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EXECUTIVE SUMMARY

This report was requested by the Department of Energy (DOE) - Office of River Protection (ORP) to
address concerns raised by the Defense Nuclear Facilities Safety Board (DNFSB) in their August 8, 2012,
letter to the DOE regarding the Waste Treatment and Immobilization Plant (WTP). In this letter, the
DNFSB discussed the behavior of both Newtonian and non-Newtonian slurries having the following
design deficiencies: (1) Formation of Sliding Beds and (2) Erosion/Corrosion from sliding bed. In the
first deficiency, there is a need to avoid the formation of a bed of sliding solids on the pipe invert and to
design a flushing system. The second deficiency raises the issue of the solids from the sliding bed leading
to increased wear pipe invert and uneven pipe wear.

This assessment is based on readily available literature and discusses both Newtonian and non-Newtonian
slurries with respect to sliding beds and erosion due to sliding beds. This report does not quantify the size
of the sliding beds or erosion rates due to sliding beds, but only assesses if they could be present. This
assessment addresses process pipelines in the Pretreatment (PT) facility and the high level waste (HLW)
transfer lines leaving the PT facility to the HLW vitrification facility concentrate receipt vessel.

For the case of Newtonian based slurries that will be processed in the WTP-PT facility, it is not expected
that sliding beds of solids will be present given the constrains provided by the applicable interface control
document (ICD-19), the safety margin in the WTP design for Newtonian slurries, the projected HLW
streams that will be processed (Wilkins™), the transport velocity of 6 ft/s in the PT facility, and testing
performed by WRPS and PNNL. This finding is for systems where centrifugal pumps are utilized to
transfer or recirculate waste in a 3 inch transfer line.

For the non-Newtonian case, there is insufficient data available to determine if sliding beds will cause
more erosion compared to turbulent flow and the mechanism of sliding bed erosion is different than that
experienced in turbulent flow. Experience at SRS processing only HLW slurries in the tank farm showed
essentially no erosion over a 10 year span. Processing HLW slurries containing large and abrasive frit in
DWPF showed an erosion rate of 4 mils per year over a 10 year span without any observation of erosion
due to sliding bed. Testing with non-Newtonian slurries shows that a sliding bed can be present below
the critical transition velocity and such conditions could exist in WTP for the higher combinations of
yield stress and plastic viscosity given a 6 ft/s flowrate in 3 inch pipe. For a 30 Pa, 30 cP Bingham plastic
fluid, the transition velocity in a 3 inch pipe is 9.3 ft/s. Observations of the sliding beds could be due to
the flocculation of colloidal particles, at high non-Newtonian conditions. Literature does not provide
sufficient information on the size (depth) of the sliding bed for non-Newtonian slurries. The following
recommendations are provided to assess for sliding bed erosion.

1: Perform a technical review of characterized Tank Farm and processed (Al-dissolution/washing)
Hanford HLW waste where mass fraction versus Bingham Plastic rheological and physical
properties have been ascertained in the regions shown in Table 3-1. Characterization of the solids
speciation is also a requirement, such as chemical composition, density, hardness, and particle
size distribution. Assess this data to determine if a sliding bed could be present for pipeline
velocity of 6 ft/s using the methods specified by Poloski et al®**’ and Goosen and Paterson® to
assess for sliding bed. An additional assessment should also determine the faction of HLW
streams that could have a sliding bed based on using a process model (such as G2) and existing
characterization date. Based on the latter assessment, if the fraction of non-Newtonian HLW for
sliding beds is reasonably low, Recommendation 2 below should be reassessed to determine if it
necessary to be performed for the non-Newtonian sliding bed erosion testing. Such a
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reassessment for instance could include evaluating the average hardness of the calculated sliding
bed materials as compared to the piping material in reaching this determination.

: Perform pipe loop testing to determine the size (height/width) of the sliding bed, composition of
the sliding bed, and erosion at steady state conditions and potentially the erosion rate for start/stop
conditions. Elbow and vertical piping should also be assessed if testing is required and captured
in this testing. If start/stop testing is to be performed, an assessment of WTP-PT operations
should be performed to determine the fraction of operating time stop/start activities occur for
HLW vessels. If start/stop operations are a small percentage of the overall transfer operations,
then such testing may not be necessary. Flushing activities should be consistent with WTP
protocol to verify flushing methodology is adequate. Both Poloski et al.®® and Goosen and
Paterson® (two-layer model) methods should be used to assess the collected data.

: Assess RFD operations for systems in WTP-PT that are utilized in transporting HLW.
Assessment is to review how the RFD will be operated; flowrate, number of cycles per nominal
transfer and flushing capabilities. Assessment should include open literature on the operation and
erosion issues related to RFD operations. Issues raised in this review should determine if
additional testing is required to assess the overall issue of erosion due to a cyclic pumping system
given the streams it will process.

: UFP-VSL-00002A/B are the primary HLW processing vessels in PT. These vessels utilize a 10
inch transfer line for crossflow filter activities. There is insufficient data to determine if this
transfer line has been properly assessed for both Newtonian and non-Newtonian operations,
including flushing in maintaining the line for long term operations. An independent assessment
of this transfer system is recommended.

vi
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1.0 Introduction

This report was requested by the Department of Energy (DOE) - Office of River Protection (ORP) to
address concerns raised by the Defense Nuclear Facilities Safety Board (DNFSB) in their August 8, 2012,
letter to the DOE regarding the Waste Treatment and Immobilization Plant (WTP). ' In this letter, the
DNFSB discussed the behavior of both Newtonian and Non-Newtonian slurries having the following
design deficiencies: (1) Formation of Sliding Beds and (2) Erosion/Corrosion from sliding bed. In the
first deficiency, there is a need to avoid the formation of a bed of sliding solids on the pipe invert and to
design a flushing system. The second deficiency raises the issue of the solids from the sliding bed leading
to increased wear pipe invert and uneven pipe wear. The DOE response letter states:> “It is conceivable
that sliding beds could be present for short-time intervals of initial start-up of pumps, near the end of a
waste transfer, or where the target transport velocity cannot be achieved due to competing design
requirements. Hence, BNI will perform additional analysis of sliding beds to determine whether sliding
bed erosion is more aggressive than turbulent erosion in small-diameter pipelines.”

The scope defined by ORP is’:

“To support closure of DNFSB concerns, ORP is requesting Savannah River National
Laboratory (SRNL) to provide recommendations for the testing or analyses that need to be
completed to close these outstanding DNFSB issues. SRNL should perform the necessary
literature review and consultation with ORP and BNI to provide these recommendations.
SRNL should recommend any testing required to close the piping and component erosion
issues identified by BNI”

This assessment is based on readily available literature and discusses both Newtonian and non-Newtonian
slurries with respect to sliding beds and erosion due to sliding beds. This report does not quantify the size
of the sliding beds or erosion rates due to sliding beds, but only assesses if they could be present. This
assessment addresses process pipelines in the PT facility and the HLW transfer lines leaving the PT
facility to the HLW vitrification facility concentrate receipt vessel.

The WTP presently has three design guides for handling slurries within WTP. 24590-WTP-GPG-M-
0058* deals with Newtonian fluid as the carrier fluid transporting undissolved solids. This design guide
uses a modified Oroskar and Turian (O-T) critical velocity correlation (equation (14))*. The fraction of
UDS that are less than 74pm are considered part of the carrier fluid and the O-T is modified by reducing
the fraction of UDS to those greater than or equal to 74pum, with the density and viscosity of the fluid
corrected for the UDS less than 74pum. For particles smaller than 74pm, Thomas’s correlation (equation
(15))* is used and if the velocity is less than the calculated value, the particles that are less than 0.3 times
the thickness of the laminar sub-layer are transported in a sliding bed. A 30% design margin is applied
and the larger value of the two methods is the minimum critical velocity. This critical velocity is defined
as the point where solids deposit to form a stationary bed. The other design guides, 24590-WTP-GPG-M-
016° and 24590-WTP-GPG-M-039° deal with non-Newtonian fluids which can be modeled using either a
Bingham Plastic or Power Law fluid respectively to determine the pressure drop for piping and fittings.
These guides do not provide any guidance for determining the critical velocity for non-Newtonian fluids.
There are no WTP design guides that provide a means to know when flow conditions exist that result in
sliding beds.

