 3 0.7
Coals, water Test 26 047 26 pH Probe 4 1572
Coals, water Test 26 0.47 26 pH Probe 5 15.87
Coils, water Test 26 047 26 pH Probe 6 16.34
Coals, water na 0.64 i pH Probe 1 038
Coals, water na 0.64 X pH Probe 2 704
Coals, water na 0.64 27 pH Probe 3 6.79
Coals, water na 0.64 27 pH Probe 4 5.67
Coals, water na 0.64 27 pH Probe 5 752
Coils, water na 0.64 X pH Probe 6 54
Coals, water na 0.599 28 pH Probe 1 6.46
Coals, water na 0.99 28 pH Probe 2 48
Coals, water na 0.99 28 pH Probe 3 483
Coals, water na 0.99 28 pH Probe 4 6.19
Coals, water na 0.99 28 pH Probe 5 6.19
Coils, water na 0.99 28 pH Probe 6 6.8
Mo Couls, water na 0.33 31 pH Probe 1 11.26
Mo Couls, water na 033 31 pH Probe 2 7.25
Mo Couls, water na 0.33 31 pH Probe 3 781
Mo Couls, water na 0.33 31 pH Probe 4 12.19
Mo Couls, water na 0.33 31 pH Probe 5 12.04
Mo Couls, water na 0.33 31 pH Probe 6 1295
Mo Couls, water Tests 32, 37 047 32 pH Probe 1 3.61
Mo Couls, water Tests 32 37 0.47 32 pH Probe 2 4723
Mo Couls, water Tests 32, 37 047 32 pH Probe 3 336
Mo Couls, water Tests 32, 37 0.47 32 pH Probe 4 39
Mo Couls, water Tests 32, 37 047 32 pH Probe 5 487
Mo Couls, water Tests 32, 37 0.47 32 pH Probe 6 373
Mo Couls, water na 0.64 33 pH Probe 1 3.61
Mo Couls, water na 0.64 33 pH Probe 2 3.17
Mo Couls, water na 0.64 33 pH Probe 3 3.17
Mo Couls, water na 0.64 33 pH Probe 4 34
Mo Couls, water na 0.64 33 pH Probe 5 298
Mo Couls, water na 0.64 33 pH Probe 6 31
Mo Couls, water na 0.97 34 pH Probe 1 355
Mo Couls, water na 097 34 pH Probe 2 278
Mo Couls, water na 0.97 34 pH Probe 3 3.02
Mo Couls, water na 0.97 34 pH Probe 4 407
Mo Couls, water na 097 34 pH Probe 5 3.02
Mo Couls, water na 0.97 M4 pH Probe 6 3.72
Mo Couls, water Tests 32, 37 047 37 pH Probe 1 5.99
Mo Couls, water Tests 32, 37 047 37 pH Probe 2 5.72
Mo Couls, water Tests 32,37 047 37 pH Probe 3 4.65
Mo Couls, water Tests 32, 37 047 37 pH Probe 4 6.97
Mo Couls, water Tests 32, 37 0.47 37 pH Probe 5 6.24
Mo Couls, water Tests 32, 37 047 37 pH Probe 6 6.9
Coils, water Tests 4144 0.81 41 pH Probe 1 917
Coils, water Tests 41-44 0.81 41 pH Probe 2 10.72
Coils, water Tasts 4144 081 41 pH Probe 3 754
Coils, water Tests 41-44 0.81 41 pH Probe 4 1246
Coals, water Tasts 41-44 0.81 41 pH Probe 5 .
Coils, water Tests 41-44 0.81 41 pH Probe & 16.46
Coils, water Tast= 4144 081 42 pH Probe 1 912
Coils, water Tests 41-44 0.81 42 pH Probe 2 997
Coils, water Tests 4144 0.81 42 pH Probe 3 825
Coils, water Tests 41-44 0.81 42 pH Probe 4 989
Coils, water Tesis 41-44 0.81 42 pH Probe 5 993
Coils, water Tests 41-44 0.81 42 pH Probe & 10.47
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Table Al. Blending Times for EDL Tests

Test Test TeD Blending
Croups Crouping (fit"2'zec) Test Probe Time (1min)
Coils, water Tests 41-44 0.81 43 pH Probe 1 174
Coils, water Tests 41-44 0.81 43 pH Probe 2 603
Coils, water Tests 41-44 0.81 43 pH Probe 3 347
Coils, water Tests 41-44 0.81 43 pH Probe 4 441
Coils, water Tests 41-44 0.81 43 pH Probe 5 652
Coals, water Tests 41-H 0.1 43 pH Probe 6 1.8
Coals, water Testz 4144 0.81 H pH Probe 1 308
Coals, water Tests 41-H 0.B1 H pH Probe 2 304
Coils, water Testz 41-44 0.81 H pH Probe 3 79
Coals, water Tests 4144 0.81 H pH Probe 4 031
Coals, water Testz 41-44 0.81 H pH Probe 5 9.1
Coals, water Tests 41-44 0.B1 44 pH Probe 6 B9
na Tasts 45-47 .81 45 pH Probe 1 6.15
na Tests 45-47 081 45 pH Probe 2 6.78
na Tests 45-47 0.81 45 pH Probe 3 831
na Tasts 45-47 (.81 45 pH Probe 4 854
na Tests 45-47 0.81 45 pH Probe 3 8.4
na Tests 45-47 0.81 45 pH Probe 6 931
na Tasts 45-47 .81 45 pH Probe 1 797
na Tests 45-47 0.81 45 pH Probe 2 13.87
na Tests 45-47 0.81 45 pH Probe 3 777
na Tasts 45-47 .81 45 pH Probe 4 737
na Tests 45-47 0.81 46 pH Probe 5 851
na Tasts 45-47 .81 45 pH Probe 6 9.63
na Tests 45-47 0.81 47 pH Probe 1 541
na Tests 45-47 0.81 47 pH Probe 2 6.18
na Tests 45-47 0.81 47 pH Probe 3 6.95
na Tests 45-47 0.81 47 pH Probe 4 828
na Tests 45-47 0.81 47 pH Probe 5 755
na Tasts 45-47 .81 47 pH Probe 6 6.81
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 1 10.76
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 2 11.88
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 3 11.95
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 4 763
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 5 11.88
Coils, NaNO3 Tests 48-51 0.81 48 pH Probe 6 10.73
Coils, NaNO3 Tests 48-51 0.81 49 pH Probe 1 554
Coils, NaNO3 Tests 48-51 0.81 49 pH Probe 2 396
Coils, NalNO3 Tests 48-51 0.81 49 pH Probe 3 649
Coils, NalNO3 Tests 48-51 0.81 49 pH Probe 4 633
Coils, NalNO3 Tests 48-51 0.81 49 pH Probe 5 ]
Coils, NalNO3 Tests 48-51 0.81 49 pH Probe 6 723
Coils, NaNO3 Tests 48-51 0.81 ] pH Probe 1 11.73
Coils, NaNO3 Tests 48-51 081 50 pH Probe 2 043
Coils, NaNO3 Tests 48-51 0.81 1] pH Probe 3 10.73
Coils, NaWNO3 Tests 48-51 0.81 50 pH Probe 4 10.51
Coils, NalNO3 Tests 48-51 0.81 1] pH Probe 5 11.76
Coils, NaNO3 Tests 48-51 0.81 1] pH Probe & 11.19
Coils, NaNO3 Tests 48-51 0.81 51 pH Probe 1 17.2
Coils, NalNO3 Tests 48-51 0.81 51 pH Probe 2
Coils, NaNO3 Tests 48-51 0.81 51 pH Probe 3 .
Coils, NaNO3 Tests 48-51 0.81 51 pH Probe 4 514
Coils, NaNO3 Tests 48-51 0.81 51 pH Probe 5 8.4
Coils, NaNO3 Tests 48-51 0.81 51 pH Probe & 977
Coils, NalNO3 Tests 32-60 0.7 52 pH Probe 1 16.71
Coils, NalNO3 Tests 52-60 0.7 52 pH Probe 2
Coils, NalNO3 Tests 52-60 0.7 52 pH Probe 3 .
Coils, NalNO3 Tests 52-60 0.7 52 pH Probe 4 14.32
Coils, NaNO3 Tests 52-60 0.7 52 pH Probe 5 843
Coils, NaNO3 Tests 32-60 0.7 52 pH Probe 6 12.13
Coils, NaN03 Tests 52-60 07 53 pH Probe 1 1629
Coils, NaNO3 Tests 32-60 0.7 53 pH Probe 2 16.51
Coils, NalNO3 Tests 52-60 0.7 53 pH Probe 3 13.24

