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Executive Summary

This report documents the gap between the existing and available data from experiment and the data
necessary for application to the Verification and Validation (V&V) effort associated with the FLUENT
Computational Fluid Dynamics (CFD) code. The data necessary for the V&V effort is documented in
24590-WTP-PL-ENG-1 11-0002, Rev. A, The V& VPlan for Computational Fluid Dynamics Modeling of
the PJM Vessels for the Hanford Tank Waste Treatment and Immobilization Plant Project - referred to as
the V&V Plan. The V&V Plan documents the methodology employed for V&V, which is based on
ASME V&V 20-2009, Standard for Verification and Validation in Computational Fluid Dynamics and
Heat Transfer (referred to as V&V 20) and provides the basis for application to the WTP PJM equipped
vessels (24590-WTP-ES-ENG-09-00 1, Revision 2).

The V&V 20 Standard requires the comparison error between experiment and CFD, as well as uncertainty
in the CFD model, be determined. A key to establishing the comparison error and uncertainty is to
compare experimental measurements from credible datasets to CFD simulations for Application Points -
i.e., data variables from representative WTP PJM equipped vessels, which provide values for parameters
that are directly compared to the WTP Vessel Functional Mixing Requirements. These data variables are
defined as Validation Variables because they correlate the required data for CFD V&V.

The WTP Vessel Functional Mixing requirements (24590-WTP-ES-ENG-09-00l1, Revision 2) are
satisfied by the following Validation Variables -

1 . Fluid Velocity: Velocity measurements within the bulk fluid after a specified number of PJM
cycles satisfies the cool to transfer requirement (#1) (Note exception for vessels HLP 27 A/B,
HLP-28, and UFP-2 A/B as discussed later).

2. Peak and Cycle-averaged Suction Line Concentration: Peak and average suction line
concentration measurements by constituent, over a specified number of PJM cycles, satisfies the
prevent plugging, criticality, hydrogen generation rate estimation, and the process control
requirements (#2, 5, 6, and 7).

3. Miscible Fluid Blending: Density measurements within the bulk fluid after a specified number of
PJM cycles satisfies the blend liquids and neutralization requirements (#3 and 4).

4. Multiple-PJM ZOI: The ZOIJECR measured at the end of PJM drive provides data indicative of
settled solids mobilization, which is applied to satisfy the mix to release gas requirement (#8).

5. Bulk Concentration in the Heel: The bulk concentration in the heel measured by constituent after
pump-down satisfies the solids accumulation limit described in requirement #10.

A full description of how the Validation Variables are determined is provided in 245 90-WTP-PL-ENG-
11 -0002, Rev. A. A summary is provided in Table 1- 1.

Table 1-1 Functional Mixing Requirements with Validation Variable Summary

Vessel
Number Mixing Mixing Criteria Validation Variable Requirement Satisfied?

Function _______ ____________

Fluid velocity used for heat

I Transfer Cool for Transfer Fluid Velocity transfer calculations

Average & Peak Suction Slurry density and viscosity
2 Transfer Prevent Plugging LieCnetainjat the suction line inlet for

Lie onetrtinpumnp requirementsj

i 3 -Bln BlendLiquids Miscible Fluid Blending rainshwmxn
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Vessel
Number Mixing Mixing Criteria Validation Variable Requirement Satisfied?

Function____ F nc i n __________________________________ ___________________________________ ___________________________________

4 Blend Neutralization Miscible Fluid Blending Same as #3
5 Smpe CitcaltyAverage & Peak Suction Same as #2 -for

5____ Sample___ Criticality ________ Li ne Concentration retrievability

6 Sample Hydrogen Gieneration Kate Average & Peak Suction Same as #2 - for
______HGR) Estimation Line Concentration retrievability

7 Smpl Poces ontolAverage & Peak Suction Same as #2- for
7 Saple ProessConrolLine Concentration retrievability

8 Store Mix to Release Gas Multiple PJM ZO] seolistaemomntf

10 tor Liit olis Acumlaton Bulk Concentration in Heel Concentration in heel at end
10by Constituentofpm-dw

Application Points do not necessarily need to be extracted from actual WTP PJM equipped vessel design-
specific tests or operations. However, these points need to represent the relevant Validation Variable at
scale and under conditions that adequately reflect the actual WTP design/operation space. In cases where
such Application Point test data is not available, data from other tests performed at varying scale and
conditions may be used for V&V provided the test occurs at a scale based on standard industry practice
from the WTP design/operation configuration. Typical recommended geometric scaling in industrial
practice is 1: 10 (by vessel diameter). Conservative scaling is recommended to be on the order of 1:5
(PNNL report TP-RPP-WTP-480). Scaling is appropriate, since CFD (FLUENT) is a first-principles-
based program, where the governing equations are explicitly applied at actual scale and the geometrical
issues are explicitly incorporated through the mesh. Thus if the test data used for V&V is representative
of the WTP PJM equipped vessels, then that data is adequate for V&V. If such data does not exist,
additional testing would be required.

For the Data Gap Analysis presented in this report the following tasks were undertaken -

" Define the list of dimensional parameters that represent the physical design, operational
conditions, and waste/stimulant properties of the WTP PJM equipped vessels.

" Conduct a comprehensive survey and compile all WTP PJM equipped vessel data (including
design drawings) and summarize the ranges for the key dimensional parameters. This is
presented in Section 2.

* Compile qualified experimental test data collected previously in support of WTP and summarize
the ranges for the key dimensional parameters (note that "qualified" refers to quality in terms of
NQA-1, traceability, repeatability, proximity to the variables and conditions of concern, etc.).
Compare the ranges of parameters for the WTP PJM equipped vessels and the selected
experiments for each of the five Validation Variables. This is presented in Section 3.

* Analyze the overlap and gaps for each key parameter between the WTP PJM equipped vessels
and the selected experimental datasets in such a manner that encompasses relevant combinations
of parameters that describe the key physical behaviors in the vessel at various scales. This is
presented in Section 4.

It is important to emphasize the difference between a V&V effort and design studies. In the V&V effort
presented here, geometrical issues are explicitly incorporated into the CFD model through the mesh. This
leaves the fidelity to which the CFD represents the physical processes as the principal concern. Unless a
situation arises in which new physical processes are introduced, the situation need not be incorporated
into the V&V effort. With an understanding of the comparison error and uncertainty for the CFD for a
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particular context, design studies may proceed to investigate the impact of various candidate design
changes on vessel performance. As a result, gaps determined from pure vessel scale measurements, such
as vessel diameter, are not of specific concern for the V&V effort.

The findings from the Gap Analysis specific to each validation variable are summarized as follows -

I1. Cool-To-Transfer - Gaps are identified between existing experimental data for velocity near the
vessel wall and the WTP PJM equipped vessel dimensional and non-dimensional parameters.
* Use of existing data from 336 vessel tests is possible but is not recommended because of the

expectation for high values for model error and uncertainty.
* Alternatively, collection of near wall velocity data from additional 8 ft vessel tests is

recommended.
* A gap for cool-to-transfer velocity data specific to HLP-27, HLP-28, and U FP-2 is identified

due to non-Newtonian fluid sparging not being represented in the V&V testing dataset
2. Suction Line - Gaps are identified between existing experimental data for concentration at the

suction line inlet and the WTP PJM equipped vessel dimensional and non-dimensional
parameters.

* The sole recommendation is to collect additional data in a larger scale vessel. 8 ft vessel
testing is recommnended.

3. Blending - Gaps are identified between existing experimental data for miscible liquids blending
and the WTP PJM equipped vessel dimensional and non-dimensional parameters.
* Use of existing data is not recommended because of the expectation for high values for model

error and uncertainty.
* Alternatively, collection of appropriate data (ex. concentration measurements within fluid at

various heights and PJM cycles) from 8 ft vessel testing is recommended.
" A gap for miscible liquids blending specific to HLP-27, HLP-28, and UFP-2 is identified due

to non-Newtonian fluid sparging not being represented in the V&V testing dataset
4. Existing experimental data for multiple PJM ZOI demonstrates overlap for a majority of the WTP

PJM equipped mixing vessel dimensional and non-dimensional parameters. The existing tests are
acceptable for V&V of CFD for PJM vessel design confirmation.

* Inclusion of additional data from 8 ft vessel tests would improve the V&V dataset overlap
with the WTP PJM equipped vessel parameters and provide significantly improved alignment
with PJM array configuration similarity.

5. Gaps are identified between existing experimental data for concentration at the heel concentration
and the WTP PJM equipped vessel dimensional and non-dimensional parameters.

* The sole recommendation is to collect additional data in a larger scale vessel. 8 ft vessel
testing is recommended.

With the inclusion of specific 8 ft vessel tests, the gaps between plant vessel parameters and the available
data for V&V of CFD are narrowed or closed for most criteria.

* The ranges for the dimensional parameters significantly overlap.
* The ranges for relevant dimensionless parameters significantly overlap.
* The dynamic range of parameters for CFD is spanned.

Several criteria are suggested for possible, future 8ft vessel tests. First, the 8 ft vessel test experiments
should include use of half-scale or larger pulse tubes. Second, they should allow for the repeat of
pumpdown tests to measure heel accumulation for representative simulants and supemnate properties.
Lastly, these tests should provide repeated measurements of time-averaged suction line concentration.
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Possible configurations for 8 ft diameter vessel testing, which satisfy' the requests above, are -
* Single centerline mounted pulse tube configuration with 4" nozzle to establish a link to full scale

via testing,
* Single centerline mounted pulse tube configuration with 2" nozzle to establish a link between full

scale and half scale,
*Four p~ulse tube array without a centerline mounted pulse tube with 2" nozzles and inter-pulse

tube spacing characteristic of WTP vessel standard arrays,
* Five pulse tube array with a centerline mounted pulse tube with 2" nozzles and inter-pulse tube

spacing characteristic of WTP vessel chandelier arrays.
This list represents an overview of the recommended tests in the 8ft vessel for the V&V. The detailed list
of specific tests and associated measurement quantities/locations will be included in the RTD (Test Plan)
that will be issued by the Project testing team.

The non-Newtonian vessels (HLP-27 A/B, HLP-28, and IJFP-2 A/B) include two vessel mixing
requirements, #1 and #3 representing the cool to transfer and the liquid blending respectively, for which
there exists a gap that the proposed 8 foot vessel testing will not fill. There are no test recommendations
for these vessels at this time because such testing would need to include the sparging operation in the
upper part of the vessels. The bottom portion of these vessels is driven directly by the PJM jet velocity
wall shear effects which create Newtonian fluid mixing in this region. This allows for the proposed 8 foot
vessel testing to fill the gap in experimental data as applicable to the validation variables at the bottom of
the vessel - suction line concentration, Zone of influence, and heel accumulation.
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1 Introduction

1.1 Purpose and Scope

The purpose of this document is to provide a summary of potential gaps between the information
provided by existing experimental data sets and the information needed to perform the FLUENT V&V in
the context of WTP PJM equipped vessels. The required information for the FLUENT V&V, in the form
of five validation variables, is based on the functional mixing requirements from 24590-WTP-ES-ENG-
09-00 1, Rev. 2 and as described in the V&V 20 plan (24590-WTP-PL-ENG-l 1-0002, Rev. A).

Beginning with this section, the data gap analysis provides an overview of CFD with a discussion of
solution methods and scale independence. A short discussion of the primary validation variables as
defined in 245 90-WTP-PL-ENG-1 1-0002, Rev. A and their relationship with the WTP vessel functional
mixing requirements (24590-WTP-ES-ENG-09-00l, Rev. 2) is in Section 1.3. Section 1.3 also includes
the requirements for individual WTP PJM equipped vessels as aligned with the five primary validation
variables. Section 2 provides an assessment of the anticipated operating conditions for the WTP PJM
equipped vessels. Section 3 provides an assessment of the experimental data sets, reduced to reflect those
tests that are both usable and useful. Section 4 presents an analysis of the WTP PJM equipped vessels
and experimental data to determine if gaps exist for any of the five validation variables, and which, if any,
will require additional experimental testing. In such cases where a gap is determined to exist, proposed
vessel test configurations are described in Section 4. Conclusions of this data gap analysis the presented
in Section 5. References are provided in Section 6. Detailed information for the WTP PJM equipped
vessels and the existing experimental data sets are included in two appendices. The first appendix,
Appendix A, provides a detailed description of the pertinent experimental results for the data sets that
have been deemed relevant to this V&V activity. In Appendix B, details are found describing the
conditions of the WTP PJM equipped vessels.

1.2 Background on CFD

The commercial CFD solver FLUENT is used for evaluation of the WTP PJM equipped vessels. The
CFD models created solve ensemble-averaged equations governing mass, momentum, and energy
conservation in gas-liquids-solids multiphase flows. The Eulerian-Granular multiphase model is used in
FLUENT. FLUENT solutions are statistical predictions of mean flow quantities, like solids and fluid
velocities, and concentrations, withfull coverage in space and time. A complete accounting of the
multiphase model equations for PJM vessel mixing is provided in Appendix A of project document
24590-WTP-PL-ENG-1 1-0002, Rev. A.

1.2.1 Solution Methods in FLUENT

The equations solved by FLUENT are derived from formally exact, first-principles-based, equations for
gas-liquids-solids transport. Ensemble -averaging of the equation set yields the statistical equations
underlying the Eulerian-Granular multiphase model. The ensemble-averaging process introduces higher-
order statistics that are closed through modeling. These physics models are semi -theoretical/semi -
empirical closures that have been shown to emulate the correct fluid-solids interaction responses across
multiple datasets from multiple configurations over a wide range of flow conditions. Demonstration that
these closures remain appropriate for WYTP PJM equipped vessel mixing is the purpose of solution
validation in the V&V process.
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The approach in CFD is to discretize the flow domain into a very large number of interfacing control
volumes. Local control volume sizes are chosen to resolve mean flow gradients at that location.
Demonstrating that this goal is accomplished is the purpose of grid refinement during solution validation
in the V&V process. Time is also discretized into small time increments, which resolve temporal changes
in the flow. The mass, momentum, and energy balances of the discretized governing equations are
enforced within each control volume for each time-step increment. Discretization of fluxes into and out
of the control volumes links neighboring cells. Direct exchange of information is local. Boundary
conditions are only directly experienced by the control volumes adjacent to the boundaries. Boundary
information propagates into the flow field through the network of locally interacting cells.

By enforcing governing equations directly within each local control volume discretizing a flow field,
CFD embeds core physical processes like transport, diffusion, production, and destruction, directly
enabling a CFD model to be locally sensitive to non-linear system responses to local changes in a flow
field and sensitive to the effects of geometry.

1.2.2 Scale Independence

The same governing equations apply to all WTP PJM equipped vessels (plant vessels) and flows from test
vessel scale to plant vessel scale. Because CFD is locally sensitive to the core physical processes of the
governing equations, all mechanisms for fluid behavior are possible at each point within a flow field. The
primary mechanisms observed depend on the local flow conditions. CFD does not enforce a particular
behavior and allows primary mechanisms to change with vessel scale. A governing-equations-based
approach like CFD avoids the need to identify a priori appropriate exponents for scale-up and scale-
down, and thus extends predictability to systems like PJM driven vessel mixing, where the available
experimental data may be insufficient, and is available to derive trusted data-driven correlations.

1.3 Validation Variables

The following sections provide a summary of the WTP PJM equipped vessel functional mixing
requirements and the associated validation variables for both Newtonian and non-Newtonian fluid
rheologies.

1.3.1 Vessel Functional Mixing Requirements

The performnance of each WTP PJM equipped vessel is assessed based on the functional mixing
requirements as determined by the project (24590-WTP-ES-ENG-09-OO1, Rev. 2) and repeated in Table
1-1. These nine requirements formn a natural basis on which to select validation variables.

Table 1-1 Functional Mixing Requirements

Number Vessel Mixing Mixing Criteria Functional Requirement
Function

Transfer Slurry: The PJM mixing system shall mix the
I Transfer Cool for Transfer slurry to ensure the maximum slurry temperature is

below the specified temperature limit.
Transfer Slurry: The PJM mixing system and pump

2 Transfer Prevent Plugging suction shall be capable of maintaining the fluid
properties to meet the pump suctionrequirements.
Blend Liquids: The PJM mixing system shall blend the

3 Blnd lendLiqidsliquid fractions to ensure the concentration gradient
3 Blnd lendLiqidsthroughout the vessel is less than the value specified for

_____________________the liquid characteristic of interest.
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Number Vessel Mixing Mixing Criteria Functional Requirement
Function __

Blend Liquids: The PJM mixing system shall blend the
4 Blnd Nutrlizaionliquid fractions to ensure the concentration gradient
4 Blnd Nutrlizaionthroughout the vessel is less than the value specified for

the liquid characteristic of interest.
Mix Slurry: The PJM mixing system shall mix the slurry

5 Sample Criticality to ensure the process control requirements are met and a
______________________representative sample can be obtained.

IHydrogen Generation Rate Mix Slurry: The PJM mixing system shall mix the slurry
6 Sample (G)Estimation' to ensure the process control requirements are met and a

(HGR)representative sample can be obtained.
Mix Slurry: The PJM mixing system shall mix the slurry

7 Sample Process Control to ensure the process control requirements are met and a
________representative sample can be obtained.

8 S tore Mix to Release Gas2  Release Gas: The PJM mixing system shall mobilize
solids to release gas.
Limit Solids Accumulation: The PJM vessel systems
shall be designed, considering the mixing and transfer

10 Store Limit Solids 3systems, such that solids will not accumulated from
Accumulation3  batch to batch and limit the bulk density and solids

weight percent to less than or equal to the limits
_______ __________________________________established for the Unit Liter Dose calculation.

Note (s):
I. Details on sample requirements for HGR estimation are in 24590-WTP-ES-ENG-09-001, Rev. 2.
2. See 24590-WTP-PSAR-ESH-0l1-002-02 for details on hydrogen concentration limits.
3. For details on the Unit Liter Dose (ULD) calculation, see 24590-WTP-ES-ENG-09-00l, Rev. 2.
4. Number 9 is not shown in this table since it was superceded by Number 10 (24590-WTP-ES-ENG-09-001,

Rev. 2).

1.3.2 Primary Validation Variables

The five primary validation variables that have been identified for this V&V effort are described in
24590-WTP-PL-ENG-1 1-0002, Rev. A. They are:

I1. Velocity measurements within the bulk fluid after a specified number of PJM cycles - (Vessel

functional mixing criteria #1)
2. Peak and cycle-average slurry concentration by constituent at the suction line inlet over a

specified number of PJM cycles - (Vessel functional mixing criteria #2,5,6 and 7)
3. Concentration measurements of miscible fluids within the bulk fluid of vessels after a specified

number of PJM cycles - (Vessel functional mixing criteria #3 and 4)

4. Multiple-PJM ZOIIECR at the end of drive - (Vessel functional mixing criteria #8)

5. Bulk concentration in the heel by constituent - (Vessel functional mixing criteria #10)

The validation variables are quantities of interest that are to be evaluated in both CFD and experiment for
the purposes of establishing comparison error and validation uncertainty per V&V 20 (24590-WTP-PL-
ENG-1 1-0002, Rev. A). The validation points correspond to the experimental data collected in this report.
The application points are associated with the WTP PIM equipped vessels. The validation variables and
the methods and values used to correlate the validation points with the application points for the V&V are
not necessarily the same as those used in the CFD calculations for vessel confirmation. The vessel
confirmation calculations provide inputs and information for the assessment of the as-built WTP PJM
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equipped vessels compared to the vessel operational requirements. Where applicable, the difference
between the data needed for the V&V and the values provided as inputs to the vessel mixing assessments
is stated.

A key challenge of the present V&V activity, is that the validation points may be substantially different
from the application points. Quantifications of conditions for both the validation and application points
will be discussed in Section 1.4.

In the event that circumstances make a primary validation variable partially or fully inaccessible,
measurements of "secondary" validation variables - i.e., surrogates - could be considered to augment the
V&V dataset. Substantial measurements of data such as cloud height and U, (critical suspension;
minimum PJM velocity required to clear the vessel bottom) have been obtained. While these do not
directly correlate to the specific validation variables for the V&V, based on physical mechanisms in the
vessels they are related in a meaningful way (such as measurements of ZOI in single-PJM experiments or
rate-of-ZOI ). The five primary validation variables are now discussed in greater detail.

1.3.2.1 Fluid Velocity for Heat Transfer

For each velocity probe, compute the average fluid velocity component in direction i , u, at a fixed
location,

16, + Al

over a period, At, of one PJM cycle after the flow field has reached a quasi-steady state. If the probe
only returns the velocity magnitude, the average above is taken on the magnitude.

This validation variable is based on predicting the cooling of a hot vessel and is related to Mixing
Requirement #1 (Table 1 -I). Since heat transfer correlations exist for natural, mixed, and forced
convection, heat transfer may be calculated from the local velocity field within the vessel. Therefore, if
the velocity is known from CFD, the heat transfer may be determnined with a high degree of confidence
and accuracy from the velocity measurements and resulting heat transfer correlation. Direct heat transfer
calculations from CFD are not necessary to generate accurate solutions for this validation variable.

1.3.2.2 Average and Peak Concentration at Suction Line Inlet

Using either slurry density, particle mass fraction, or particle volume fraction for the variable X, the
average concentration at the suction line inlet is defined as

I 1&giM+A1

where X is the cross -sectionally averaged concentration and the ending time is the beginning time plus
one PJM cycle-time. Peak concentration is calculated for a moving 3s interval, where the average
concentration value at the face of the suction line inlet during the 3s window is used as the increase over
the PIM cycle average value. This new, calculated value is defined as the peak at the suction line. Both
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the average and peak concentration validation variables provide understanding on whether the suction line
will suffer clogging or not, satisfying Mixing Requirements 2, 5, 6, and 7 (Table 1- 1). Concentration will
be used to compute slurry density and viscosity for the V&V effort. These values are used to verify that
the waste properties (viscosity, density, and weight percent) in the vessel do not exceed the established
linits for the evaluated vessels.

1.3.2.3 Miscible Fluid Blending

Blending in a miscible fluid will focus on time-dependent density measurements taken at several different
locations inside a vessel. The need for this variable is to estimate the time required for a caustic liquid,
introduced from a lid on top of the vessel, to mix in and react with the solids inside the vessel. In
practice, this caustic liquid is denser than the liquid contents of the vessel and, consequently, sinks
directly to the vessel bottom. In 24590-WTP-PL-ENG-l 1-0002, Rev. A, it was envisioned that blending
experiments would be done by introducing a saline solution into water. Subsequently, it was decided that
testing reported in WvTP-RPT-077 would be used where a positively buoyant fluid is introduced from
above.

Because of the PJM drive-suction cycle, there will be a fine-scale periodic variation in the density
imposed on a nearly monotonic change as the density approaches the completely mixed value. For each

densitometer present in the experiment, the average density, A, is taken over each individual PJM cycle
where the subscript i identifies a specific densitometer. Also, for each densitometer, there will an initial

and final density. The validation variable is defined as the time it takes the fluid density, A , for a given
densitometer, to reach a density equal to the average of the initial and final (completely mixed) densities.

The miscible fluid blending satisfies mixing requirements 3 and 4 (Table 1 -1) by providing the
information necessary to compare to the homogeneity requirements listed for each evaluated vessel. For
the purposes of vessel confirmation, the requirement is defined as the time for the fluid additive to be
mixed at all locations in the vessel to within 20% of the perfectly mixed value.

1.3.2.4 Multiple-PJM ZOI

The Zone-of Influence (ZOT) indicates the extent of solids mobilization and clearing at the vessel bottom
upon completion of PJM drive. Depending on the extent of clearing in multiple-PJM systems, three
situations may arise. If bottom clearing beneath each respective PJM is minimal, there will be a number
(Npjm) of distinct, quasi-circular and urmerged ZOI regions. With better bottom clearing performance,
ZOL regions belonging to adjacent PJMs merge after the (wall jet) stagnation line between them is cleared
of sediment. This situation is shown in Figure I -1. Still better bottom clearing performance results in the
full clearing of the vessel bottom. The last regions to clear are typically (wall jet) stagnation points which
are geometrically situated between at least three PJMs. Definitions for the measurements of ZOI are
contingent on which regime occurs in the experiment or simulation. They are also subject to where the
experimental measurements were taken because comparisons between experiment and CFD can only
done where measurements were made. Figure 1 -1 shows two possible directions, A and B, in which to
measure ZOI. Therefore, the direction in which ZOI is measured and the location of the ZOL boundaries
must be clearly defined for meaningful comparisons to be made between simulation and experiment.

The solids volume fraction should provide an unambiguous indicator of the ZOI boundary in CFD.
Computationally, accuracy between regions can be impacted by numerical (CFD computation) diffusion.
The computational thickness which separates the zero-volume-fraction region from the fully packed

Page 5
24590-PIADC-F00041 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

region would be expected to be several mesh widths. Depending on the visualization software, it is found
to be approximately two to three grid cell widths. Hence, the ZOI boundary will be taken as the volume
fraction contour of 0.20-0.30, depending on the visualization software. In a different context such as ZOI
determinations while the rate-of-ZOI is still large, this definition might need to be revisited. Additional
discussion on ZOL as calculated in CFD may be found in Section 4.4.

ZOI measurements support mixing requirement 8 (the mix to release gas, Table 1-1) by establishing the
ability of the configuration to mobilize solids in the vessel by moving particles off of the bottom. The
ability to mobilize solids off of the bottom of the vessel is related to the ability to release gas and prevent
hydrogen build-up [24590-WTP-PL-ENG-1 1-0002, Rev. A].

"Bat Wing" Cleared Regions
Stagnation

Stagnati .on
LnsJet Stagnation

Point
Figure 1-1 Plan View of a Substantially Cleared Bottom (4-PJM vessel)

1.3.2.4.1 Measuring Distinct ZOI Regions

To measure ZOI in this case, draw the line that connects the jet stagnation points beneath two adjacent
PJMs. Along this line, measure the distance between the jet stagnation point of the PJM and the edge of
the sand dune.

1.3.2.4.2 Measuring Merged ZOI Regions

For the case presented in Figure 1-2, that of a two-PJM configuration inside of a box flume, ZOT will be
measured as the distance between adjacent sediment peninsulas along the (wall jet) stagnation line
between the two adjacent PJMs. In other words, draw the line that connects the jet stagnation points
beneath two adjacent PJMs. Based on the respective PJM jet velocities of two adjacent PJMs (VI and
VA) it is possible to deterrmine the location along the connecting line that constitutes the approximate
location of the (wall jet) stagnation line. The calculation of the connecting line is determined as follows:
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* If the distance from each PJM to this point is r, and r2, respectively, then the location of this
stagnation point is given approximately by r, *V 2 =r 2*Vl .

* From this point, determine the line which is perpendicular inter-PJM line and intersects the
stagnation point/line discussed above.

* Along the stagnation line, measure the distance between the bottom of both sand dunes at the end
of the drive cycle.

This will be the ZOI distance when adjacent ZOI regions have merged.

Figure 1-2 Plan View for a Partially Cleared Two-PJM Box Flume

1.3.2.5 Bulk Concentration in the Heel by Constituent

The validation variable for bulk concentration, Cs, (by mass fraction or volume fraction) in the heel is
measured by constituent. Upon completion of a vessel pump-down, the total mass of each particular
constituent, (CS)Fnal, is measured and compared to the initial constituent concentration at full batch,
(Cs)i~,i. 1, where (CS)jnai 5 (CS)iniliai. This validation variable is to determine if batch-to-batch
accumulation occurs for any and all sediment classes (Mixing Requirement 10, Table 1-1). For the
purposes of vessel confirmation, the functional mixing requirement #10 will be treated similarly to the
V&V effort.
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1.3.3 Functional Mixing Requirements - Validation Variable Summary

Table 1-2 provides a summary of the vessel functional mixing requirements as compared to the validation
variables summarized in the previous sections.

Table 1-2 Functional Mixing Requirements with Validation Variable Summary

Vessel
Number Mixing Mixing Criteria Validation Variable Requirement Satisfied?