In August 2014 the DOE? responded to the August 8, 2012, DNFSB letter'. In this response, DOE
provided a new in-depth strategy to address the issues raised by the DNFSB. DOE proposed a new
minimum transfer velocity of 6 ft/s as compared to 4 ft/s to mitigate plugging based on literature review
provided in their letter. The response did not address if a sliding bed is present in either Newtonian or
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non-Newtonian slurries, though the letter noted that such behavior could potentially exist with non-
Newtonian slurries. The same flushing and transfer strategy of using a minimum pipeline velocity of 6 ft/s
is planned in the WTP — PT HLW transfer lines with at least 3 volume transfer line volumes of flush
water to clean the lines and remove solids. "

The present interface control document (ICD) - 197 describes the required physical and administrative
interactions to allow for transfer of Hanford Tank Farm (HTF) tank waste by the Tank Operations
Contractor to the WTP — PT facility. The present waste feed acceptance criteria for transfer (see Table
7)’ of interest is the maximum insoluble particle size, which is 310um. Additionally, the HLW slurry will
be transferred at a minimum of 6 ft/s (section 2.5.2)" to the PT facility. The transfer line will be flushed
between 6 and 10 ft/s (section 2.4.2)" with a volume of water that, combined with any pre-transfer flush,
is not more than three times the transfer pipeline capacity® for a total flush volume of not more than 7,500
gallons. Given HLP-22 (the HLW receipt vessel in PT facility) will be a Standard High Solids Vessel
Design (SHSVD), this total flush volume could be problematic given the batch volume is only 10,400
gallons ° and this 7,500 gallon flush volume was based on the pervious working volume of 145,000
gallons.

The present configuration of vessels in the PT is considered to contain Newtonian slurries in HLP-22,
FEP-17, and UFP-01, where Newtonian “Slurry” means the behavior of the slurry is predominately
Newtonian. UFP-02 is considered to contain both Newtonian and non-Newtonian slurries. Vessels HLP-
27 and HLP-28 are expected to contain non-Newtonian slurries, where non-Newtonian “slurry” means the
rheological behavior of the slurry is not Newtonian and the solids affect the rheological properties. The
typical pipeline transfer paths for the HLW containing vessels within the PT facility are, as shown in
Figure 1-1, except for HLP-28 which sends its feed to the HLW facility. The SHSVD vessels UFP-VSL-
00001A/B, UFP-VSL-00002A/B, HLP-VSL-00022A,B,C, HLP-VSL-00028, and HPV-VSL-00027A/B
have 3-inch schedule 40 transfer piping and plans are to use centrifugal pumps for the transfer.
Recirculation pumps used for heat exchanger purposes for the SHSVD vessels, other than UFP-VSL-
00002A/B, will also utilize the same size transfer lines and centrifugal pumps. UFP-VSL-00002A/B
ultrafiltration loop utilizes a 10 inch pipe and centrifugal pumps with a nominal recirculation flowrate of
2200 gallon per minute (GPM)'". PWD-VSL-00044A/B obtains waste from PWD-VSL-00033/44 and
transfers the waste to FEP-VSL-00017A/B. The transfer lines between the PWD vessels and from the
PWD vessel to the FEP vessel are 4-inch schedule 40 piping and reverse flow diverters (RFD) are used to
pump the fluids. An RFD is a machined tee piece with an inlet (connected to a charge vessel) and outlet
(connected to the transfer line) nozzle opposing each other and an entrainment port. Figure 1-2 provides a
systems schematic of a RFD process, but in the case of WTP, the buffer tank is replaced with a pump pair
to provide the pneumatics. There are no break pots used with these RFD transfer lines. The flow rates in
these systems range from 89.5to 111 GPM.

" Per discussion with Doug Vo, WTP, 1-9-2015
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WTP Pretreatment Flow Diagram
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Figure 1-1. Recent Informal DRAFT Pretreatment Flow sheet (Prior to Single HLW Vessel Design)
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Figure 1-2. Schematic of Reverse Flow Diverter Pumping System™!

As previously stated, this report is a review of existing literature to assess if a sliding bed and its wear can
exist in the WTP PT. If a sliding bed exists in WTP, there is a probability that a sliding bed will exist in
the HTF given similar operating conditions of the transfer line. Both the HTF and WTP transfer lines are
3” schedule 40 piping. WTP also uses 3” piping for pump suction piping.”

Table 1-1 is a description of what the author believes are the various flow regimes for Newtonian slurry
pipe transport, starting at the lowest velocity where solids depositions occurs to the highest velocity
where the flow is homogeneous. This change in flow regime is due to the level of turbulence, as the flow
increases, the level of turbulence increases, further supporting the suspension of solids. Figure 1-3
provides a visual interpretation, excluding a settled bed condition. These velocities are based on reducing
the velocity from a “pseudo-homogeneous/homogenous™ state to a settled bed state. For non-Newtonian
slurries, literature is limited concerning sliding beds, but the transition point between laminar and
turbulent flow has been denoted as the critical velocity or critical transitional velocity.'>"*'*!*  This
notion is consistent in most literature, and is typically the minimum point at which to operate the slurry
transport line. This position is provided given the lack of clarity that at times is presented in the reviewed
literature.

This report does not assess the following:

- synergetic wear effects due to corrosion/erosion from a sliding bed;

- the different HLW waste stream compositions (densities and particle size distributions) by
models such as HTWOs or G2 and if such streams could be considered candidates in
generating a sliding bed;

- the transport methods used by WTP to assess critical velocity;

- the size and composition of the sliding beds that could be present; and

- aquantified effect of the sliding bed on erosion.

" Per discussions with Doug Vu, WTP, 12-12-8-2014
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Table 1-1 Newtonian Slurry Flow Regimes (Author’s Position)

Velocity | Flow Regime Condition
This is the velocity at which a stationary bed has formed on the bottom of
the pipe. This value is typically stated by most authors as the “critical”,
Settled bed R v e o L, ) . .. .
minimum”, “deposit”, or “deposition” velocity. This is the critical velocity
based on the author’s view of literature.
o0 Sliding bed This is the minimum velocity at which a sliding bed is present. The velocity
£ range for sliding bed can be large.
3 . This behavior can be hard to distinguish from that of sliding bed. Solids can
5 Saltation .
2 flow in dunes.
A This behavior occurs at a velocity where all solids are in suspension. There
Heterogeneous exists both a velocity and solids concentration gradient in the cross-section

of piping.

Pseudo-Homo /
Homogeneous

This behavior occurs at a velocity at which the solids concentration is fairly
uniform across the pipe cross-section. It is not “truly” homogeneous.

1 Homogeneous

vmis Cys % Cwt%
——————

;

I Helerogeneous
with full suspension

|

III Heterogeneous
with rolling, saltation

N

I¥ Sliding bed

¥ Fixed bed

L1
W“’MWZWW

> S

mixture volume transport
velocity concentration  concentration

Figure 1-3. Regions of Newtonian Slurry Flow™
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2.0 Properties, Sliding Bed and Erosion

This section is divided into four parts and provides a review of open literature. The first section discusses
requirements for and/or estimates of the physical properties of the slurries to be transported in WTP. The
second section discusses the various flow regions for Newtonian fluids. The third section discusses non-
Newtonian fluid flow regions. The last section covers erosion due to sliding beds.

2.1 WTP Pretreatment Slurries Properties

The following documents were selected to provide input for this assessment. This is not an assessment of
those documents, but rather a utilization of the data.

2.1.1 RPP-9805, (2002)

RPP-9805'" provided one of the earlier sets of recommended values for waste properties for the waste
feed delivery transfer system and included particle size distribution (PSD), particle density and slurry
viscosity. Table 2-1 is a summary from this report. To determine viscosity, RPP-9805 recommends
using the equation shown in Table 2-1. The document further goes on to state that agglomerates and
flocculants tend to make up a lot of the larger particles and contain interstitial liquid that would reduce the
agglomerated/flocculated densities.