127




SRNL-STI-2011-00151
5/26/11 Revision 0

SENL-L4221-2011-00005 March 17, 2011

Page 10 of 33

Table Al. Blending Times for EDL Tests

Test Test TsD Blending
Croups Grouping (it~ X'zec) Test Probe Time (1min)
Coils, NaNO3 Tasts 5260 0.7 53 pH Probe 4 14.58
Conls, NaNO3 Tests 5360 0.7 53 pH Probe 5 1253
Conls, NaNO3 Tasts 5360 0.7 53 pH Probe 6 1597
Coils, NaNO3 Tasts 5260 0.7 54 pH Probe 1 7.72
Canls, NaNO3 Tests 5260 0.7 54 pH Probe 2 436
Conls, NaNO3 Tests 5260 0.7 54 pH Probe 3 715
Canls, NaNO3 Tests 5260 0.7 54 pH Probe 4 653
Coalz, NaNO3 Tasts 5260 0.7 54 pH Probe 3 605
Coils, NaNO3 Tasts 5260 0.7 4 pH Probe & 733
Coals, NalNO3 Tests 5260 0.7 35 pH Probe 1 11.11
Conls, NaNO3 Tasts 5360 0.7 55 pH Probe 2 324
Coils, NaNO3 Tests 5260 0.7 55 pH Probe 3 13.13
Canls, NaNO3 Tests 5260 0.7 55 pH Probe 4 769
Couls, NaNO3 Tests 5260 0.7 55 pH Probe 3 11.99
Coils, NaNO3 Tasts 5260 0.7 55 pH Probe 6 1341
Conls, NaNO3 Tests 5260 0.7 56 pH Probe 1 14.52
Conls, NaNO3 Tasts 53-60 0.7 56 pH Probe 2
Coils, NaNO3 Tasts 52-60 0.7 56 pH Probe 3 .
Canls, NaNO3 Tests 5260 0.7 56 pH Probe 4 10.65
Conls, NaNO3 Tasts 5260 0.7 56 pH Probe 3 10.73
Coils, NaNO3 Tasts 5260 0.7 56 pH Probe 6 13.07
Conls, NaNO3 Tests 5260 0.7 57 pH Probe 1 532
Conls, NaNO3 Tasts 5360 0.7 57 pH Probe 2 453
Conls, NaNO3 Tests 5260 0.7 57 pH Probe 3 268
Conls, NaNO3 Tasts 5260 0.7 57 pH Probe 4 251
Coils, NaNO3 Tasts 5260 0.7 57 pH Probe 5 592
Conls, NaNO3 Tests 5360 0.7 57 pH Probe 6 238
Conls, NaNO3 Tasts 5360 0.7 58 pH Probe 1 581
Coils, NaNO3 Tasts 5260 0.7 58 pH Probe 2 534
Canls, NaNO3 Tests 5260 0.7 58 pH Probe 3 948
Conls, NaNO3 Tests 5260 0.7 58 pH Probe 4 871
Coils, NaNO3 Tasts 5260 0.7 58 pH Probe 5 548
Coals, NalNO3 Tests 5260 0.7 58 pH Probe 6 9.79
Conls, NaNO3 Tasts 5360 0.7 59 pH Probe 1 282
Coils, NaNO3 Tasts 5260 0.7 h] pH Probe 2 248
Canls, NaNO3 Tests 5260 0.7 59 pH Probe 3 1.79
Conls, NaNO3 Tests 5260 0.7 59 pH Probe 4 145
Coils, NaNO3 Tasts 5260 0.7 59 pH Probe 5 1.11
Conls, NaNO3 Tests 5260 0.7 59 pH Probe 6 208
Conls, NaNO3 Tasts 5360 0.7 &0 pH Probe 1 594
Conls, NaNO3 Tests 5260 0.7 &0 pH Probe 2 769
Conls, NaNO3 Tasts 5360 0.7 &0 pH Probe 3 6.73
Coils, NaNO3 Tasts 5260 0.7 &0 pH Probe 4 iy
Canls, NaNO3 Tests 5260 0.7 &0 pH Probe 5 718
Conls, NaNO3 Tasts 5260 0.7 &0 pH Probe 6 581
na Tests 61-63 0.81 61 pH Probe 1 3.19
na Tests 61-63 0.81 61 pH Probe 2 3.19
na Tests 61-63 0.81 61 pH Probe 3 325
na Tests 61-63 0.81 61 pH Probe 4 2459
na Tests 61-63 0.81 61 pH Probe 5 743
na Tests 61-63 0.81 61 pH Probe 6 3.02
na Tests 61-63 0.81 2 pH Probe 1 6.81
na Tests 61-63 081 2 pH Probe 2 28
na Tests 61-63 0.81 2 pH Probe 3 216
na Tests 61-63 0.81 2 pH Probe 4 214
na Tests 61-63 0.81 2 pH Probe 5 719
na Tests 61-63 0.81 2 pH Probe 6 5.67
na Tests 61-63 0.81 63 pH Probe 1 279
na Tests 61-63 0.81 63 pH Probe 2 441
na Tasts 61-63 0.81 63 pH Probe 3 168
na Tests 61-63 0.81 63 pH Probe 4 322
na Tests 51-63 0.81 63 pH Probe 5 7.83
na Tests 61-63 0.81 63 pH Probe 6 3.07
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Table Al. Blending Times for EDL Tests