Function
1 Trnsfr Col fr Tansfr Fuid eloityFluid velocity used for heat
I Trnsfr Col fr Tansfr Fuid eloitytransfer calculations

2 Tanser revnt lugingAverage & Peak Suction Slurry density and viscosity
2 rasfr rvet lugigLine Concentration at the suction line inlet for

________ __________________pump requirements

3 Blnd len Liuid Misibl Flid lening Resulting concentration
3 Blnd len Liuid Misibl Flid lening gradient shows mixing

4 Blend Neutralization Miscible Fluid Blending Same as #3

5 Smpe CitcaltyAverage & Peak Suction Same as #2 - for
5 Saple CriicaityLine Concentration retrievability

6 Sample Hydrogen Generation Rate Average & Peak Suction Same as #2 - for
(HGR) Estimation Line Concentration retrievability

7 Smpl Poces ontolAverage & Peak Suction Same as #2- for
7 Saple ProessConrolLine Concentration retrievability

8 Store Mix to Release Gas Multiple PJM ZOI seolstaemomntf

10 tor Liit olis Acumlaton Bulk Concentration in Heel Concentration in heel at end
10 Soe ii old cumlto by Constituent -of pumnp-downm

1.3.4 Validation Variable - WTP PJM Equipped Vessel Matrix

To accurately assess the applicability of the available test data for the V&V, it is necessary to assign the
appropriate validation variables to the respective WTP PJM equipped vessels [24590-WTP-ES-ENG-09-
001, Rev. 2]. By associating the WTP PJM equipped vessels with the validation variables, the
comparison between the test data and the WTP PJM equipped vessels may be refined and increased
accuracy in the determination of potential gaps is achieved. The WTP PJM equipped vessels as grouped
by validation variable is presented in Table 1-3.

Table 1-3 WTP PJM Equipped Vessels and Applicable Validation Variables

Flui Veocit Av. & eakBulk
Flud Vlocty ve.& Pak Miscible Fluid Multiple Concentration

PJM Vessel Name for Heat Suction Line bBedn j 0 nHeb
Transfer Concentration Coledngnst od ieelt

CNP-VSL-00003 X_______

CNP-VSL-00004 X______

CXP-VSL-00004 g A fx
CXP-VSL-00026A/B/C A f ____A ___

FEP-VSL-00OI7AJB x ______ xx
FRP-VSL-00002A X _ _____X X

FRP-VSL-00002B/C/D lX X X
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Fluid Velocity Ave. & Peak MicbeBliuMlile Cnenrto

PJM Vessel Name for Heat Suction Line MicbeFud Mlil d Cocnrtn

Transfer a Concentration b Blending' PJM ZOI in Heel by
Constituent

HLP-VSL-00022 x x x x
HOP-VSL-00903/904 x X

PWD-VSL-000 15/16 ______ x xx
PWD-VSL-00033 _ _____x______ X X

PWD-VSL-00043 X X X
PWD-VSL-00044 _____ x x xx
RDP-VSL-OOOO2AJB/C x h_____

RLD-VSL-00007 x x x x
RLD-VSL-00008 x x ______x

TCP-VSL-0000 I Af X A______ A

TLP-VSL-OOO9AIB A fX A

UFP-VSL-,OOOOlA/B x x x x x
UFP-VSL-00002A/B x x x x x
UFP-VSL-00062A1B/C _ _____A fX A_____ A
Note(s):
All information in this table is determnined from Appendix A in 24590-WTP-ES-ENG-09-0l, Rev. 2 and includes
anticipated changes to be incorporated into Revision 3.

a. Velocity for Heat Transfer is equivalent to Mixing Criteria #1.
b. Average and Peak Suction Line Concentration is equivalent to Mixing Criteria #2, 5, 6, and 7 (solids

sampling).
c. Miscible Fluid Blending is equivalent to Mixing Criteria #3, 4, and 7 (pH sampling).
d. Multiple PJM ZOI is equivalent to Mixing Criteria #8.
e. Bulk Concentration in the Heel is equivalent to Mixing Criteria #10.
f. Symbol (A) indicates off-normal conditions exist that may require analysis against Mixing Criteria #2

and 7.
g. Note that the function of vessel CXP-VSL-00004 has been modified to match UFP-VSL-00062A/B/C,

although the official documents have yet to be issued confirming this change.
h. Per 24590-WTP-RPT-ENG-08-021-02, Rev. 0, Mixing Criteria #2 and 7 are satisfied using an alternate

analysis method and results from FLUENT are not necessary to satisfy this requirement.

Note that WTP PJM equipped vessels HLP-VSL-00027A/B, HLP-VSL-00028, and UFP-VSL-OOO2AIB
are not listed in Table 1-3. These vessels are discussed separately.

1.3.5 Vessel Mixing with Non-Newtonian Fluid Rheologies

This document evaluates the gap based on a CFD model that uses sub-models appropniate for Newtonian
fluid rheologies and non-cohesive particles (see Appendix A of the V&V plan, Section A.2.4). These

assumptions may not be appropriate for vessels having fluids exhibiting non-Newtonian fluid rheologies,
specifically HLP-VSL-00027A1B, HLP-VSL-00028, and UFP-VSL-OOOO2AIB. Table 1-4 shows the
applicable validation variables for the vessels containing non-Newtonian fluids.
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Table 1-4 WTP PJM Equipped Vessels and Applicable Validation Variables - Non Newtonian
Fluid Rheologies

Fluid Velocity Ave. & Peak 1Bulk
PJMVesel ameSucionLin bMiscible Fluid iMultiple ConcentrationPJ eslNm or Heat Suto iebBlending C pjM ZO, d in Heel by

Transfer Concentration 9Constituent
HLP-VSL-00027A1B x x x x x
HLP-VSL-00028 x x x x x
UFP-VSL-OOO2AJB x x x x x
Note(s):
All information in this table is determined from Appendix A in 24590-WTP-ES-ENG-09-0l, Rev. 2

a. Velocity for Heat Transfer is equivalent to Mixing Criteria #1. Per 24590-WTP-RPT-ENG-08-021-03,
Rev 1, Mixing Criteria #1 is satisfied using an alternate analysis method. Results from FLUENT are
not necessary to satisfy this requirement, based on the alternate evaluation.

b. Average and Peak Suction Line Concentration is equivalent to Mixing Criteria #2, 5, 6, and 7.
c. Miscible Fluid Blending is equivalent to Mixing Criteria #3 and 4. Note that this condition is not

currently evaluated using FLUENT.
d. Multiple PJM ZOI is equivalent to Mixing Criteria #8.
e. Bulk Concentration in the Heel is equivalent to Mixing Criteria #10.

The current V&V plan does not specifically address the evaluation of vessels containing slurry with non-
Newtonian rheologies or those containing cohesive particles. Based on the listed PJM vessel mixing
assessments for HLP-VSL-00027A1B, HLP-VSL-00028, and UIFP-VSL-00002A18 r24590-WTP-RPT-
ENG-08-021-03, Rev I], the evaluation of these vessels with respect to the vessel functional mixing
requirements may be separated into two conditions.

Based on details from 24590-WTP-RPT-ENG-08-021-03, Rev 1, the first condition occurs while the
spargers are in operation (not stand-by) and the PJMs are driving, the vessel contents behave as
Newtonian fluids (see Figure 1-3). In this situation, the evaluation of the vessel for the validation
variables is possible with the current FLUENT physics models for Newtonian, non-cohesive solids.
However, the current geometric models would need modification to include the spargers, which account
for approximately 2/3 of the mixing power in the vessel. Also, test data supporting the use of spargers
would need to be found to complete the V&V activity.
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Figure 1-3 Non-Newtonian Fluid Rheology Vessel Flow with Spargers and PJMs in Drive

The second condition occurs when the spargers are not in full operation (stand-by mode) and the PJMs
are supplying all of the mixing drive. In this instance, it is possible that some of the slurry may gel. Per
24590-WTP-RPT-ENG-08-02l-03, Rev 1, the area of solidification occurs in the upper portion of the
vessel while the lower portion, containing the settling solids, is mixed using the PJMs. For this lower
vessel portion (see 24590-WTP-RPT-ENG-08-021-03, Rev I for details on zone definition), the contents
may be identified as Newtonian in nature (see Figure 1-4) while the PJMs are driving. For this condition,
only three of five validation variables are available: Average and Peak Suction Line Concentration,
Multiple PJM ZOI, and Bulk Concentration in the Heel Concentration by Constituent. Both Fluid
Velocity and Miscible Fluid Blending rely on information in the upper regions of the vessel, which are
subject to non-Newtonian fluid rheologies and cannot be evaluated with the current FLUENT physics
model configurations.
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Figure 1-4 Non-Newtonian Fluid Rheology with PJMs Operating (Spargers on Stand-By)

Details on the possible gaps generated by both of these conditions are discussed in this document (Section
4).

1.4 Dimensional Parameter Space

In order to describe the physical conditions found in the experimental test vessels and the WTP plant
vessels, many individual quantities are needed. The collection of these quantities constitutes a parameter
space in which all vessels, plant scale or test scale, may be placed. The quantities presented here are not
intended to be a complete list of the parameters used in the V&V effort, but represent a basis for
comparison for the purposes of this gap analysis.

To describe the supemnate, the fluid in the absence of the particle phase, we use the shear viscosity, [IL, the
fluid density, pL, and the total fluid mass, ML, within a vessel. Solids contained in a vessels are described
based on their mean particle diameter, dp, and me an density, pp,, for a given particle class (e.g. tungsten
carbide, silicon dioxide). Additionally, the total mass of all particle classes, mp, is needed.

From material properties, vessel geometry details are needed. These include the overall vessel inside
diameter, DT, the vessel head shape, and the vessel fill level; the height to which the vessel is full of slurry
See Figure 1-5 for details (PJMs are shown in blue).

Note that another configuration for PJMs is used for some vessels, most notably HLP-VSL-00027A/B,
HLP-VSL-00028, and UFP-VSL-00002A/B, identified as "chandelier" configurations, where there is a
central PJM included with the inner PJM ring and connected as a single structure. See Figure 1 -7.

Page 12
24590-PADC-F00041 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

Vessel Diameter

Vessel Diameter

Vessel
Fill

T Height

Fill

Vessel Head Shapei
Vessel Head Shape (Semi-elliptical)

(eI -elliptical)

Figure 1-5 Vessel Side-View: Diameter and Slurry Fill Height (Standard and Chandelier
Configurations)

In a plan view of an Npjm = 1 8-PJM vessel, Figure 1-6 shows an inner pitch ring having six PJMs and an
outer ring with 12 PJMs. The radius of the inner pitch ring is denoted as A. It measures the distance from
an inner PJM centerline to the vessel centerline. Adjacent to the PJMs numbered (arbitrarily) as I and 2
are two suction line pipes used to withdraw slurry near the vessel centerline.

Number ofT

Inner Pitch
Ring Radius (A)

Figure 1-6 Vessel Plan-View: 18 PJMs (in blue) with Inner Ring (6) and Outer Ring (12), and Two
Suction Lines
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Suction
Line

Number of7
PJMs = 8

Inner Pitch
Ring Radius (A)

Figure 1-7 Vessel Top-View: PJM 'Chandelier' Configuration

In Figure 1-8, we zoom in on the bottom of the vessel, near the vessel centerline. PIM nozzles are
characterized by their height/offset from the vessel floor, H0, their inner diameters, Do. Similarly, the
suction line is characterized by the suction line pipe diameter, D~j1, the local height above the vessel
bottom, H~i and the radial distance from the suction line inlet to the vessel centerline, Rji. Suction line
flow rate, qsii, is another quantity of interest.

Figure1-8 Vssel ottomView: uctio-LineConfiurtion LimetrHe ,anDiacefo

Centerline)

Mae1
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Lastly, characterizations of vessel operational quantities are needed. These include the time over which
the PJM is in its drive phase, td, and the total PJM cycle time, tc (td + tr) where t, is the refill time.
Additionally, PJM jet velocity, U0 is the average jet velocity of the PJM once drive has been established.

A summary of the parameters described above are shown in Table 1-5.

Table 1-5 Summary of Dimensional Parameters

Cornponent Name Variable Units Description
Vessel Diameter - - DT in Inner vessel diameter
Vessel Head Shape -- Elliptical, 2:1 semi-ellipse and Flanged and Dished

Vessel Fill Level Lvi.n Vessel fluid fill height as measured from the .bottom head

PJM Count Np~ - Number of PJMs in vessel

For a single PJM vessel, this distance is half the vessel
inner Pitch Ring Radius A in diameter.

For a chandelier configuration, the distance is measured from
the vessel center to the first PJM cluster

PJM Offset Ho in Distance from vessel bottom head to the PJM cone
PJM Nozzle Diameter Do in PJM nozzle inner diameter
PJM Drive Time td____ s Time of the PJM in drive phase
PJM Refill Time t, S Time to refill PJM after drive
PJM Total Cycle Time tc s = td + t ; total time for drive + refill
PJM Jet Velocity U0  rn/s PJM fluid yvelocity
Supernate Viscosity [L kg/(m s) Supemate shear viscosity
Supemnate Density PL kg/rn
Supemnate Mass ML kg.
Particle Diameter d n Solids mean particle diameter
Particle Density kg/rn
Particle Mass MP kg Total solids mass
Relative Cross-Sectional =DT 2I(NPJM-Do 2); Compares the vessel cross-sectional area
Area _________with the total PIM cross-sectional area
PIM Nozzle Offset Ratio Ho/Do Compares the PJM nozzle offset with the Nozzle diameter
Duty Cycle DC - = tW,(td + Qr; Ratio of the drive time to the total cycle time
Relative PJM Inner Pitch A/Do, Inner Pitch Ring Radius compared to the PJM nozzle diameter
Ring Radius_____ _______________________________

It is important to emphasize the difference between the V&V effort and design studies. In the V&V
effort, referenced by this Gap Analysis, geometrical issues are explicitly incorporated into the CFD model
through the mesh. This leaves the fidelity to which the CFD represents the physical processes as the
principal concern. Unless new physical processes are introduced to the WTrP PIM vessel mixing
requirements, changes need not be incorporated into the V&V effort. In contrast, design studies may
proceed to investigate the impact of various candidate design changes on vessel performance, but those
studies do not influence the underlying physical processes verified through the V&V effort.
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2 WTP PJM Equipped Mixing Vessels

2.1 Vessel Space - Dimensional Parameters

Thirt-eight (38) vessels in WTP, listed in Table 1-3, are mixed using PJM devices. The vessel design
and contained fluid span a wide range both in size and composition. Table 2-1 and Table 2-2 provide a
summ-ary of the ranges of design and simulant (particle) characteristics categorized by the five primary
validation variables. A more comprehensive list of the vessel parameters categorized by vessel can be
found in Table 6-48 and Table 6-49 in Appendix B.

The vessel parameters are compiled from a variety of data sources and from the most recent information
available. The two primary references are Process Inputs Basis of Design (PIBOD), 24590-WTP-DB-
PET-09-001 and the EFRT Issue M3 PJM Vessel Mixing Assessments, Volumes 1-10, 24590-WTP-RPT-
ENG-08-021 -01 thru 24590-WTP-RPT-ENG-08-021 -10. The majority of data is taken from the
appendices of the Mixing Assessments. The data includes vessel, PJM, material and solids composition
information. These data are directly referenced in the table or used to compute the dimensional
parameters such as Relative Cross Sectional Area, PJM nozzle offset ratio, PJM pulse tube duty cycle,
PJM array characteristic spacing, for example.

Some of the vessel parameter data are from other sources. Based on the mixing assessments, HLP-VSL-
00022 and UFP-VSL-OOOOIAIB required design changes to the PJMs array configuration. The vessel
design parameters for these vessels are taken from the vessel design drawings, 24590-PTF-MV-IJFP-
00027002, Rev 0 and 24590-PTF-MV-HLP-00003002, Rev 0. HLP-VSL-00022 has 18 PJMs, 6 located
at an inner ring and 12 at an outer ring. UFP-VSL-00001IA/B has 12 PJMs, 8 located at an inner and
outer radius and 4 at the center of the vessel. Input data for CNP-VSL-00003, CNP-VSL-00004, CXP-
VSL-00004 and RDP-VSL-00002A/B is taken from the design drawings, PIBOD, and from 24590-WTP-
MOC-50-00004, Wear Allowances for WTP Waste Slurry Systems.

Table 2-1 lists the design parameters for the WTP PJM equipped mixing vessels categorized by validation
variable. The vessel diameters range from 113 in. (CNP-VSL-00004) to 564 in (FRP-VSL-
00002A/B/C/D). The vessel cross sectional area per total PJM cross sectional area per nozzle area ranges
from 200 (CNP-VSL-00004) to 1,657 (FRP-VSL-00002A/B/C/D). The PJM nozzle diameters range
from 4 in. to 4.25 in. The PJM offset ratio ranges from 1.4 to 4.5. The PJM nozzle velocity ranges from
8 to 16 m/s. The PJM Pulse tube duty cycle ranges from 0.07 to 0.35. The PJM array characteristic
spacing, or inner pitch ring radius per nozzle diameter ranges from 6.3 (UFP-VSL-OOOO2AJB) to 21
(PWvD-VSL-00033 and PWD-VSL-00043). A detailed list of the individual vessel design parameters is
found in Table 6-49.

A summary of the vessels and their shapes are in Figure 2-1.

Page 16
24590-PADC-F00041 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification & Validation

Table 2-2 lists the fluid composition parameters for the WTP PIM Equipped Mixing Vessels categorized by validation variable. The supernate
viscosity ranges from 0.0004 to 0.03 kg/m-s. The supernate density ranges from 996 to 1,392 kg/rn 3. The total solids loading ranges from 0% to
20%. Note that the PIBOD lists the minimum and maximum weight percent for each vessel and that most vessels have a minimum content of 0%.
Particle diameters range from 4 to 700 microns, Particle density ranges from 2,900 to 11,400 kg/n 3 . Total particle loading ranges firom 0% to
15.2% percent. A detailed list of particles per vessel is in Table 6-48.

Table 2-1 Design Parameter Summary - WTP PJM Equipped Mixing Vessels

Vesl Relative PJ oze PMNzl J oze PJM Pulse Relative PJM

Diameter Cross- DiameNzter Offse Naol PVelo le Tube Duty Inner Pitch
Sectional Area Dimtr Ofe ai eoiy Cycle Ring Radius

Validation D-r DT/(NpnQ') Do H6/D5  U0 DC = t./(tdtt,) A/D,

Variable Range [in] I 1 [in] []I [m's] I] [I
Fluid Velocity for Min 156 266 41.4 8 0.16 1 6.3
Heat Transfer Max 1 456 790 4.25 1.5 12 0.26 16.5

Concentration at Min 126 _ 266 4 1.4 8 0.13 6.3
Suction Line Max 564 1,657 4.25 1.5 12 0.35 21.0

Miscible Fluid Min 113 200 4 1.4 8 0.13 6.3
Blending Max 318 992 4.25 1.5 12 0.35 18.8

Min 168 266 4 1.4 11 0.13 6.3
Multiple PJM Z0t Max 564 1,657 4.25 1.5 12 0.30 21.0

Bulk Concentration Min 144 266 4 1.4 8 0.13 6.3
in Heel Max 564 1,657 4.25 1.5 120.35 21.0
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Table 2-2 SimulantlParticle Parameter Summary - WTP PJM Equipped Mixing Vessels

Supernate Viscosity Supernate Density Toa ois Particle Diameter Particle Density
____________________ Loading____________________

______P_ ______ _____ _ 4p PP
Validation ____ Variable Range_____ ____________ _________I_1 [jim] [kg/rn

3
]

FlidVloiy o Ha Mn 0.06 9 004 2,710
TrnfrMa .31,7 00700 11,400

Cocetato a ucin i 0004964. 2,710
LieMx 00 ,9 00700 11,430

Mi ,04996 0.0 4 2,710
Miscible Fluid Blending

MutpePM IMin 0.0005 1,001 0.0 4 1,802
MMlixl 0.M03 1,392 20.0 700 11,430

Bulk Concentration in Min 0.0004 996 0.0 4 1,802
Heel Ma .3 1 1,392 20.0 700 11,430

Note that the low supemnate viscosity (less than I cP, associated with room temperature water) is due to either the heating of the supernate during
vessel operation or occurrences of supernate fluids other than water. The low end of the supem-ate viscosity occurs for RLD-VSL-00007, however
ten other vessels have supernate viscosities less than 0.8cP.
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3 Test Vessels
In support of the evaluation of the WTP PJM Equipped Mixing Vessels during mixing operations, a
number of independent tests were conducted. These tests covered a range of vessel configurations and
mixing conditions, while recording several measurements of interest. The following sections dletail a
reduced set of test conditions, which align with the vessel functional mixing requirements through the
validation variables as described in Section 1. 3. 1

3.1 Test Data Availability

Since multiple tests and configurations are available for study, the tests are selected based on the
validation variables from Section 1.3.2.

Table 3-1 Data Set Availability - Test Data

Validation Variable_______
Test Set for Fluid Velocity for Concentration Miscible Fluid Multiple Bulk Concentration
Comparison Heat Transfer at Suction Line Blending PJM ZOI in Heel
PNNLN/5N/NA
(WTP-RPT-077 NA15 / /
PNNL 3 / / / /(WTP-RPT-081) 3 / / / /
PNNL N/A 66 N/A 57 N/A
(WTP-RPT- 182) _______

MCE Phase-2 N/A 24 N/A 33 N/A
MCE N/A 5 N/A 5 5
Pump-down________________

WSU Flume N/A N/A N/A 19 N/A
Total Tests

Available 29 96 5 114 5________

Note(s):
a. The number of tests listed count the individual tests, not the number of measurements made for each test.

The total count varies by test and measurement.
b. PNNL (WTP-RPT-077) refers to the tests described in WTP-RPT-077.
c. PNNL (WTP-RiPT-08 1) refers to the tests described in WTP-RPT-08 1.
d. PNNL (WTP-RPT-182) refers to the tests described in WTP-R.PT-182.
e. MCE Phase-2 refers to the tests described in 24590-WTP-ES-PET-09-001, Rev. 0.
f. MCE Pump-down refers to the tests described in CCN 232596, CCN 218353, and 24590-WTP-RPT-ENG-

1 1-013, Rev. 0.
g. WSU Flume refers to the tests described in 24590-WTP-ES-PET- 10-00 1, Rev. 0.

Note that the tests presented above are a reduced set of tests from the total available. Details on the
selection of tests is in Appendix A. Note that some of the selected data is still under evaluation for use in
the V&V effort.
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3.1.1 Data Quality

Data quality, as applied to the test data, specifically addresses confidence in the reported data in the form
of input and data uncertainty. Data uncertainty is further separated into both systematic and random
uncertainty. For the tests selected for use, the data uncertainty may be calculated. The calculation of the
uncertainty on a per test (or input/validation variable) basis is not shown here, but may be calculated
based on the information in Appendix A.

All test data that are to be used for the validation of FLUENT are NQA-l. Details on the selection of the
test cases for use is briefly discussed in Appendix A.

3.1.2 Selection of Test Data Sets

As noted in the previous section, the presented sets only represent a portion of the total tests conducted.
Discussed in Section 1.3, and in addition to WTP project requirements on quality, there are two
supplementary requirements that a test must fulfill to be useful for the data gap analysis: (1) the dataset
measures a validation variable that is relevant to the WTP PJM equipped mixing vessel validation
variables, and (2) the dataset is well documented, with the appropriate uncertainty (or error). A
discussion of the various available tests and those selected for evaluation are briefly discussed below.
Appendix A provides detailed descriptions of the selected test suites from the listed test operators (e.g.
PNNL).

3.1.2.1 Test Program - Pacific Northwest National Laboratories (PNNL)

For the PNNL testing data, 22 separate tests were conducted in support of the WTP PJM equipped mixing
vessels. These tests covered the following:

* Eleven (11) reports focused principally on slurries having non-Newtonian rheologies
* One (1) report focuses on cohesive solids
" One (1) report focuses on PJM over-blow testing
* Two (2) reports study the effects of anti-foam agents on gas retention and release behavior
* One (1) report assessed the development of a computational model for the PJM mixing systems
* Two (2) reports focused on the control and instrumentation testing of PJMs
* One (1) report is an attempt to reconcile different findings from Phase 1 and Phase 2 testing (no

actual test conducted)

None of the 19 tests listed above addressed any of the five validation variables. The remaining three tests
provide information on miscible phases, provide fluid velocity, and ZOI measurements.

* WTP-RPT-077 focuses on mixing in a small scale vessel, demonstrating miscible phases (Vessel
functional mixing requirements #3 and 4)

" WTP-RPT-081 focuses on a larger scale vessel and measured fluid velocity at several elevations
and concentration values at the suction line (Vessel functional mixing requirement #1)

* WTP-RPT- 182 focuses on non-cohesive solid mixing at three different scales and provides ZOI
measurements for several operational and physical configurations (Vessel functional mrixing
requirements #2, 5, 6, 7, and 8)
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3.1.2.2 Test Program - Mid-Columbia Engineering (MCE)

The MCE tests are in two categories (1) the Phase-2 testing, and (2) the Pump-down testing. The Phase-2
testing suite used two PJM configurations (8 and 12), two PJM nozzle sizes (4in and 5 in), and a variety of
proposed 'performance enhancements' such as angled nozzles and bubblers, for a total of 92 separate
tests. Based on the criteria established in Section 1. 1, numbers from those tests which used bubblers or
oth-er perf ormance enh-ancing physical configurations (those that do not correspond with an existing WT
PJM vessel design) are not used. Instead, data from the remaining 70 (of 92) representative tests are used
for evaluation, corresponding to the vessel functional mixing requirements #2, 5, 6, 7, and 8.

The Pump-down testing suite used the same physical configuration as the Phase-2 tests, with a smaller
number of performance enhancing modifications and overall number of tests (10 total). Of the ten (10)
total tests, three (3) were run while spargers were in operation (UFP-0lI-NQA-003, HLP-27-LOAM-005,
and HLP-27-LOAM-006), one (1) experienced particle agglomeration (FRP-02-NQA-002), and another
presented a mass discrepancy of 26% at the end of draw down (HLP-27-LOAM-001). The remaining
five (5) data sets are available for consideration, corresponding to vessel funrctional mixing requirement
#2, 5, 6, 7, 8, and 10. Note that the term 'LOAM' in the context of this document, represents a referenced
document and not the Low Order Accumulation Model.

3.1.2.3 Test Program - Washington State University (WSIJ)

The WSU Flume tests were conducted to specifically address ZOI. The test configuration included a box
flume with two, non-symmetrically spaced pulse tubes within the flume. The tests were conducted with
sand as the simulant, and with variations in sand configuration (spread evenly along the flume floor or
contained within a specified shape of varying depth). A total of 19 separate experimental tests were
performed and all 19 are acceptable for use in this evaluation. These results correspond to vessel mixing
requirement #8.

3.1.2.4 Test Program - Savannah River National Laboratories (SRNL)

Five (5) documents are available from the Savannah River National Laboratories (SRNL), however none
of them are used in this evaluation.

3.1.2.5 Test Program - British Nuclear Fuels Limited (BNFL)

One (1) document is available from the British Nuclear Fuels Limited (BFNL), however it is not used in
this evaluation.
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3.2 Test Space - Dimensional Parameters

Based on the reduced set of tests from Table 3-1, the following range of parameters from the current test data sets are available for each validation
variable.

Table 3-2 lists the design parameters for the test Vessels categorized by validation variable. The test vessel diameters range from 14.4in (PNNL
WTP-RI'T-1 82) to 1 58in (PNNL WTP-RPT-081). The vessel cross sectional area per total PJM cross sectional area ranges from 289 (PNNL
WTP-R.PT-077) to 1,630 (PNNL WTP-RPT-1 82). Ile PJM nozzle diameters range from 0. 13in (PNNL WTP-R.PT- 182) to 4.03in (WSU Flume).
The PJM offset ratio ranges from 0.89 (PNNL WTP-R.PT-077) to 2A4 (PNNL WTP-RJPT-08 1). The PJM nozzle velocity ranges from I .9m/s
(PNNL WTP-RPT- 182) to 13m/ls (MCE Phase-2). The PJM Pulse tube duty cycle ranges from 0. 12 (PNNL WTP-RPT-077) to 0.67 (PNNL WTP-
R-PT- 182). The PJM array characteristic spacing ranges from 8 (PNNL WTP-RPT- 182) to 18.9 (PNNL WTP-RPT- 182, MCE Pump-down, and
WSUJ Flume).