Table 2-1 RPP-9805 Waste Feed Properties®’

Property Values
Solids concentration
(g-solids/L-slurry) 200 (max)
Solids density (g/ml)
Average solids density 2.9
95% confidence interval 2.6t03.2
95/95 tolerance limit 3.9

Particle Size Distribution (um)

Percentile 1 5 25 50 75 95 99

Mean 0.7 1.2 3.7 7.5 31 140 210

Standard Deviation 0.4 0.6 1.8 4.2 38 94 145

95% confidence limit 1 1.6 5 11 58 210 310

95/95 tolerance limit 2 3.1 10 22 160 460 700
Viscosity (cP)

py =2.0-[1425-C, +10.05- C2 + 1.3{exp(17 - C,) — 1}] - y =006

Where: u,, = viscosity of sludge
Cy = solids volume fraction
¥ = shear rate (1/s), typically obtained between 100 to 200 s™

2.1.2 External Flowsheet Review Team Issue M1 Closure (2009)

CCN214961" summarizes the four closure criteria that addressed the External Flowsheet Review Team
(EFRT) question that any line containing both solids and liquids can be expected to plug and should be
designed to prevent plugging for both rapidly settling and hindered-settling slurries. In summary, the
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EFRT recommended a thorough review of all slurry containing process lines to ensure the line-plugging
potential is minimized. CCN214961'® addressed the EFRT M1 issue by closing the four closure criteria
identified in the Issue Response Plan'®. The four closure criteria and resolution for closure are provided
in Table 2-2.

Table 2-2 EFRT M1 Closure Criteria and Resolution®®

Criteria

Resolution

A report is issued documenting
design basis particulate size and
density with support by Hanford
waste characteristics experts.

Reports referenced for this closure were RPP-9805 and WTP-RPT-153 that identified
the particle size and density for the d95 and d98 particles. 24590-WTP-GPG-M-0058
was used to determine the critical velocities.

A bounding interim Design Guide
(DG-1) is issued that specifies
minimum slurry flow velocity,
pipe flushing velocity, and
preferred piping configuration.

Design guide 24590-WTP-GPG-M-0058 Rev. 0 was issued to provide guidance in
determining the minimum pipe flow velocity for transfer of Newtonian Fluids,
including margin.

Pipeline flushing requirements are specified in 24590-WTP-GPG-M-0058.

24590-WTP-GPG-M-0058 also addresses the special considerations for vertical lines,
elbows, traps and dead legs, valves, jumpers and pumps.

The design of WTP piping is
evaluated against the interim
Design Guide to identify the set
of modifications required to
correct deficiencies.

24590-WTP-GPG-M-0058 was used to complete the piping system design assessment
calculations for plugging in the case of Newtonian and low-yield stress non-
Newtonian fluids. Approximately 300 transfer routes were assessed to define normal-
process and flush-flow velocity requirements, evaluate available flow margins, and
establish the potential of mechanical plugging due to solids settling. Based on this
assessment, seven design changes proposals were made.

The final design guide is expected
to be confirmatory based on final
particulate characterization and
R&T results. Nevertheless,
closure of M-1 is contingent upon
the final design guide.

24590-WTP-GPG-M-0058 has been confirmed experimentally by a series of fluid
flow tests (CCN: 137169, Use of Ml Test Data Provided by Pacific Northwest
National Laboratory (PNNL)) for Newtonian fluids. For fluids not defined in 24590-
WTP-GPG-M-0058 other design guides have been implemented:

(1) 24590-WTP-GPG-M-059 -Avoiding Chemical Line Plugging-Plant Design
Considerations. This design guides provides a basis understanding of
chemical plugging mechanisms and plant design considerations for plug
removal.

(2) 24590-WTP-GPG-M-016 -Pipe Sizing for Lines with Liquids Containing
Solids - Bingham Plastic Model. This design guide is applicable to Bingham
plastic fluids in laminar and turbulent flow conditions. This design guide can
be used to determine if the slurry is homogenous, the pressure drop per
length of pipe and the pressure drop for values and fittings.

(3) 24590-WTP-GPG-M-027 - Recommended Slopes for Piping Systems. This
design guide provides piping slope recommendations for pressure and
gravity transfer process systems. Pressure and gravity transfer piping is
further divided into recommendations for black cell piping, hot cell piping,
and piping outside these areas such as between facilities.

(4) 24590-WTP-GPG-M-032 - Vessel Overflow and Gravity Line Sizing. This
design guide provides guidance for sizing vessel overflow nozzles and
gravity overflow lines that are subject to unsteady flow and surges due to
periodic siphons and venting of air from piping.

2.1.3 Process Inputs Basis of Design (PIBOD), (2011)

The PIBOD? documents the physical properties of WTP process streams based on a mass balance
calculation using tank waste feed classes and processing scenarios representing the entire WTP process.
The physical properties of interest that are provided for the process streams are: liquid and slurry density,
mass fraction total solids, mass fraction suspended solids, and rheology. For the non-Newtonian streams
in PT, the plastic viscosity ranges from 6 to 30 centipoise and the Bingham Plastic yield stress ranges
from 6 to 30 Pa. The Newtonian viscosity is limited by that stated in ICD-19.” The results from the
PIBOD are to be used in conjunction with data from other sources for design confirmation. For instance,
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neither the particle size distributions or particle densities are provided by PIBOD, but the average particle
density can be deduced from the data provided. PIBOD states that RPP-9805'7 and WTP-RPT-153*" are
available resources to determine the particle properties. PIBOD also recommends considering adding
additional contingency consistent with standard engineering practice.

2.1.4 24590-WTP-RPT-PE-12-005, (2013)

24590-WTP-RPT-PE-12-005> serves the purpose of proving a supporting argument for the current basis
for crystalline particle properties to be processed through the WTP. This study checks that the design
basis limits on particles are reasonably bounded based on engineering interpretation of the available data
and analysis. A total of six process nodes were assessed in WTP and only four of the nodes are of
relevance to this study and are located within the PT facility. These nodes are identified as Stream FRP14
(HLW feed to the PT facility), Stream FEP19 (concentrate from the waste feed evaporation process
system (FEP)), Stream UFP(07 (concentrate from the ultrafiltration process system (UFP)), and Stream
HLPO09 (feed to the HLW vitrification facility). UFP07 and HLP0O9 are the same, given one feeds the
other without any processing. Six groups of waste feed types were analyzed and provided. The results of
that assessment for those various streams are provided in Table 2-3 through Table 2-5. In summary, for
all waste feed group types, the hardness and density increased after solids treatment and the particle size
decreased, implying that after leachable solids are removed, the remaining particles are harder, smaller
and denser. Stream FEP19 includes recycle streams from both HLW and LAW. The document clearly
states that the particle sizes utilized in this document do not account for agglomeration and/or fused
particles, hence should not be considered conservative. The values provided in Table 2-3 through Table
2-5 are weighted values as defined in Appendix D of 24590-WTP-RPT-PE-12-005 and some of these
mean values exceed the design basis limits stated in the document. It is not the intent of this document to
assess the methodologies, data, calculations, or results stated in 24590-WTP-RPT-PE-12-005, but rather
use the results in this report. Mean weighted average values are such that there will be compounds that
exceed the values stated in these tables and their impact is unknown. For instance, the weight based value
for moh hardness does not take into consideration the particle size distribution, which could be an
important parameter in erosion. Such unknowns will not be considered.