Test Test UaD Blending
Groups Grouping (ft" 2'sech Test Probe Time (1min)
na Tasts 64-68 0.81 &4 pH Probe 1 4.78
na Tests 64-68 (.81 (2] pH Probe 2 5.6l
na Tests 64-68 0.81 (2] pH Probe 3 279
na Tasts 64-68 0.81 64 pH Probe 4 3.62
na Tests 64-68 .81 2] pH Probe 5 225
na Tacts 64-68 0.81 [ pH Probe & 431
na Tests 64-68 .81 [5] pH Probe 1 564
na Tests 64-68 081 65 pH Probe 2 B8
na Tasts 64-68 0.81 65 pH Probe 3 44
na Tests 64-68 0.81 65 pH Probe 4 495
na Tests 64-68 0.81 [ pH Probe 3 558
na Tests 64-58 0.81 65 pH Probe & 5.64
na Tests 64-68 .81 ] pH Probe 1 4.13
na Tests 64-68 0.81 [ pH Probe 2 6.13
na Tasts 64-68 0.81 ] pH Probe 3 4.01
na Tests 64-68 (.81 [ pH Probe 4 4.67
na Tests 64-68 0.81 [ pH Probe 3 441
na Tests 64-68 0.81 ] pH Probe & 438
na Tests 64-68 .81 &7 pH Probe 1 1.635
na Tests 64-68 0.81 &7 pH Probe 2 191
na Tests 64-68 0.81 &7 pH Probe 3 142
na Tests 64-68 .81 &7 pH Probe 4 202
na Tests 64-68 0.81 &7 pH Probe 5 1.68
na Tests 64-68 .81 &7 pH Probe & 0.74
na Tests 64-68 0.81 [ pH Probe 1 299
na Tasts 64-68 0.81 68 pH Probe 2 293
na Tests 64-68 (.81 [ pH Probe 3 3327
na Tests 64-68 0.81 [ pH Probe 4 441
na Tasts 64-68 0.81 68 pH Probe 5 379
na Tests 64-68 .81 [ pH Probe & 339
No Coils, NaMNO3 Tasts 63-T3 081 [ pH Probe 1 612
Mo Caals, NaM03 Tests £9-T3 0.81 &9 pH Probe 2 783
No Cails, NaM03 Tests 69-T3 081 (5] pH Probe 3 663
Mo Caals, NaMO3 Tests £9-T3 0.81 (] pH Probe 4 681
Ho Coils, NaN03 Tests £9-73 0.81 69 pH Probe 5 i
Mo Coals, NaM03 Tests £9-T3 081 69 pH Probe & 501
Ho Coils, NaN03 Tests 69-T3 0.81 70 pH Probe 1 49
Mo Caals, NaM03 Tests £9-T3 0.81 70 pH Probe 2 6135
Mo Coils, NaM03 Tests 69-T3 0.51 70 pH Probe 3 356
Mo Caals, NaMO3 Tests £9-T3 0.81 70 pH Probe 4 305
No Coils, Nal03 Tests 69-73 0.81 70 pH Probe 5 387
Mo Caals, NaMO3 Tests £9-T3 0.81 70 pH Probe & 44
Mo Coals, NalO3 Tests 69-T3 0.81 71 pH Probe 1 419
Mo Coals, NaM03 Tests £9-T3 0.81 71 pH Probe 2 498
HNo Coals, NaMO3 Tests 69-73 0.81 71 pH Probe 3 433
Mo Caals, NaM03 Tests £9-T3 0.81 71 pH Probe 4 4393
Mo Coals, NaM03 Tests 89-T3 0.81 71 pH Probe 5 3598
Mo Coals, NaMO3 Tests £9-T3 0.81 71 pH Probe & 316
Mo Caals, NaM03 Tests £9-T3 0.81 72 pH Probe 1 364
Mo Caals, Nal03 Tests £9-T3 0.81 72 pH Probe 2 4.5
Mo Caals, NaMO3 Tests £9-T3 0.81 72 pH Probe 3 404
Mo Coals, NaMO3 Tests £9-73 0.81 72 pH Probe 4 4584
Mo Coals, NaM03 Tests £9-T3 0.81 72 pH Probe 5 441
No Coals, NaMO3 Tasts £9-T3 081 T2 pH Probe 6 253
Mo Caals, NaM03 Tests £9-T3 0.81 73 pH Probe 1 3.19
No Coils, NaMN03 Tasts 63-T3 081 73 pH Probe 2 3.76
Mo Caals, NaMO3 Tests £9-T3 0.81 73 pH Probe 3 299
No Coils, NaMN03 Tasts 63-T3 081 73 pH Probe 4 193
Mo Caals, NaMO3 Tests £9-T3 0.81 73 pH Probe 5 279
Ho Coils, NaN03 Tests £9-73 0.81 73 pH Probe & 296
No Coals, Nal03 Tests 7477 0.58 74 pH Probe 1 407
Ho Coils, NaN03 Tesis 7477 0.58 74 pH Probe 2 538
Mo Caals, NaM03 Tests 7477 0.58 74 pH Probe 3 336
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Table Al. Blending Times for EDL Tests

Test Test TeD Blendinz
Groups Grouping (ft"2'sec) Test Probe Time (1min)
Mo Coals, NaNO3 Tests 74-77 0.58 74 pH Probe 4 104
Mo Coals, HaMO3 Tests 74-77 0.58 74 pH Probe 5 3599
Mo Coals, Nal03 Tests T4-77 0.58 74 pH Probe 6 447
Mo Coils, NaNO3 Tests 74-77 0.58 75 pH Probe 1 152
Mo Coals, NaMO3 Tests 74-77 0.58 75 pH Probe 2 8.6
Mo Coals, NaMO3 Tests T4-77 0.58 75 pH Probe 3 487
Mo Coals, HaMO3 Tests T4-77 0.58 75 pH Probe 4 5.69
Mo Coals, NaNO3 Tests 74-77 0.58 75 pH Probe 5 6.01
Mo Coils, NaNO3 Tests 74-77 0.58 75 pH Probe 6 6.15
Mo Coals, NaMO3 Tests 74-77 0.58 76 pH Probe 1 345
Mo Coals, NaNO3 Tests 74-77 0.58 76 pH Probe 2 436
Mo Coils, NaMO3 Tests 74-77 0.58 76 pH Probe 3 31
Mo Coals, NaMO3 Tests 74-77 0.58 76 pH Probe 4 342
Mo Coals, NaMO3 Tests 74-77 0.58 76 pH Probe 5 453
Mo Coals, NaNO3 Tests 74-77 0.58 76 pH Probe § 3.56
Mo Coals, NaMO3 Tests 74-77 0.58 77 pH Probe 1 495
Mo Coals, NaMNO3 Tests 74-77 0.58 77 pH Probe 2 6.92
Mo Coals, NaNO3 Tests 74-77 0.58 77 pH Probe 3 444
Mo Coals, HaMO3 Tests T4-77 0.58 77 pH Probe 4 501
Mo Coals, NaNO3 Tests 74-77 0.58 T pH Probe 5 424
Mo Coils, NaNO3 Tests 74-77 0.58 77 pH Probe 6 47
na Tests T8-81 0.81 T8 pH Probe 1 1623
na Test= 78§-81 0.81 78 pH Probe 2 .
na Tests 78-81 0.51 78 pH Probe 3 .
na Tests T§-81 0.81 78 pH Probe 4 1731
na Tests T§-81 0.81 78 pH Probe 5 17.03
na Tests T8-81 0.81 T8 pH Probe & 1891
na Test= 78§-81 0.81 79 pH Probe 1 B.57
na Tests T8-81 0.81 70 pH Probe 2 .
na Test= 78-81 081 79 pH Probe 3 .
na Tests T8-81 0.81 70 pH Probe 4 538
na Tests T§-81 0.81 78 pH Probe 5 1.96
na Tests T8-81 0.51 ] pH Probe & 402
na Tests T§-81 0.81 &0 pH Probe 1 1464
na Tests T§-81 0.81 20 pH Probe 2 .
na Tests 78-81 0.51 &0 pH Probe 3 .
na Tests T§-81 0.81 80 pH Probe 4 8.63
na Tests T§-81 0.81 80 pH Probe 5 8.37
na Tests T8-81 0.81 80 pH Probe & 974
na Tests TE-81 0.81 81 pH Probe 1 10.62
na Tests T8-81 0.81 81 pH Probe 2 .
na Tests T§-81 0.81 81 pH Probe 3 .
na Tests T§-81 0.81 81 pH Probe 4 732
na Tests 78-81 0.81 81 pH Probe 5 6.63
na Tests T§-81 0.81 81 pH Probe & 353
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Exhibit A2, Analvsis of Variance of Blending Times by Test Groupings