Table 3-2 Design Parameter Summary - Test Configurations

Vessel Relative PJM Nozzle PJM Nozzle PJM Nozzle PJM Pulse ReaiePIM

Diameter SCtonalAre Diameter Offset Ratio Velocity CTule Ruy Iner Raiuh

Validation DT DT'/(NJMXD.C) Do He/Do Uo DC =LJ(td+t, A5/Do

Variable Range [in] I1 [in] [ r/s] I I]

Fluid Velocity for Min ---

iHeat Transfer Max 153 378 3.94 2.38 10 0.22 11.8

Concentration at Mi. 14.4 295 0.13 1.0 1.9 0.16 8.0

Suction Line Max 70 1630 0.92 1.5 13.0 0.67 18.9

Miscible Fluid Min - - - - 3.2 0.12 -

Blending Max 34 289 2.0 0.89 8.1 0.20 8.5

Min 14.4 295 0.13 1.0 1.9 0.16 8.0
Multiple PJM Z01

Max 138 1630 4.03 1.5 13.0 0.67 18.9

Bulk Concentration Min - 545 0.40 - - 0.16 8.0
in Heel Mx 43.3 702 0.65 1.5 5.0 0.18 18.9

No.te(s): M-
a. Values identified with a indicate that there is only a single value for that dimension/variable over the tests selected for that validation variable.
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Table 3-3 lists the fluid composition parameters for the test Vessels categorized by validation variable. The supemnate viscosity ranges from 0.0007
(PNNL WVTP-RPT- 182) to 0.0 1 kg/m-s (PNNL W1'P-R.PT-08 1, NICE Phase-2, and WSU Flume). The supernate density ranges from 994kgrn 3

(PNNL WTP.RPT-1 82) to 1, 14lkgrn 3 (MICE Phase-2). The total solids loading ranges fr-om 0% (PNNL WvTP-RPT-077) to 20% (PNNL WTP-
RPT-08 1). Particle diameters range from 7 microns (NICE Phase-2) to 775 microns (NICE Pump-down). Particle density ranges from 1,307kg/n 3

(PNNL WVTP-RPT.077) to I 1,200kgrn 3 (MCE Pump-down).

Table 3-3 SimulantfParticle Parameter Summary - Test Configurations

Supernate Viscosity Supernate Density Total Solids Particle Diameter Particle Density

lit P______ dp p,_

Validation Variable Range [kg/(-s)] [kg/________] [pm] [kg/rn3
)

Fluid Velocity for Heat Min - to-
Transfer Max 0.001 99 035 2490

Concentration at Suction Min 0.001 99 .75 2420
Line Max 0.010 143.6775 11200

Miscible Fluid Blending b Min 0.0009Max 0.0014 98-- 1307

Multiple PJM ZOt i .0 9 .7522
Max 0.010 1141 31.6 775 11200

Bulk Concentration in Min 0.001 994 0.17 4.7 2420
Heel [ Max j 0.008 1130 31.6 775 11200
Note(s):

a.Values identified with a'-' indicate that there is only a single value for that dimension/variable over the tests selected for that validation variable.
b. For the Miscible Fluid Blending, the single test associated with that validation variable is essentially treated as a single phase and therefore no

infornmation on the particle diameter or density is available.

The tables presented in this section are a summary of the available test parameters and represent the range of values covered by the existing tests.
Details on individual test configurations and information on a specific lest may be found in Appendix A. A summary of the validation variables
and the selected tests are in Sections 3.2.1 through 3.2.5.
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3.2.1 Fluid Velocity for Heat Transfer
Experimental results for fluid velocity are available from PNNL report (WTP-RPT-08 1). A total of 38
data sets are available for the comparison of fluid velocity, all of which are from report WTP-RPT-08 1.
Within these 38 data sets, the following information is available:

I . Twenty (20) of these tests contain no solids, while of the remaining eighteen (18), nine (9) have
5% (by weight) of 10 micron particles (effectively single-phase), and nine (9) have 20% (by
weight) of 35 micron particles.

2. Velocity probes are located at five distinct vertical positions and at radial distances (from the
vessel centerline) of zero to 24 inches (total vessel diameter is 153in)

3. Within these 29 data sets, data is taken between 13 and 69 PJM cycles.
The design parameter range (Table 3-2) for this test is limited, since only a single physical configuration
was tested. The simulant parameters are varied and have ranges in the supemnate density (998 at pl),
particle diameter (10!S dp <35), and particle loading (5 < Wt%p < 20).

3.2.2 Average and Peak Concentration at the Suction Line Inlet
Experimental results for average particle concentration at the suction line are available from the PNNL
report (WTP-RPT- 182), the MCE Phase-2 report (24590-WTP-ES-PET-09-00 1, Rev. 0), HLP-22 draw-
down testing (CCN 218353), FEP-17 draw-down testing (CCN 232596), HLP-27 draw-down testing
(24590-WTP-RPT-ENG-1 1-0 13, Rev. 0) and LT TS vessel testing (WTP-R-PT-08 1). Specifically, the
PNNL (WTP-RPT- 182) measures the concentration of a single particle class, but has no suction line.
MCE Phase-2 measures density with a loop sampler but no suction-line, per se. The pump-down runs
(FEP- 17, HLP-27, and HLP-22) measure instantaneous density using a suction line and measure
concentration on quarter-batch intervals.

3.2.3 Miscible Fluid Blending

Five data sets are available for miscible fluids blending, all from report WTP-RPT-077. From the point
of view of WTP-R.PT-077, they exhibit a span in terms of power per unit volume, by virtue of velocity
and duty-cycle differences. Together, time-to-mix (as defined in the report) varies from 15 mi~nutes to
greater than 94 minutes.

3.2.4 Multiple-PJM ZOI
Multiple-jet ZOI measurements are available from four general sources: PNNL Phase-I testing (WTP-
RPT-I 82), the WSU flume (24590-WTP-ES-PET- 10-001, Rev. 0), MCE Phase-2 testing 24590-WTP-
ES-PET-09-001, Rev. 0 and each of the vessel Pump-down cases (HLP-22 - CCN 218353, FEP-17 - CCN
232596, and HLP-27 - 24590-WTP-RPT-ENG-1 1-013, Rev. 0).

3.2.5 Bulk Concentration in the Heel by Constituent

The bulk concentration in the heel on a constituent basis is defined as the concentration of individual
constituents in the residual volume of a PJM vessel after Pump-down. It is inversely related to the
concentration at the suction line inlet, i.e. heel concentrations increases with decreasing concentration at
the suction line, and vice-versa. Heel concentration is a long-time integrated quantity, which depends on
the physical mechanisms that are active at any time during the PJM vessel Pump-down. In contrast, the
concentration measurements at the suction line (or any measurement station), depend on the physical
measurements only at the instant of sampling. These measurements are from the four MCE Pump-downi
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testing cases (HLP-22 - CCN 218353, FEP-17 - CCN 232596, and HLP-27 - 24590-WTP-RPT-ENG-1 1-
013, Rev. 0).

3.3 Comparison of WTP PJM Equipped Vessels and Test Vessels

The figures in Sections 3.3.6 through 3-3. 10 provide a qualitative comparison of the as-designed WTP
PJM Equipped Mixing Vessels and the current available Test Vessels. Each page compares a different
validation variable (see Section 1.3.2) and is based on the test cases associated with that variable (Table
3-1). The charts compare eleven (11) variables defining the vessel geometry and operation (see Section
1.4). A summary of the comparison is as follows:

3.3.1 Fluid Velocity

For this variable there was a single applicable test set (PNNL WTP-RPT-08 1) for six (6) vessel sets
(CNP-VSL-00003, HLP-VSL-00022, HLP-VSL-00027 A/B, HLP-VSL-00028, IJFP-VSL-0000 lA/B,
and UFP-VSL-00002 AIB). For most design conditions, the test set has a point within the WTP PJM
vessel space. The PJM offset ratio and the nozzle diameter both have test values outside of the
established range. The superniate and particle parameters for the selected test also span well for the WTP
PJM vessels, with the exception of the particle density, where the test vessel is outside the WTP PJM
vessel range (low).

3.3.2 Suction Line Concentration

The suction line results are from three (3) separate tests (PNNL WTP-RPT- 182, MCE Phase-2 and MICE
Pump-down) compared to 18 vessel sets (see Table 1-3). For the design variables all test conditions are
within the WTP PJM Equipped Mixing vessels with the exception of the PJM nozzle velocity (misses the
upper end) and the duty cycle (misses the lower operating end). However, all supemnate and particle
parameters are within range.

3.3.3 Miscible Fluids Blending

A single test (PNNL WTP-R.PT-077) compares with ten (10) vessel sets (see Table 1-3). For this
variable, the test vessel misses the cross sectional area comparison (Vessel section to total PJM section,
low), the nozzle offset ratio (low), and the PJM velocity (low). The simulant and particle definitions do
not span the expected WTP PJM Equipped Mixing vessel information and are low compared to the WTP
vessels in most instances.

3.3.4 Multiple PJM ZOT
Four tests (PNNL WTP-RPT- 182, MCE Phase-2, MCE Pump-down, and WSU Flume) compare with
eight (8) vessel sets (see Table 1-3). The comparison of the design variables show that the current test
cases span the WTP PJM Equipped Mixing vessel cases for most parameters. Both the PJM velocity
(mnisses, the higher operating end) and the duty cycle (misses the lower operating end) are outside of the
stated WTP PJM Equipped Mixing vessel span. The values for the supemnate and particle parameters are
all within the stated WTP PJM Equipped Mixing vessel range.

3.3.5 Heel Concentration

A single test (NICE Pump-down) is used for this variable, compared with a total of 17 vessel sets (see
Table 1-3). The design parameters show some overlap for most conditions, with the PIM nozzle velocity
displaying the least. The supernate and particle parameters show consistent overlap for all variables.
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3-3.6 Flid Velocity for Hest Tr~asfer - Figures

The vessels and test tuned for this coarison amt bosed on the information thomn Table 1-3 ad Table 3-!. Note that for tis .orparison, the %TP PJhO Eipped Mini,0 Vessel (WTPVSL) sttd Test Vessel (TOOT VSL) diatmetets ste nor
shtowns Those loations whoem [here is no ba' indicate that thesm is a stogle doam point far that charactesatic, woitht the value ceoered on the tent tide (e.g. at the'_ of the 'WTPVIL*) Sea Table 2-1, Table 2-2, Table 3-2. atd Table 3-3 fat
actual I alues
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3.3.7 Suction Line Conccentration - Figuares
The vencele anti test taed fort this com~parison ame based on the infoneraton frome Table -.3 aned Table 3.1. Note that foe Ibis -onparts.., the WTP P10. Eqoipped Mtimi Vessel (Wi'? VSL) and Ten Vessel (TEFST1VSL),diamtnete,. e not
aho-ct Those locaorsn wehee thesm nobar' indicae that theem i. sing),dam pointt foe that characteristic with the w eatn teed on thie test tide (eg. at the '_of the 'WTP-VSL'). See Table 2-1t Table 2-2, Table 3-2, and Table 3-3 foe
actutal values.

The fonst net of itoagna are of the Design parameers fromnTable2.1 and Table 3-2.
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3-3.9 Mild.i Fluid Blooding - Figures
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3.3.9 Multiple PJM 20! - FIgures
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3.3.10 Hele COoeCenteetion - Figures
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3.3.11 Summary of Comparison Charts

The charts in the previous five sections provide a visual comparison of the WTP PJM Equipped Mixing
vessels with the test vessels for a variety of parameters. Those charts are summarized in table format
(Table 3-4 and Table 3-5).

Table 3-4 Design Parameters - Comparison WTP PJM Equipped to Test Vessels

Relative PJM PJM PJM PJM Pulse Relative PJM
Vessel Cross- Nozzle Nozzle Nozzle Tube Duty iInner Pitch
Diameter Sectional Dimtr Offset Vlit Cye IngRdu

Area Diameter Ratio Vlct yl igRdu
Nae DT DT2/(NPJ~jxDo') D, Ho/D0  U0  C=AD

[inj [in]~ __] rn/s
Mm Mx m Max Min M~ax Min M~ax Min Max 1Min Max Mm n M~ax

Fluid Velocit for Heat Transfer
WTP 168 46 26 70 40 .3 1.4 1.5 8.0 12.1 0.16 0.27 6.3 16.5
Test 153 153 378 378 3.9 3.9 2.4 2.4 10.0 10.0 0.22 0.22 11.8 11.8
Concentration at Suction Line
WTP I144 564 266 I1657 4.0 4.3 3 . . .0 12.1 0.13 I0.35 6.3 21.0
Test 14.4 70 295 1630 0.1 0.9 1.0 1.5 1.9 13.0 0.16 0.67 8.0 18.9
Miscible Fluid Blending
WTP 113 318 200 992 j4.0 4.3 1.41 1.5 18.0 12.0 0.13 0.351 6.3 18.8
Tes 4 3 8 8 . . . . . . 0.12 0.20 8.5 8.5
Multiple PJM ZOI
WTP 168 564 266 1657 4.0 4.3 14 .5 8.0 12.1 0.13 0.30 6.3 21.0
Test 14.4 138 295 1630 0.1 4.0 1.0 1.5 1.9 13.0 0.16 0.67 8.0f 18.9
Heel Concentration
WTP 1144 5641 266 1674.0 4.3 11.4 1.5 18 01.1.3 [0 35T 6.3 21.0
Test 43.3 43.3 545 1702 10.4 0.7 .1.5 1.5 5. 9. 01 0.18 18.2 18.9

Table 3-5 Simulant/P article Parameters - Comparison WTP PJM Equipped to Test Vessels

Supernate Supernate Total Solids Particle Pril est
TetNme Vsosiy~ Density Loadig Diameter Pril est

Tet am ____P____ P1 Wt% d_______ __________

Min Max Min Max Mm Max- MinT Max Min Max
Fluid Velocity for Heat Transfer
WTP 0.000 0.030 996 ]1374 0.0 20.0 3.9 700 ]2710 J11400
Test ]001 001 98J998 0.0 22.7 10 35 J2490 2490
Concentration at Suction Line
WTP ]0.000 0.030 996 1392 f0.0 20.0 3.9 700 ]2710 11430
Test j0,001 J010 994 1141 0.2 31.6 4.7 775.1 2420 11200

Miscible Fluid Blending ____________________________________

WT1 0.000 0,030 996J 1374 0.0 20.0 3.9 700 2710 11400

Test 0.001 0.001 998 _998 0.0 0. 0 0 30 307
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Supernate Supernate' Total Solids Particle Particle Density

TsNae Viscosity Density Loading -Diameter

Tet1am PI Wt% pP

__________ kg/(rns)] [kg/rn] ['t] [kg/rn3]

Multiple PJM ZOI ___________ __________ ___ ___

WTP j0.001 10.030 11001 L1392 j0.0 j20.0 3.~9 700 J1802 J11430
Test j0.001 0.010 994 1141 j0.2 j_31.6 4.7 775.1 J2420 j11200
Heel Concentration -- 03 9 6 1 9 0. 2 ,0.9 - --WTP ]0.000 0.3 9 32j00j 00 39 700 _] 10j11430

Test J0.001 0.008 998 L1130 2.0 31.6 4.7 775.1 1 2420 1 11200
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4 Gap Analysis
The gap analysis is conducted in five steps:

I.A global survey of dimensional WTP PJM equipped vessel parameter ranges is conducted in
Section 4.1 and identifies overall gaps in the available test data.

2. A survey of the WTP PJM equipped vessel dimensional parameter ranges by validation variable
is conducted in Section 4.2 to identify specific gaps in the available test data..

3. The governing equations for the Fluent Eulerian-Granular multiphase model are presented in
dimensionless form in Section 4.3 and identifies a minimum set of independent parameters for
simulation of WTP PJM equipped vessel performance.

4. A discussion of WIrP PJM equipped vessel physics and operational performance is presented in
Section 4.4 and a set of dimensionless parameters are selected based on the shared physics
between CFD and WTP PJM equipped vessels.

5. A survey of the dimensionless parameter ranges (defined in Section 4.4) for the V&V dataset and
for the plant (WTP PJM equipped vessels) is presented in Section 4.5 and identifies gaps in the
V&V dataset relative to the governing equations solved by CFD.

These steps are detailed in Sections 4.3 through 4.5.

4.1 WTP PJM Equipped and Test Vessel Survey - Overall Summary

WTP PJM equipped vessels and test vessel surveys are documented in Sections 2 and 3, respectively. The
global survey identifies gaps in the existing test data for suction line performance at plant scale and PJM
performance in vessels at the largest plant diameters.

4.1.1 Requirements for a V&V Dataset for CFD

An appropriate dataset for V&V of CFD for PJM vessel performance
" must span the ranges of parameters important to the dynamics of the governing equations at plant

scale to ensure that the important terms in the governing equations are exercised and
" must span the range of parameters known to be important to PJM vessel physics in order for the

validation step in the V&V process to show that the physics models in CFD adequately span the
range of local physics.

It is expected that the parameters required for CFD will span the parameters known to be important to
WTP PIM equipped vessel physics. This expectation will be evaluated in the following sections.

4.1.2 Design Parameter Range Evaluation

Global minimum and maximum values for PJM vessel parameters from the plant wide and test vessel
surveys, Sections 2 and 3, are summarized in Table 4-1.

Page 39
24590-PADC-F00041 Rev 6 (1/22/2009)



245g0-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

Table 4-1 Global Summary of Design Parameter RangesI Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform [in)] [in)______

min -max nun max mini max
WTP VSL 113 564 4.0 4.25 14 [ 1.5
TEST VSL 15 [ 153 0.13 j 4.03 0.9 2.4

Relative Area Relative Inter-PJM Nozzle Velocity
Platform Per Pulse Tube Spacing __________

mini max mini max mini max
WTP VSL 200 1657 6.3 21.0 8 16
TEST VSL 289 1630 8.0 18.9 2 13

Duty Cycle Supernate Viscosity Supennate Density
Platform [CPI lk m I

_____ mini max mini max mini max
WTP VSL 0.08 j 0.35 0.4 30,0 996 1392
TEST VSL 0.12 J 0.67 0.7 10.0 994 1141

Total Solids Loading Particle Diameter Particle Density
Platform Wt% fkg3

mini max min max min max
WTP VSL 0.0% 20.0% 4 700 1802 11430]
TEST VSL 0.0% 31.6% 0 775 1307 11200

Table 4-1 show the global ranges documented for the WTP PJM equipped mixing vessels and the
available test data. A comparison of the pure numbers for the tank and nozzle diameter for the test cases,
shows that the upper bounds are less than the vessels under consideration. However, for these
parameters, standard industry scale (1:5, etc) may be used to extrapolate any error or model bias. Based
on geometric scale rules, no gap is determined to exist for either tank or nozzle diameter.

WTP PJM array design strategy bases the number and size of pulse tubes in a vessel based on the floor
area coverage. This methodology. results in a reduced dependence on specific geometric parameters such
as tank diameter, since the relevant measure Is the area of the tank relative to the pulse tube area.
Additional characteristic length scales for the nozzle diameter, nozzle offset ratio, and PJM spacing are
also used. These length scales are used for the selection of V&V datasets due to their influence in WTP
PJM equipped mixing vessel design.

4.1.2.1 Suction Line Performance

The plant wide and test vessel surveys could identify only one source of data for pumpdown to heel. The
tests were conducted in the Mid-Columbia Engineering (MCE) complex in Richland, WA in a 43.2 in.
vessel with scaled suction line geometry and parameters. The absence of data for suction line
performance at plant scale is a gap in the existing dataset.

The accuracy of CFD to predict particle removal through the suction line affects two of the five validation
variables, suction line concentration and heel concentration. The full suite of multiphase physics options
in a CFD model are required to model suction line physics successfully. Assessment of the maturity of
current multiphase parameterizations relative to the prediction of PJM vessel performance is a specific
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goal of the CFD V&V effort, therefore, there is no historical precedence to suggest the ability of CFD to
model suction line performance at plant scale and parameters is not of concern.

It is recommended that the gap In suction line performance data at plant scale be closed through
additional pumpdown testing in a large-scale vessel extending the dynamic range of suction line modeling
by CFD to larger scale.

4.1.2.2 WTP PJM Equipped Vessels with Spargers

The current design confirmation strategy for use of CFD does not include simulation of vessel sparging.
Selection of the V&V dataset, therefore, avoided inclusion of vessel runs with spargers. Sparging will be
active in the Chandelier-array vessels (HLP-27A/B, HLP-28, and UFP-2AIB) in order to maintain fluid
shearing and Newtonian flow in the upper regions of the vessels. The current strategy is to evaluate these
vessels with CFD but without sparging.

Inclusion of the effects of sparging will be considered as a potential gap in the V&V dataset if the project
( WP) maintains the approach of using CFD calculations to satisfy vessel criteria for either cool to
transfer or miscible blending.

4.1.2.3 Other Geometry and Flow Parameters

Table 4-1 shows that the following variables demonstrate a significant (or full) overlap between existing
tests and plant-scale PJM vessels:

o PJM pulse tube nozzle diameters (standard plant value is 4 in.),
o PJM pulse tube nozzle offset ratios (standard plant value is 1,5),
o Relative cross-sectional areas per pulse tube,
o Relative inter-PJM spacings,
o PJM nozzle velocities,
o PJM duty cycles,
o Superniate properties, and
o Solids properties.

The surveys presented in Sections 2 and 3 also confirm that available datasets for V&V of CFD span the
range of PJM array planforms at the plant,

o Standard 4, 8, 12, and 18 pulse tube arrays and
o Chandelier arrays

and span PJM vessel head shapes,
o flanged and dished
o spherical
o semni-elliptic

4.1.3 Summary of Design Parameter Ranges

The following items are deterrmined from an overall view of the WTP PJM equipped vessels to the
existing available test data.

1. The lack of plant-scale suction line performance data is identified as a gap in the global
assessment of PJM vessel parameters.

2. The lack of sparging runs for HLP-27AfB, HLP-28, and UFP-2AIB is identified as a gap in the
global assessment of PJM vessel parameters.
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3. A gap in vessel diameter relative to the large vessels in the plant is identified in the global
assessment of PJM vessel parameters. Vessel diameter for large plant-scale vessels is a gap that
will not be closed through plant-scale testing for each PJM vessel. The significance of this gap is
significantly reduced

a. Through understanding PJM vessel flows in terms of local flow volumes organized by
nulge tuhe array geometry introduicing a primarv length scale related to cross-sectional
area to pulse tube count, and

b. Through understanding the inherent ability of CFD to explicitly model changes in
geometry based on first principle governing equations and model formulations.

Further closure of this gap can be achieved by extending the dynamic range of the CFD V&V dataset to
larger scales relative to the parameters govemning WTP PJM vessel simulation,

4.1.4 Discussion of Multivariate Techniques

In addition to covering the range of physical behavior, the V&V models also assess the error and
uncertainty between the model and the selected test data. In those cases where the assessed model errors
and uncertainties for the validation data are similar, the values for error and uncertainty may be extended
to plant scale with confidence. However, if a significant difference between model errors and
uncertainties is observed, a multivariate approach will be assessed to extend these values to plant scale.

An example of one possible method is Hills' Method of Model-Based Weights, J.R. Hamilton and R.G.
Hills (2010~a) and J.R. Hamilton and R.G. Hills (2010b). This is a multivariate approach that has been
tailored for use with the kind of data set that is currently available for V&V of CFD.

" The method allows use of sparse data, relative to the data requirements for regression.
* The method allows validation variables to be different from the application variable, as long as

the significant dependencies are shared.
" The method allows use of validation experiments different from the application experiment.

The principle drawback of Hills method relative to V&V of CFD for confirmation of WTP PJM equipped
vessel design, i that community experience with the method is limited. This method is not currently used
in the V&V analysis, and discussion of this method is for information only.

4.2 WTP PJM Equipped and Test Vessel Survey - Validation Variable Summary
In Section 1.3.2, five validation variables are selected for V&V of CFD based on data to be supplied from
CFD to the WTP project to assess whether the WTP PJM equipped mixing vessel mixing requirements
are satisfied. The validation variables are (1) Fluid Velocity at the outer wall, (2) Concentration at the
Suction Line, (3) Miscible Fluid blending, (4) Multiple PJM ZOI measurements, and (5) Concentration of
the Heel.

Subsets of existing data available for V&V of CFD are different for each of the five validation variables.
This section looks at gaps in the existing data available for V&V of CFD for each validation variable
separately.

4.2.1 Velocity Measurements

Velocity measurements near the outer walls of PJM vessels are requested by the WTP project to use as
input to heat transfer correlations for the non-Chandelier-array PJM vessels. Near-wall velocities are not
required for the Chandelier-array vessels (HLP-27, HLP-28, and UFP-2), because the WTP project will
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evaluate heat transfer for them using the alternate techniques described in 24590-WTP-RPT-ENG-08-
021-03, Rev 1.

The existing datasets for V&V provide no velocity measurements near the outer wall in a PJM vessel,
suggesting a gap in this variable. Available velocity probe locations lie along the vessel centerline and at
radial offsets remaining close to the centerline.

A summary of the design parameter ranges for velocity measurements is provided in Table 4-2. The tests
listed as applicable in Section 3.2.1 provide measurements at the test vessel centerline, but do not provide
comprehensive values at the outer wall. Additional detail on the specific tests and the velocity probe
locations is found in A.2.2.

Table 4-2 Summary of Design Parameter Ranges for Velocity Measurements

Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform (in] fii I_____

_____ min max nin max min max
WTP VSL 168 456 4.00 4.25 1.4 1.5
TEST VSL 153 153 3.94 3.94 2.4 2.4

Relative Area Relative Inter-PJM Nozzle Velocity
Platform Per Pulse TubeSpcn

min J max min max min ] max
WTP VSL 266 790 6.3 16.5 8 J 12
TEST VSL 378 378 11.8 11.8 10 ] 10

Duty Cycle Supernate Viscosity Supernate Density
Platform I______ I li3l

m____ in ]max min max min max
WTP VSL 0.16 j 0.27 0.4 30.0 996 ] 1374
TEST VSL 0.22 J 0.22 1.0. 1.0 998 j 998

Total Solids Loading Particle Diameter Particle Density
Platform Wt% Jlj jg/31

mi____ nn max rmn max min max
WTP VSL 0.0% 20.0% 4 [ 700 2710 11400
TEST VSL -0.0% 22.7% 10 35 2490 2490

If it is presumed that fluid velocities near the center of the vessel correlate well to the local wall fluid
velocities, then the alignment between test vessel and plant parameters is good.

" The test vessel nozzle diameter of 3.94 in. is representative of the plant scale range from 4 in. to
4.25 in.

* The test vessel nozzle offset ratio of 2.4 is close to the standard plant nozzle offset ratio of 1.5.
This geometry difference will be captured in the CFD model. Further, experimental data for
impinging axisymmetric jets (Beltaos and Rajaratnam, 1977) shows that the characteristic length
scale for the impinging jet is nozzle diameter and not nozzle offset for nozzle offset ratios less
than 5.5. Because both the test vessel and the plant vessels have nozzle offsets less than 5.5, their
impinging jets will share similar physics.

* The test vessel relative area per pulse tube of 378 lies within the range from 266 to 780 for plant
vessels.
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" The test vessel relative inter-PJM spacing of 11.8 lies within the range from 6.3 to 16.5 for plant
vessels.

* The test vessel nozzle velocity of 10 rn/s lies within the range from 8 m/s to 16 rn/s for plant
vessels.

" The test vessel duty cycle of 0.22 lies at the upper end of the range from 0.08 to 0.27 for plant
vessels and is renpesentative of long dyrive times. Assessment of error a ndl uncertaintyv in the
velocity field for short drive times will not be encompassed. Short drive times occur near the end
of batch during pumpdown. By end of batch, much of the rapidly settling solids have been
removed from the vessel. The remaining solids are readily suspended and maintain a nearly
uniformly distribution within the vessel volume. The slurry behaves like a single phase flow.
Single-phase CFD is mature and community experience demonstrates that single CFD is accurate.

" The test vessel supemnate viscosity of I cP lies at the lower end of the range from 0.6 cP to 30 cP
for plant vessels. Assessment of error and uncertainty in the velocity field for high viscosity
fluids will not be encompassed. In the high viscosity condition solids are more readily suspended
and the slurry behaves more like a single phase flow. Single-phase CFD is mature and
community experience demonstrates that single CFD is accurate.

* The test vessel range for total solids loading from 0% to near 23% spans the range from 0. 1% to
20% for plant vessels.

* The test vessel range of supernate density from 998 kg/rn3 to 1132 kg/rn 3 lies within the range
from 996 kg/rn3 to 1374 k g/rn 3 for plant vessels.