Table 2-3 Summary of Weighted Particle Properties for Each Feed - Stream FRP14%

. . Weighted
W:/llggaed Weighted I\V/\I/iil%?;?\ Mean or Weighted
Waste Feed Group Type Mean Density q " Median Max Particle
Hardness 3 Particle Size . . .
(moh) (kg/m®) (um) Particle size Size (um)
(pm)
Composite 4.6 2938 0.6 2.5 66.7
Chromium 4.7 2831 0.7 3.0 91.4
Bismuth 4.8 3082 0.6 2.4 43.7
Zirconium-Aluminum 4.2 2693 0.8 3.7 128.9
Aluminum-high 47 2842 0.7 2.7 75.5
leachability
Iron 4.7 3298 0.6 2.5 75.3
DESIGN BASIS LIMIT <44 2180 NA 11 210
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Table 2-4 Summary of Weighted Particle Properties for Composite Feed - Stream FEP19%

. . Weighted
W:/llgg;ed Weighted l\\l/lvi(:'wl%rr]](tez(:l Mean or Weighted
Waste Feed Group Type Mean Density . . Median Max Particle
Hardness 3 Particle Size ; . .
(moh) (kg/m”) (um) Particle size Size (um)
(pm)
Composite 4.5 2741 0.7 3.2 76.9
Chromium 4.3 2590 0.6 33 61.7
Bismuth 4.4 2796 0.7 2.9 554
Zirconium-Aluminum 5.0 2992 0.7 2.5 28.6
Aluminum-high
Jeachability 4.5 2623 0.7 3.1 57.9
Iron 4.8 3106 0.6 2.5 52.9
DESIGN BASIS LIMIT NA NA NA NA NA

Table 2-5 Summary of Weighted Particle Properties for Each Feed - Stream UFP07 & FEP19%

. . Weighted
W:;Ige]g;ed Weighted I\V/\Ili??:;eai Mean or Weighted
Waste Feed Group Type Mean Density . . Median Max Particle
Hardness 3 Particle Size ; . .
(moh) (kg/m®) (um) Particle size Size (um)
(pm)
Composite 4.8 3443 0.5 1.1 11.5
Chromium 4.9 3405 0.4 1.0 9.4
Bismuth 4.9 3870 0.4 1.1 7.3
Zirconium-Aluminum 52 3332 0.7 1.8 11.2
Aluminum-high
leachability 5.0 3228 0.6 1.5 10.5
Iron 5.1 4013 0.2 1.0 8.7
DESIGN BASIS LIMIT NA 3800 NA NA 300

For the HLW incoming stream FRP14, the maximum weighted particles were treated as the d95 particles
and the mean average densities were used to calculate the critical transport and settling velocities
provided in Table 2-6. The critical velocity was determined using the WTP design procedure® for
Newtonian slurries and includes the 30% design margin.

Table 2-6 d95 Particle Size, Critical Velocity, and Settling Velocity - Stream FRP14%

Waste Feed | dgs Particle Size Solids Density Critical Settling Velocity
Group Type (pm) (kg/m?®) Velocity (ft/s) (ft/s)

Baseline 210 2180 3.7 0.036
Composite 67 2938 4.0 0.007
Cr 91 2831 4.1 0.012
Bi 44 3082 3.9 0.003
Zr-Al 129 2693 4.2 0.022
Al-HL 76 2842 4.0 0.009
Fe 75 3298 4.5 0.011
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2.1.5 WTP Design and Safety Margin (2014)

CCN229195> applies the design and safety margin to the WTP design for the current (at that time, the
95™ confidence level particle size distribution stated in RPP-9805'") particle size distribution. Baseline
calculations were based on the WTP design basis input for slurry transport, Table 2-7. The critical
velocity calculated” for the design basis with the 30% margin was 3.72 ft/s and 2.86 ft/s without margin.
A sensitivity evaluation using the O-T critical velocity correlations specified in 24590-WTP-GPG-M-
0058* was performed without using margin and the values stated in Table 2-7 were used as the baseline
condition. The results from this evaluation are provided in Table 2-8 and summarized in Table 2-9.

Table 2-7 WTP Design Basis for Slurry Transport®

Parameter Value Units

dp 210 Micron
Ds 2.18 g/mL
P 1.1 g/mL
UL 2 cP
C 200 g/L

Nhomo 50 %
D 3 Inch (Sch. 40)

Table 2-8 Sensitivity Evaluation Around WTP Design Basis Slurry®

Variable Change Response
Critical | dp Cs Nhomo Ps 30% Ps dp Critical
Velocity | (um) | (L) | (%) | (g/em’) | Design | (g/em’) | (um) | Velocity
(ft/s) Margin (ft/s)
Baseline Table 2-7 Yes 3.72
Baseline Table 2-7 No 2.86
4 No 32
310 No 3.05
50 No 2.49
0 No 3.41
4 310 No 2.94
700 29 No 4.53
1100 2.9 No 4.89
6 No 17,500
6 No 6.1
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Table 2-9 Safety Margin Conclusion on Critical Velocity for WTP Newtonian Slurry®

Based on the estimated required particle size or particle density required to achieve a critical velocity of
6 ft/s, the recommended use of a 6 ft/s transfer velocity in the WTP design provides considerable margin.

A particle size limit of 310 microns results in a required density of ~ 2.9 g/mL in order to achieve a critical
velocity of 4 ft/s. The 2.9 g/mL value is the design basis density used for mixing.

A factor of 4 change to the solids concentration results in a 15-20% increase to the critical velocity. Thus,
3 | even with the potential for solids stratification in the WTP PJM mixed vessels, the required critical velocity
will not exceed 6 ft/s with a feed delivery limit of 4 ft/s.

The use of the homogenous fraction accounts for the presence of the smaller particles which aid in the
movement of the larger particles. However, the use of the d95 particle size effectively states that the
remainder of the solid particles are at the d95 size. Therefore, while the use of a non-zero homogeneous
fraction results in a lower critical velocity, the use of the d95 particle size is conservative.

2.1.6 ICD-19, (2014)

ICD-19’ is the interface control document for waste feed between the HTF and the WTP PT facility. The
HLW feed data of interest is listed in Table 2-10. The critical velocity listed in Table 2-10 is based on
bulk slurry parameters, not that of subsets of compounds with specific size and density values that could
exceed this limit. The upper particle size limit will be controlled via process or procedure (to be
determined) and is the D99 particle size at the 95% confidence level stated in Table 2-3. Given a 310um
size particle and using the upper critical velocity of 4 ft/s, the maximum density of the particle is 2.9
g/cm’ without any margin using the WTP design procedure.* Particle density limits or particle size
distributions are not provided. Additional information of interest are the slurry transport velocity between
the HTF at a minimum of 6 ft/s followed by flush water velocity between 6 and 10 ft/s.

Table 2-10 HLW Feed — Waste Feed Acceptance Criteria ICD-19 to WTP’

Property Limits

<200 g/L for transfer (maximum)
In WTP receipt vessel after blending the contents
Solids concentration of unwashed solids, the linear range of
107 < g/L at 0.1M sodium to
144 < g/L at 7M sodium

Slurry bulk density < 1.5kg/L
Critical velocity <4 ft/s
Maximum particle size 310 um

Slurry rheology at 25 °C

Plastic viscosity <10 cP
Yield Stress < 1.0Pa
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2.2 Regions of Flow for Newtonian Slurries

The description of the various regions of solids transport has been described by many authors in various
articles.

2.2.1 Newitt et al., 1955

This article discusses sliding beds. One of the original descriptions of flow regimes for Newtonian
slurries was provided by Newitt et al.**. Newitt et al. performed preliminary tests using % inch glass tube,
water, and 60 micron glass beads having a density of 2.8 g/cm’. The results from this test are provided in
Figure 2-1, showing various regions of both sliding/settle beds. Notice the large region (difference in
velocity) where the sliding bed is present prior to becoming fully suspended.

LINE BLOCKED

YELOCITY FT/SEC

T

9 500 1690 1500 2090
QUANTITY OF SOLIDS ADDED -GMS

Fig. 3.—Dtagram showing the flow characteristics observed
in the glass apparatus

(a): Fully suspended flow — all particles were in a full suspension.

(b): Suspended flow with a moving bed — in the upper part of the pipe the material was in
suspension, while a bed of solids moved at a uniform rate in the lower part.