Response Blending Time (min) Test Gronping=Tests 11-13, 17,19 Residual by Predicted Plot

Whale Model 10
Actual by Predicted Flot i "
n
] . C g5 .
’e FE e " & =
: s 2l e § 2
= 2 e ) é’ g & W i
£3 : = *
e o ®
g8 5 L
T T T T T T
3 19 13 ]
L Blsmdng Tima {min) Predicted
Blendng Tima (min) Predicted
P=0.0018 R5g=0 28 RMEE=3.0438
Semmary of Fit
ESquare 0.48407
1
FSquare Adj 0.40152
3
Foot Memn Square Ermer 304385
Mean of Fesponse 10.3493
a
Ohsemvations {or Sum 30
Wets)
Amnalysis of Variance
Sonrce DF Som of Mean F Ratio
Squares Square
Modsl 4 217.32305 343308 5841
Emor 25 131.62553 92650 Prob=TF
C. el 445048350 0.001%
Tatal
Expected Mean Squares
The Mean Square per row by the Variance Component per column
EMS Intercep Test&ERando
t m
Intercept ] ]
TestéFandn o ]
m

phus 1.0 times Residual Emor Variance

Variance Component Estimates

Component Var Comp Est Percent of
Total

Test&Rando 7510057 24772

m

Flesidual 0165011 5521

Total 16.77508 100.000

These esfimates based on equating Mean Squares wo Expected Value.

Test Denominator Synthesis

Source MSDen DF Dem Denom M5
Synthesis
Test&PFande 926502 25 BResidual
m
Tests wrt Random Effects
Source 55 M5Noum DF Nom F Prob = F
Rafia
Taze&Bandn  F17 37 54 1100 4 S8R4T AAATR
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Exhibit A2, Analysis of Variance of Blending Times by Test Groupings

Response Blending Time (min) Test Grooping=Tests 14-16

Residual by Predicted Flot

Whale Model 3
Actual by Predicted Flot . -
:-:]1 -~ ¥ .
- f/ F ]— u
[l
s 7] $30 2 -
E'm | e T
=8 & -'; i
B8 g1 = - X
_; // -3 T T T T T 1
N 3 4 § 6 7 B 9 101
3 - . )
I _|1 % I|i |_ é é_ ]ID s Blendmg Tinss (min)) Predicted
Blemdng Time {min) Predicted
P=0.001 R5=0.50 EMEE=] 2384
Response Blending Time {min) Test Grooping=Tests 10-21

Semmary of Fit

Aciual by Predicted Plot
FSquare IZI.ISEIH;S A /,r .//
FSquare Adj 0.54821 0 f';
1 CEE
oot Mean Square E;ror ~ 1.23841 & 3§ s /
5 gz o -~ I
Mean of Fesponse lS..’rEﬁle Eq 1 — ., :lr: —
. BT uA e
Ohbservations (ar Sum 18 3 /’
““g‘[i} - /z,f
i I* T E T g T
Analysis of Variance 3 10 13 0
Source DF Som of Mean T Eatie Bianding Time (min) Predicted
Sqmares Square P=i) 0134 Rl 47 FMSE=3. 1647
Miodsl 2 34704133 173521 11.3141
Emor 15 23005067 15337 Prob > F Summary of Fit
C. 17 57708200 0.0010
Total FSquare 047207
5
Expected Mean Squares FSquare Adj |:|.-1-]':|4_.|_'
The Mean Square per row by the Variance Component per colummn .
: Foot Mean Square Eror 3. 16443
EMS Intercep  Test&Rando 5
t m Mean of Responsa 11.73
Intercapt ] ] Ohservations (or Sum 12
Test&Rando ] & Wers)
m
Amnalysis of Variance
phus 1.0 times Residual Emor Variance Source DF Som of Afean F Ratio
Squares Square
Variance Component Estimates Modsl 1 8908163 ZDOEIE  BOT44
Compenent  Var Comp Est Percent of Emer 10 100.26437 10.0264 Prob>F
Teial C. 1 190.24600 00134
TestdRando 1636389 §3.112 Toral
m
Eesidual 1.533671 36.778 Expected Mean Squares
Total 417007 100.000 The Mean Square per row by the Variance Component per cobumn
These estimates based on equating Mean Squares to Expectad Value, EM= Intercep  Test&Rando
t m
Test Denominator Symthesis Intercept 0 0
Source MS Den DF Den  Demom MS Test&Rando o &
Synthesis m
Test&PRando 153367 15 Residual ) . )
m plus 1.0 times Fesidual Ermor Variance

Tests wrt Eandom Effects

Whole Model

Variance Component Estimates
Percent of

Source 55 M5 Num DF Num F Ratio Prob=F Component  Var Comp Est

TestkRando 34704 173511 T 11314 Total

m 1 1 Test&Randn 1332387 57.064
m
Residual 10.02644 42936
Taral 133313 100.000

Thess esimares based on equating Mean Squares to Expected Value.
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Exhibit A2. Analyvsis of Variance of Blending Times by Test Groupings

Test Denominator Synthesis

Somrce M5 Den DF Den Denom M5
Symthesis
TestiFande 100264 10 Residual
m
Tests wri Bandom Effects
Somrce 55 M5 Nom DF Nom F Prob =F
Ratia
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3
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EET #
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Sommary of Fit

P Square o
PSquare Adj o
Poot Mean Square Emor 137305
]
Mean of Fesponse 143716
Ohservations {or Sum &
Wes)
Analysis of Variamce
Sonrce DF Som of Mean F Ratio
Squares Square

Model a 0.000000 0.00000 .
Emror 5 33.103083 662062 Prob>F
C. 5 33.103083 .
Total
Expected Mean Squares
The Mean Square per row by the Variance Component per column
EMS Intercep  Test&Rando

t m
Intercept ] ]
TestiRando ] ]
m

phus 1.0 times Fesidual Emor Variance

Variance Component Estimates

Component Var Comp Est Percent of
Total

Fesidual 6620617 100,000

Tatal 6620617 100.000

Thezs estimates bazed on equating Mean Squares to Expected Value.