* The test vessel particle density of 2490 k g/in 3 lies at the lower end of the range from 2900 kg/rn 3

to 11400 kg/in 3 for plant vessels. Assessment of error and uncertainty in the velocity field when
significant concentrations of dense particles are present will not be encompassed. The large,
rapidly settling particles in WTP PJM equipped mixing vessels have a representative density of
2900 kg/in 3, similar to the test vessel density. The high density particles have small diameters
and are readily suspended. Readily suspended particles form a slurry that behaves as a single
phase with average properties. Single-phase CFD is mature and community experience
demonstrates that single CFD is accurate. Because of this particle size to particle density relation,
the particle density gap is not assessed to be a serious one.

There are assessed to be two gaps in the data available for V&V of CFD.
* The absence of velocity probe location near the outer wall of the test vessel is a gap in the

existing dataset relative to the validation variable of interest; however, centerline predictions will
likely have the largest assessed errors and uncertainties due to large velocity gradients around the
central upwash.

" The test vessel range of particle diameters from 10 i rm to 35 pmr lies at the lower end of the range
from 5 4~m to 700 .tm for plant vessels: Assessment of error and uncertainty in the velocity field
when significant concentrations of large particles are present will not be encompassed and is a
gap.

Summary
Based on this assessment, two recommendations are offered.

1. Proceed at limited risk by accepting the resulting error and uncertainty from the V&V of velocity
measurements near the centerline as applicable to velocities extracted from the CFD near the
vessel wall.

2. Opportunistically collect additional velocity measurements near the outer wall from additional
testing that must be conducted in a larger-scale vessel to close other gaps in the V&V dataset.

a. The proposed additional test suite is detailed in Section 4.2.2.
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b. For the purpose of flow velocity near an outer wall, the proposed tests provide plant-scale
pulse tube drive in a vessel with a relative area per pulse tube and relative inter-PJM
spacing representative of the largest values at the plant.

Note that in the following figure, data consisting of a single value is represented as a single point with the
data title centered over the value.

Vessel Cross-Sectional Area ITotal PJM Nozzle Area Nozzle Diameter (in)

~~WSTVJL

TEST W LTEST VSL

0 500 1000 1500 2000 2500 0.0 1.0 2.0 3.0 4.0 5.0

Nozzle Offset Ratio (hid,,) PJM Nozzle Velocity (mis)

8FT ~STBFTTEST

TESTV-L TE1. VSL

0.0 0.5 1'0 1.5 2.0 2.5 3.0 0 2 4 6 8 10 12 14

PJM Characteristic Spacing INozzle Diameter Duty Cycle

I 8T7sT 6FTTE iT

-EST VSL TESTTVSL

WL

0.0 5.0 10-0 15.0 20.0 25.0 30.0 0.00 0.20 0.40 0.60 0.80 1,00

Figure 4-1 Improvements in validation dataset for velocity measurements after addition of 8 ft
vessel testing.
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Figure 4-2 Improvements in validation dataset for velocity measurements after addition of 8 ft
vessel testing.

Figure 4-1 and Figure 4-2 show the that the addition of 8 ft vessel tests can significantly improve the
correspondence between the parameter ranges at plant scale and those covered by a dataset for V&V of
CFD.
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4.2.2 Peak and Cycle Average Concentration at the Suction Line Inlet

A summuary of the design parameter ranges for the peak and cycle average concentration at the suction
line inlet is provided in Table 4-3.

The alignment between test vessel and plant parameters is very good, except for vessel scale and suction
line properties.

Test data with an active suction line and density measurements exist only for a 43.2 in. vessel tests
conducted by the WTP project at the Mid Columbia Engineering (MCE) site. By design, the test
geometry was geometrically similar to plant vessels and assessed solids compositions were representative
of the current best understanding of Hanford waste. The suction line was also scaled.

The available data can be expanded somewhat by inclusion of test data (with average and peak density
measurements) from Pacific Northwest National Laboratories (PNNL). Their test vessels ranged from
--15 in. to 70 in. in diameter. Pulse tube operation was prototypic during drive though the PJM cycle did
not include a suction phase. The PNNL concentration data were single point measurements of
concentration at multiple vertical locations along the vessel centerline and multiple radial locations close
to the centerline. Probe locations in the PNNL tests were considerably above a representative suction line
inlet height for WVTP PJM equipped mixing vessels.

Table 4-3 Summary of Design Parameter Ranges for Concentration at the Suction Line Inlet

Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform

min max min max mii n -max
WTP-VSL- 144 564 4.00 4.25 1.4 J 1.5
TEST VSL 14.4 70 0.13 0.92 1.0 j 1.5

Relative Area Relative Inter-PJM Nozzle Velocity
Pltom-Per Pulse Tube Spacin

min max min max mini max
WTP VSL 266 1657 6.3 21.0 8 12
TEST VSL 295 1630 8.0 18.9 2 13

Duty Cycle Supernate Viscosity Supernate Density

___ _ min max- mini max min max
WTP VSL 0.13 0.35 0.4 30.0 996 1392
TEST VSL 0.16 0.67 0.7 10.0 994 1 1141

Total Solids Loading Particle Diameter Particle Density

minIi max mini max min max
WTP VSL 0 .% 20.0% 4 700 2710 11430
TEST VSL, 0.2% 131.6% 5 775 2420 11200

There are two gaps for direct use of the data available from MCE tests for V&V of CFD.
a There is a gap in scale. The plant scale to model tank diameter ranged from approximately 6 to

10 for the vessels considered.
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* There Is a gap in prototypic suction line performance. There is no clear similarity to scale-down
the suction line parameters.

There are numerous gaps for direct use of the data available from PNNL testing for V&V of CFD.
* There is a gap in scale. The maximum vessel diameter of 70 in. is approximately 117th scale

relative to the largest plant vessels.
* Concentration measurements did not include an active suction line- MCE only measured density.
" Concentration measurements are consistently taken above the scaled design height for suction

line inlets in plant vessels.
* The size of the suction line as well as the height within the test vessels do not span those for the

WTP PJM vessels.

Summary
As a result of these gaps, there is no route to conclude that existing data are sufficient without the use of
sophisticated, multivariate approaches. It is strongly recommended that collection of additional data be
performed with the following test configurations:

* 8ft vessel with full scale centerline-mounted pulse tube and representative multipart simulant to
establish model comparison error and validation uncertainty for CFD at full scale,

" 8fl vessel with half to fifth scale centerline-mounted pulse tube and representative multipart
simulant to establish the transfer function relating model scale comparison error and validation
uncertainty to model error and uncertainty at full scale, and

* 8ft vessel with half to fifth scale pulse tube arrays (standard and chandelier-like arrays) with a
representative multipart simulant to establish performance with PJM arrays.

An example test suite of 8 ft vessel tests to support V&V of CFD for concentration at the suction line
inlet are detailed in Table 4-4.

Note that for those parameters not shown, the original testing demonstrated a range that covered the full
Plant range without the addition of the 8ft test.

Nozzle Diameter (in) PJM Characteristic Spacing / Nozzle Diameter

81E 8FlET

WSL ____

0.0 to0 2.0 3.0 4.0 50 0.0 50 10.0 15.0 20.0 25.0 30.0

Figure 4-3 Improvements in validation dataset for concentration at the suction line inlet after

addition of 8 ft vessel testing.

Figure 4-3 shows that the addition of 8 ft vessel tests can significantly improve the correspondence
between the parameter ranges at plant scale and those covered by a dataset for V&V of CFD.
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Table 4-4 Example 8 Ft Vessel Test Suite to Support V&V of CFD for Concentration at the Suction
Line Inlet (and Heel Concentration)

TetPrameter Units 8 Ft Ve sselI Tests
11 2 #3 #4 #5

FLUID__ __

Viscosity cP 1 1 1 8 1
Density kg/rn3  998 998 998 1130 998
Mass kg 5723 5723 5723 6480 5723

VESSEL
Diameter in 96 96 96 96 96
Nozzle diameter in 4 2 2 2 2
Inner pitch ring radius in 48 48 24 24 36
Suction line diameter in 3 0.75 0.75 0.75 0.75
Suction line inlet height in 3 1.5 1.5 1.5 1.5
Suction line radial offset in 12 6 6 6 6
Nozzle height in 6 3 3 3 6
Pulse Tube Count - 1 1 4 4 6
PIM Configuration - Single Single Standard Standard -Chandelier
Head Shape - F&D F&D F&D F&D IF&D

OPERATION
PJM jet welocity m/s 12 12 [ 12 12 12
Drive time s 33.4 16.7 [ 16.7 16.7 16.7
Cycle time 1 s 194.97 97.50 97.50 97.50 97.50
Suction line ftow rate mIs 9.15E-03 2.29E-03 2.29E-03 2.29E-03 2.29E-03
Fill height jin 58 58 58 58 58

SOLIDS _ __Represetative Simulant
Mass Total kg 635.89 635.89 635.89 635.89 635.89

Particle Diameter Ln 10 10 10 10 10
#1 Density kg/rn3  11200 11200 11200 11200 11200

_____Mass kg 25 25 25 25 25

Particle Diameter Id'3 21 21 21 21 21

#2 Density kg/rn 2650 2650 2650 12650 2650
_____Mass kg 47 477 477 477 477

Particle Diameter lm 81.6 81.6 81.6 81.6 81.6
#3 Density kg/rn3  2420 2420 2420 2420 2420

_____Mass kg 95 95 95 95 95

PatceDiameter 1m 312 312 312 312 312
Patil Density kg/rn3  2650 2650 2650 2650 2650

_____Mass kg 19 19 19 19 19

PatceDiameter m 775 775 775 775 775
#5 Density kg/n 2900 2900 2900 2900 2900

_____Mass kg 19 19 19 19 19
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4.2.3 Miscible Liquids Blending

A gap exists in V&V dataset exists for miscible liquids blending in HLP-27A/B, HLP-28, and UFP-2A/B
vessels. These vessels operate with sparging that is responsible for a significant portion of the mixing
energy. Use of a CFD model with sparging is not currently planned.

A summary of the design parameter ranges for miscible liquids blending is provided in Table 4-5. Only
one set of data currently exists for use in V&V of CFD for miscible liquids blending. See Section A.2.3
for additional detail on specific concerns regarding the data available for the miscible liquids blending.

Table 4-5 Summary of Design Parameter Ranges for Miscible Liquids Blending

Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform n jI

min max min max min max
WTP VSL 126 318 4.00 4.25 1.4 1.5
TEST VSL 34 34 2.00 2.00 0.9 0.9

Relative Area Relative Inter-PJMF Nozzle Velocity
Pltom Per Pulse Tube Spacing______

nin max nin J max nin max
WTP VSL 200 992 6.3 188 8 12
TEST VSL 289 289 8.5 8.5 3 8

Duty Cycle Supernate Viscosity Supernate Density

Platform JCPJ [k /n 3

______ m max min max min max
WTP VSL 0.13 0.35 0.4 30.0 996 1374
TEST VSL 0.12 0.20 0.9 1.4 998 998

Total Solids Loading Particle Diameter Particle Density

[ltfrm%1 km 3

nin max min max min max
WTP VSL 0.0% 20.0% 4 700 2710 11400
TEST VSL, 0.0% 0.0% 0 0 1307 1307

The alignments between test vessel and plant parameters are poor.
" The test vessel nozzle diameter is one-half of plant scale.
* The test vessel nozzle offset ratio of 0.9 in. is less than the standard offset ratio of 1.5 at the plant,

though, as noted above, this offset ratio will be accommodated in a CFD model.
* The test vessel relative area per pulse tube of 289 lies at the lower end of the range from 266 to

992 at the plant.
* The test vessel relative inter-PJM spacing of 8.5 lies at the lower end of the range from 6.3 to

18.5 for the plant.
* The test vessel nozzle velocity range from 3 rn/s to 8 m/s lies at or below the lower bound for the

range from 8 rn/s to 16 m/s at the plant.
* The test vessel range for duty cycle from 0. 12 to 0.2 lies within the range from 0.08 to 0.35 at the

plant.
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* The test vessel supemnate viscosity range from 0.9 0P to 1.4 cP lies at the lower end of the range
from 0.6 cP to 30 cP at the plant.

" The miscible liquids condition in the test vessel was a deep layer of heavy fluid mixing with a
thin layer of lighter fluid above. The target condition for the plant is the opposite: a thin layer of
heavy fluid mixes with a deep layer of lighter fluid.

* Available test data include zero solids loading. The plant vessels require miscible liquids
blending in the presence of settling and suspended solids.

Numerous gaps are identified. Significant gaps are:
" There is a gap in scale. Measurements only exist for a half scale pulse tube in an 341n vessel
" The existing measurements are for a single pulse tube (centerline-mounted) and do not include

any data for miscible liquids blending in vessels with PJM arrays.
" The fluid layers in the tests are not representative of WTP PJM equipped mixing vessels, where

the experiment is a very deep layer of dense fluid with a thin layer of light fluid on top (the actual
configuration is a very thin layer of dense fluid within the radial wall jet region of a lighter fluid,
which is akin to mobilizing and mixing of a settled solids bed).

Summary
From these observations, it is recommended that:

I. The project proceed at risk with the current dataset only if very large error and uncertainties in
margin requirements can be tolerated in the design, otherwise

2. additional testing at a larger scale is strongly recommended. The additional testing could parallel
the 8 ft vessel testing described in Section 4.2.2:
* 8ft vessel with full scale centerline-mounted pulse tube and representative multipart simulant

to establish model comparison error and validation uncertainty for CFD at full scale,
" 8ft vessel with half to fifth scale centerline-mounted pulse tube and representative multipart

simulant to establish the transfer function relating model scale comparison error and
validation uncertainty to model error and uncertainty at full scale, and

* 8ft vessel with half to fifth scale pulse tube arrays (standard and chandelier-like arrays) with a
representative multipart simulant to establish performance with PJM arrays.

An example test suite of 8 ft vessel tests to support V&V of CFD for miscible liquids blending are
detailed in Table 4-6.
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Table 4-6 Example 8 Ft Vessel Test Suite to Support V&V of CFD for Miscible Liquids Blending

Tes raeter nits 8 Ft VesselI Tests

FLUID ___ ____ ____ __ __

Viscosity cP 1 11
Density kg/rn3  998 t998 _____

Mass kg 5723 573 5723
VESSEL

Diameter in 96 96 96
Nozzle diameter in 4 2 2
Inner pitch ring radius in 48 48 24
Suction line diameter in - - -

Suction line inlet height in --

Suction tine radial offset in - - -

Nozzle height in 6 3 3
Pulse Tube Count - 1 1 4
PJM Configuration - Single Single Standard
Head Shape - F&D IF&D I F&D

OPERATION ___ ___

PJM jet %elocity m/s 12 12 12
Drive time s 33.4 16.7 16.7
Cycle time s 194.97 97.50 97.50
Suction tine flow rate rn3 /s N/A [ N/A N/A
Fill height in 58 58 58

SOLIDS Representative Simulant
Mass Total kg 635.89 635.89 635.89

Particle Diameter 4m 10 10 10

#1 Density kg/rn3  11200 11200 11200
Mass kg 25 25 25

PatceDiameter lm 21 21 21
Pa#il Density k g/rn3  2650 2650 2650

Mass kg 477 477 477

Particle Diameter 4m3 81.6 81.6 81.6

#3 De-nsity kg/rn3  2420 2420 2420
_____Mass kg 95 95 95

Diameter l.m 312 312 312
Particle Density kg/rn3  2650 2650 2650

#4___ Mass kg 19 19 19

PatceDiameter Lr 77 775 775
Patil Density kg/rn3  2900 2900 12900

1 _Mass kg 19 19 1 19

Note that the table above does not include information on the caustic added for miscible blending.
However for the purposes of the gap analysis, this information is not necessary. The detailed list of
specific tests and associated measurement quantities/locations will be included in the RTD (Test Plan)
that will be issued by the Project Testing Team
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Note that for those parameters not shown, the original testing demonstrated a range that covered the full
Plant range without the addition of the 8ft test.

Vessel Cross-Sectional ArealI Total PJM Nozzle Area Nozzle Diameter (in)
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Figure 4-4a Improvements in validation dataset for miscible liquids blending after addition of 8 ft
vessel testing
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Figure 4-4b Improvements in validation dataset for miscible liquids blending after addition of 8 ft
vessel testing

Figure 4-4 shows that the addition of 8 ft vessel tests can significantly improve the correspondence
between theparameter ranges at plant scale and those covered by a dataset for V&V of CFD.
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4.2.4 Multiple PJM ZOI

A summary of the design parameter ranges for multiple PJM ZOI is provided in Table 4-7.

Table 4-7 Summary of Design Parameter Ranges for Multiple PJM ZOI

Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform hl[l_____

min max min max min max
WTP VSL 113 564 4.00 4.25 1.4 1.5
TEST VSLI 43.3 138 0.13 1 4.03 1.0 1.5

Relative Area Relative Inter-PJM Nozzle Velocity
Platform Per Pulse Tube Spacing __________

min max nin max nin max
WTP VSL 266 1657 6.3 21.0 8 12
TEST VSL 295 1630 8.0 18.9 2 13

Duty Cycle Supernate Viscosity Supernate Density

Platform ICIIk '
nin max min max min max

WTP VSL 0.13 0.30 0.5 30.0 1001 1392
TEST VSL 0.16 0.67 0.7 10.0 994 1141

Total Solids Loading Particle Diameter Particle Density
Platform Wt% I I/m 3

mmd max -min max mi max
WTP VSL 0.0% 20.0% 4 700 1802 11430
TEST VSL 0.2% 31.6% 5 775 2420 11200

Test vessel coverage of the plant parameters is very good.

Multiple PJM ZOI data are available from primarily two sources, the NICE Phase-2 tests in a 43.3 in.
vessel and the Washington State University (WSU) tests in a large radial flume. Additional test data is
also contained in MCE Pump-down and PNNL WTP-RPT- 182. The MCE test vessels are geometrically
similar to the plant vessels. PJM array operation is also prototypic. Particle simulants are representative
of the best understanding by the project of the Hanford waste. The WSU tests include 2 pulse tubes with
4 in. nozzle diameters, nozzle offset ratios of 1.5, and an inter-PJM spa ' ing representative of the large
vessels in the plant. The particle simulant was nominally 200 jim sand. The particle size distribution was
broad: nominal (d50) is 200 j tm, d95 is 365 4im, and d99 is 700+ pim. For ZOI measurements, the bed depth
is also considered. For the WSU results the bed depth is measured prior to testing, while for the MCE
tests the depth of solids must be determined based on total weight percent. Details are found in Appendix
A.

Potential gaps in the data available for V&V of CFD for multiple PJM ZOI are
* the absence of data at significant scale in a vessel with a curved bottom and more than 2 pulse

tube flow fields to yield an upwash fountain at a stagnation point and
" the use of a simulant that may not fully represent the best current understanding of Hanford

waste.
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Su~rnrnay

Because there are only mninor potential gaps relating to PJM array configuration, vessel shape, and
clearing of large particles at full scale, It is concluded that no additional information for the ZOT
measurements is required for V&V- However, opportunistic collection of additional ZOT data from any
proposed new testing with multipart simulants would improve the overall comparison.

Note that no updates to the images from Section 3.3.9 are shown, since the original testing demonstrated a
range that covered the full Plant range without the addition of the 8ft test.
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4.2.5 Concentration at Heel

A summary of the design parameter ranges for concentration in the heel is provided in Table 4-8.

Similar to the concentration measurements at the suction line, the concentration at the heel also exhibits

gaps in the scale range. The recommendations from Section 4.2.2 are applicable.

Table 4-8 Summary of Design Parameter Ranges for Heel Concentration

Tank Diameter Nozzle Diameter Nozzle Offset Ratio
Platform[i]in

min max min max min max
WTP VSL 144 564 4.00 4.25 1.4 1.5
TEST VSL 43.3 43.3 0.40 0.66 1.4 1.5

Relative Area Relative Inter-PJM Nozzle Velocity

Platform Per Pulse Tube Spacing______

min j max min max mn max
WTP VSL 266 1657 6.3 21.0 8 12
TEST VSL 545 J 702 8.2 18.9 5 10

Duty Cycle Supernate Viscosity Supernate Density
Platform -CP [ci m'

mm ] max min max min max
WTP VSL 0.13 ] 0.35 0.4A 30.0 996 j 1392
TEST VSL 0.16 ] 0.18 1.0 J 8.0 998 J 1130

Total Solids Loading Particle Diameter Particle Density
Platform Wt% I I m3

min ] max min J max minl max
WTP VSL 0.0% J20.0% 4 J 700 1802 11430
TEST VSL 210% I3 1.6% 5 ] 775 2420 11200

Note that for those parameters not shown in the following figure, the original testing demonstrated a
range that covered the fUl Plant range without the addition of the 8ft test.
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Vessel Cross-Sectional Area / Total PJM Nozzle Area Nozzle Diameter (in)

LTEdSL T1S

0 500 1000 1500D 2000 2500 0.0 1.0 2.0 3.0 4.0 5.0

PJM Characteristic Spacing I Nozzle Diameter

0.0 50O 10.0 15.0 20.0 25.0 30.0

Figure 4-5 Improvements in validation dataset for Heel Concentration after addition of 8 ft vessel
testing
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4.3 Selection of Non-Dimensional Parameters

A comprehensive reporting of the dimensional form of the Eulerian -Granular multiphase equations,
associated physics closure models, and boundary/initial conditions solved by FLUENT to model WTP
PJM equipped vessel flows is presented in Appendix A of 24590-WTP-PL-ENG-l 1-0002, Rev. A. While
complete, the dimensional form of the governing equations does not facilitate the identification by
inspection of a minimum set of parameters for WTP PJM equipped vessel simulation. The dimensionless
form of the governing equations combines dimensional parameters in physically meaningful ways
facilitating identification of a minimum set of parameters for WTP PJM equipped vessel simulation.

The dimensionless forms of the governing equations are constructed from the dimensional equations by a
change of variables from dimensional to dimensionless. Using nozzle velocity, U0 , nozzle diameter, D.,

and carrier fluid density, pf , as characteristic quantities and defining the ratio D./U, as a characteristic

time, the change of variables from dimensional to dimensionless for lengths x, velocities vi , densities

pi, and time t are

x =Do 5i, vi = U 0  , pi = pf j,and t =(DO /U0 )7

The capping tilde denotes a dimensionless quantity.

Non-dimensionalization of the fluid phase momentum equations yields

The terms on the left side are time change and advection. The pressure term on the right side relates to
mass conservation. The remaining terms on the right side are a stress divergence yielding diffusion,
momentum interchange, and buoyancy.

For a constant density fluid, F1 0. The diffusion and momentum interchange terms require closure

models.

A closure for the diffusion term is

V.F =V. 2ct1 (Re-' + Re-'D

a1 is the fluid volume fraction. .D1 is the dimensionless strain rate. I is the identity matrix. This closure

introduces dependencies on the jet Reynolds number, Re jet = U0 D0/vf and the turbulence Reynolds

number, Re,,1 . v 1 is the fluid kinematic diffusivity. The turbulence Reynolds number is a function of

other transport variables and is not a parameter for the system. This closure identifies a system
dependence on the jet Reynolds number, Rejet.

A closure for the momentum interchange coefficient for fluid-solids interactions is
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r,s

4 2fRjei epF, p Djf S ,I
r~s

ds is the particle diameter. Re. =Ugd5 /Vf is the densimetric particle Reynolds number.

Fr, =(U0 / Ug )2 is the densimetric particle Froude number. Both are defined in terms of the gravity

velocity, Ug =, ss g d, I a characteristic velocity for particle settling. The particle drag and settling

functions, CD and v,,, depend on the slip Reynolds number, Re, = VJ - vs I d,/vf = Red, k~f- r and on

the fluid volume fraction, a,.. Red ,= U0 ds/l Re, Fri 2 is the nozzle Reynolds number for a particle.

This closure identifies system dependencies on the dimensionless size ratio ds/D 0 =Re-."Re Fr"2 andje p p
on the particle nozzle Reynolds number Red, = Re,,Frp' , or equivalently, add dependencies on the

densimetric particle Reynolds number, Rep,, and on the densimetric particle Froude number, Fr,,.

Non-dimensionalization of the solids phase momentum equations yields

The terms on the left side represent time change and advection. The terms on the right side represent
mass conservation, diffusion, momentumn interchange, and buoyancy. The solids buoyancy term, Fis a
function of the solids volume fraction, a,, and of the particle Froude number, Fr,,

,= a, Fr, g

Pgo

g/go is the normalized gravity vector. This term leads to additional dimensionless dependencies.

Closure models are needed for the solids pressure, momentum interchange, and diffusion and terms.
Non-dimensionalization of the solids pressure closure leads to no dimensionless parameters. The solids-
fluid momentum interchange coefficient is identical to the closure for the fluid-solids momentum
interchange coefficient. A closure for diffusion is
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D, is the solids velocity strain-rate tensor. F,,, and F,,,,, are dimensionless functions related to solids

viscosity. They contain no dimensionless parameters. The solids diffusion closure depends on the size

ratio d, /D0 = Re,Re Frp . It introduces no additional dimensionless groupings.
je p

Non -dimensionalization of the nozzle velocity profile yields a function that depends on the dimensionless
drive time T'd = (U0 /D0 ) 1d; 'd is the dimensional drive time.

Initialization introduces a dependence on solids loading, wt%p.

Dependencies in the dimensionless governing equations for WTP PJM vessel simulation set are spanned
by the parameter set

" The jet Reynolds number, Rejet = UD 0 /Vf

" The densimetric particle Froude number, Frp, = (U0 I/U8)'

" The particle nozzle Reynolds number, Red =Re Fri /2

" The dimensionless size ratio, d,/Po = Re-' Re = Re-' Re Fr'
jet d, jet

" The dimensionless drive time, Td = (u0 /D0 ) 'd
" The initial solids loading, wt%p

Five independent parameters that span the parameter space for WTP PJM vessel simulation are Rejet.

Fr,,, Rep,, T'd, and wt%,.

4.4 Assessment of Non-Dimensional Parameters for WTP PJM Equipped Vessel Physics

Existing knowledge of the WTP PJM equipped vessel physics is used to assess the vessel performance
parameter space. The analysis is based on identifying the dimensionless parameters for existing
correlations that are known to relate to aspects of WTP PJM equipped vessel physics. These correlations
are not used by the CFD model, however they formn the basis of discussion for the relevant dimensionless
parameters. The physical mechanisms considered are: particle transport/suspension and settling, particle
mobilization, and vertical distribution.

4.4.1 Particle Transport/Suspension and Settling

Particle transport is characterized by a drag interaction between a carrier fluid and a transported solids
particle. Empirical models for particle drag coefficients for settling in non-turbulent flows exist. One
correlation for the particle drag coefficient, CD, in a non-turbulent medium (from Perry's Handbook for
Chemical Engineers) is

~' Ar I+ 154 Ar"'

Ar = s gd2/V 2
Ar is the Archimedes number, S / , s, is the submerged specific gravity for a solids phase, g
is the acceleration of gravity, d, is the particle diameter, and vf is the kinematic diffusivity of the carrier
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fluid. The Archimedes number can be expressed in terms of the densimetric particle Reynolds number,
Ar =Re 2

p

Particle settling in a turbulent medium is affected by the local fluctuations of turbulence. Existing models
for modifying the particle drag coefficient to account for turbulent flow interactions depend on ratio of the
Koiomogorov scale of turbulence, il, and the transported particle diameter, 4p. The Kolomogorov scale
for a single phase turbulent jet depends solely on the jet Reynolds number, 771DO = f (Re jet), where

. U0 and Do are the characteristic nozzle velocity and diameter, which set the turbulence
kinetic energy production rate and the characteristic size of the energy containing turbulence eddies. The

ratio /1dp, and thus the turbulence corrections to the particle drag coefficient, can be expressed in terms
of a dimensionless particle diameter, d/ID0 , and a function of the jet Reynolds number:

774 __ f(Re je,)

Algebraic manipulation yields d,, /D0 = (Re,,/ Reje ) Fr 12

p jt p

Dimensionless parameters that characterize particle drag appear to be the jet Reynolds number, Re 0n, the
densimetric particle Reynolds number, Rep I and the deinimetric particle Froude number, Fr,,.

4.4.2 Particle Mobilization
Mobilization of particle beds and layers of negatively buoyant fluid can be described in terms of critical
shear stresses for mobilization or, equivalently, minimum local flow velocities for mobilization. For
mobilization of non-cohesive settled solids beds, the Shields relations provide an empirical correlation
between observed critical shear stresses for mobilization, r, , and particle/carrier fluid properties:

T = (pCS;,9d,)6r = (P~2 .0 is the critical value for Shields parameter and pfis the carrier

fluid density.