(c): Suspended flow with a layer of particles sliding over a stationary deposit — the upper part of the
pipe contained suspended material and the lower part a deposit, the surface layers of which were
moving in saltation (i.e., deposited particles are periodically lifted and then deposited
downstream by the fluid).

(d): Stationary deposit with superimposed ripples — only a small quantity of material was in
suspension, but the particles constituting the ripples were moving in the direction of flow.

(e): Isolated deposits — lenticular deposits were distributed along the pipe and travelled slowly as in

(d).

Figure 2-1. Newitt et al. Description of the Impact of Solids Concentration on Bed Formation and
Pluggage®

In this article, Newitt et al. described the various transitions in velocities from his tests, starting
with the lowest velocity to the highest as shown in Table 2-11. The lowest velocity is denoted
the critical deposition velocity (V;), which is the point where a stationary bed of solid first forms,
the next is the saltation or sliding bed velocity (V), which is the point where the flow turns into a
heterogeneous flow, and finally to homogeneous velocity (V;) where the solids concentration is
fairly constant across the pipeline cross-section. This analysis was based on the energy (work)
required to convey material between two points at a specific rate and can be assessed by
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measuring the difference in the hydraulic gradient between the liquid and suspension. In this
study, water was the only carrier fluid used. The solids used in assessing the pressure/flow
curves were Perspex (i.e., poly(methyl methacrylate)), coal, sand, gravel, manganese dioxide,
and zircon sand with narrow particle size distributions between 110 to 6000 microns, and solid
volume fraction between 0.05 and 0.35. No uncertainties of the velocities correlations were
provided. The critical velocity was based on Durand’s® work and is the velocity where a
stationary bed has formed. Above this velocity, there is flow with a moving bed of solids. The
curve OAB shown in Table 2-11 was as defined® the accepted definition for critical velocity,
which is the mean velocity of mixture at which the stationary bed begins to appear at the bottom
of the pipe as the velocity is decreasing. Additional details of the work performed by Newitt et
al. for the various flow regimes are provided by Miedema®’. Miedema provides an example of
the various flow regimes as described by Newitt for a 1” and 6” pipe conveying sand in water as
shown in Figure 2-2. Figure 2-3 shows Durand’s function (Fi) as function of particle size and
concentration. Note that as the particle size increases, so does Fr, up to about 1000-1500 um, at
which point there is little change in Fy.

Table 2-11 Newitt et al. Description of Solids Behavior in Pipe Flow*

Provided Curve Velocity Definition

B

100
V¢ = Critical Velocity, below

which a stationary bed exists.
FLOW WITH FLOW BY SALTATION (Line 0AB)
STATIONARY BED OR MOVING BED F, = Durand’s Function, see
c Figure 2-3
Ve =F/2gD(S—1) g = Acceleration due to gravity
D = Pipe inside diameter
s=P
PL
ps = Density of solid

D p1, = Density of liquid

FLOW AS A HETEROGENEOUS
SUSPENSION

Vg = transition flow between
saltation or sliding bed and a

Vg =17W heterogeneous suspension
(Line AC)

W = particle terminal falling

FLOW AS A HOMOGENEOUS Velocity.

particle diameter, d (mm)

0.1

SUSPENSION
Vy = transition between flow
as a heterogeneous
Vy, = 3/1800gDW 108
suspension and

homogeneous flow

0.0

0 1 2 3 4 5 6 7
velocity, V(ms)
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Flow Regimes according to Newitt et al. (1955) & Durand & Condolios (1952)
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Figure 2-3. Durand’s Function, F_?’
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2.2.2 Carleton and Cheng, 1977

This article discusses critical velocity. Carleton and Cheng® provided definitions of design velocities for
correlations developed to that point in time. The design velocities and definitions are provided in Table
2-12 and can lead to confusion. For instance, one would expect that the sliding bed velocity would be
below that of deposition or critical velocities, given the description provided by Carleton and Cheng.
Carleton and Cheng used some 50 or so correlations and made a comparison between predicted and
measured values for a 25 weight percent (wt. %) suspension of 50 micron iron oxide (with density not
provided, but expected to be between 5.2 to 5.7 g/lem’)* in a 53 mm (2-in.) pipe. The results, provided in
Table 2-13 clearly show that the correlations do not agree with measured values and note that the sliding
bed predictions exceed those of all the other predictions other than the heterogeneous/homogeneous
transition. The standard deviations of the correlations used are quite large and for the sliding bed, it
exceeds the mean. The article® in which these data were analyzed could not be obtained to determine
which correlations were used to support these calculations.

Table 2-12 Design Velocities as Specified by Carleton and Cheng®

Velocity in
increasing Description
order
The velocity at which particles start to settle out as the flow is lowered. The particles may
Deposit settle to a static or a sliding bed. This velocity is not necessarily the same as the suspending
velocity.
This is the velocity at which the shearing forces in the liquid are just sufficient to move
Sliding bed particles that lie on the floor of the pipe. This is normally an inefficient method of
transporting the solids, but it may well be the mechanism by which solids are carried in
high-concentration conveying.
At this velocity, particles are repeatedly picked up by the liquid and deposited further along
. the pipe. This form of transport is not used for long-distance lines carrying fine particles,
Saltating . . . . . .
but for short lines carrying coarse particles, it may be necessary to operate with saltating
flow.
This is the lowest velocity at which all the particles are picked up and remain in suspension.
. This velocity is used for designing most pipelines but it is difficult to determine with
Suspending

precision, particularly when the particles have a wide size distribution and when fine
particles suspended in the liquid make it opaque.
This is often known as the critical velocity. Its determination does not require observations
Minimum in the | of the flow regime but the minimum point is difficult to locate with precision because the
pressure gradient | curve is often shallow and not necessarily continuous. Thus, correlations in which the
versus velocity | position of the minimum has been derived by differentiation of an analytical expression
curve derived from experimental points must be used with great caution. It is usually assumed
(Critical) that the critical velocity is higher than the suspending velocity so that its use leads to a safe
design. Although this is usually true, there can be no guarantee that it is always so.
In theory, this is the velocity at which the particles become evenly distributed throughout
the pipe. In practice, it is defined as the velocity at which the concentration profile across
the pipe attains some arbitrary degree of uniformity. Alternative definitions for
Homogeneous | homogeneous flow are based either on the assumption of the pressure gradient in the
flow pipeline being equal to (1) that for a fluid having the same density as that of the suspension
and the viscosity of water (the standard velocity), or (2) that predicted from viscometer
measurements on the homogeneous suspension. However, velocities corresponding to
homogeneous flow will normally lead to a design that is too conservative.

Page 15 of 58



SRNL-STI-2015-00014

Revision 0
Table 2-13 Design Velocities for Iron Oxide in 53 mm Pipe®®
Number of Mean of Standard
Design Velocity . predictions deviation Measured value (m/s)
Correlations
(m/s) (mls)
Laminar/turbulent transition 2 0.41 - 1'0.1 (calculgted from
viscometric data)
Sliding-bed velocity 7 1.47 1.51 -
. . 1.10 — 1.80 (not sharply
Suspending velocity 11 0.58 0.5 defined)
Deposition velocity 11 0.83 31 (as for suspending velocity)
Critical velocity 10 0.66 0.10 0.29 (not sharply defined)
Hetero geneous(homogeneous s 174 137 1.46
transition

2.2.3 Turian et al. — Critical Velocity 1987

This article does not discuss sliding bed. Turian et al.’' performed a detailed examination of the critical
velocity of non-colloidal slurries in pipeline flow and provided an improved critical velocity correlation
using a large data base as compared to other correlations developed at that time. In this article, they
define the critical velocity as the minimum velocity demarcating flows in which the solids form a bed at
the bottom of the pipe from fully suspended flow. The authors go on to state it is also referred to as the
minimum carrying or the limiting deposition velocity, which is the point where a stationary bed of solids
initially form. The number of data sources and points used and ranges of physical properties used in his
correlation are provided in Table 2-14. In 1980, Oroskar and Turian’” (O-T) provided a critical velocity
correlation and the same critical velocity definition was used as in this article. Table 2-14 also provides
the number of data sources and points used and ranges of physical properties used in his correlation.
Turian et al. 1987 data includes most of Oroskar’s data.