Test Denominator Synthesis

Somrce MSDen DF Den Denom M5
Synthesis
TestdRande  6.62062 5 Pesidual
m
Tests wri Random Effects
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Summary of Fit

BSquare 0.72564
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RSquare Adj 0.50931
3
oot Mean Square Ermor 0.71498
]
Mean of Fesponss 5.01416
Ohbservations {or Sum Ii
Wers)
Analysis of Variance
Somrce DF Som of Mean F Ratio
Squares Square
Model 1 13580408 135804 265829
Ermor 140 5.112083 0.5112 Prob>F
C. 11 18701492 0.0004
Tatal
Expected Mean Squares

The Mean Square per row by the Variance Component per cobumn
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Exhibit A2. Analyvsis of Variance of Blending Times by Test Groupings
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Thezs estimates bazed on equating Mean Squares to Expected Value.
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6.3 o
= £ e =
i e
= 84 . -
?E 3 e "#z - =
B, L .
§EYT .
A %/ Py
5]
S
3 T T T T T T T
30 15 40 43 30 53 60 63 TA
Blnding Tima {zmin) Prodicted
P=0.0004 B0 73 RMEEL 715

Summary of Fit

BSquare 0.72564
]
RSquare Adj 0.50931
3
oot Mean Square Ermor 0.71498
]
Mean of Fesponss 5.01416
Ohbservations {or Sum Ii
Wers)
Analysis of Variance
Somrce DF Som of Mean F Ratio
Squares Square
Model 1 13580408 135804 265829
Ermor 140 5.112083 0.5112 Prob>F
C. 11 18701492 0.0004
Tatal
Expected Mean Squares

The Mean Square per row by the Variance Component per cobumn
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Exhibit A2, Analysis of Variance of Blending Times by Test Groupings

Analysis of Variamce
EMS Intercep  Test&Rando Semrce DF Sum of Mean F Ratio
t m Squares Square
Intencept ] ] Model 3 174.76476 581548 6.2659
Test&Rando ] ] Emmor 12 17654677 82971 Prob > F
m C. F )i 351.41152 0.0039
Total
plus 1.0 times Residual Emror Variance
Expected AMean Squares
Variance Component Estimates The Mean Square per row by the Variance Componsnt per cobumn
Component Var Comp Est Percent of
Tatal EMS Intercep  Test&Rando
Test&Rando 21797 B1.002 t m
m Intercept o 0
Besidual 0511208 12998 TestiFando ] 373913
Total 1690908 100.000 m
These estimates based on equating Mean Squares to Expected Value. phus 1.0 times Fesidual Error Variance
Test Denominator Synthesis Variance Component Estimates
Source A5 Den DF Den Demom M5 Component  Var Comp Est Percent of
Synthesis Total
Test&Rando 0.51111 10 Eesidual TestkRando 8330512 47850
m m
Fesidual 0207108 52.150
Tests wrt Eandom Effects Total 1782771 100000
Source 58 M5Nom DF Num F Ratio Prob=F
Test&Rando  13.589 13.5804 1 26382  0.0004 Thess estimates bazed on equating Mean Squares to Expected Value.
m 4 L
Test Denominator Synthesis
Resdual by Predicted Plot Somrce MSDen DF Den Denom AMS
10 = )| Synthesis
E TestkRando 92072 19 Eesidual
a5+ m
i3 .
- 1 Qo | T Tests wrt Random Effects
el = + Somrce 55 M5 Num DF Num F Prob=F
E § 0.3+ . Ratio
& = ] TestkRando 17476 582549 3 61639  0.0039
1.0 m ]
LA Residual by Predicted Flot
30 35 40 45 50 35 60 63 TR 10
Blending Timg (pein) Predicted i
i
siq
Rezponse Blending Time (min) Test Gronping=Tests 41-44 2= 0 %+ ,i.
Whale Model .\5‘ s o
Actual by Predicted Flot T -
3 -3
s
204 _.-""" T T T T T T T T
. ey a L 10 15 20
- e Biamding Tima {min) Predictad
F 5 10- if_
== . Response Blending Time (min) Test Gronping=Tests 45-47
E f,g Wheole Model
Actual by Fredicted Flot
O T T T 2
] 5 1 20 :;_ T/ 8
BlsaEng Tims {min) Predicted 13- rd
P=.0039 RSq=0. 50 RMSE=3.0451 - ]1_ rd
Summary of Fit ; E! 10 //":_\,/’
2§ 91 -
BSquare 0.48732 g E gj—O = 2
2 R BV S —
RSquare Adj 041785 o A4
1 o
oot Mean Square Eror 3.04013 & 7T B % Ip 11 1r 13 14
1 i ) . . ’
Mean of Besponse 08.05347 Blanding Tima (min) Predictod
] P=0 0B3% R0 28 RMEE=]. 6652
Observations (or Sum 13 Smmmary of Fit
Wets) )
BSquare 0.28143
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Exhibit A2. Analysis of Variance of Blending Times by Test Groupings

Response Blending Time (min) Test Grooping=Tests 43-51

FSquare Adj 0.18562 Whaole Model
1 Actual by Predicted Plot
F.oot Mzan Square Emor 1.66510 175 —
Mean of Response 7.08944 T Iy, //
4 - .
Ohservations (ar Sum 18 §uizs ;o
“"g’[i:l = 2 4,2 L
1_?'5 10 — , e
Amnalysis of Variamce E ; " & e
Source DF Sum of Mean F Ratis 8= 14 ,—g)/ -
Squares Square 4 ’K
Modsl 2 16200011 B14501 20374 .
Emor 15 41502083 177285 Prob=F 2 T L T
C. 17 57 %1804 00830 15 S0 T4 100 123 150 175
Tatal Bleading Time (min) Predicied
Pl 0144 RS0l 44 RMSE=2 2131
Expected Mean Squares Summary of Fit
The Mean Square per row by the Variance Component per colunm it
FSquare 043548
EM3 Intercep  Test&Rando B ’ 1
t m RS Adj 034130
Intercept b o e 5
Lﬁf&m 0 & Floot Mean Square Ermor 121315
4
Mean of Raspons 0.78217
pius 1.0 times Rasidual Ever Varizncs b -
. . Observations (or Sum v
Variance Component Estimates Wets)
Component  Var Comp Est Percent of -
s Tatal Analysis of Variance
Testi Rando 0895358 24400 Semrce DF Sam of Mean  F Ratio
L N e s Squares Square
. . ] Model 3 68.0108 226707 4.6285
Taal 3658217 100.000 Emor 1% B8.16491 48081 Prob>F
C. al 155.17699 0.0144
These estimates based on equating Mean Squares to Expected Valua. Total ’

Test Denominator Symthesis

Source MS Den DF Den E?n“thn:;sm The Mean Square per row by the Variance Componsnt per cobimn
TestkRando 2.77285 15 Residual EMS Intercep  Test&Ramds
m t m
Tests wrt Random Effect: TestiRando ] 545455
Source 55 M5 Nom DF Num F Prob = F m
Ratio
Testd Fando 16.2 B.14501 1 18374 0.0839 phus 1.0 times Besidual Error Variance
m ] '
. ) . Variance Component Estimates
Reddual by Predicted Plot Compoment  Var Comp Est Percent of
3 F Total
4 TestkRande 3.158318 30048
m
Ed Elesidual 4 89805 80,051
= oad Total 8.156368 100000
i o
g P ] z . Thes= eshimates basad on equating Mean Squares to Expected Value.
L -4
a4 + & Test Denominator Symthesis
L] Somrce MS Den DF Den Denom AS
I T T I 1T T T T Synthesis
§ 7 8B %101 12013 14 TestkBRande 489305 18 PResidual
Blanding Tims (min) Predicted m
Tests wrt Random Effects
Somrce 55 M5 Num DF Nom F Prob=F
Ratia
TestfFando  68.012 226707 3 46285 00144
m 1