The Brownlie, W. R. (1981) formn for the Shields relations is one form that is commonly used. It
1

expresses the Shields parameter in terms of the characteristic length d C1Yt)

0,=.22d* -09 +0.06 exp( 1 7.73d* 0.9

Another commronly used form for the Shields relations (Z. Cao, G. Pender, and J. Meng (2006)) expresses
the Shields relations directly in terms of the particle Reynolds number,
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0.44e-0.2306 Re !5;6.6]

±1 (0.0223 R e , )2.3 58 1.3542 R e (6 1, 8 .4

3.0946 R e Re (6 6 ,28 .84

0.045, Re 282.84

The Z. Cac, G. Pender, and J. Meng (2006) model is reported to be more accurate than the Brownie
model, particularly for small particle sizes.

Particles mobilize when the shear stress exerted by the carrier fluid on the settled solids bed exceeds that
critical shear stress for mobilization, or equivalently, particles in the settled bed will mobilize when the
local velocity above the bed exceeds a critical value. A model for the growth rate of the cleared zone
radius relates it to the difference between the mean shear stress applied to a settled solids bed and the
critical shear stress for mobilization of that bed (24590-WTP-RPT-ENG-1 1-001)

dr Fr - T,
di Pf

i.is the local wall shear stress. In dimensionless form, the rate of clearing is

Where F= rID., T=I U0 ID., Re,, PfU2/~ and Re, = PfU / r,. Re,. and Re, are the local

and critical erosion Reynolds numbers. The maximum radius of the cleared zone is found by integration

I =IdUO /D,,

~~a T

M. Poreh, Y. G. Tsuei, and J.E. Cermak (1967) provide an empirical model for the radial distribution of
mean wall shear stress for submerged radial wall jets

_____I_ D~ )0.3 ry.23

This expression can be reorganized to show that the local erosion Reynolds number, Rev,, can be
H-0

expressed in terms of the jet Reynolds number, Re ja, the nozzle offset ratio, IDo, and the radial

distance from the wall jet impingement point, r / Do,
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Re e e Do J H0JDo
Algebraicmanipltion shows thait the.ciia erosion Ri-ynoldQ niimhpr Re-,i a finction of the particle

Froude numnber, Frp, and the Shields parameter, 0, : Re, Frp ,

For settled solids beds with broad particle size distributions and particle density distributions, the critical
Shields number will be a bed-averaged property. Thus bottom clearing depends on solids loading. Solids
loading can be expressed either in terms of the solids mass by constituent, mp, or in terms of solids weight
percent by constituent, wtlo,. The extent of the observed cleared zone on the vessel floor as seen from
below depends on the depth of the settled solids bed. This depth is also a function of solids loading.

Because of the dependence of bottom clearing on the pulse tube drive time, id, the dimensionless drive
time, Td, is required to describe bottom clearing.

The relevant (non-geometric) dimensionless parameters that characterize particle mobilization appear to
be the jet Reynolds number, Rev, the densimetric particle Reynolds number, ReP, the densimetric
particle Froude number, Frp, the solids composition, wtP, and the dimensionless drive time, Td.

4.4.3 Vertical Distribution

Particle vertical distribution in WTP PJM equipped vessels is significantly through vertical transport of a
negatively buoyant slurry by the upwash fountains that form where PJM flow fields converge.

H Zhang and R E. Baddour (1998) presents a correlation for the upwash height of a negatively buoyant

turbulent circular jet. The relative upwash height, ID, , depends on the jet Froude number,
Fr.e,,6 =U/ g DO ,where sm, is the submerged specific gravity for the negatively buoyant slurry:

Z 3/ s / 21/
Fr,, -Fr31 Re 11 Re7"

Do je ~M p p jet

The ratio 5 AM is a number greater than 1 that depends on details of the slurry composition. This ratio
shares the same dimensionless dependencies as bottom mobilization.

The relevant (non-geometric) dimensionless parameters that characterize vertical distribution appear to be
the jet Reynolds number, Rev, the densimetric particle Reynolds number, Rep, the densimetric particle
Froude number, F'P, the solids composition, wt%" , and the dimensionless drive time, Td.

4.4.4 Summary

An analysis of existing correlations related to the physics of tran sport/suspe ns Ion, settling, mobilization,
and vertical distribution suggest that five dimensionless parameters are sufficient to characterize WTP
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PJM equipped vessel performance. They are the jet Reynolds number, R-en, the densimetric particle
Reynolds number, 11ep the densimetric particle Froude number, Fr the solids composition, "tp and
the dimensionless drive time, Td.

This set of independent dimensionless parameters is also the set identified for CFD simulation. This
result confirms that the CFD model is expected to span the same parameter space as WTP PJM vessel
mixing at plant scale.

4.5 Comparison of WTP PJMI Equipped Vessels and Test Vessels
Table 4-9 summarizes the dimensionless parameter ranges by validation variable for the WTP PJM
equipped vessels (plant vessels) and for the available test vessel data with the proposed 8 ft vessel tests
included.

Table 4-9 WTP PJM Equipped and Test Vessel Non-Dimensional Parameter Ranges

Jet Reynolds Particle- Particle Froude Non- Nozzle/Particle Partcle/ozle
Name Nube Renod Number Diesoa enls Diameter RatioNumer Ma N~umber Drive Time Number

-Min___ MI Ma MimMxi Max Mn Max
Fluid Velocity for Heat Transfer 147 149WTPVSL 1809810 835849 0.06 22 171 149 709 [4188 69 2906 4.9E-05 6.5E-03

TSVS 997998 1131730 0.12 1 204431 820959 1000 1000 100 349 . .OE-04 3.5E-04
_8FT TEST 86106 1216762 0.04 71 15991 1465463 362 5984 _17 9281 9E-5 1.3E-02
Average & Peak Suction Line Concentration
WTP VSL 244342 J 122448010.01 81 171 565 472 5984 91 295 38-5 69-03

TEST VSL '7804 204535 0.04 93 2039 827845 120 1:2562 4 5105 2.8E-04 6.3E-02
8FT TEST -86106 1216762 0.04 71 15991 1465463 3945 3945 17 9281 9.8E-05 1.3E-02
Miscible Fluids Blending __ ___ __________

WTPVSL 809810 1236197 0.00 81 174974 148873 [472 4188 4 12958 3.8051 .9E-03
TESTVSL 71953 179883 10.00 0.0 0.0 0.0 319 319 0 0 0.OE+00 0.OE+.00
8FTTEST 608381 1216762 0.32 71 15991 1465463 [3945 3945 120 9281 R-5, 13E0
Multiple PJM ZOI ______ ______

WTP VSL 1837486 1114791 0.00 68 117417 506650 1-772 f4764 [4 980A 4.9-05, T6.9E-03
TESTVSL 17804 1234876 00L9 2039 827845 10152 4 50 .E0 63E-012
8FTTEST 86106 1216762 00 59 456 94k ~ 1 21 98-5j1.3E-02
Heel Concentration by Constituent

WTS 432 1240 0.00 81 17417 506650 472 5984 4 12958 3.8E-05 69E0
TESV L 183 996 0.04 93 2039 73855 2592 3925 1671 3260 2.6E-03 2.E0

8F TST 8606 11662 0.4 1 15991 L1465463 3945 3945 17 9281 9.8E.05 1.-0

Note that the data for the "WTPVSL" (WTP PJM equipped vessels) show a wider range for the
Nozzle/Particle Reynolds number and the Particle/Nozzle Diameter Ratio than exists for the test data,
including the 8ft test. This is a result of low viscosity for a number of WTP PJM equipped vessels.
These vessels have viscosity less than I cP due to heating, the presence of a supernate other than water, or
other operational conditions. The lowest viscosity occurs in the RLD-VSL-00007 (0.4c0), but ten other
vessels have viscosities less than O.8cP. Similarity for those conditions would be dependent on the
extension of the 8ft test to include lower viscosity testing conditions.
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Observations for Fluid Velocity
* The min/max values of the validation datasets span the ranges for the plant with the exception of

the particle/nozzle diameter ratio.
o The minimum particle/nozzle diameter for the plant is approximately one half the

minimum value for the validation dataset.
o Because small particles are readily-suspended and become, in effect, part of the carrier

fluid, this difference does not constitute a gap in the V&V dataset.
* There does not appear to be a significant gap between plant vessel and test vessel parameters for

fluid velocity when 8 ft vessel tests are included.

Observations for Suction Line Concentration and Heel Concentration
* The maximum plant vessel jet Reynolds number is approximately a factor of two larger than the

maximum value for the test vessel data.
o The maximum jet Reynolds number for plant vessel conditions with dynamic viscosity>~

I cP? is approximately equal to the maximum value for the test vessels.
" Test vessel data bound the nimumn value for plant vessel jet Reynolds number.
* Maximum values for the densimetric particle Reynolds number are approximately 100 for both

the test and plant vessels.
o The maximum value of the densimetric particle Reynolds number is 114, if low dynamic

viscosity conditions (< 1 cP?) are included and 8 1 if only conditions with dynamic
viscosity > 1 cP are considered.

* The minimum value for the particle Reynolds number at plant scale is 0.01 which is
approximately a factor of 4 smaller than the test vessel data.

o Because particles with small densimetric particle Reynolds number are readily
suspended, this difference does not constitute a gap in the V&V dataset.

" Test vessel ranges for densimetric particle Froude number and non-dimensional drive time span
the range for plant vessels.

" The maximum value for the nozzle particle Reynolds number is at plant scale (-13,000) is
approximately 1.7 times greater than the maximum value for the test vessels (-8000), when low
dynamic viscosity conditions (< I cP?) are included.

o The maximum values for the nozzle particle Reynolds number for both plant scale and
test vessels are approximately 8000, if low dynamic viscosity conditions (< I cP?) are not
included.

" The minimum value for the nozzle particle Reynolds number is hounded by the test vessel data.
* The maximum value for the particle diameter to nozzle diameter ratio in the test vessels bounds

the maximum value for the plant.
* The minimum value for the particle diameter to nozzle diameter ratio in the plant is a factor of

approximately 2.6 smaller than the minimum value for the test vessel data.
o Because small particles are readily suspended, this difference does not constitute a gap in

the V&V dataset.

Observations for Miscible Liquids Blending
* The maximum plant vessel jet Reynolds number is approximately a factor of two larger than the

maximum value for the test vessel data.
o The maximum jet Reynolds number for plant vessel conditions with dynamic viscosity

1 cP is approximately equal to the maximum value for the test vessels.
* Test vessel data bound the minimum value for plant vessel jet Reynolds number.
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" The maximum value for the densimetric particle Reynolds number at plant scale is 114, if low
dynamic viscosity conditions are included, and 8 1, if low dynamic viscosity conditions are not
included. The maximum value for the densimetric particle Reynolds number in the test vessels is
7 1, similar to the value in the plant for vessels with dynamic viscosity > 1 cP.

* Minimum values for the densimetric particle Reynolds number at plant and vessel scales are both
0, i.e. no solids.

" Test vessel data span the range for densimetric particle Froude number for the plant.
* The maximum values for dimensionless drive time for both plant and test vessels are

approximately 4000.
* Test vessel data bound the minimum value for dimensionless drive time for the plant vessels.
* The maximum value for the nozzle particle Reynolds number is at plant scale (- 13,000) is

approximately 1.7 times greater than the maximum value for the test vessels (.-.8000), when low
dynamic viscosity conditions (< I cP) are included.

o The maximum values for the nozzle particle Reynolds number for both plant scale and
test vessels are approximately 8000, if low dynamic viscosity conditions (< 1 cP?) are not
included.

" The minimum value for the nozzle particle Reynolds number is bounded by the test vessel data.
" The maximum value for the particle diameter to nozzle diameter ratio in the test vessels bounds

the maximum value for the plant.
" The minimum value for the particle diameter to nozzle diameter ratio in the plant is a factor of

approximately 2.6 smaller than the minimum value for the test vessel data.
o Because small particles are readily suspended, this difference does not constitute a gap in

the V&V dataset.
* Note that a gap related to the lack of sparging in the CFD model and in the V&V dataset has been

identified for HLP-27, HLP-28, and IJFP-2.

Observations for Multiple-PJM ZOI
* Test vessel data span the range ofjet Reynolds number for the plant vessels.
" Test vessel data bound the maximum value for the densimetric particle Reynolds number.
" The minimum value for the densimetric particle Reynolds number at plant scale (0.4) is larger

than the minimum value at plant scale (<0. 1).
o Because small particles are readily suspended, this difference does not constitute a gap in

the V&V dataset.
* Test vessel data span the range of densimetric particle Froude number and non-dimensional drive

time for the plant.
* The maximum value for the nozzle particle Reynolds number is at plant scale (-9,800) is

approximately 1.3 times greater than the maximum value for the test vessels (-.8000), when low
dynamic viscosity conditions (< 1 cP) are included.

o The maximum values for the nozzle particle Reynolds number for both plant scale and
test vessels are approximately 8000, if low dynamic viscosity conditions (< 1 cP) are not
included.

" The minimum value for the nozzle particle Reynolds number is bounded by the test vessel data.
" The maximum value for the particle diameter to nozzle diameter ratio in the test vessels bounds

the maximum value for the plant.
* The minimum value for the particle diameter to nozzle diameter ratio in the plant is a factor of

approximately 2 smaller than the minimum value for the test vessel data.
o Because small particles are readily suspended, this difference does not constitute a gap in

the V&V dataset.
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These data indicate that addition of the 8 ft vessel tests sufficiently close the gaps between the datasets
available for V&V of CFD and plant conditions relative to the dynamic range of CFD. The extended test
vessel dataset is sufficient for V&V of CFD for vessel confirmation.
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5 Conclusion

Based on the gap analysis, alternatives are presented for each validation variable on how to proceed with
V&V of CFD. They include:

1 . Perform no additional testing basing model error and uncertainty at plant scale and plant
conditions on validation data from existing tests,

2. Perform no additional testing basing model error and uncertainty at plant scale and plant
conditions on comparison error and validation uncertainty from a small-scale V&V dataset
extended using a multivariate approach, and

3. Perform additional testing, as necessary, to enable assessment of model error and uncertainty at
plant scale and plant conditions based on the extended V&V dataset.

5.1 Data Gap Summary

The data gap analysis found that existing experimental data for multiple PJM ZOI are sufficient for V&V
of CED for design confirmation. Should additional testing be conducted, ZOT information should be
collected.

A global gap in suction line performance at plant scale is identified.

A global gap for miscible liquids blending in HLP-27, HLP-28, and UFP-2 is identified related to

spargers not being modeled in CFD and sparging not being represented in the V&V dataset.

The gap analysis found that gaps exist between existing experimental data for velocity near the vessel
wall and a sufficient dataset for V&V of CFD for vessel design confirmation.

* Use of existing data is not recommended because of the expectation for high values for model
error and uncertainty.

* Opportunistic collection of near wall velocity data from additional 8 ft vessel tests is
recommended.

The gap analysis found gaps between existing experimental data for miscible liquids blending.
* Use of existing data is not recommended because of the expectation for high values for model

error and uncertainty.
* A recommendation for collection of appropriate data from 8 ft vessel testing is advised.

The gap analysis found gaps between existing experimental data for concentration at the suction line inlet
and heel concentration.

* The sole recommendation is to collect additional data in a larger scale vessel. 8 ft vessel testing is
recommended.

The gap analysis shows that with the inclusion of specific 8 ft vessel tests, the gaps between plant vessel
parameters and the available data for V&V of CFD are significantly closed.

" The ranges for the dimensional parameters significantly overlap.
" The ranges for relevant dimensionless parameters significantly overlap.
" The dynamic range of parameters for CFD is spanned.
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The gap analysis concludes that with the addition of 8 ft vessel test data, the data available for V&V of
CFD for WTP PJM equipped vessel design confirmation will be sufficient for each of the validation
variables with the exception of miscible liquids blending in HLP-27, HLP-28, and UFP-2.

5.2 Extension of Validation Model Errors and Uncertainties

Although the dynamic range of CFD is spanned by test data, when 8 ft vessel testing is included, plant
scale geometries for the largest vessels are not represented in the V&V dataset. However, full-scale pulse
tube operation and the effects of pulse tube arrays are represented in the V&V dataset. If assessed model
errors and uncertainties for the validation data are similar, these values can be extended to plant scale with
confidence. If a significant difference between model errors and uncertainties is observed, a multivariate
approach, like Hills method, will be assessed to extend these values to plant scale.

" Hills' Method of Model-Based Weights, J.R. Hamilton and R.G. Hills (201 Oa) and J.R. Hamilton
and R.G. Hills (201l0b) , is a multivariate approach that has been tailored for use with the kind of
data set that is currently available for V&V of CFD.

o The method allows validation variables to be different from the application variable, as
long as the significant dependencies are shared.

o The method allows use of validation experiments different from the application
experiment.

" The principle drawback of Hills method relative to V&V of CFD for confirmation of WTP PJM
equipped vessel design is that conmnunity experience with the method is very limited, so
proceeding with the Hills' approach would imply acceptance of an indefinable level of risk.

5.3 Suggested Possible Configurations for the 8ft Vessel Test

The following table summarizes the suggested 8ft vessel testing configurations used in Section 4 to
narrow the gap between the WTP PJM equipped vessel and the existing test vessels. The detailed list of
specific tests and associated measurement quantities/locations will be included in the RTD (Test Plan)
that will be issued by the Project Testing Team.

8ft Vessel Tests
Test Paramete Units#4

Viscosity [cP] I 1 1 8 1 1 1 1
Density ___[kg/rn

3 ] 998 998 998 1130 998 998 98 998

Mass [kg] 5723 5723 5723 6480 5723 5723 5723 5723

Vessel

Diameter [in] 96 96 96 96 96 96 96 96

Nozzle Diameter [in] 4 2 2 2 2 4 2 2
Inner pitch ring [in] 48 48 24 24 36 48 48 24
radius
Suction Line [in] 3 0.75 0.75 0.75 0.75 - - -
diameter ____ ________ ____ __________

Suction line inlet
hegt[in] 3 1.5 1.5 1.5 1.5

SSuction line radial [in] 12 6 6 6 6- --

offset _____________ ___

Nozzle Height [in] 6 3 3 1 3. 6 6 3 3
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Test Parameter Units 8tVse et
#1 j #2 T #3 1 #4 #5 #6 #7 #8

Pulse Tube Count []1 J 1 4 4 6 1 1 4

PJM Configuration [] Single JSingle Standard Standard Chandelier Single Single Standard

~Head Shape [3 F&D _F&D F&D F&D F&D F&D F&D F&D

Operation ________

PJM Jet Velocity [m/s] 12 12 12 12 12 12 12 12

Drive time [s] 33.4 16.7 16.7 16.7 16.7 33.4 16.7 16.7

Cycle time [s] 194.97 97.5 97.5 97.5 97.5 194.97 97.5 97.5
Suction line floDw [m 3/s] 9.2E-3 2.3E-3 2.3E-3 2.3E-3 2.3E-3 - - -
rate I____ I_____

SFill Height [in] 58 158 58 58 58 58 1 58 58

Solids Representative Simulant

Mass Total [kg] 635.9 635.9 635.9 635.9 635.9 635.9 635.9 635.9

Diameter 14tm] 10 10 10 10 10 10 10 10

#arti enst kg/rn] 11200 11200 11200 11200 11200 11200 11200 11200

Mas [kg] 25 25 25 25 25 25 25 25

(m 21 2 21 21 21 21 21 21
Particle Diameter [L] 2 1 2

#2 Density [kg/rn3 ] 2650 2650 2650 2650 2650 2650 2650 2650
Mass [kg] 477 477 477 477 477 477 477 477

Diameter [l.Lm] 81.6 81.6 81.6 81.6 81.6 81.6 81.6 81.6

Pa3icl Density [kg/rn 3] 2420 2420 2420 12420 2420 2420 2420 2420
Mas [kg] 95 95 95 95 95 95 95 95

Diameter [I'm] 312 312 312 312 312 312 312 312
Particle Density [kg/rn3] 2650 2650 2650 2650 2650 2650 2650 2650
#4 ___

Mass [kg] 19 19 19 19 19 19 19 19

Diameter [ILrm] 775 775 775 775 775 775 775 775
Particle Density [k g/rn 3] 2900 2900 2900 2900 2900 2900 2900 2900
#5 __________________

Mass [kg] 19 1 19 19 19 19 19 19 19
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Appendix A

Experimental Data Set Result

A.1 Data Set Availability
As discussed in Section 3. 1, the available experimental datasets were reduced based on the validation
variables. Determination of the data for use in the test run cases (with FLUENT) require some additional
filtering and are based on several considerations as outlined in Section 1. 1. The following sections in this
Appendix describe the tests and available measurements in detail, supporting further selection of data for
comparison to the test run cases.

A.2 PNNL

Over the course of the last eight years, PNNL has produced a large number of technical reports regarding
the fluid dynamics of the WTP PJM-mixed vessels. Only three of these reports are considered to be
relevant to the gap analysis; WTP-RPT-077, WTP-RPT-08 1, and WTP-RPT- 182.

A.2.1 Phase 1 Testing - (WTP-RPT-182)

A.2.1.1 General Description

Three mixing-test campaigns involving over 900 test cases were conducted in the 2007-2008 time-frame
in three different vessels using non-cohesive simulants. The vessels used were a 15(14 7/16)-inch (2:1
elliptical bottom head), a 34-inch (spherical bottom head) and a 70 inch diameter vessel (a 2:1 elliptical or
a Il00-to-6 flanged & dished bottom head). Schematics of these three vessels are given, respectively, in
Figure 6-1, Figure 6-2 and Figure 6-3. Vessels were configured with four, eight or twelve operating
PJMs. One of the primary goals was to use data generated from this large number of experiments to
develop predictive models for two measures of mixing performance in vessels; cloud height and U,,. Of
the over 900 tests, a small subset reported particle concentration at locations representative of where a
suction line would be located. The results of this work are described in the technical report WTP-RPT-
182.
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Figure 6-1 Schematic of the 39" -Tall, 15" -Diameter Vessel Fitted with 12 PJMs

nOWSNSOA bUTTERmY PULE
CWFhO4 VALvE PULSE TUBE AARAY

NOZZLES

Figure 6-2 Schematic of the 84" -Tall, 34" -Diameter Vessel
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Figure 6-3 Schematic of the 92"-talI (F&D Head) and 99"-taII (2:1 Elliptical Head), 70" -Diameter
Vessel with Eight PJMs
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A.2. 1.2 Validation Variables Measured

The Table 6-1 lists those validation variable that were recorded during the test. Although other
measurements may have been taken, only those that are directly related to the validation variables
established in Section 1.3, are presented here.

Table 6-1 Validation Variable Availability (WTP-RPT-182)

Primary Validation Variables Test Sequence (Name)
Fluid Velocity for Heat Transfer Nn

Concentration at the Suction Line Inlet aApproximately 66 data sets using an ultrasonic probe.

Sile-J ZOIMesrdb207tsseune(uyadFl)Vul

Rate-ofde d: 2008 test sequence (57 of 66 tests)

Seoes: VldtinVribe

a. Both average and peak values are available for this test sequence. Data available for the 2008 test series.
b. The 'measured' values refer to the bottom clearing patterns recorded for the 2007 test runs for the mid-

____scale, spherical head, test configurations. The actual value may be interpreted by these sketches.
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A.2.1.3 Geometric, Operational, and Physical Test Configuration

Table 6-2 and Table 6-3 summarize the physical test characteristics as well as the operational
configuration and associated simulant properties for those tests selected based on available validation
variable defined in Section 1 .4.

Table 6-2 Design Parameter Summary - Test Configuration (WTP-RPT-182)

Relative PJM 'PJM PJM PJM Pulse Relative PJM
Diaeer SCtonal Nozzle ozzse Nozzle Tube Duty Inner Pitch

Test Armte etoal Diameter Rafseo Velocity Cycle Ring Radius
Name Are Ratio

DT DT 2/NPJMIDO Do 110/130  U0 tDC=d~ A/Do

______ [in) [ [in) [][m/s] [I [3I
C.01 14.4 1094 0.126 1.04 2.8 -33% 18.9

C.02 14.4 1094 0.126 1.04 4,2 33% 18.9

C.03 14.4 1094 0.126 1.04 7.2 18% 18.9

C.04 14.4 1094 0.126 1.04 5.8 33% 18.9

C.05 14.4 1094 0,126 1.04 3.9 67% 18.9

C.06 14.4 1094 0.126 1.04 7.2 19% 18.9

C.07 14.4 1094 0.126 1.04 6.5 33% 18.9

C.08 14.4 1094 0.126 1.04 3 N/A 18.9

C.09 14.4 1094 0.126 1.04 8 34% 18.9

C.10 14.4 1094 0.126 1.04 6.2 34% 18.9

Cl1 14.4 1094 0.126 1.04 5.2 34% 18.9

C. 12 14.4 1094 0.126 1.04 11.8 33% 18.9

C. 13 14.4 1094 0.126 1.04 7.6 33% 18.9

C. 14 14.4 1094 0.126 1.04 4.2 33% 18.9

C. 15 14.4 1094 0,126 1.04 8.6 34% 18.9

C.16 14.4 [ 1094 0,126 1.04 3.5 33% 18.9

C. 17 14.4 1094 0.126 1.04 6.8 33% 18.9

C.18 14.4 714 0.191 1.04 4.8 33% 12.5

C.19 14.4 714 0.191 1.04 4.6 33% 12.5

C.20 14.4 714 0.191 1.04 4.4 33% 12.5

C.21 14.4 363 0.268 1.04 2.9 33% 8.9

C.22 14.4 295 0.297 1.04 1.9 34% 8.0

C.23 14.4 295 0.297 1.04 1.9 33%8.