Table 2-14 Data Used to Fit the Turian et al. and Oroskar-Turian Critical Velocity Correlations®

Value Turian*” o-T"
Sources 41 5
Number of critical velocity Data Points 864 357
Solids Density (g/cm’) 1.15-8.9 1.3-524
Fluid Density (g/cm’) 0.77-1.35 0.9-1.35
Fluid Viscosity (cP) 0.5-190 0.47 —1300
Particle Size (microns) 20 — 19,000 100 — 2040
Pipe Diameter (cm) 1.27-31.5 1.905 -31.5
Volumetric Concentration (vol %) 0.1 —56.1 1-50

The correlations developed by Turian et al. and O-T are shown as equations (1) and (2) respectively. The
stated relative root mean square standard (RMS) deviation for the Turian et al. correlation is 0.3416 and
for the O-T it is 0.2182, given their data sets. It is not clear upon reviewing these articles that the reported
O-T RMS is correct, given what is stated in the Turian et al. article. O-T assessed their data using their
generic critical velocity relationship (eq. 41)** for n = 2 (this is the power relation for hindered settling
velocity due to solids concentration on the unhindered velocity) and reported an RMS of 0.2594, the same
value reported by Turian et al., but in this case Turian (see Table 1)*' reported this as the absolute average
percent deviation (D) with an RMS of 0.4331. Turian et al. does not include the O-T equation (2) in their
assessment, which is the equation WTP utilizes to determine the critical velocity. The D for Turian et al.
equation (1) is 20.53%, lower than equation (2). It is unclear to this author which uncertainty data is
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correct for the O-T equation (2). Table 2-15 provides a distribution of percent deviation for each critical
velocity data point using equation (2) and O-T (eq. 41)**. The results show the calculated critical velocity
can be quite different than what was measured. The reported RMS is one standard deviation. Based on
Oroskar’s thesis®, the ds, volume basis particle size was used.

0.00179
D.pf./—g-D-(S_—1)> ,(%)“‘““23.\/2.9.,3.(5_1) (1)

Hg

Vp = 1.7951 - €197 - (1 — ()21 - (

T A G=D\ . d\ 0378
V, =185 - C‘(/J.1536 - (1 — C,)03564 . (D prVg-d -1 . <i> - 4030 m )
U D
Where: C, = Volumetric concentration (fraction)
d = particle diameter (m)
py = carrier liquid density (kg/m®)
g = gravitational constant (9.81 m/s%)
S = density ratio of solids to fluid
us = carrier liquid viscosity (Pa-s)
D = inside pipe diameter (m)
x = fraction of eddies with velocities exceeding the hindered settling velocity of solids

Table 2-15. Comparison of Correlations to Experimental Critical Velocity Data

Correlation Number of points in deviation band Maxir_nu_m %
<20% 20-50 % 50 -100% > 100% deviation
Oroskar* 437 302 118 7 164
Turian 535 260 65 4 123

* Based on equation (41) in Oroskar™

2.2.4 Cho et al. Minimum Transport Velocity —Multiple Solids Components and Solids Densities

This article does not discuss sliding bed but is insightful for understanding the impact of particle size or
density on behavior. There is very limited literature available on this subject matter. Cho et al.** (written
in Korean) tested both different particle sizes and densities. The materials they used and their properties
are provided in Table 2-16. The particles were fairly uniform for a given particle size and density. In one
test, he blended the large and small sand at a volumetric ratio of 2 to 1 and the controlling parameter for
critical velocity was the larger sand and was similar to the minimum transport velocity curve of the heavy
sand itself (Figure 2-4). As the volumetric concentration increased, there was a slight reduction in the
minimum transport velocity of the blend as compared to the large sand. Cho et al. then blended the two
largest heavy sands with the smallest cast iron, where the case iron contained a large volume of the solids,
and these results are shown in Figure 2-5. This data clearly shows that more dense cast iron material
dictated the critical velocity in all cases. In the final blend, a 1 to 1 volumetric ratio of the 137 micron
large sand and 137 micron cast iron was performed and the results are shown in Table 2-16. In this case,
the equal volume blend of solids resulted in having a lower critical velocity as compared to the case of
iron by itself and this difference increased as the concentration of the slurry increased. The
correlation/method they utilized in calculating the minimum transport velocity seemed to work quite well
based on how the calculated curves fit the experimental data. Detailed explanation cannot be provided,
given the article is written in Korean and a translation was not readily available for this author. In 1991,
Bea at el.”® (a co-author on Cho at el. article) provided methods for determining the minimum critical
velocity of blended solids based on the method utilized by Cho at el., but with an exception where the
turbulent intensity is determined differently and can be calculated for pipe size ranging between 1.6 to 5.0
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cm. Detailed knowledge of the blended material, such as density, particle size distribution, and
concentration must be known to obtain average values. Three different methods were presented, where
two of the methods emphasized the least transportable material; hence the largest critical velocities were
calculated. The 3™ method is cumbersome, due to it being an iterative process. The interesting result
from these articles is that a controlling variable seems to be the particle with one of the highest settling
velocity. From a conservative point, one could treat each particle separately (assuming each has the same
concentration) and the one that yields the greatest minimum velocity determines the operating conditions.

Table 2-16 Materials Used in Cho’s Experiments®

Material Megn particle Size (Mesh and Sy Terminal Falling
size (um) um) velocity (cm/s)
-60/+70
230 >210 - <250 241
163 -80 /+100 1.92
> 149 - <177
Heavy sand 2.634
137 -100/+120 137
>125-<149 )
-120 /+150
115 2105 - < 125 0.98
-80/+100
163 =149 <177 5.233 3.49
-100/+120
Cast Iron 137 ~125_ < 149 5.138 3.10
-140/+170
96 88 <105 5.185 1.95

© : 150-200 mesh sand
& : 100-120 mesh sand
® : mixture

— : calculated

minimum ransport veloeity (cm/sec)

0.0 - -
0.0 0.05 0.10 0.15
volumetric concentration
@: Volumetric concentration ratio of large (-100/+120) to
small (-150/+200) of heavy sand is 2

.

Figure 2-4. Critical Velocity versus Concentration of Large and Small Sand Blends*
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150

£ S
= =190 i
Z g
£ 100 ]
Z 5
;f‘ L & : 60-70 mesh sand é-
Ef £ 0 B0-100 mesh sand E 100+ .
& @ : 140-170 mesh cast iron E .
3 O mixture
g s0f A @ :mixture i 2 L .
E — :calculated g £ : 100-120 mesh cast iron
E E @ : 100-120 mesh sand
— - - — : calculated
0.0 0.05 0.10 0.15 50 ,
volumetric concentration 0.0 0.05 0.10 0.15
volumetric concentration
A : Volumetric concentration ratio of heavy sand
(-80/+100) to cast iron (-140/+170) is 0.5 O: Volumetric concentration ratio of heavy sand
: Volumetric concentration ratio of heavy sand (-60/+70) (-100/+120) to cast iron (-100/+120) is 1
to cast iron (-140/+170) is 0.7

Figure 2-5. Minimum Transport Velocity versus Concentration of Heavy Sand and Cast Iron
Blends*

2.2.5 Critical Velocity — Small Particles and Their Effect

2.2.5.1 Parzonka et al.- 1981

Parzonka et al.*® reviewed approximately 50 data sets of deposition velocity data. They defined the
deposit velocity as the transition velocity between a heterogeneous suspension and heterogeneous
suspension with a sliding bed and/or heterogeneous suspension with a stationary bed, given the difficulty
at times to distinguish between the two by the various researchers. They divided their collated
experimental data into five categories according to the type of solid and particle size range shown:

1. small size sand particles (0.1 mm < d < 0.28 mm),

2. medium size sand particles (0.4 mm < d < 0.85 mm),

3. coarse size sand and gravel (1.15 mm < d < 19 mm),

4. small size high density (2.7 to 5.3 g/cm’) materials (50 um < d < 300 um), and

5. coal particles (1 mm < d < 2.26 mm).