Expected AMean Squares
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Exhibit A2. Analysis of Variance of Blending Times by Test Groupings

Residuoal by Predicted Plot
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15
i
e 5 104
35 A
£~ 5 ) _ib;,r "ot

Blending Time (zin) Predicted
P=. 0001 R5 54 EMEF=] 9465
Sommary of Fit

RSquare 0.84016

1]
BSquare Adj 020887

B
Paoot Mean Square Emor 1.84461

1
Mean of Fesponse B3935
Ohservations (or Sum 50
W)
Analysis of Variance
Sonrce DF Som of Mean F Ratio

Squares Square
Modal ] B16.65102 102.081 26.9394
Emor 4] 15536103 3789 Prob=F
C. 40 B71.01203 <0001
Total
Expected Mean Squares
The Mean Square per row by the Variance Component per column
EMS Intercep  Test&BRando
t m

Infercept ] ]
TestiRandn ] 5.5
m

phus 1.0 times Residual Emror Variance

Variance Component Estimates

Component  Var Comp Est Percent of
Total

TestéRando 17.74235 B1.401

m

Pesidual 3.789103 17508

Tatal 11.53155 100.000

These estimates based on equating Mean Squares to Expected Valae.

Test Denominator Synthesis

Somrce MSEDen DF Den Denom M5
Synthesis
TestkRande 3.78929 4] Fesidual
m
Tests wrt Random Effects
Somrce 55 M5 Num DF Nom F Ratic Frob=F
Test&Rande  216.65 102.081 g 26030 =000
m 1 4
Residual by Predicted Flot
i ® R
. o 1 e ¢ 0
E317] 1 + ® .
= 3 o B il O
- —
=, B B X
£ 5 . L
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4
L
-5 +
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Eesponse Blending Time {min) Test Grooping=Tests §1-63
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Sommary of Fit
BSquare 011748
4

-0.00018
111019

PSquare Adj

F.oot Mean Square Error
5

Mean of Fesponse 444111
1

Observations {or Sum 11

Wets)

Analysis of Variance
Somrce DF Som of Mean F Ratio
Squares Square
B754544 487717 09984
73274233 488493 Prob>F
E3.028778 0.3817

Model 2
Error 15
C. 17
Tatal

Expected Mean Squares
The Mean Square per row by the Varance Component per column

EMS Intercep  Test&Rando

t m
Intercept ] ]
TestdRanda ] 4
m

plus 1.0 times Fesidual Eror Variance
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Exhibit A2. Analvsis of Variance of Blending Times by Test Groupings

Variance Component Estimates

Component Var Comp Est Percent of
Tatal

TestdRando -0.00128 -0.026

m

Residual 4 884040 100026

Taortal 4. 883669 100.000

These estimates based on equating Mean Squares to Expected Value.

Test Denominator Synthesis

Source MS Den DF Den Demom M5
Synthesis
Test&Rande  4.B8495 15 Residual
m
Tests wrt Random Effects
Source 55 MSNum DF Nom F Prob =F
ERatio
Test&Rande  9.7545 487717 I DoeR4 03017
m 4
Reddual by Predicted Flot
T 7 -
£ :
== 1
g5 t o
£ .1
] fx_:_ *
-3 Y
1 T T T T T T
2 3 4 b1 & 7 £
Elsmdizg Tims (min) Predicted

Response Blending Time (min) Test Gronping=Tests 64-68
‘Whole Model
Actual by Predicted Flot

T
|3

Blendng Tims (mn) Predicted
P=0D01 RS0 70 BMSE=] 0029
Semmary of Fit

FSquare 0.70285
5
FSquare Adj 0.65531
1
Foot Mzan Square Emor 1.00280
4
Mean of Response 3.87533
3
Ohservations {or Sum £l
Wers)
Analysis of Variance
Source DF Som of Mean F Ratio
Squares Square
Model 4 39476647 1486082 14.7835
Emor a5 15.144800 1.0058 Prob>F
C. 29 84621547 =.0001
Taortal

Expected Mean Squares
The Mean Square per row by the Variance Component per column
EMS Intercep Test&Rando
t m
Intercept ] ]
TestéFando ] 4
m

plus 1.0 times Fesidual Emrer Variance

Variance Component Estimates

Component  Var Comp Est Percent of
Total

TestkFando 1310561 69,672

m

Fesidual 1.005785 30328

Tatal 3316357 100000

Thess estimates based on equating Mean Squares to Expected Value.

Test Denominator Synthesis

Somrce MEDen DF Den Denom M5
Synthesis
Test&Rando 1.0058 15 Fesidual
m
Tests wrt Random Effects
Somrce 55 M5 Nopm DF Nom F Ratio Prob=F
TestiBando 59475 148682 4 14783 <0001
m § 5

Residual by Predicted Flot

14
N +
S B
il =
B
8= |
1 = L
-1 ®
T L
2 T T T T T T T
¢ 1 2 3 4 5 6§ 7 8 @
Blonding Tima (min) Pradicted

Response Blending Time (min) Test Grooping=Tests 60-73
Whole Model
Actual by Predicted Plot

{mma) Adadl

Bending Thme

Blanding Time (miz) Predicted
P=0001 Bl 63 BMIE=D 5346

Sommary of Fif

BSquare 0.63731
=

FSquare Adj 0.56768
=

Fuoot Mean Square Ermor D.Sﬂﬁﬁ:t
5

Mean of Respons 4471
Observations (or Sum 30
Wets)

144



SRNL-STI-2011-00151
5/26/11 Revision 0

SRNL-L4221-2011-00005 March 17, 2011

Page 26 of 33

Exhibit A2. Analysis of Variance of Blending Times by Test Groupings

Analysis of Variance FSquare 0.54039
Sonrce DF Som of Mean F Ratio 8
Squares Square FSquare Adj 047168
Modsl 4 33.080713 837018 10.5200 8
Emor 25 19.6533567 0.78613 Prob>=F F.oot Mean Square Error 114340
C. el 52.734080 <0001 3
Tatal Mean of Responss 474201
Expected Mean Squares Observations {or Sum M4
The Mean Square per row by the Variance Component per cohumn Wers)
EMS Intercep  Test&FRando Analysis of Variance
t m Somrce DF Som of Mean T Ratio
Intercept o o Squares Square
Test&Rando ] 1] Modsl 3 30.881412 102938  7.84350
m Ermor 20 16243083 13111 Prob=F
C. 3 37124494 0.0012
phus 1.0 times Besidual Emmor Variance Tatal
Variance Component Estimates Expected Mean Squares
Component Var Comp Est Percent of The Mean Square per row by the Variance Component per cobumn
Total
Test&Fando 1.247341 §1.340 EMS Intercep  Test&FRando
m t m
Fesidual 0.7B8135 38660 Intercept ] ]
Tatal 1033475 100.000 TestiRando ] ]
m

These estimates based on equating Mean Squares to Expected Value.