C.24 14.4 591 0.297 1.04 2.5 34% 8.0

C.25 33.9 1084 0.297 1.50 4.5 34% 18.8

C.26 33.9 1084 0.297 [ 1.50 3.7 ______ 1.
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Relative PJM PJM PJM PJM Pulse Relative PJM
Vessel Cross- Nozzle Nozzle Nozzle Tube Duty Inner Pitch

Test Diameter Sectional Diameter Offset Velocity Cycle Ring Radius
Name Area _ ___Ratio DC = g

DT DT2 /NPJM1iDO2  D, H,/D, U

______ L in] [3[in] Ii[mis] [ i
C.27 33.9 1084 0.297 1.50 5.1 34% 18.8

~~833.9 1084 0.297 1.50 6.2 19% 18.8

C.9 33.9 680 0.375 1.50 5.6 33% 14.9
C.0 33.9 680 0.375 1.50 10 34% 14.9

C.31 33.9 680 0.375 1.50 8.6 34% I 14.9
C.32 70.0 1087 0.613 1.50 6.7 33% 18.8
C.33 70.0 1087 0.613 1.50 5.8 33% 18.8
C.34 70.0 1087 0.613 1.50 4.4 34% 18.8
C.35 70.0 1087 0.613 1.50 6.6 34% 18.8
C.36 70.0 1087 0.613 { 1.50 5.8 33% 18.8
C.37 70.0 1087 0.613 1.50 7.1 34% 18.8

C.8 70.0 1087 0.613 1.50 7.1 34% 18.8
C.9 70.0 1087 0.613 1.50 7.1 34% 18.8

C.40 70.0 1087 0.613 1.50 9.6 19% 18.8
C.41 70.0 1630 0.613 1.50 9.8 19% 18.8
C.42 70.0 1600.613 1.50 9.9 19% 18.8
C.43 70.0 1087 0.613 1.50 7.3 34% 18.8
C.44 70.0 1087 0.613 1.50___ 4.8 67% 18.8
C.45 70.0 1087 0.613 1.50 6.6 33% 18.8
C.46 70.0 1087 0.613 1.50 4.6 34% 18.8
C.47 70.0 1087 0.613 1.50 6 34% 18.8
C.48 70.0 1087 0.613 1.50 11.2 19% 18.8
C.49 70.0 1087 0.613 1.50 11.2 19% 18.8
C.50 70.0 1087 0.613 1.50 11.2 19% 18.8
C.51 70.0 1087 0.613 1.50 7.8 33% 18.8
C.52 70.0 1087 0.613 1.50 7.8 33% 18.8

C.53 70.0 1 1087 0.613 1.50 7.8 33% 18.8
C.54 70010870611.0.83%88

C.5 70.0 1070.613 1.50 68 34% 18.8
C.55 70.0 1087 0.613 1.50 8.5 34% 18 8
C.56 70.0 1087 0,613 1.50 8.5 34% 18.8
C.578 70.0 1087 0.613 1.50 8.4 34% 18

_____ .____________ 70.0________________ 1087_________________ 0.613______________ 1.50 8.4 34% 18.8________

C.59 70.0 1087 0.613 1.50 12 33% 18.8
C.60 70.0 1087 0.613 1.50 12 33% 18.8
C.61 70.0 1087 0.613 1.50 12 33% 18.8
C.62 70.0 1087 0.613 1,50 7.1 33% 18
C.63 70.0 1087 0.613 150 j 7.1 - 33% 18.8
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1Relative PJM PJM PJM PJM Pulse IRelative PJM
Vessel 1Cross- Nozzle Nozzle Nozzle Tube Duty Inner Pitch
DimeeeScioa Diameter Ofst Velocity Cycle Ring Radius

Name AraRai
DT DT 2/NPJM(D 0

2  DoH 0/D0  U0  tDC'td AIDo

E:C.64 70.0 1087 0.613 1.50 7.1 33% 18.8
C.65 70.0 482 0.92 1.50 6.8 34% 12.6
C.66 70.0 482 0.92 1.50 6.4 33% 12.6

Minimum 14.4 295 0.126 1.04 1.9 18.4% 8.02
Maximum 70,0 1630 0.92 1.5 12 66.7% 18.91

Table 6-3 Simulant/Particle Parameter Summary - Test Configuration (WTP-RPT-182)

Supernate Supernate Total Solids Particle Pril est
Vicst Density Loading Diameter Pril est

Test Name t P1 ________ ____________

[kglm-s] [kg/in][1['] [kg/in 3]
C.01 0.0010 999.4 0.16 69 2480
C.02 0.0009 998.6 0.53 69 2480

C.03 0.0009 999.8 1.59 69 2480
C.04 0.0009 999.3 1.57 69 2480
C.05 0.0010 999.9 1.58 69 2480

C.06 0.0008 998.2 4.69 69 2480
C.07 0.0008 998.3 4.66 69 2480
C.08 0.0009 998.1 4.70______ 69______ 2480

C.09 0.0008 998.3 4.69____69 _ 2480

C.10 0.0009 999.1 6.20_____ 69_____ 2480

CA11 0.0009 999.3 0.28_____ 76_____ 4180

C.12 0.0008 996.9 2.62_____ 76_____ 4180

C. 13 0.0009 998.8 0.88 76___ 4180
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Supernate Supernate Total Solids Particle
Viscosit Densit LoadinE Diameter Particle Density

Test Name W% _______

__________ kg/m-s] [kg/rn
3 ] 1_______ __4_]________

C.25 0.0010 998. ________ 0.20 166___ 2460

C.26VL .7___0.1 _16 2460

C.28 0.0010 998.5_____ 0.64 69 2480_

C.29 0.0009 999.9 0.32 76 418

C.30 0.0010 998.3_____ 3.06 76 4180 _

C.32 0.0009 994.1______ 0.32 166 2460 _

C.33 0.0009 994.2_____ 0.32__166_2460

C.34 0.0010 994.6_____ 0.33_____ 69______ 2480____

C.35 0.0009 994.4 2.8 69 2480_____

C.36 0.0009 994.3___ 1.05 69___2480__

C.37 0.001094929 928
C.38 0.000 994.3 2.96____69_

C.39 0.0010 994.9_____ 2.96 69 2480

C.40 0.0009 994.4 2.9 69 248

C.41 0.0009 994.9_____ 2.89 69 2480

C.42 0.0009 994.7_____ 2.95 69 2480

C.48- 0.0009 994.8 2.84 69 2480'_____

C.44 0.0009 994.8 2.84 69 28
C.5 0.0009 994.8 2.96__69__2480

C.46 0.0010 995.0 0.31 69 2480 _

C.47 0.0010 995.0 1.00_____ 69 2480____

C.48 0.00109 995.0 2.84_____ 69______ 2480_____

C.49 0.0008 993.6 2.84 69 2480_

C.50 0.0008 994.0 M4______ 69______ 2480______

C-51 0.0010 994.0 2.84_____ 69______ 2480______

C.52 0.0010 994.0 2.84__69__2480

C.53 0.0010 994-.9.46928

C.55 0,0008 994.4 3.01__69__2480

C.59 0.0009 994.4 1.69__76__4180

C.60 0.0009 994.4 1.69 76 48
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Supernate Supernate Total Solids PaiIcle Particle Density
Viscosit Densiy Loading Diameter

Test Name RPI Wt% pP

[kg/ins] [kg/rn 3] [] [4m] [kg/rn3]

C.62 0.0010 995.2 0.31 166 2460

C.63 0.0010 995.2 0.31 166 2460

C.64 0.0010 995.2 0.31 166 2460

C.65 0.0009 994.4 2.79 69 2480

C.66 0.0009 994.3 2.79 69 2480

Minimum 0.0007 993.6_____ 0.16 44 2460

Maximum o.00oii99. 6.20 166 4180

A.2.1.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are defined and described in
Section 4.4, and are representative of the physics of interest for the WTP PIM vessels.

Table 6-4 Dimensionless Parameter Summary (WTP-RPT-1 82)

Jet Reynolds Particle Reynolds Particle Froude Dimensionless

Test Name Number Number Number Drive Time
Reo Rep Fr P Td

C.01 9365 2.28 7818 6382
C.02 15730 2.56 17566 6487
C.03 24640 2.34 51730 6621
C.04 20320 2.39 33540 6570

C.05 13044 2.28 15181 6505
C.06 27570 2.62 51591 6687
C.07 25420 2.67 42057 6602
C.08 11236 2.56 8955 N/A
C.09 30633 2.62 63707 6729
C.10 22211 2.45 38310 6638
C. 1 18218 4.05 11394 6534
C. 12 50132 4.92 58488 6773
C.13 27855 4.24 24323 6670
C. 14 15730 9.48 7405 6392
C.i1 34366 10.12 31016 6662
C. 16 13986 1.40 18859 6383
C.17 29485 15.90 9026 6552
C.18 1 29076 2.73 22921 2899
C. 19 27864 2.73 21057 2936

C.2 277 ] 2.85 19260 5614
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Jet Reynolds Particle Reynolds Particle Froude Dimensionless

Test Name Number Number Number Drive Time
____________Reo Rep Fr~ ______Td __

C.21 22608 2.50 8379 1068
C.22 19027_______ 2.91 3587 493

L2 1902 .D9U 961

C.24 23046 2.67 6219 1889
C.25 34624 8.27 8489 6452
C.26 28469 8.26 5746 6433

C.27 39241 2.23 25885 6450

C.28 48878_______ 2.29_______ 38273 6491

C.29 10984 3__42__ 43089 4902

C.30 99540_______ 3,87____ _ 3205 6569

C.31 112538 49892 6437565
C.32 11273 9.11____ _ 498692 6456

C.33 112753 8.90____ _ 14892 64562
L C.4 1593 2919131 6487

C.431 160378 2.40 45047 6402
C.36 16486 2.35 96269 6452
C.437 11253 2.35 52690 6456
C.38 799153 2.35 22780 6408

C.40 109884 2.35 4138 12481
C.41 1738 2.19 25033 6331

C.42 93492 2.18 36229 6408

C.43 186469 2.35 12419 641

C.44 191 2.24 6220 ____6479

C.5 109884______ 2.24 63020 62479

C.46 71338_______ 2.24 6203 6479

C.47 93049_______ 2.57 45666 6400

C.48 186469______ 2.35_______ 124119______ 6609

C.50 __ 86469_____ 2.35 13419 6509

C.51 123869______ 3.88 6256 6502

C.52 1362.4.0 60229 6571

C.53 __ 23869____ 2.4.0 60289 6571
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Jet Reynolds Particle Reynolds Particle Froude Dimensionless
Test Name Number Number Number Drive Time

Re0  Rep Fr PT
C 61 204535 4.07 60289 6571
C.62 110108 8.09 21031 6488
C.63 110108 8.09 21031 6488
C.64 110108 8.09 21031 6488
C.65 181977 2.51 45723 2886
C.66 171273 2.51 40499 5606

Minimum 9365 1.4 3587 493

Maximum 1 204535 1 15.9 1 124119 12562
Note(s):

a. Test C.08 does not have a specified drive time, it is continuously operated with a gravity refill.

A.2.1.5 Measurement Values per Validation Variable

As listed in Section A.2. 1.2, measurements for several validation variables were made for the PNNL
(WTP-RPT- 182) test. The value of the measurements taken are reported below.

A.2.1.5.1 Cloud Height and Average Concentration Measurement Data

The Cloud Height data for PNNL was extracted from available reports and spreadsheets from the report
(WTP-RPT-1I82.pdf, Table B. 5). The reported values were visually measured and a summary is provided
in Table 6-5.

A set of 6 probes, positioned at various points within the test vessel, was used to take concentration
measurements. The concentration measurements are gathered from a series of runs provided in the
recorded test data.

Although there are several concentration samples taken for each probe and at various times during the
PJM cycle, the mean concentration is used in this analysis. As an example, the calculation of the mean
concentration for a selected few tests are detennined by the mean concentration over a single PJM cycle
and then taken over a number PJM cycles, as follows:

" Test C30 uses 5 total PJM cycles,
* Test C32 uses 2 PJM cycles,
" Test C48 (0.I1D Sensor) uses 4 PJM cycles, and
" Test C48 (0.02D Sensor) uses 5 PJM cycles

The results of averaging this data is in Table 6-5 and represents a small portion of the overall available
data.

Table 6-5 Summary of PJM-Cycle Averaged Concentration Measurements (WTP-RPT-182)

Particle Density Cycle Average Concentration Cloud Height
Test Configuration - Ikg/Ij % Volume 1kg/in 3  [in]

*C30

0.07D Sensor 4180 14.370 600.666 10.5
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TetCnluain Particle Density Cycle Average Concentration Cloud Height
Tet onigraio ~ g/ 31% Volume r [kg/n j inj

O.11 Sensor 4180 12.547 [ 524.465

0.l15D Sensor 4180 1 11.006 460.051

0.05D Sensor ] 2460 L 0.6225 15.3 135 25.5

C48

OlD Sensor 2480 F 3.304 81.9392

0.2D Sensor 2480 3.033 75.2184 2.

A.2.1.5.2 ZOI Measurement Data
Although there are ZOI measurements for the 2007 tests, only the 2009 tests are considered for this
evaluation. The 2009 tests do not report actual measurements, but may be evaluated by the existing video
footage. The use of this footage for ZOI is to be determined based on the footage clarity on a case-by-case
basis. The specific cases for use with ZOI evaluations have not yet been identified.

A.2.1.6 Uncertainty Summary

Table 6-6 Input and Data Uncertainty Values (WTP-RiPT-182)

QuantityUnetiy
Input Uncertainty

POL 
±.0 /

pOp ±0.02 g/cm3'

dp 10%-

A'L T=±2'C
U.e ±0. 91±0. 51/±0.3 rn/s

mass,, ±0. 0004 /±0.0008 / ±0.0006 vol. fraction

massL ±0. 3 /±0.3 / ±0.5 inches height

Data (Systematic) Uncertainty
Cloud Height ±3±5m
Ucs tO 04r/

Note:
a. The uncertainty values shown in this table are either bounding, or are shown based on vessel size, 15 inI

34inf 70 in, respectively
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A.2.2 Large-Tank Test Stand (LTTS) Building 336 Vessel (WTP-RPT-081)

A.2.2.1 General Description

A total of 82 test cases were run using the 12.75 foot diameter (3.87 meters) vessel housed in the 336
building. This non-transparent vessel houses four PJMs, as shown in Figure 6-4, each with four-inch
diameter (11)) nozzles and a typical drive-average velocity of approximately ten meters per second. The
average pitch-ring circle radius for this vessel may be deternined from Figure 6-5 and is approximately
12.15 nozzle diameters. Twenty single-phase tests were run with water as the fluid and the remaining 62
included either 10 or 35 micron glass beads at either 5 or 20 weight percent. PSD data is also available
within the technical report [WTP-RPT-08 1]. Velocity sampling is done by attaching five probes to a
vertical support pipe shown in Figure 6-6.

Note that concentration measurements at the suction line were taken only from test #8.

Figure 6-4 External View of the Four PJM LTTS "336" Vessel
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Figure 6-5 Plan View of the Four PJM LTTS "336" Vessels
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Figure 6-6 Schematic of the Velocity Probe Support Used in the LTTS "336" Vessel
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The location of the velocity probes are provided in Table 6-7, Table 6-8, and Table 6-9.

Table 6-7 Velocity Probe Locations for "Hydrodynamic" Cases

Velocity Probe
Location

Test # of PJM Angle Rad. Elev.
Number Cycles (deg.) (in.) (in.) Comments
021108A 13.13 00 12 30,54,78,102,126 See Note b

021108B 27.62 ~~00 1 05,81216Seoe
021 108B 27.3330 12 30,54,78,102,126 See Note b
021108C 53.33 600 12 30,54,78,102,126 See Note b
021 108D 57.53 900 12 30,54,78,102,126 See Note b
021108E 30.11 1200 12 30,54,78,102,126 See Note b
021 108F 29.33 1200 12 30,54,78,102,126 See Note b
021108G 29.44 1500 12 30,54,78,102,126 See Note b
021 1081 20.33 1800 12 30,54,78,102,126 See Note c
021108K 30.67 2100 12 30,54,78,102,126 SeNt
021108K 38.67 2700 12 30,54,78,102,126 Seoe

021108M 3 2.67 3000 12 30,54,78,102,126 ________

021108N 29.44 3300 12 30,54,78,102,126 _______

0211080 32.44 00 12 30,54,78,102,126
021108P 66.11 450 12 30,54,78,102,126 ________

021108Q 28.67 1350 12 30,54,78,102,126 _______

021108R 28.40 2250 12 30,54,78,102,126 ________

021108S 29.18 3150 12 30,54,78,102,126
021108T 29.78 00 0 30.48 a
0211 08U 28.89 L 1800 24 30.48a

Notes:
a. From Bottom Center. Additional 4 locations spaced at increasing intervals equal to 24 in.
b. Velocity probe No. 1 data invalid, wire was broken.
c. Velocity probe wire was repaired, data valid from here on.
d. Data for columns S through AG missing.

Table 6-8 Velocity Probe Locations for "Test #1" Cases

Velocity Probe
_____________ Location

Test ft of PJM Angle Rad. Elev.
Number Cycles (deg-) (in.) Comments
021115B__ 69.689__ 00 1 0 30.48 Note b
021115C_30.55 00 0 30.48 Note c

021115D 1 25.244 1800 24 30.48
021115E 27.356 1800 24 30.48
021115F 28.422 1350 24 30.48 _________

021115G 29. 133 1350 17 30.08 __________

021115H 29.489 1350 17 30.08 _________

0211151 30.2 1350 17 30.08 __________

02I1S1J 29.133 0030.48 _________
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Velocity ProbeF - Location
Test # of PJM Angle Rad. Elev.

Number Cycles (deg.)in (in. Comments
Notes:

a. From Bottom Center. Additional 4 locations spaced at increasing intervals equal to 24 in.
b. Moiizto trniet All! 4 Pih~s oprating initial Codtos T o-ent setle for 1 da. S .G.

1.18
c. Periodic Condition reached from previous mobilization transient

Table 6-9 Velocity and Density Probe Locations for "Test #8" Cases

Density Density Density
Velocity Probe Sample Sample Sample

Location (&r--69" c~6"
Test # of PJM Anl d Elev. Elev. Elev.
Number Cycles d. IJ(in. (in.) (in.) (in.) Comments
Test #8 _____

021212A 28.4 00 0 126 54 N/A Note a
021212B 215.9 1800 24 126 54 36 ______

021212C 24.6 0o 0 126 54 N/A Note b
021212D 25.9 1800 24 54 90 12 are= 0.003
021212E 27.3 180o 24 24 108 3 CF,)=0.008
021212F 25.6 1800 24 72 9 24 O M I00
021212G 25.6 180o 24 90 24 54 _______

021212H 25.3 1800 24 136 36 90
0212121 26.0 00 0 126 54 N/A NotecNoe:a. PJMs started 12:00:10, mobilization transient, all 4 PJMs operating. Initial Conditions: tank contentsl

settled for 2 days
b. Periodic condition, all PJMs operating
c. Closure

Other datasets with density sampling at 3" are 021 121D (20%, 10PM), 0212041), N (5%, 35 pin) and
021210B (5%, 35 pm). Dataset 021204E (5%, 35 pim) measures density at 6" while both 021 121E,P
(20%, 10pmn) and 021204G (5%, 35 ltm) measure it at 9". These are all used for the suction line
concentration data.
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A.2.2.2 Validation Variables Measured

The following table lists those validation variable that were recorded during the test. Although other
measurements may have been taken, only those that are directly related to the validation variables
established in Section 1.3, are presented here.

Table 6-10 Validation Variable Availability (WTP-RPT-081)

Primar Validation Variables Test Sequence (Name)
Fluid Velocity for Heat Transfer Twenty tests (0211 08x). Data sets containing 5% (by

weight) solids using 10 micron particles may also be
considered candidate data sets for the velocity field.

______________________________________This includes nine data sets (0211 1513-J) from Test #1.
Concentration at the Suction Line Inlet a Approximately 62 data sets measured fluid density at

various locations within the vessel. Test #8 contains
three datasets that best fit this validation variable
(0212 12D-F).

Miscible Fluid Blending None
Multi le-PJM ZOI None
Bulk Concentration in the Heel None

Secondary Validation Variables_________________________

Cloud Height (Hc) None
Critical Velocity for Suspension (Ucs) None
Single-Jet ZOI None
Rate-of-ZOI None

Note:
a. Both average and peak values are available for this test sequence.

A.2.2.3 Geometric, Operational, and Physical Test Configuration

Table 6-11 and Table 6-12 summarize the physical test characteristics as well as the operational
configuration and associated simulant properties for those tests selected based on available validation
variable results.

Table 6-11 Design Parameter Summary - Test Configuration (WTP-R.PT-081)

Relative 1PJM PJM
Vse Crs- PJM Noze PJM IPulse Relative PJM
DimtrScinl Nozzle Ofst Nozzle Tube Inner Pitch

Test Name Area Dimtr Rto Velocity Duty Radius
____________ Cycle _______

D1 D 2/NPJM/D02  DHDODC = AD
__________ __________td/(td+tr) __________

_____________ ( in] [[ in] [1 [r's] [ I [ I
Hydrodynamic 13038397 23 00 2.%1.
(# 021 108A-G, 1-U) -13038397 23 00 2.%1.
Test 1 153.0 378 3.937 2.38 1 10.0 22.2% 11.8
(0211 15B-J) -____ ____ I___ ___

Test 2 (021 121A-1) 153.0 378 3.937 238 10.0 22.2% 11.8
Test 3 (021 121K-P) 153.01 378 3.937 2.38 10.0 2.2 11.8
Test 4 [153.0 378 3.937 2.38 10.0 22.2% f 11.8
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Relative PJM PJMPus Relative PJM
Vesl CosIJ Nozzle J Pus

Vesel Cros- Nozzle Ofst Nozzle Tube Inner PitchDiameter Sectional DiOtr ffatiI

Test___ Name_____ Area____ Ratio_____ Cycle

DT HW~o U0  d/(td+t3 ID

(021 122A)_________________

TestS5 (021204A-J) 153.0 378 3.937 2.38 10.0 22.2% 11.8

Test04NP-6 153.0 378 3.937 2.38 10.0 22.2% 11.8
Test 7 (021210A-C) 153.0 378 3.937 2.38 10.0 22.2% 11.8
Test 8 (021212A-1) 153.0 378 3.937 2.38 10.0 2.2%/ 11.8

Test 9J-N 153.0 378 3.937 2.38 10.0 22.2% 11.8
Test 10 (021216A-E, 153.0 378 3.937 2.38 10.0 22.2% 11.8
H-1) ___

Minimum 153.0 378 3.937 2.381 10.0 22.2% 11.8
Maximum 1153.0 378 1 3.937 2.381 10.0 22.2% 11.8

Table 6-12 Simulant/Particle Parameter Summary - Test Configuration (WTP-RPT-081)

Supernate Supernate Total Solids Particle Particle

Test Name Vicsiy nsty_ Loading Dimtr Density
R _______i _ Wt% dP

_______________ [kg/ins] [kg/rn3] [] J-j..... [kg/rn3]

HydrodynamGiU 0.001 998 N/A 1 10 2490

Test I (021115B-J) 0.001 998 5 10 2490

Test 2 (021121 A-1) 0.001 998 20 10 2490
Test 3(02112 1K-P) 0.001 998 20 10 2490
Test 4 (021122A) 0.001 998 20 10 2490
Test 5 (02 1204A-J) 0.00 1 998 5 35 2490
Test 6 (021204N, P-R) 0.001 998 5 35 2490
Test 7(0212 10A-C) 0.001 998 5 35 2490
Test 8 (021212A-1) 0.001 998 20 35 2490
Test 9(021212J-N) 0.001 998 20 35 2490

Test 10 (02 1216A-E, H-I) 0.001 998 20 35 2490
Minimum 0.001 998 5 10 2490
Maximum 0.0 1 998 20 35 2490

A.2.2.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are described in Section 4.4,
and are representative of the physics of interest for the WTP PIM vessels.
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Table 6-13 Dimensionless Parameter Summary (WTP-RIPT-081)

Jet Reynolds Particle Reynolds Particle Fronde Dimensionless
Test Name Number Number Number Drive Time

Reo Re P Fr P Td

Hydrodynamic
(# 2110 8A-G, 1-U) 997998 N/A N/A 1000
Test I (02]115B-J) 1026940 0.12 715509 1000
Test 2(021121A-1) 1110772 0.12 820959 1000
Test 3(021121K-P) 1110772 0.12 820959 1000
Test 4(021122A) 1110772 0.12 820959 1000
Test 5 (021204A-J) 1026940 0.79 204431 1000

Test 6(021204N, P-R) 1026940 0.79 204431 1000

Test 7 (021210A-C) 1026940 0.79 204431 1000

Test 8 (021212A-1) 1131730 0.80 242673 1000
Test 9(021212J-N) 1131730 0.80 242673 1000
Test 10 (021216A-E, H-1) 1131730 0.80 242673 1000

______ Minimum 997998 0.12 204431 1000

Maximum 1131730 1 0.80 820959 1000
Note(s):

A.2.2.5 Measurement Values per Validation Variable

Measurements for several validation variables were made for the PNNL (WTP-RPT-08 1) test. The values
are not reproduced here, but may be found in the supporting test documentation.

A.2.2.6 IUncertainty Summary

Table 6-14 Input and Data Uncertainty Values (WTP-RPT-81)

Quantity Uncertainty
InutUcertainty

PL ± 0.001 gfcm (sensor 1)
± 0.005 g/cm (sensor 2/3)

p
dp ± 1.0 urn (on the mean diameter, for the I Oiim particle)

± 5.0 [tm (on the mean diameter, for the I O0i[im particle)

IUL

Ujel

mass
p__ _ _ _ _ _ _ _ _ _ _ _ _ _

massL

d ± 0.25 in

Data (Systematic) Uncertainty
F Velocity ± 5 mms + I1%of each axis

Concentration ± 0.00 1 g/cm
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A.2.3 Advanced Product Evaluation Laboratory (APEL) Vessel (WTP-RPT-077)

A.2.3.1 General Description

The principal objective of the tests reported within WTP-RPT-077 was to determine single-phase fluid
density as a function of time at three distinct vertical locations with the vessel during mixing of miscible
fluids of different densities. Tests were run in the APEL vessel; a 34"-diameter, 93-inch tall vessel
having a single center-mounted PJM with a 2" nozzle and a nozzle k/d of 0.934. The PJM operation had
a drive and a suction phase. Five tests were conducted by filling the APEL vessel with 132 gallons of
liquid, the majority of which was a 50% by weight solution of sodium thiosulfate pentahydrate (specific
gravity - 1.3 1) and the remainder was water (specific gravity -~ 1.00). Density was measured
continuously using Coriolis densitometers. Three sampling tubes, located at 10", 22" and 34" elevation
relative to the vessel bottom (at the centerline), remove fluid at a rate of 0.05 gallons per minute. The
fluid is returned to the same elevation subsequent to being measured for density. Tests were run to vary
the IPJM power per unit vessel volume. Since the volume of the vessel was always 132 gallons, the cycle

average power was proportional to jet, times t he duty cycle.

Figure 6-7 Schematic of the Single PJM APEL Vessel

5.$.?JM "OM~vl

0 Vlo18
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Figure 6-8 Typical Operation of the Single PJM APEL Vessel

Caa~ressed Air Compressed -Air

Jet Pumnp Pair

Vent Vent

SUCTION PHASE DRIVTE PHASE

A.2.3.2 Validation Variables Measured

Table 6-15 lists those validation variable that were recorded during the test. Although other measurements
may have been taken, only those that are directly related to the validation variables established in Section
1.3, are presented here.

Table 6-15 Validation Variable Availability (WTP-RPT-077)

Prconary Validation Variables Ts eune(ae

Criia Velocity for SeaTrnsfer(cs None
Songl-enrtio atteSutoOin ne None

Ratie- M Z01 None

Bulk. Gon etomeic, Op Herainl an NPyscanesCo grtn

Teoable 6-6andable 6-17ablsmaietepyia etcaatrsisa ela h prtoa

Coirtiao it and aSsaensimuont proprtie foNtoessslce ae naalbevldto

variable results.
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Table 6-16 Design Parameter Summary - Test Configuration (WTP-RPT-077)

Relative PJM PJM
Vse Crs- PJM Nozl PJM Pulse Relative PJM

Diaete Sctinal Nozle Offet Nozzle Tube Inner Pitch
Diaete Setioal ioazet Ofse Velocity Duty Ring Radius

TetName Area RatioCyl

DT DT2/N PJM/D0 2  Do H0/D0  U, DC = A/Do
____________ ________ td/(td+tT _______

Test 1 (090602RI) 34.0 289 2 0.89 3.24 18.5% 8.5

Test 2 (091002RI) 34.0 289 2 0.89 5.40 12.0% 8.5
Test 3 (091102R1) 34.0 289 2 0.89 5.40 20.0% 8.5
Test 4(091202RI) 34.0 289 2 0.89 8.10 16.7% 8.5
Test 5 (091302RI) 34.0 289 2 0.89 3.24 -18.5% 8.5

Minimum 34.0 289 2.0 0.89 3.2 12.0% 8.5
Maximum 34.0 289 2.0 0.89 8.1 20.0% 8.5

Table 6-17 Simulant/Particle Parameter Summary - Test Configuration (WTP-RPT-077)

Supernate Supernate Total Solids Particle Particle

TsNaeViscosity Desiy Loading Diameter Density

1.4 P, ~ Wt% yP

Test I (090602RI) } 0.0009 997.8 N/A N/A 1307
Test 2 (091002RI) 0.0009 997.8 N/A N/A 1307
Test 3(091102RI) 0.0014 997.8 N/A N/A 1307
Test 4 (091202RI) 0.0009 997.8 N/A N/A 1307
Test 5 (091302R1) 0.0009 997.8 N/A N/A 1307
Note that the particle here denotes the denser fluid; sodium thiosulfate

A.2.3.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are described in Section 4.4,
and are representative of the physics of interest for the WTP PJM vessels.

Table 6-18 Dimensionless Parameter Summary (WTP-RPT-077)

Jet Reynolds Particle Reynolds Particle Froude Dimensionless
TsNaeNumber Number Number Drive Time

______Re___ Fr ~ T,_____

TetI(000RI 153NAN/A 319

Test2__________1992_N/ N/A 319

Test 3 (091102R1) 119922_____ N/A_______ N/A 319

Test 4 (09 1202R 1) 1783N/A N/A 319

Test 5 (091302R1) 71953____ N/A N/A 319

Mnmm 793N/A N/A 319

Page A-22
24590-PADC-FOO04 1 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

A.2.3.5 Measurement Values per Validation Variable

The PNNL test WTP-R-PT-077 did not take traditional measurements, but observed mixing behavior.
There are no values to report for this test.