The effects of solids concentration on the Durand and Condolios®’ dimensionless deposition velocity Fy at
different mean particle diameters for a sand-water system with varying proportions of fine material is
shown in Figure 2-6. This figure shows that without fines, F| reaches a maximum when the volumetric
fraction is in the range 0.1 to 0.15 and then remains almost constant. The presence of fine material
(defined as d < 75 microns or 0.075 mm) causes Fy to decrease once it has passed its maximum value for
a given concentration. Depending on the proportion of fine material present, the greater F; falls with a
greater proportion of fines and their effect is more pronounce as the large particle size decreases (see
change in F| ranging from the largest particle (D,=1.5mm) to the smallest (D,=0.25mm)). Parzonka at el.
also include figures which provide guidelines for estimating F; for very fine materials (such as iron ore)
and coal. Parzonka at el. makes a statement that as the concentration approaches zero, F| approaches 0.2
—0.5. The impact of small micron size particles such as clays is not included in Figure 2-6 and they can
cause the slurry to become non-Newtonian.
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Figure 2-6. Overall Variation of the Dimensionless Deposition Velocity, F, with Solids
Concentration and Particle Size for Slurries of Sand and Gravel in Water®

2.2.5.2 Hisamitsu et al.- 1978

This article does not discuss sliding beds. Hisamitsu et al.*® investigated the impact for concentrations of

clay (mean particle size less than 1um) and limestone powder (mean particle size 7 pm) on the critical
velocity of deposition and pressure loss of various sands of different particles sizes (200 to 800 um). The
clay volumetric percent ranged from 1.0 to 4.6 in the sand + clay and this mixture ranged from 9.5 to 25
volume percent, indicating a large fraction is sand. For the limestone powder, its volume percent ranged
between 2.0 to 7.5 in the sand + limestone mixture ranged from18 to 22 volume percent. The results
showed that the clay reduced the critical velocity of deposition and pressure drop compared to processing
just sand. This was not the case for limestone where the limestone did not impact the rheology in the
same manner. The limestone slurry itself was Newtonian in behavior for all concentrations. It was
shown that small particles do not necessarily affect the critical velocity of deposition in the same manner.
This data supports Parzonka et al.*® small fines assessment.
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2.2.5.3 Warren, 1981

This article does not discuss sliding beds. Warren® investigated the critical velocity for fine glass
particles with both narrow and broad particle size distribution of fine slurries (dso < 75 um). Warren
defined the deposit velocity as the point of minimum pressure drop determined from a pressure drop
versus flow curve. For the narrow particle size distribution, Warren utilized the 12 experiments with
glass beads (dso = 12.5 and 44.5 um) in water and pipes with pipe diameters ranging between 1.5 and 2.5
inches and obtained equation (3). Warren fitted 24 deposition velocities from Saskatchewan Research
Council slurry flow data containing a broad particle size distribution of fine solids (D = 2.056 — 12 inch,
ps = 1.441 — 5.245, dso = 35 — 40 um, volume percent Cy = 4.6 — 39.6) resulting in equation (4). Warren
compared both the narrow and broad particle size distribution deposit velocity with O-T equation (2)
predictions and the O-T over-predicted the deposit velocity by 59%. It must be clear that the O-T
equation (2) was not correlated using fine particles (less than 100 um); hence the use by Warren is outside
of its fitted range, but does yield conservative values. Warren recommends using these equations with
caution and the volume fraction of solids should be greater than 0.10.

0.194

Vpnarrow = 1.90 - (5) J2-9g-D-(§-1) (3)

0.227

VD,BT‘Odd = 0694 . <B) . C;O'SOS . \/2 . g . D . (S _ 1) (4)

2.2.5.4 Cairns and Turner, 1958

Cairns and Turner*” *' investigated the transport of submicron particles that were dense and where the

volume percent was typically less than several percent. The density and particle size distribution (weight
basis, equivalent to volume basis for a single type of material) of the solids are provided in Table 2-17.
Water was used as the carrier fluid. Cairns and Turner measured transition velocities at the point where
sliding beds first appear and when stationary beds appear for pipe diameter sizes %, 1, 1-', and 2 inches.
The data was regressed for both transition velocities. Equation (5) is for the sliding bed and equation (6)
is for the stationary bed. Cairns and Turner*' then compared the deposition velocity for the UO, - NaK
slurry data obtained by Abraham et al.** and the results are comparable, even though the pipe diameter
was outside of Cairns and Turner data set. The UO, — NaK test was performed using a 0.44 inch diameter
tube with a UO, volume percent of 4.3 (equivalent to 36 wt. % in the slurry). Low volume fractions of
solids seem to have little to no effect on the critical velocity and this is consistent with Parzonka et al.*.
Extrapolating this correlation to larger size pipe is questionable. Viscosity was not considered as a
variable in developing the correlations but the deposition velocity works well with Abraham et al. results,
where the carrier fluid was not water, but a molten salt. One of the solids that Cairns and Turner studied
was tungsten, having a density of 19.3 g/cm’, something comparable to the small and most dense solids
that could be in the Hanford waste streams, though the tested solid content is much higher. Cairns and
Turner were very challenged in maintaining the tungsten in suspension in the mixing vessel.
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Table 2-17 Materials Used in Cairns Testing*® “
Material
Property Barium
Tungsten Sulfate Red Lead Talc
Density (g/cm’) 19.3 4.5 9.1 2.7
Particle Size - Microns
100 15 20 29 52
> 95 10 8.4 7.8 31
g 85 7.9 6.1 4.4 24
2 E 70 6.1 4.8 3.3 19
>3 50 48 3.7 2.3 15
£z 30 3.7 2.9 1.8 11
5 15 2.8 2.3 1.4 8.4
- 5 1.8 1.8 1.1 5.7
0 1.0 1.4 0.96 2.4
wt. % in slurry 5.8—8.5 5.0-15.7 7.8—15.0 9.3-9.9
vol % in slurry 0.32-0.48 1.16 - 3.97 0.92-1.90 3.66 - 3.83
Moving Bed Velocity Range (ft/s) 3.06 -3.17 1.55-1.97 2.04-2.57 1.37-1.62
Settled Bed Velocity Range (ft/s) 2.54-3.09 143-1.73 1.74 -2.43 1.17-1.37
Vi = 1.9+ (D)°2(S — 1)°3 5)
V285 =1.6-(D)%%(S —1)°3 (6)

where Vj; = Moving bed velocities (ft/s)
Vr = Deposition bed velocities (ft/s)
D = inside diameter (ft)
S = Density ratio of solids to carrier fluid (unit less)

2.2.5.5 Thomas, 1979 — Viscous Sublayer Effect

Thomas* was concerned that the method used to determine the Durand’s> function Fy in their sliding bed
model was under-predicting Fy for particles smaller than 100 pm, resulting in a lower predicted critical
deposition velocity in turbulent flow conditions. Thomas defined the critical deposition velocity as the
velocity at which a stationary bed will appear at the bottom of the pipe. To correct for this deficiency in
determining F;, Thomas determined that the viscous sub-layer at the wall was the issue, where the
turbulence was not present to support particle suspension. Hence the particles were sliding along the wall
of the pipe in this viscous sub-layer. Thomas determined, from testing of 17 and 26 micron size sand in
water and up to 12 volume percent solids, that if the maximum particles size was less than 0.3 times the
thickness of the sub-layer and the particles are not flocculated, equation (7) is applicable. Thomas also
assessed flocculated data where the particle size distribution were analyzed in quiescent conditions and
determined that the conditions of turbulence in the pipe reduced the flocs to the individual particles that
made up the floc. Thomas also provides a general equation to determine the critical deposition velocity
for all particle sizes and this relationship is shown in Figure 2-7 for the case of silica sand in water.
Figure 2-7 shows that larger particles require a larger critical velocity than smaller particles, given they
are the same material. It also shows that as the pipe diameter gets larger, the larger particles critical
velocity increase more than the smaller particles for a given pipe diameter. Finally, Thomas compared his
critical deposition velocity predictions of the small and dense particles reported by Cairns*' and he states
there is good agreement in determining the critical deposition velocity when using the dso. If the friction
factor is assumed to follow a power law approximation, Thomas provided equation (8), which is the same
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as that provided in 24590-WTP-GPG-M-0058*. These equations are for particles sizes less than 100 pm
and the particles smaller than 0.3 times the thickness of the laminar sub-layer