Test Denominator Synthesis

Source M5 Den DF Den Denom M5
Synthesis
Test&PFando 0.78613 15 Pesidual
m
Tests wrt Random Effects
Source 55 M5Num DF Num F Ratio Prob>=F
Test&PFando  33.080 827018 4 10520 <0001
m T 1
Redduoal by Predicted Plot
20 =
15 .
104
g = o
B 3 s + *-I:tr
g"% 00 % el
3 § -05-] "an
38 w
-0+
-1.54 z\D.\
10 T T T T T
2 3 4 3 & 7
Blending Time {pein) Predicted

Response Blending Time (min) Test Groaping=Tests 74-77
Whale Model

Actual by Predicted Flot
]
£ // -
=+ i ,-"’-/
o« T + -
| A
iEsd .
o/
2] v gt
4%, _..---f?,g
£EH— ,}V
34 -
p
1
1 T =T 1 T
2 3 4+ 3 T B

plus 1.0 times Besidual Error Variance

Variance Component Estimates

Compoment  Var Comp Est Percent of
Total

Test&Fando 1404042 53280

m

Fesidual 1.312154 45.711

Total 1809004 100000

Thess estmates based on equating Mean Squares to Expected Value.

Test Denominator Synthesis

Somrce MSDen DF Den Denom MS
Synthesis
TestiRande 131215 20 Fesidual
m
Tests wrt Random Effects
Somrce 55 M5 Num DF Nom F Prob=F
Eatio
TestiFande  30.881 102938 3 78450 0.0012
m 4
Eesidual by Predicted Flot
] + *
& 14
£ 3
r ]
ol — 3
15, ¥
EE
o
3 T T T T T T
1 2 3 4 5 6 7 & 9
Blending Time (min) Predicted

Blanding Tizme {zmix) Predicted
P=0.0012 RS 54 BMIE=]1.1453

Sommary of Fit
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Exhibit A2. Analvsis of Variance of Blending Times by Test Groupings

EFesponse Blending Time (min) Test Gronping=Tests T8-81 Residual by Predicted Flot
Whale Model 5
Actual by Predicted Flot 4] . L]
0 — . 3
g f3 2
15 = 4
E E] _'-‘ii ,‘]., O n
=} & & Fay
2= 481
¥ " 2] ")
&= -3 * A
<+ N N N
3 0 13 ]
.y Blanding Time (mix) Predicted
Blszding Time {min) Predicted Eesponse Blending Time (min) Test Grouping=na
P= 0001 R5q=0. B2 RMSE=2 504 Whaole Model
Actual by Predicted Plot
Summary of Fit 35
RSquare 051367 3
4 E o 25
BSquare Adj 0.77958 &a. |
3 u ] 0
Foot Mean Square Emor 150402 = g 15
l £ = 104
Mean of Fesponse 9.85562 s
5 1.
Ohbservations (or Sum 16 0 —T —T —
W) Q 5 10 15 20 25 30 33
. . Blazdizg Time (min) Pradicted
Amnalysis of Variance Rt 07 BMTE=D 567
Source DF Sum of Mean F Ratio P-omat * e
Squares Square Summary of Fit
Modsl 3 35147592 117.15% 18.6852
Emor 12 7514148 6.270 Prob:>=F ESquare 092120
C. 15 426.71738 =.0001 &
Taotal BSquare Adj 0.90807
Expected Mean Squares Root Mean Squars Error 256100
The Mean Square per row by the Variance Component per column 1
Mean of Responss 240861
EMS Intercep Test&Rando 1
t m Observations (or Sum 6
Intercept ] i Wets)
TestdéRandn ] 4
m Analysis of Variance
Semrce DF Som of Mean F Ratio
plus 1.0 times Residual Emor Variance Squares Square
Modsl 5 1302.2742 460455 701507
Variance Component Estimates Ermor 30 1259140 §5564 Prob=>F
Componeat Var Comp Est Percent of C. 35 2490 1882 =.0001
Total Tatal
Testd Rando 37.72313 B1.554
m Expected AMean Squares
Plesidual 6270123 15446 The Mean Square per row by the Variance Component per cobumn
Tatal 3390125 100.000
EMS Intercep Test&Rando
These estimates based on equating Mean Squares to Expectad Value. t m
Intencept ] ]
Test Denominator Synthesis TestfRando ] [
Source M5 Den DF Den Demom MS m
Synthesis ) . )
Test&Rando §27012 12 Residual phus 1.0 fimes Besidual Ermor Variance
m
Variance Component Estimates
Testz wri Random Effects Compopent  Var Comp Est Percent of
Source 55 MSNum DF Nom F Ratio Prob>F o Total
Test&Rando 35147 117.159 3 18685 <0001 TestkFanda 75.64851 B2.016
m ] 2 m
Pesidual 6.563709 7984
Tatal 8121331 100.000

Thes= estimates based on equating Mean Squares to Expected Value.
Test Denominator Synthesis

Somrce M5 Den DF Den Denom MS
Svynthesis
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Exhibit A2, Analvsis of Variance of Blending Times by Test Groupings

Sonrce MS Den DF Den Denom M5
Synthesis
TestdBando 55638 30 Residual
m
Tests wrt Random Effects
Source 55 MS5Num DF Num F Ratio Prob>=F
TestiRande  2302.2 440435 5 70150 <0001
m T T

Reddual by Fredicted Plot

&
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ol G
S

T T T T T T
P03 10 15 W 13 M 3
Blamdng Time (min) Prodicted
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Exhibit A4. Plot of EDL Velocity Measurements versus CEFD Values
{in the top plot — in fi'sec and in common logarithms in the boftom plot)
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Exhibit AS. Regression Analysis of In(Test) versus In{CEFD) for the Velocity Data

Bivariate Fit of In{Test) By In (CFD) for CFD Results == 0.026 ft'sec
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In (CFD)}

Limear Fit
In(Tast) = 0.0048008 + 08480705 In (CFDY)

Sammary of Fit

B.Square 0.82063

g
BSquare Adj 08193
Paoot Mean Square Emor 0.58022

4
Mean of Fesponse -0.78412
Observations {or Sum 157
Wets)
Analysis of Variance
Source DF Sum of Mean F Ratio

Squares Square
Model 1 328.184608 318.187 7092582
Emor 15 T1.72038 0453 Prob=F
5
C. 15 30080734 <0001
Total 6
Parameter Estimates
Term Estimate Std t Prob=|i Lower Upper 958:
Error Ratio LR
Intercept 0094800 0.063718 1498 01389 0031087 02206830
]

In 0048070 0035633 2663 <0001 O.87E5000 10193586
(CFD) H
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Exhibit A6. Estimation of Offset in Equation 6 (Left Panel)
Upper Confidence Bound for Offset at 95% Confidence (Right Panel)