A.2.3.6 Uncertainty Summary

Table 6-19 Input and Data Uncertainty Values (WTP-RPT-077)

Quantity Uncertainty
Input Uncertainty ______________________

PL__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

p

dp N/A

Ujel N/A

mass L ___________________

d See Note a

Data (Systematic) Uncertainty __________________________

Density 0.0O1 g/cm3

Note(s):
a. Based on micrometer accuracy
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A.2.4 MICE Phase-2

A.2.4.1 General Description

The testing program was developed specifically to address technical gaps by producing scaled test data to
he used by the WTP Mechanical and Process Engineering (M&PE) organization to confirm the design of
a set of vessels that process waste with settling solids, or alternatively, identify and test vessel design and
operating modifications required to effect required mixing requirements. Required data has been
identified, collected, recorded, and reported in accordance with ES nuclear quality assurance (NQA-l)
and approved platform operating procedures. Phase 2 experimental data sets consist of 21 test sequences;
TS 1 through TS2 1. This testing program is well documented in 24590-WTP-ES-PET-09-00 1, Rev. 0.
All tests were conducted in the Mid Columbia. Engineering (MCE) vessel; the "201" vessel (diameter
43.255 inches). The PJM arrangement used in the vessel had either 8 PJMs to represent FEP-17 or 12
PJMs to represent HLP-22. The PJMs were set into two concentric rings for the 8 and 12 PJM
configurations. For the 8 PIM configuration, the inner ring of PJMs (as measured from the center of the
nozzle) is a radial distance of l0.8in, with the outer ring at 14.4 in. The 12 PJM configuration uses an
inner PJM radial distance of 6.8in, with the outer ring at 15.3in. Each configuration was run with scaled-
down versions of both four- and five-inch nozzles.

Testing involved 15 basic test configurations, each of which included multiple variants of parameters
such as pulse jet mixer discharge velocity, frequency of PJM firing, modifications of the vessel internal
configurations to test potential mixing improvements, and tests characterizing simulant behavior for
dispersal configurations and viscosity. There are in total 90 variants within the 15 basic test
configurations.

None of the performance-enhancing design modifications considered in the test sequences are included i
the V&V effort. These include pyramidal hydraulic diverters, draft tubes, bubblers and angled nozzles.
Hence, the following test sequences will not be considered:
TS7FVIA, TS7FV1B, TS7FVIC, TS7FVID, TS7FV1E, TS7FV3A, TS7FV3B, TS7FV3C, TS7FV3D,
TS7FV5A, TS7FV5B, TS7FV5C, TS7FV5D, TS7FV5E, TSI3FV2A, TS13V2B, TSl3FV4A,
TS 13FV4B, TS1I3FV5A, TS1I3FV5B, TSlI8A, and TSI18B.
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A.2.4.2 Validation Variables Measured

Table 6-20 lists those validation variable that were recorded during the test. Although other measurements
may have been taken, only those that are directly related to the validation variables established in Section
1.3, are presented here.

Table 6-20 Validation Variable Availability (MCE Phase-2)

Primary Validation Variables Test Sequence (Name)
Fluid Velocity for Heat Transfer None
Concentration at the Suction Line inlet Loop samples for average concentrations; TS 1, TS I B, TS2, TS2E,

TS4A, TS4B3, TS4C, TSQV7, TS5F (except at 7 rn/s), TS6, TS6E,
TS7, TS7E, TS9, TS9E, TSlO (4&8 PJM), TSl3FV3A, TSI3FV3B3,
TSI3FV6A, TS13FV6B

-Miscible Fluid Blending
Multiple-PJM ZOI Measured':~ TS2, TS2B, TS2C, TS4A, TS4B3, TS4C, TS4QV4,

TS4QV5, TS4QV6, TS4QV7, TS5F, TS6, TS6C, TS7, TS7B3, TS7C,
TS7D, TS7E, TS9A, TS9B3, TS9D, TS9E, TSl10 (4&8 PJM),
TS1I3FV6A, TS I3FV6B, TS I9F, TS2OF, TS2 IF
Vid eo b:TS 1, T S IA

Bulk Concentration in the Heel None
Secondar Validation Variables

Cloud Height (Hc) CMeasured C:TS 1, TS1IA, TS4A, TS5F (4.7 rn/s only), TS7, TS7D),
TSl3FV6A

_____________________________Video " : TS4B3,

-Critical Velocity for Suspension (Ucs) TS IB, TS2C, TS2D, TS2E, TS9D, TS9E, TS I3FV6B
Single-Jet ZOI None
Rate-of-ZOI d TS 1, TSIA, TS2FVI, TS2FV2, TS2FV3, TS4A, TS4B, TS4C,

TS4QV6, TS4QV7, TS5F (4.7 & 9 mn/s only), TS7, TS7B3, TS7C,
TS7D, TS7E, TS9A, TS9B3, TS9C,TS9D, TS9E, TSIO (4&8 PJM),
TS I 3FV3A, TS I 3FV3B, TS I 3FV6A, TS1 3FV6B

Notes:
a- The measured values are documented in the individual test reports and are accompanied by sketches

(video is included, but may be unclear). These values have an established uncertainty in the measurement,
as documented in Table 19 of 24590-WTP-ES-PET-09-001, Rev. 0.

b. The 'v ideo' designation means that values can be interpreted by the associated video documentation of the
listed tests. There is no associated uncertainty with this evaluation.

c. The measured values are documented in the individual test reports and are accompanied by sketches
(video is included, but may be unclear). These values have an established uncertainty in the measurement,
as documented in Table 19 of 24590-WTP-ES-PET-09-001, Rev. 0.

d. The 'video' designation means that values can be interpreted by the associated video documentation of the
listed tests. There is no associated uncertainty with this evaluation.

e. The Rate-of-ZOI determination is based on measurements from the video documentation for the listed
tests. There is no associated uncertainty with this evaluation.

Note that all tests have associated video, but due to camera angles, the test configuration, and other
particulars associated with the test, it may be difficult to distinguish particular characteristics (such as
cloud height) clearly. Only those conditions with clearly defined states are listed in the table above for
' observed' measurements.

The MICE Phase-2 tests produced a significant amount of data regarding multiple PJM ZOI and Rate-of-
ZOI measurements. The following table provides a more detailed description of the available ZOI data.
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A.2.4.3 Geometric, Operational, and Physical Test Configuration

Table 6-21 and Table 6-22 summarize the physical test characteristics as well as the operational
configuration and associated simulant properties for those tests selected based on available validation
variable results.

Table 6-21 Design Paramieter Sumninary - Tlest Configuratiuii1 ikivi%.r r-1u~-L)

Relative PJM PJM
Vse Crs- PJM Noze PJM Pulse Relative PJM
DimtrScinl Nozzle Ofst Nozzle Tube Inner Pitch

TetNm raDiameter Rto Velocity Duty Ring Radius
Test Name Area Ratio Cycle ________

DT DT2/N PJM/Do2  D, HfD0  U0  C A/D,

__ _ _ _ _ _ _ _ _ [in] [] in] [] t /s] I I[II]

TSI 43.3 545 0.655 1.50 4.7 -37.3% 17.3
TSIA 43.3 545 0.655 1.50 8 29.4% 17.3
TS1B 43.3 545 0.655 1.50 9 29.4% 17.3
TS2 43.3 545 0.655 1.50 4.7 29.4% 17.3

TS2B3 43-3 545 0.655 1.50 6 29A4% 17.3
TS2C 43.3 545 0.655 1.50 7 29.4% 17.3
TS2D 43.3 545 0.655 1.50 8 29.4% J 17.3
TS2E 43.3 545 0.655 1.50 9 29.4% J 17.3
TS2FV1 43.3 545 0.655 1.50 4.7 29.4% 17.3
TS2FV2 433550.655 1.50 4.7 29.4% 17.3

_ __V 43. 545 0.5 1+ _ _5I47 2941.
TS2FV 43.3 545 0.655 1.50 4.7 2.4% 17.3
TS4A 43.3 545 0.655 1.50 4.7 252% 17.3
TS4B 43.3 545 0.655 1.50 5.5 295% 17.3
TS4CV 43.3 545 0.655 1.50 4.7 29.1% 17.3
TS4QV4 43.3 545 0.655 1.50 5.9 22.1% 17.3
TS4QV6 43.3 545 0.655 1.50 5.9 22.1% F 17.3
TS4QV6 43.3 545 0.655 1.50 5.9 22.1% F 17.3
TS4V7 (Fl)43.3 545 0.655 1.50 5.9 22.1% 17.3
TS5F 4.6 Ful 43.3 545 0.655 1.50 4. 29.5% 17.3

TS5F 6 43.3 545 0.655 1.50 6 29.5% 17.3

TS5F 7 43.3 545 0.655 1.50 7 29.5% 17.3

TS5F 8 43.3 545 0.655 1.50 8 29.5% 17.3

TS5F 9. Qatr 43.3 545 0.655 1.50 5. 29.5% 17.3
TSSF47(Qatr 43.3 545 0.655 1.50 5.8 22.1% 17.3

TS61 43.3 545 0.655 1.50 4. 29.5% 17.3

TS6B 43.3 545 0.655 1.50 6 29.5% 17.3

TS6C 43.3 545 0.655 1.50 7 29.5% 17.3

TS6D 43.3 545 _0.655 1.50 8 29.5% 17.3

TS6E 43.3 545 0.655 1.50 9. 29.5% 17.3

TS7B 43.3 545 0,655 11.50 4.7 29.5% 17.3

TS7C 43.3 545 0.655 1.50 6 29.4% 17.3
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Relative JPi
Vse Crs- PJM Nzl PJM Pulse Relative PJM
Vese ros DaerNozzle Nozzle Tube Inner Pitch

Diameter Sectional Nozzlete Offset Velocity Duty Ring Radius
Test Name Area RatioCyl

DT DT /,NPJM/DO0 Do H01D0  U0  DC t=+~ A/Do

_____________ [in] [] in] [] [m/s] [I I ___I___I

TS7D 43.3 545 0.655 1.50 8 29.4% 17.3

TS7E 43.3 545 0.655 1.50 9 29.4% 17.3

TS9A 43.3 545 0.655 1.50 4.7 29.5% 17.3
TS9B 43.3 545 0.655 1.50 6 129.4% 17.3
TS9C 43.3 545 0.655 1.50 7 29.4% 17.3
TS9D 43.3 545 0.655 1.50 8 29.4% 17.3
TS9E 43.3 545 0.655 1.50 9 29.4% 17.3
TS 10 8PJM 43.3 545 0.655 1.50 4.7 29.5% 17.3
TS 104PJM 43.3 1090 0.655 1.50 4.7 29.5% 17.3
TS108PJM 43.3 545 0,655 1.50 8 29.4% 17.3
TS 10O4PJM 43.3 1090 0.655 1.50 8 29.4% 17.3
TS 13FV3A 43.3 1085 0.379 1.50 6 23.6% 17.9
TS13FV3B 43.3 1085 0.379 1.50 13 23.6% 17.9
TS13FV6A 43.3 697 0.473 1.50 6 23.8% 14.4
TS 13FV6B 43.3 697 0.473 1.50 13 23.8% 14.4
TS 14F 43.3 1085 0.379 1.50 5.7 23.7% 17.9
TS19F (5.7 m/s) 43.3 697 0.473 1.50 5.7 23.5% 14.4

FTS 19F (7 m,/s) 43.3 697 0.473 1.50 7 23.5% 14.4

TS19F (9 ms) 43.3 697 0.473 1.50 9 23.5% 14.4
TS 19F (11 m/s) 43.3 697 0.473 1.50 11 23.5% 14.4
TS20F (5.7 m/s) 43.3 697 0.473 1.50 5.7 23.5% 14.4
TS20F (7 m/s) 43.3 697 0.473 1.50 7 23.5% 14.4
TS20F (9 m/s) 43.3 697 0.473 1.50 9 23.5% 14.4
TS20F (I1I m/s) 43.3 697 0.473 1.50 11 23.5% 14.4
TS20F (13 m/s) 43.3 697 0.473 1.50 13 23.5% 14.4
TS21F (5.7 m/s) 43.3 697 0.473 1.50 5.7 23.5% 14.4
TS21IF (7 m/s) 43.3 697 0.473 1.50 7 23.5% 14.4
TS2IF (9 m/s) 43.3 697 0.473 1.50 9 23.5% 14.4
TS21F (IlIm/s) 43.3 697 0.473 1.50 11 23.5% 14.4
TS21IF (13 ms) 43.3 697 0.473 1.50 13 23.5% 14.4

Minimum 43.3 363 0.379 1.5 3.7 122.1% 10.4

Max-imum 43.3 1090 0.655 1.5- 1 73 17.9
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Table 6-22 SixnulantfParticle Parameter Summary - Test Configuration (MCE Phase-2)

Supernate Supernate -Total Solids Particle }Particle
Test NameViscosity JDensity Loain Diameter Dest

Test NaeI Wt% dp p

FTI[kg/ins] [kg/rn3 ] F] i] [kg/rn3 ]
Pei_________ 0.0 9 1.82 -17 2450

TSlA 0.001 998 1.82 178 2450

TSlB 0.001 998 1.82 178 2450 2
TS2 0.001 998 1.84 69.3 2480

TS2B 0.001 998 1.84 69.3 2480

TS2C 0.001 998 1.84 69.3 2480

TS2D 0.001 998 1.84 69.3 2480

TS2E 0.001 998 1.84 69.3 2480

TS2FV1 0.001 998 1.23 69.3 2480

TS2FV2 0.001 998 1.23 69.3 2480

TS2FV3 0.001 998 1.84 69.3 2480

TS4A 0.001 998 3.65 69.3 2480

TS4B 0.001 998 3.65 69.3 2480

TS4C 0.001 998 3.65 69.3 2480

TS4QV4 0.001 998 0.133 200 2650

TS4QV5 0.00 1 998 0.265 200 . 2650

TS4QV6 0.00 1 998 0.529 200 2650
TS4QV7 0.001 998 1.32 200 2650

-5 4.1Ful 0.01 V 998 3.65 69.3 2480

TS5F 6 0.01 1140.7 3.2 69.3 2480

TS5F 7 0.01 998 3.65 69.3 2480

TS5F 8 0.01 998 3.65 69.3 2480

TS5F7 9 0.01 1140.7 3.2 69.3 2480

TS5F 4.7 (Quarter) 0.01 1140.7 3.17 69.3 2480

TS6 0.001 998 0.5 8.6 8900

TS6B3 0.001 998 0.5 10 8900

TS6C 0.001 998 0.5 10 8900
TS6D 0.001 998 0.5 10 8900

TS6E 0.001 998 0.5 8.6 8900

TS7 0.001 998 0.5 200 2650

TS7B 0.001 998 0.5 200 2650

TS7C 0,001 998 0.5 200 2650

TS7D 0.001 998 0.5 200 2650

TS7E 0.001 998 0.5 200 2650

TS9A 0.00 1 998 5.5 See Note d See Note d

TS9B 0.001 998 5.5 See Note d See Note d

TS9C 0.00 1 998 5.5 See Note d See Note d

TS9D 0.001 998. 5.5 See Noted See Note d

TS9E j 0.001 998 5.5 See Note d See Note d

TSI108PJM 0.001 , 998 6.0 See Note e See Note e
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Supernate Supernate Total Solids Particle Particle
TsNaeViscosity Density Loading Diameter Density
TestNae______ Wt% d _ p

_______________ [kg/ins] [kg/rn3 ] [] [Rm [kg/rn3 ]

TS1O 4PJM 0.001 998 6.0 See Note e See Note e

TS10 8PJM 0.00 1 998 6.0 See Note e See Note e

TSIO 4PJM 0.001 998 6.0 See Note e See Note e

TS13FV3A 0.001 998 0.5 200 2650

TSI3FV3B 0.001 998 0.5 200 2650

TS13FV6A 0.001 998 0.5 _ 200 2650
TS13FV6B 0.001 998 0.5 200 2650

TS14F 0.001 998 17.7 See Note f 17.7
TS I9F (5.7 mI/s) 0.001 998 3.8 See Note g See Note g

TS 19F Q m/s) 0.001 998 3.8 See Note g See Note g

TS1F( /)0.001 998 3.8 See Note g See Note g
TS I9F (11 m/s) 0.001 998 3.8 See Note g See Note g
TS20F (5.7 m/s) 0.001 998 13.8 See Note h See Note h

TS20F (7 m/s) 0.001 998 13.8 See Note h See Note h

TS20F (9 m/s) 0.00 1 998 13.8 See Note h See Note h

TS20F (11 m/s) 0.001 998 13.8 See Note h See Note h

TS20F (13 m/s) 0.001 998 13.8 See Note h See Note h

TS21F (5.7 m/s) 0.001 998 17.7 See Note f See Note f

TS21F (7 m/s) 0.001 998 17.7 See Note f See Note f

TS2 IF (9 m/s) 0.001 998 17.7 See Note f See Note f

TS21 F (11I m/s) 0.001 998 17.7 See Note f See Note f

TS21IF (13 nt/s) 0.001 998 17.7 See Note f See Note f
Minimum 0.001 998 0.133 7 2420

Maximum 0.01 1140.7 17.7 200 8900
Notes:

a. Available test cases refer to all performed test cases, with the exception of those previously listed.
b. The weight percent shown represents the total simulant weight percent and is for a single simulant unless

otherwise noted.
c. Density of fluid increased due to added glycerol to the water mix.
d, Simulant weight percent by component is 0.5%(S) and 5%(C)
e. Simulant weight percent by component is 0.5% (SIO), 0.5% (S200), and 5%(C).
f Pre-mixed simulant of 5% C(l-52), 45% C(6-24), 40% C(24-26) & 10% C(85-24). All percents given are

weight percent of prne-mixed simulant. The added spikes, S(10-89) and S(200-24), are combined with the
pre-mixed simulant such that the total volume percent is 6.97% (total weight percent is 17.7%).

g. Pine-mixed simulant of 5% C(-52), 45% C(6-24), 40% C(24-26)& 10% C(85-24). All percents given are
weight percent of pre-mixed simulant. The added spikes, S(10-89) and S(200-24), are combined with the
pre-mixed simulant such that the total volume percent is 6.97% (total weight percent is 17.7%). This is
then diluted to a volume percent of 1.45% (total weight percent is 3.8%).

h. Prne-mixed simulant of 5% C(l-52), 45% C(6-24), 40% Q(24-26) & 10% Q(85-24). All percents given are
weight percent of pre-mixed simulant. The added spikes, S(10-89) and S(200-24), are combined with the
pre-mixed simulant such that the total volume percent is 6.97% (total weight percent is 17.7%). This is
then diluted to a volume percent of 5.39% (total weight percent is 13.8%).

Detail on the individual simulant properties are shown in Table 6-23.
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Table 6-23 Individual Particle Description (MCE Phase-2)

Specific Nominal JCarrier Soid 1
Grviy Sieb d9s Size b[ Fluid Soliyse

Test Matrix Grvt ieDensity Dnit e
Identifier Description JL IPiMl 1m Ik [kg/m I [iY N/Al
G(175-24) glass beads 2.45 178 261 998 2444 9.8
G(70-24) glass beads 2.48 69.3 82.2 998/1140 2474 2.4/0.223
C(1-52) iron oxide 5.24 0.6 N/A 998 5228 0.003
C(6-24) medium gibbsite 2.42 7 33.4 998 2414 0.076
CQ24-26) Ground silica 2.65 24 N/A 998 2644 0.52
C(85-24) coarse gibbsite 2.42 85 N/A 998 2414 3.2
S(10-89) bismuth oxide 8.90 10 20 998 8879 0.31
S(200-26) un-ground silica 2.65 200 530 1 998 12644 12.5

Notes:
a. Several tests within test sequence TS 5 use a 10 centipoise carrier fluid
b. The nominal size corresponds to the d50 size of the particles. Some simulants do not have data available for the

d95 size. Each test configuration does record values, but they vary by test and draw location.
c. The Particle Reynolds number is based on the nominal (d5o) size.

A.2.4.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are described in Section 4.4,
and are representative of the physics of interest for the WTP PJM vessels.

Table 6-24 Dimensionless Parameter Summary (NICE Phase-2)

Jet Reynolds Particle Reynolds Particle Froude Dimensionless

Test Name Number Number Number Drive Time
ReD Re P Fr P Td

TS1 78038 8.95 8695 344

TSIA 132830 8.95 25192 151

TSIB 149434 8.95 31883 120

TS2 78038 2.20 21881 435

TS2B3 99622 2.20 35660 435 a

TS2C 116226 2.20 48537 4353

TS2D3 132830 2.20 63396 435'

TS2E 149434 2.20 80235 43

TS2FVl 78038 2.20 21881 435

TS2FV2 78038 2.20 21881 131

TS2FV3 78038 2.20 21881 435

TS4A 78038 _ 2.20 21881 381

TS4B 91320 2.20 29964 378

TS4C 78038 2.20 21881 438

TS49V4 97962 11.37 10718 3 -81

TS4QV5 97962 11.37 10718 1 381

TS4QV6 97962 11.37 10718 381
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Jet Reynolds Particle Reynolds Particle Froude Dimensionless
Test Name Number Number Number Drive Time

Reo Re P Fr P Td

TS4QV7 97962 11.37 10718 381
TS5F 4.7 (Full) 7804 0.22 21881 438

TS5F 6 11387 0.22 45102 438'

TS5F 7 11623 0.22 48537 4388

TS5F 8 138 .263396 438a
TS5F 9 17080 0.22___ 101479 438

TS5F 4.7 (Quarter) 11007 0.242145 381
TS6 78038______ 0.22______ 33069 438

TS6B 99622___0.28 _ 46348 438

TS6C 116226___0.28 _ 63084 438

TS6D 132830___0.28 _ 82396 438

T-S6E 193022121258 438

TS7 78038_ 11.37______ 6802 438

TS7B 99622__1_11.37 11085 268

T7112613715088 200

TS7D 13283011.37 1970 151

TS7E_________ 149434 11.37 24941 120

TS9A_________ 78038 0.07 225767 120

______________ 99622______ 0.07_______ 367931______ 438

TS9C__________ 116226______ 0.07 500795____ 200

______________ 132830______ 0.07_______ 654100_____ 151

TSIO PJM 8038 .09 8376 438

TS10 PJM 8038 .09 8376 438

TS_10_____328300_09_3240 151

TS14F m)15572 N/A N/A Note c

TS19F~~~~~Pg (57A-36341I /ANt
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Jet Reynolds Particle Reynolds Particle Froude Dimensionless

Test Name Number Number Number Drive Time

Reo Re P Fr P, Td

TS21F (5.7 m/s) 68344 N/A N/A Note c,

TS2 IF (7 mis 83931 I N/A L N/A ]Note c
--- / -- /, i 1)/ N/A Note c

11f r y IIIS) IV 71/

TS21IF Q Im/s) 131892 N/A N/A Note c

TS21F (13 m/s) 155872 { N/A N/A I Notec.
Note(s):

a. Locations are duplicates of the baseline condition
b. "N/A" represents locations with various particles and therefore varied results for the Reynolds and

Froude numbers.
c. Location did not specif the dut cycle

A.2.4.5 Measurement Values per Validation Variable

Measurements for several validation variables were made for the MCE Phase-2 test. The value of the
measurements taken are reported in Table 6-25.

Table 6-25 Multiple PJM ZOI Results (MCE Phase-2)

Test Multiple-PJM ZOI ___________

Sequence Measured Values (a,b) a'(in) Merged Video Comments

Data I,, PPM 20' PJM ZOl ? Available?

TSIA N N/A N/A Y Y Larger area of overlap than TSI1
8, 8 9.5, 10

TS2 Y 8-.25, 8.5 9.5, 9.5 N/A N No disk available
_______8, 8.5 9.5, 10 ______

-6.25, 10.25 9+, 9+
TS2B Y 6.5, 10.5 9+, 9+ N/A N No disk available

_______6.5, 10.5 9+, 9+ ___ ____________________

-7,11+ 9,9

TS2C Y 7, 11+ 9+, 9+ N/A N No disk available
7,11+ 9+____ _____9+______

TS2D N N/A N/A Y N Bottom clearing

5T75,9 7,13

TS2FVI Y 5, 9 7,13 Y Y

-6,9 7, 13.25 ____________ _____

-6,9 9,9.5
TS2FV2 Y 6,9 9,9 Y Y

6,9 9,9.5 _________ ________ ____

TS2FV3 Y -7,7 8+,8+ Y Y

7, 8.5 10.5, 10.5
ITS4A Y 7,9 10.25,10.25 Y Y

TS4B 725,9 10.25,10.25____

_____________ 7.75, 7.5 9.25, 10.5 Y Yi~ ______________
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Test Multipl -e-PJM ZOL Rate-of-ZO].
Sequence Measured Values (a,b) S (in) Merged Video Comments

Data 1 11 PJM 2 nd PJM ZOI ? Available?

775,7.75 9.5, 10.25

8,7 8,7.5
TS4C Y -8,7.5 8.25,8 Y Y

6,11__ __ 7, 15yy bDif ul toseZ nvd o

TSQ Y7, 10 7, 145 Y Y b Difficult to see ZOI in video

STS4QV6 Y 6.5, 10 8, 813 ifiutt e ZLi ie

TS4QV7 Y 57, 9 87,.5 Y Y b Difficult to see ZOI in video

_________6.25,10 _8,8_____ Difficult to see ZOI in video

6., 1+ 8,8+
TS5F65.,2+5 8+7,8. NA5y

TS5F_7 Y 5.2,9 8.7,8.7 N/ ybDifcltoseZInvdo

5.12,8.7 8+7,87

76,12+ 8+ , 8+b
TSSF86 Y 6,12i 8+,8+ N/A yb

______________ F6 , 12± 8+, 8+

TS5F_9 Y 18. 10.5 ,8 N/A YbDifcltoseZIivdo

TS5QF8 Y 6.,11 7.5,87. N/A y bDifcltoseZInvdo

6.5,10.2 7.5,7.5

7.5,9.8,7.5

TS6Q Y 76.5, 91 7.5, 7.5 N/A Y b Difficult to see ZOI in video

7.25, 9.25 7.5, 7,625 ____

TSB N N/A N/A N/A Y b Sketch of overlapping ZOI
7.5, 8 7,11

TS6C Y 8, 8 6.5, 10.5 N/A Yb Difficult to see ZOI in video
8,8 7, 11 ___

TS6D N N/A N/A N/A Y b Sketch of overlapping ZOT
-5,8.5 8,9

TS7 Y -5, 8.5 8.5, 9 Y Y Clear ZOl definition in video
__________5.25, 8.25 8.5, 8.75

FTS7B Y5, 8 6.5,7 Y Y IClear ZOI definition in video
__________ 5.5, 9 7, 6.5_____ ___________

Page A-33
24590-PADC-FOO041 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rtev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

Test Multiple-PJM ZOI Rate-of-ZOI -Cmet

Sequence Measured JValues (a,b)' (in) Merged Video Cmet
Data 1st1 PJM 2 d PJM ZOI ? Available?

6.5, 10J5 8.5,8.5__

TS7C Y [659 8.5, 8.5 Y Y Resolution poor, but still defined

TS7D 79.5 8.5, 8-5 __

.7, 105 10,12.5 Y ZOI not as clear, but still defined

8.5,9 9, 12
TS7E Y 8.25, 9.25 8.5, 12 Y Y ZOI not as clear, but still defined

8.5,9 9, 12 ___

5,8 8+,8+__

TS9A Y 5,8 8+,8+ Y Y
______5,8 8+,8+ ____ _____________

8,75, 10 6, 10
TS9B Y 8.5, 10 6, 10 Y Y Clear ZOI definition in video

________ _______ 7.5, 10 6, 10 _ __ ______

+____+ 12+,12+

TS9D Y 9+9f 12+, 12+ Y Y
_________ ______ _______ 12+,12+ ___ ____

__9+__9+ 12+,12+

TS9E Y9+,9+ 12+,12+ Y Y
_______ _____9+__9+ _ 12+,12+ ___ ____ ___________

8+,8+__ 5,8 _ _

TS10 (8) Y 8+, 8+ 5,8 ___ Y Y At 4.7m/s
___ __ __ __ ___ _ ,8_ __ 5,8 _ _ _

8+, 8+
TS 10(4) Y .8+,8+ N/A N Y At 4.7m/s

____ ____ ____ ___ 8+, 8+ _ _ _ _ _ _ _ _

9.5, 10.5 12, 11

TS 10(8) Y 9.5,11 12,10 Y Y At 8m/s

_________ _______ 10,11 12,11 _ ________________

10.75, 9.75
TS1O (4) Y 10.5, 11 N/A N Y At 8m/s

11.2510.5Bottom clears, only one
TS13FV3A Y 7, 7 5.5, 8 Y measurement is taken

12+, 12+ 9+, 9+
TS13FV3B Y 12+,12+ -9+,9+ Y Y

________12+, 12+ 9+, 9+ _____________

3,7.25 6,6
TS13FV6A Y 3,7 6,6 Y Y

2.75, 7 5,75, 6.5 ____ ______

12+, 12+ 9+, 9+

TS13FV6B Y 12+,12+ 9+,9+ Y Y
_______12+,12+ -9+,9+ ___ ____ ___________

3.5, 6 4, 6.25 bSeveral test states recorded;
TS14F Y .3.5,6 4,6.25 N/A ybCannot read any ZOl from video

3.5,6 4, 6.25 -NA--{for TS14F

TSI9F -Y 4.25, 5_5 6.25, 6.25 N/ At 4.7m/s
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TetMultiple-PJM ZOl ___ ___ Rate-of-ZOI

Testnc Measured Values (a,b) a(in) -Merged Video Comments

Seune Data I,, PJM 2 nd PJy ZOI ? Available?