1
. . _ 3
v, =11- (M) @)
Pr
0.37
Ps
g-,uf-<——1) D\
V=90 —r 7 (”f_> ®)
Py Ky

where: f = the pipe friction factor for the equivalent discharge of clear fluid

VELOCITY (ms 1)

2 100 _ 1000

PIPE DIAMETER (mm)

Figure 2-7 Predicted Deposition Velocity for Various Particle Sizes Below 0.5 mm for Silica Sand in
20°C Water®®

2.2.6 Pinto et al., Critical Velocity, 2014

This recent effort by Pinto et al.* addressed the issue of critical velocity for heterogeneous flow. The
terms deposition velocity (Vp) and critical velocity of deposition (V¢) were noted in this article as terms
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used rather loosely in literature due to a lack of a common agreed upon basis by the community. Pinto
defined Vp and V¢ as the same and as the velocity at which a moving bed of particles started to form
(visually) on the bottom of the pipe and it was also the point of minimum pressure loss based on
decreasing the velocity. The solid materials that were used and their properties and concentrations are
shown in Table 2-18 and were tested using water in 25 and 50 mm diameter piping. Three different solid
materials were used and two different narrow particle size of each material, denoted as Class-1 and Class-
2 were used. The sphericity (shape) of the particles were reported and used to develop their correlation.

Table 2-18 Materials Used in Pinto’s Testing**

Sauter Mean
Solid diameter Specific Sphericity (%) Tested Cy
Material (microns) Gravity (\;?ngcrtr;g;r)lc
Class-1 | Class-2 Class-1 | Class-2
Quartz 265 132 2.62 0.80 0.81 0.14 | 0.20 | 0.27
Apatite 295 151 3.13 0.63 0.64 0.12 | 0.18 | 0.24
Hematite 336 163 4.9 0.39 0.37 0.08 | 0.12 | 0.17

In this article, the authors provide a new correlation for critical velocity given the results from their
testing, equation (9). In this correlation, particle shape is considered but has a very low exponent,
indicating it does little in contributing to the critical velocity. A decrease in particle sphericity will
slightly increase the critical velocity.

0.37

de - . D de - Wy ~0:007
Ve = 0.124 - (Sg — 1)°5 - <% V9 ) . (ST) g3 1Cy ©)
f

where: Ss = relative density of the solid and slurry (5—5)

ps = density of solid (kg/m’)

Pm = density of slurry (kg/m’)

dg = particle Sauter mean diameter (m)
uy = fluid viscosity (Pa-s)

D = pipe inside diameter (m)

g = gravitational constant (m/s’)

Y = Particle sphericity

Cy = volumetric fraction concentration

Pinto et al. then compared the critical velocity measurements with other deposition velocity correlations
provided in Table 2-19 and the results are shown in Figure 2-8. The results show that the deposition
velocity correlations under predict the observed critical velocity. The Turian et al. equation (eq. 1) under
predicts the critical velocity more than 25% in most cases. Note that Pinto et al. critical velocity was
when a sliding bed first forms, different than Turian’s or O-T definition. Attempts to duplicate the results
using Turian et al.’s and O-T’s equations (1) and (2) respectively with the data provided by Pinto et al.,
could not duplicate the results shown in Figure 2-8. This offset could be due to how Pinto et al. used their
data in the critical velocity correlations listed in Table 2-19; they might not be the same values as reported
in his paper. The other explanation is that Turian’s and OT correlations are based on the critical velocity
defined as that in which solids are deposited, which should predict a lower critical velocity than Pinto
given that Pinto defined critical velocity as that when a sliding bed first occurs. Calculations using
Turian’s and O-T’s equations (1) and (2) are provided in Table 2-20 using Pinot et al.’s data. All the
predicted critical velocities were lower than the measured values, but not as low as Pinto et al. states.
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Table 2-19 Correlation Used to Calculate Deposition Velocity**

Researcher Correlation
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Figure 2-8 Comparison of the Predictive Critical Deposition Velocities with the Observed V.*
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Table 2-20 Correlation Used to Calculate Deposition Velocity

Revision 0

Sauter Deposition Velocity (m/s) Error in Prediction
. Density Mean . .
Material : C, (%) Turian O-T Turian O-T
/cm3 diameter v Measured

i ea (1)) | (e @) | (ea.(D) | (eq.(2)

14 1.70 126 1.26 26% 26%

265 20 1.90 129 1.29 -32% -32%

27 2.00 1.30 131 -35% -34%

Quartz 2.62 14 1.30 120 112 8% “14%
132 20 1.50 123 1.15 -18% 23%

27 1.70 124 1.17 27% 31%

12 1.80 1.44 1.46 20% 19%

295 18 2.00 1.48 1.52 26% 24%

. 24 220 1.50 1.54 -32% -30%
Apatite 3.13 12 1.50 137 131 8% “13%
151 18 1.70 1.41 1.36 17% 20%

24 1.90 1.43 1.38 25% 27%

8 2.30 1.90 1.98 17% “14%

336 12 2.30 1.96 2.08 15% -10%

. 17 2.70 2.01 2.15 26% 21%
Hematite 4.9 8 1.90 1.81 1.76 5% 8%
163 12 2.10 1.87 1.84 1% 12%

17 2.30 1.91 1.90 17% 17%

2.2.7 Poloski et al., 2009(development of Stability Map)

Poloski et al.*’ performed tests to determine the critical deposition velocity, which is defined in this
reference as the point where a fixed bed first starts to form for either the Newtonian and non-Newtonian
slurries. Three types of solids were used and considered as course particles: (1) low: soda glass,
2.5 g/em’, < 10 pum, (2) medium: aluminum oxide, 3.77 g/cm3, < 50 pm, and (3) high: 316L stainless
steel (S/S), 7.95 g/em’, 10 and 100 pm particles. Concentration of solids tested ranged between 16 and
45 wt %. Water was used for all tests. Results from this test indicate that the WTP method for estimating
critical velocity (equation (2)) is conservative, but can be improved. All the measured critical deposition
velocities, other than for the large 316L S/S particles, were below 6 ft/s. In all tests, a sliding bed or
solids stratification towards the bottom of the pipe prior to achieving critical velocity were noted, but no
details about when they occurred were provided. Poloski et al. recommend using the original basis of the
Newtonian correlations (equation (2) that WTP utilizes in the design guide.”). Modification to the O-T
equation without testing the underlying assumptions is not recommended, since no vetting with actual
data has been performed. The O-T correlation is based on using the fluid properties, not the slurry
properties for density and viscosity. Discussion about the non-Newtonian slurry studies by Poloski et al.
are provided in section 2.3.6.

2.2.8 Pressure-Drop and Velocity Regions for Heterogeneous Flow

The terms deposition velocity and critical velocity at times are confusing, especially when data taken
from one source is integrated with another and such definitive terms as deposition is replaced with critical
or other terms. Much of the deposition velocity and critical velocity data has been obtained by visual
observation of when the solids form a solid bed at the bottom of the pipe or by interpreting the pressure
drop versus velocity curves for a heterogeneous flow and determining the minimum pressure
drop 2#263133:3433:305132 Thege two values are typically close to each other as shown in Figure 2-9, Vy, is

Page 26 of 58



SRNL-STI-2015-00014
Revision 0

when deposition occurs and Vi, is the minimum velocity in the pressure drop/flow curve. Some
researchers have stated that the critical velocity is the point where the pressure drop is the minimum and
past the point where sliding beds are present.”***** Others™ have stated the critical vel