Brvariate Fit of ln(Test) By lu (CFD) CFDs=CFD »= L0216 ft'sec Diztributions CEFD==CFD == 0026 ft/sec
In{Text) - In(CELY)
2
—q— -
%
3 2 1 o0 1 2 3
~ Quantiles
-5 1000 maximum 2670
-6 — T T T T T T T T §E_§°:, 1670
-4 -3 -2 -1 0 1 2 97.5% 1374
2002 0083
In (CFD) 75.0% quartdle 0465
50.0% median 0.150
25.0% quartle -
. . 0.165
—Limear Fit 10.0% -
- 0644
Linear Fit 15% o
In(Test) = 0.1425822 + 1*In (CFD) - 1318
Summary of Fit ) 3341
0.0% mnimm -
ESquars . 334l
RSquare Adj . Moments )
Feot Mean Square Ermror 0.68251 Maan 0.142592
] 2
Mean of Fesponse -0.79412 Sed Dew 0682515
Ohzarvations (or Sum 157 1
Wets) SEmMan 0054470
[
upper 85% 0250187
Analysis of Variance Meam L4
Source DF Sum of Mean T Ratio lower 95% 0034097
Squares Square Mean .
Model L} . 0000000 . u 157
Emar 15 71652095 0.465827 Prob=F One-sided Confidence Interval
[} Parameter Estimat  Lower Upper CI 1-
C. 15 . . B CI Alpha
Tatal [} Mean 014259 . 0232724 0950
Parameter Estimates
Term Estimate Std t Prob-jt
Error Ratio |
Intercept 0142502 0054471 242 00097
2
In Constraine 1 ]
(CFD) 4
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Exhibit A7. Natural Logarithms of Velocities
(UCL is upper confidence limit at 93%z confidence)
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Appendix B: Velocity Test Data for Constant Pump Flow Rates
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Velocity, UoD = 0.81 ft"2/second, No cooling coils, NaNO3, CW horizontal nozzles
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Velocity, Vertical Measurement, UoD = 0.81 ft*2/second, No cooling coils, NaNO3, CW

horizontal nozzles
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Velocity, UoD = 0.70 ft*2/second, Cooling coils, NaNO3, 15 degree upward nozzles
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Velocity measurements, UoD = 0.58 ft*"2/second, No cooling coils, NaNO3, 15 degree upward
nozzles, CFD Case 11b
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Appendix C: Sodium Concentration Measurements During Blending Tests
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70

Na Concentration, At pH Probe 5, Test 41, UoD =0.81 ft*2/second, Cooling coils, Water,
Horizontal tee nozzles, pH =6.5-9.8
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Na Concentration, At pH Probe 5, Test 43, UoD = 0.81 ft*2/second, Cooling coils, Water,
Horizontal tee nozzles, pH=4.1-9.8
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Na Concentration, At pH Probe 5, Test 44, UoD = 0.81 ft*2/second, Cooling coils, Water,
Horizontal tee nozzles, pH=9.8 -4.1
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Appendix D: ADMP, Partial Velocity Data at the Elevation of the Jet Nozzles
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ADMP, Resultant Velocity, UaD = 29.4 ft°2/second in water, Jet centerine, 6 f. fromtank center,
5.34 degrees from jet centerline, Avyg. = 3.34 ftisecond, Std. Dev. = 1.04 ftisecond
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ADMP, Resultant Velocity, UoD = 29.4 ft*2isecond in water, Jet centerline, 6 ft. fromtank center,
31.8 degrees from jet centerling, Avig. = 4.08 ft/second, Std. Dev. = 124 ftisecond
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Wi ocity, ftfsecond

ADMP, Resultant Velocity, UoD = 29.4 ft*2isecond in water, Jet centerline, 6 ft. fromtank center,
10.8 degrees from jet centerling, Avg. = 3.73 ftisecond, Std. Dev. = 124 ftisecond
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ADMP, ResultantVelocity, UoD = 29.4 ft*2/second in water, Jet centerline, 6 ft. from tank center,
10.8 degrees from jet centerline, Avy.= 2.72 ft/second, Stil. Dev. = 0.94 ft/second
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Wl acity, ft/second

ADMP, Resultant Velocity, Uo D = 29.4 ft*2/second in water, Jet centerline, 6 ft. fromtank center,
10.8 degrees from jet centerline, Avg.= 2.72 ft/second, Std. Dev. = 0.94 ft/second
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ADMP, Resultant Velocity, UoD = 29.4 ft*2/second in water, Jet centerline, 12 ft. from tank center,
5.34 degrees from jet centerline, Avg. = 2.70 ft/second, Std. Dev. = 1.02 ft/second
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Velocity, ft/second

ADMP, Resultant Velocity, UoD =29.4 ft*2/second in water, Jet centerline, 12 ft. from tank center,
26.34 degrees from jet centerline, Avg. = 2.70 ft/second, Std. Dev. = 1.02 ft/second
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ADMP, Resultant Velocity, UoD = 29.4 ft"2/second in water, Jet centerline, 12 ft. from tank center,
18.24 degrees from jet centerline
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ADMP, Resultant velocity, UoD =29.4 ft*2/second in water, Elevation = Jet centerline, 18 ft. from
tank center, 3.58 degrees from jet centerline, Avg velocity = 2.24 ft/second, Std. Dev. =0.92
ft/second
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ADMP, Resultant velocity, UoD = 29.4 ft"2/second in water, Elevation = Jet centerline, 18 ft. from
tank center, 24.58 degrees from jet centerline, Avg velocity = 2.64 ft/second, Std. Dev. =1.02
ft/lsecond
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Velocity, ft/second

ADMP, Resultant velocity, UoD =29.4 ft*2/second in water, Elevation = Jet centerline, 18 ft. from
tank center, 16.48 degrees from jet centerline, Avg velocity = 3.18 ft/second, Std. Dev. =0.93
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ADMP, Resultant velocity, UoD = 29.4 ft"2/second in water, Elevation = Jet centerline, 24 ft. from
tank center, 2.69 degrees from jet centerline, Avg velocity = 1.14 ft/second, Std. Dev. =0.66
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Velocity, ft/second

ADMP, Resultant velocity, UoD = 29.4 ft*2/second in water, Elevation = Jet centerline, 24 ft. from
tank center, 15.59 degrees from jet centerline
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ADMP, Resultant velocity, UoD = 29.4 ft"2/second in water, Elevation = Jet centerline, 24 ft. from
tank center, 15.59 degrees from jet centerline
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Distribution:

A. B. Barnes, 999-W

D. A. Crowley, 773-43A
S. D. Fink, 773-A

B. J. Giddings, 786-5A

C. C. Herman, 999-W

S. L. Marra, 773-A

A. M. Murray, 773-A

F. M. Pennebaker, 773-42A
W. R. Wilmarth, 773-A

. Stone, 999-W
. Jackson, 703-46A
Bricker, 704-27S
ellinger 704-26S
. Holtzscheiter, 704-15S
. Keefer, 766-H
. Duffey, 704-61H
ubbard, 241-162H
R McCullough, 241-121H
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K. D. Harp, 766H

W. B. Van Pelt, 766H
T. J. Steeper, 786-5A
R. A. Leishear, 786-5A
M. D. Fowley, 786-5A
. R. Poirier, 773-42A
. K. Lancaster, 766H
.C. Ervin, 766H

. M. Crouch, 241-120H
. S. Parkinson, 766H

. J. Gray, 766H

. B. Little, 766H

. C. Clark, 766H

. P. Schwenker, 766H

. H. Subramanian, 766H
. D. Burke, 766H
.R.
.F.
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Davis, 704-26F
Chapman, 766H
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