4.25, 5.5 6.25, 6.25
__________ ________ 4.5 5.5 6.25, 6.25 ____

5.5, 5 7,7

7m/s L 5.5,5 7,6.75 N/A Y b
________5.5, 5.5 6.75, 6.5 ____ _____

~5.5,4 7,6.75
*9r/s Y [5.5,4 7,7 N/A Y b

~5.5,4 7,7 ___ ______Cannot read any ZOI from video

7,5 7.5,7 for TS I9F
I rn/s Y 17,5 8,7 N/A y b

7, 5.5 7.5, 7.5 ___________

4,7 7.5,7
*13m/s Y 4.5,7 8,7 N/A y

_______4.5,7 7.5,7 _______________________

4.75, 5.5 6.25, 6
TS20F Y 4.75, 5.5 6.25, 6.25 N/A Y b At 4.7m/s

_________ ________4.75,- 5.2 5 6.25, 6.25 _____ _____________________

5, 6.5 7,7.5
-7m/s Y 4.75,6.5 7,7 N/A Yb

15,6.5 7,7 ___

6,5.5 8,8
-9m/s Y 6,5.5 ___8, 8.5 N/A y b

P6,__5.5_8_8 Cannot read any ZO! from video

4,5.5_8.5, for TS20F

I-Irn/s Y 4,5.5 8.5,9 N/A y b

-13 m/s Y 4.25, 5.5 9,10 N/A y

3.5 5 .5, 5.5 t
TS21F Y 355 4.5,6 N/A y b At 4.7rn/s

4.,6 6,6. K/

-9m/s 1Y 4.5, 5.5 7.5, 7.5 N/A Yb
4.5,_5.5_7.75,7.25 Cannot read any ZOI from video

- Ilm s 4.5, 5.5 7.5, 7.5 N/ bfor TS2 IF

13 m/s Y 5,6 8.5, 8 N/A Yb

_______ r5, 6 8, 7.5 _ __ _____

Notes:
a. The values shown for the ZOI distance are three separate measurements in most cases. PJM I is located at

the inner PJM ring; PJM 2 is at the outer PJM ring. The value for 'a' measures from the PJM center to the

wall, 'b' measures from the PJM to the center of the vessel. The values shown with a '±' indicate that the

recorded ZOI regions merge.

Page A-35
2'S90-PAOC-F00041 Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

Tetultiple-PJM ZOJ Rate-of-ZOI

Seune Measured IValues (a,b) a(in) Merged Video Comments
Seatac -- ~ Jnd PJM ZO! ? Available?

b. Video is available, but the ZOI is undefined from the view. Boundaries or rates of ZOI are difficult to
observe.

A.2.4.6 Uncertainty Summary

Table 6-26 Input and Data Uncertainty Values (NICE Phase-2)

Quantity Uncertainty
Input Uncertain ______________

POL <± 0.01 gm/cm3 of reported value (bulk)

'Op < ±0. 1 of volume % or weight % (depending on reported value)

d ± 10% for each size bin with an accumulation tabulation error < ± 10% of
P volume percent

I 1 L ±10% of reported value

Ujet± 0.2 rn/s (± 0.5s on drive time, ± 0.5s on time, +0.5 in on stroke length)

mass + 0.03 kg (instrumentation uncertainty)

massL± 0.29ga1 Volume, ± 0. 13 in Level

ZoI ±1 inch (as Measured)

Cloud Height ±6 inches (as Measured)
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A.2.5 NICE Pump-down Testing

A.2.5.1 General Description

One of the principal objectives of this experimental work was to measure particle concentration in the
vessel heel after a full pump-down. Additionally, the vessel was viewed to determine if particles were
stagnant or mobilized on the vessel bottom. Slurry density is offered in some cases as a function of space
and time. A total of ten tests were reported which conformed to NQA-1 procedures and standards. Mid
Columbia Engineering (MCE) vessel draw-down tests were all performed in the "201" vessel (diameter
43 .255 inches) in the 2009-20 10 time frame. Based on scaling analyses, test scale configurations were
made which represented the (18-PJM) HLP-22, (8-PJM) HLP-27, (8-PIM) FRP-02, (8-PJM) UJFP-01 and
(8-PJM) FEP-17 vessels. PJM nozzle diameters ranged from 0.3 07 to 0.766 inches. Only one complete
data set is provided for the HLP-22 (CCN 218353), FRP-02 (CCN 218972), LJFP-01 (CCN 232595) and
FEP-17 (CCN 232596) vessel configurations. Six different complete data sets using the HLP-27
configuration (24590-WTP-RPT-ENG-1 1-013, Rev. 0) were used to investigate the performance. These
HLP-27 tests included a more extensive determination of the heel constituents at the end of draw-down
compared to the other vessel configurations.

Several of these are unsuitable for use in the present V&V activity. Three were rum while spargers were
in operation (IJFP-01-NQA-003, HLP-27-LOAM-005 and HLP-27-LOAM-006). CFD simulation of
such cases would require a three-phase model where an immiscible fluid model would be used at the free
surfaces at the top of the vessel and PJMs while sparger steam would need to be treated as a miscible
fluid. Such a complicated three-phase model is too difficult to use in the present circumstances. One data
set experienced particle agglomeration during the tests (FRP-02-NQA-002) and another presented a mass
discrepancy of 26% at the end of draw-down (HLP-27-LOAM-00 1). Both of these circumstances render
the data unusable. Upon excluding five data sets from consideration, five usable data sets are available
for consideration: HLP-22-NQA-007, FEP- 7 -NQA-004, HLP -27 -LOAM -002, BILP -27-LOAM-003 and
HLP-27-LOAM-004. HLP-22 and FEP-17 configurations have a suction line which is vertical and
exactly coincident with the vessel centerline. This implies that a quarter-symmetry CFD model can be
run. All HLP-27 configurations do not permit this degree of symmetry. Heel analysis for each of these
vessels falls into one of two categories; H-LP-22 and FEP-17 heel analysis consists of the weights of 1)
Water, 2) WC and 3) all other solids whileHLP-27 tests report a weight for each constituent.

Vessel draw-down tests typically removed quarter batches at a time over the course of approximately 15-
30 PJM cycles. Between quarter batches, the vessels were left in operation for extended periods of time.
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Figure 6-9 Dimension of Vessel 201 Used in the Pump-Down Studies (L), a Schematic of Vessel 201
Using a Scaled HLP-27 Configuration (M) and Real Hardware

_432-

54

Plant Vessel Bottm

A.2.5.2 Validation Variables Measured

Table 6-27 lists those validation variable that were recorded during the test. Although other measurements
may have been taken, only those that are directly related to the validation variables established in Section
1.3, are presented here.

Table 6-27 Validation Variable Availability (MICE Pump-down)

Primary Validation Variables
Fluid Velocity for Heat Transfer None

Concentration at the Suction Line Inlet, a All five (Average concentration)
Miscible Fluid Blending None
Multiple-PJM ZOI __All five
Bulk Concentration in the Heel All five

Secondary Validation Variables

Cloud Height (Hc) None

Critcal Velocityfor SuspensionjUcs) None

Single-Jet ZOI None
Rate-of-ZOI All five

No0tes:
a. Only average concentration values are available for this test sequence.
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The test results recorded in 24590-QL-HC I-MO0Z-0000 1-03-00020 , 24590-QL-HC I-MOOZ-0000 1-03 -
00032 , 24590-QL-HC4-MOOZ-00003-04-00002 , 24590-QL-HC4-MOOZ-00003-04-00003 and 24590-
QL-HC4-MOOZ-00003-04-00004, report Z01 measurements at several conditions of interest. In some
instances, there are video recordings associated with these measurements. The specific results for the
listed test conditions are shown below.

A.2.5.3 Geometric, Operational, and Physical Test Configuration

Table 6-28 and Table 6-29summarize the physical test characteristics as well as the operational
configuration and associated simulant properties for those tests selected based on available validation
variable results.

Table 6-28 Design Parameter Summary - Test Configuration (MCE Pump-down)

Relative IPJM PJM
Vesl rs- PJM Noze PJM Pulse Relative PJM

Diameter Scinl Nozzle Ofe Nozzle Tube Inner Pitch
TetNm raDiameter Rto Velocity Duty Ring Radius

Tes Nae Aea ati Cycle

DT DT 2/Npjm/Do2  Do HG/Do U0  DC = A/D,
__I_ td/td+t,)

___________ [in] ~ ][in] [I [m/ns] [I [I
HLP-22-NQA-007 43.3 640 0.403 1.41 4.97 17.1% 18.9
FEP-17-NQA-004 43.3 545 0.655 1.50 5.90 17.7% 17.2
HLP-27-LOAM-002 43.3 702 0.577 1.50 9.7 16.0% 8.2
HLP-27-LOAM-003 43.3 702 0.577 1.50 6.6 15.6% 8.2
HLP-27-LOAM-004 43.3 702 0.577 1.50 6.2 16.6% 8.2

Minimum 43.3 545 0.403 1.41 4.97 15.6% 8.2_____

M imm 43.3 702 0.655 1.50 9.7 17.7% 18.9_____

Table 6-29 Simulant/Particle Parameter Summary - Test Configuration (NICE Pump-down)

Supernate Supernate Total Solids Particle Particle

Test Name Viscosity Density Loading Diameter Density

________________ [kgf(m-s)] [kg/rn3] [H (l[m] [kg/m]

HLP-22-NQA-007 0.001 F 998 10_____ ______

FEP-17-NQA-004 0.001 F 998 2______

HLP-27-LOAM-002 0.008 F 1130 _______1______

HLP-27-LOAM-003 0.001 F 998 ________ 20_____

HLP-27-LOAM-004 0.008 1130 24______ _______

Minimum 0.001 998 2_______ 4.7_____ 2420_____

Maximum 0.008 1130 24_____ 775.1__11200

Note(s):
a. The particle diameter and density are not shown here since each test uses a mix of different simulants. See

b.the following table for details.
b.The maximum and minimum for the particle diameter and density reflect the max/min for the individual

particles.
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Details on the particle distribution for each test is found in Table 6-30.

Table 6-30 Particle Distribution (MCE Pump-down)

Particle 1ds Particle 1HP2 L-7 HP21Density L Size HLP-22 FEP-17 I
Simulant Tyves lkq/gml I[Lil __

AI(OH)3 - Gibbsite 2420 81.6 x__________
AI(O H) 3 - Gibbsite 2420 10.1 _____ x_____
WC - Tungsten Carbide 11200 4.7 x x _____ ____

SiO2 (small) 2650 21.-1 x x _____

Si0 2 (large) 2650 312.5 x x _____ ____

Glass Beads 2900 648 x x__________
WC -Tungsten Carbide 11200 8.9 x x
SiO 2  2650 25.4 x x
A1203 - Alumina 3800 140.6 xx x
Glass Beads 2900 775.1 x x x
Bi2O, 8900 12.8 1_____________ x x

A.2.5.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are described in Section 4.4,
and are representative of the physics of interest for the WTP PJM vessels.

Table 6-31 Dimensionless Parameter Summary (NICE Pump-down)

Jet Reynolds Particle Reynolds Particle Froude Dimensionless
Numbe Numer NmberDrive Time

____________ ______ _ Min Max Min Max T

HLP-27-LOAM-003 96535 0.265 93.1 13611 3006 3850

Minimum 12835 0.035 11.9 13611 2039 2592
Maximum 97962 1.134 ,93.1 73855 7900- 3925

Note(s):
a. Each pump down test contained a variety of particles in combination. The maximum and minimum values
represent this range.

Page A-40
24590-PADC-F00041l Rev 6 (1/22/2009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

A.2.5.5 Measurement Values per Validation Variable

Measurements for several validation variables were made for the MCE Pump-down test. The value of the
measurements taken are reported in Table 6-32.

Table 6-32 Video Recordings Prior to Pump-Down (MCE Pump-down)

Jet Velocity at Pump- Drive Total
Test Description Down from Full, Ujet Cycle (s) Cycle (s) Comments

_______ (m'S)_ _

HLP-22-NQA-007 4.97 ± 0.2 8.08 ±-0.4 47.3 ± 2.0 Note b

FEP-1I7-NQA-004 5.9 ± 0.2 7.31 ± 0.4 41.2 ± 2.0 Note a: .Video only available for
________________ _______ ________state prior to start of pump-down.

Note c: The velocity corresponds
HP2LOM02 97± 0.2 5.93 ± 0.4 37.0 ± 2.0 to the Alt I velocity, which is the

HLP-7-LOM-00 9.7condition used during pump-down
due to as-tested requirements.

HLP-27-LOAM-003 6.6 ± 0.2 8.55 ± 0.4 54.9 ± 2.0 Note d
HLP-27-LOAM-004 6.2 ± 0.2 9.16 ± 0.4 155.2 ± 2.0 Note e
Notes:

a. FEP-.17-NQA-004 video results for the quasi-steady state from Step 50 in 24590-QL-HC1I-MOOZ-00001 -
03-00020 (associated video: 20100329-0456. 5.9M.FB .PO.bttmFull.mov). No video available during
pump-down.

b. HLP-22-NQA-007 video results, for the 'B' test sequence, are from Step 12 in 24590-QL-HCI-MOOZ-
00001-03-00032 (associated video: 20100501-1 749.7.92M.FB.PO.bttmFULL.mov). Video for pump-
down available for all four conditions, see 24590-QL-HC1-MOOZ-00001-03-00032 for details.

c. HLP-27-LOAM-002 video results are for the quasi-steady state from Step 14 in 24590-QL-HC4-MOOZ-
00003-04-00002 (associated video: 20101119-043 5.9.7ms.FB.Al t. 1. All_-PJMs.NoSpargers-
BOTTOM.mov). Video for pump-down available for all four conditions, see 24590-QL-HC4-MOOZ-
00003-04-00002 for details.

d. HLP-27-LOAM-003 video results are for the quasi-steady state from Step 16 in 245 90-QL-HC4-MOOZ-
00003-04-00003 (associated video: 20101206-2341 .6.6ms.FB .PO-BOTTOM.mov). Video for pump-
down available for all four conditions, see 24590-QL-HC4-MOOZ-00003-04-00003 for details.

e. HLP-27-LOAM-004 video results are for the quasi-steady state from Step 18 in 24590-QL-HC4-MOOZ-
00003-04-00004 (associated video: 20101208-1253 .6.2ms.FB .PO.AIlPJMs-BOTTOM.mov). Video
for pump-down available for all four conditions, see 24590-QL-HC4-MOOZ-00003-04-00004 for
details.

Note that the videos are of the quasi-steady state operation of the PJMs using the same jet velocity and
PJM firing sequence as during draw-down for the full condition. Additional videos are available for the
remaining fill states (3/4, 1/2, and 1/4 full), but are not listed here. Limited videos are also available
during the pump-down sequence.

Table 6-33 Detail on Multiple-PJM ZOT Measurements (Pump-down)

[Multiple-PJM ZOI Rt-f
____ __________ ____zo'

Test Sequence VeoiyValues (a,b) b" (in) MegdVdo Comments

(mis) IS PJM 2 "d PJM ZOI ? Available?
f6.5, 8.25 9.25,8 8_is aafo tp5

FEP-1I7-NQA-004 5.9 6.5, 8.5 9.25, 8 Y (Full ata frmo Steoc50y
_________________ _______6.5, 8.75 9.25, 8 ___ j______(ulBthPmptVloty
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Rate-of-
Multiple-PJM ZOI ______

Test SequenceVelocity Values (a,b) 2 "n) Merged Video tOnet
(/ I " PJM 2 pM ZOI ? Available?

HLP-2-NA-07(4,4 6, 6 18-PJMs: Data from Step 12
HL-2NA00() 49 ,6 6, Y Y~ (Full Batch Punpout Velocity)
_____________ ______4,5.75 6,6 ____ ________________

135 J3.5,10.5 8-PJMs: Data from Step 14

HL-7LA -0 , 45 4.75,5.5 Y (Full Batch, Alt I Velocity)
3.5,10.5First row for 2nd PJM is North-

14 4.75,5.5 South, then East-West
14 3.5,10.5 _____

145 8.5, 4.5
145 5, 10.75

H-LP-27-LOAM-003 6.6 14.5 8.5,4.5 N/A Y d 8-PJMs: Data from Step 18
5, 10.75 (Full Batch, Pumpout Velocity)

145 8.5, 4.5
145 5, 10.75____________________

115 5.5,5.25
115 [4,25,10.5

HLP-27-LOAM-004 6.2 12 5.5,5.25 N/A Y d 8-PJMs: Data from Step 20

115 4.25,10.5 (Full Batch, Pumpout Velocity)

Notes:
a. Data from completed Test Procedures from each stated test. All values are provided for the 'Full'

condition.
b.The values shown are from Attachment P of 24590-QL-HC1-MO0Z-00001-03-00020 and 24590-QL-

HC1-MOOZ-00001-03-00032 . PJM 1 is located at the inner PJM ring; PJM 2 is at the outer PJM ring.
For the inner PJMs, the value for 'a' measures from the PJM center to the wall, 'b' measures from the PJM
to the center of the vessel. For the outer PJMS, the 'a' and 'b' values are determined from the PJM center
to the vessel wall at a 12Odeg angle to one another.

c. The values shown are from Attachment P of 24590-QL-HC4-MOOZ-00003-04-00002 , 24590-QL-
HC4-MOOZ-00003-04-00003 and 24590-QL-HC4-MOOZ-00003-04-00004. The HLP-27 tests
listed recorded "circular" and "irregular" 701 values. For the inner PJMs, a diameter for the 701 is given
(1st PJM), while the outer PJMs have four values associated with north, south, east, and west and are
reported as radii (2nd PJM).

d. Video is available, but the ZOI is undefined from the view. Boundaries or rates of ZOI are difficult to
observe.

Detail on the mass recovery and associated mass discrepancy for the draw down is shown in Table 6-3 4.
These mass discrepancy numbers range from -1.92% to 3.19% of the starting mass.

Table 6-34 Initial, Final, and Discrepant Particle Masses (MCE Pump-down)

HLP-22- FEP-17- HLP-27- HLP-27- HLP-27-
Simulant yp ae) N!QA-007 N2A-004 LOAM-002 LOAM-003 LOAM-004

Simulant lkgj ______ ____________

AI(OH), - Gibbsite 9.16 -______ ____________

AI(OH) 3 - Gibbsite _______ 2.70 _____

WC- unstn Carbide [ 2.44 0.72 ___________________
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IILP-22- FEP-17- HLP-27- HLP-27- HLP-27-
Simulant Type (Name) NQA-007 NQA.004 LOAM-002 LOAM-003 LOAM-004
SiO2 (small) 45.82 13.52 ______

SiO 2 (large) 1.83 0.54 ______

Glass Beads 1.83 0.54 ______ _____

WC - Tungsten Carbide .r_ ____2.22 3.18
Sio 2  _____ ____________ 86.39 124.05

A1203 -Alumina j 123.90 73.10 104.97
Glass Beads 6.35 4.43 6,36
Bi12O3  55.38 79.52

Total Simulant Mass Added 61.1 18.0 130.3 221.5 318.1
Mass Out (Suction Line + Heel) 59.1 17.7 132.7 220.2 317.9

Unaccounted Mass 1.9 0.4 -2.5 1.3 0.3
Unaccounted Mass % 3.19 2.07 -1.92 0.59 0.09

Additional detail on the recovered masses on a per case basis for the pump-down tests.

Table 6-35 Recovered Masses During Pump-Down for HLP-27-LOAM-002

Initial Final I% total % of [ o
Vse Vesl Fill/ Pumpout Mass Solids sois Beads Beads A1203 A1203quantitysolidsg (kg) (gVessel Vessel qaty(L (k) recovered recovered (k) recovered

Solids
Added Full 946 130.25 ______ 6.354 ______ 123.9 _____

Solids recovered per analytical results ; _____ -____ __________

Full 3/4 222 - 64.62 48.7 1.33 21.6 63.2 50.0
3/4 1/2 193.6 27.16 20.5 0.71 11.5 26.5 20.9
1/2 1/4 205.6 20.36 15.3 0.31 1 5.0 20.1 15.8
1/4 Heel 210.7 11.33 8.5 0.44 7.2 10.9 8.60
Heel Heel 114.1 9.28 7.0 3.37 54.7 5.9 4.70

Total 132.74 10 66 100 126.6 100

Table 6-36 Recovered Masses During Pump-Down for HLP-27-LOAM-003

FInitial Final Fill/ Mass % total Bas % of No-ls %ofon
Vessel Vessel Purnpout Solids solids tkJ Beads edkg GlsBas
Level Level guantit ILI ____ _____ _ [ecogre BeascoveGlasrBad
Solids t ~ kJ rcvrd ___rcvrd ________

Added Full 946 221.53 . 43~ ____ 217.1
Solids recovered per analytc~tical results___________
Full 3/4 218 -129.17 58.7 [0.35 7.5 128.8 59.8
3/4 1/2 193.6 54.4 -- 24.7 0.07 1.4 54.3 25.2
1/2 1/4 205.2 20.97 9.5 [0.03 J 0.6 j 20.9 9.7
114 Heel 210.9 5.9 2.7 0.06 1.3 5.8 2.7
Heel Heel 118.3 9.75 4.4 14.21 J 89.2 5.5 2.6

Total 220.21 100 [4.72 100 215.5 100
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Table 6-37 Recovered Masses During Pump-Down for HLP-27-LOAM-003 (per Constituent)J S~, ~Glass Glass
Initial Final Al 03  A120 3  Bi 2O1 Bi1O 3  SiO 2  Si2 W C Beads Beads
Vessel Vessel Mass % total Mass % Total Mass % Total Mass % Total Mass 6 Total
Level Level Solids solids Solids Solids Solids Solids Solids Solids Solids Solids

_____- ____. kg] Recov. $kgI Recov. jIkg I ecov. _ kgL--Recov. k] 1Rov
S o l i d s 1 R e - 7_ - - - 4 4added Full 73.1 _____55.3L 86.4J____J 2.22 ___ 43 _____

Solids recovered per analytical results ___ ____ ___ ____ ___ ____

Full 3/4 51.66 171.3 27.97 52.6 47.98 54.7 1.2 54.1 0.35 7.50
3/4 1/2 11.43 15.8 15.66 29.4 26.59 30.3 0.66 29.6 0.07 1.40
1/2 1/4 3.60 5.0 7.22 13.6 9.87 11.3 0.26 11.5 0.03 0.60
1/4 Heel 1.54 2.1 1.8 3.40 2.44 2.80 0.07 3.30 0.06 1.30
Heel Heel 4.21 5.8 10.54 1.00 0.76 10.90 0.03 11.50 14.21 89.2

Total 72.44 100 153.19 100 87.64 1 100 2.23 1 100 14.72 100

Table 6-38 Recovered Masses During Pump-Down for HLP-27-LOAM-004

Initial Final Fill/ Mass % total Bas % of NnGas % of Non-
Vessel Vessel Pumpout Solids solids Beads Beads Non-Glass Glass
Level Level quantity ILI kg recovered (kl recovered Beads

Added Full 946 318.2 L_____ - 6.36 311.8 _____

Full 89% 97.5 71.78 22.5 1.31 19.6 70.47 j 22.6
89% 3/4 124.2 58.51 18.3 0.69 10.4 57.82 18.5
3/4 1/2 197 81.47 25.5 0.77 11.5 80.7 25.8
1/2 1/4 208 50.02 15.7 0.32 4.70 49.7 15.9
1/4 Heel 21l0. 9 36.18 11.3 0.37 5.60 35.81 11.5

Hel Heel 108.4 21.13 6.60 3.23 48.2 17.9 5.70
Total 319.1 100 6.69 10312.41 - 100

Table 6-39 Recovered Masses During Pump-Down for HLP-27-LOAM-004 (per Constituent)

___________ ___________ __________ _____________ __________ _______________Glass_______GlGasaGas

Initial Final A120 3  A1203  Bi2O3  Bi 2O3  SiO2  5102 WC WC Beads Beads
Vessel Vessel Mass % total Mass % Total Mass % Total Mass % Total Mass % Total
Level Level Solids solids Solids- Solids Solids Solids Solids Solids Solids Solids

jkg _Recov. [kgl Recov. 1kgI Recov. ftg Recov. Ikg ____ Recov.
Solids ____ k] _____

Added IFull 1104.97 1_____ 79.52 _____ 124.06 ____ 1_ 3.18 6.36_

Solids recovered per analytical results _____

Full 89% 40 38.4 10.63 13.5 19.38 15.3 0.46 14.5 1.31 119.6
89% 3/4 21.15 20.3 13.45 17.1 22.66 17.9 0.56 17.7 0.69 10.4
3/4 1/2 22.62 21.7 23.24 29.6 34.12 27.0 0.72 22.6 0.77 11.5
1/2 1/4 10.33 9.90 14.61 18.6 24.09 19.1 0.68 21.3 0.32 4.70
1/4 Heel 6.79 6.50 11.02 14.0 17.5 138 0.5 15.7 0.37 5.60
Heel IHeel 3.33 3.20 5.67 7.20 8.65 6.80 0.26 8.20 3.23- 48.2

FTotal 10421 100 78.62 100 126.4 100 3.18 100 6.69 100

Page A-44
24590-PADC-F00041 Rev 6 (1/22/2009)



24590-WVTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

A.2.5.6 Uncertainty Summary

Table 6-40 Input and Data Uncertainty Values (NICE Pump-down)

Quantity Uncertainty
Input Uncertaint

PL

p
dp

/'L
Ujel 0.20 [m/s] HLP-22,FEP- 17

massp (per constituent) ± 0.005 [kg] HLP-22,FEP17

rnassL (fill height) ± 0. 125 (in] HLP-22

Data_(Systematic)_Uncertainty ________________________________
ZOI Measurement ± 1.0 [in]
Cloud Height ± 6.0 [in]
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A.2.6 WSU Flume

A.2.6.1 General Description

The Washington State University (WSU) flume tests are documented in 24590-WTP-ES-PET- 10-00 1,
Rev. 0 "WSU 'Rndi.q Flilme. Te.-t r)hitn IStdv" Nineteen different exnerimental runs are described which
measure ZOI in a geometrical likeness of HLP-22. The flume is essentially a rectangular box, -6.81
meters by 5.67, with a fluid level of approximately 1.22 meters, shown in Figure 6-10. Two PJMs are
installed nearly diagonally, but not symrmetrically, inside the flume with a center-to-center distance of 152
inches or -37.82 nozzle diameters. This implies a pitch ring circle radius of approximately 18.9 nozzle
diameters. Jet nozzles are approximately four inches in diameter and situated six inches off of the flume

bottom. Tests are run by three 55-second drive cycles separated by two 180 second dwell periods. If
fluid levels should reach the top of the flume, a spillway is located on one side of the flume to control

overflow. Drive-average jet velocities range from approximately 6m/s to 1 2ni's. Sediment layers for
each test are either full bottom coverage or sand placed within a diamond-shaped wooden frame for
partial bottom coverage. Sediment heights used are 0.35", 1", 3" or 6" but full-coverage tests are only
done in the 0.35" cases. Information provided through 24590-WTP-ES-PET- 10-001, Rev. 0 is
sufficiently detailed to produce a CFD geometry.

Figure 6-10 Plan View of the WSU Flume
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A.2.6.2 Validation Variables Measured

The WSU flume tests were specifically focused on measuring ZOI and nothing else. Once the PJMs were
started, visibility into the flume was severely impaired. Therefore, rate-of-ZOI could not be visually
recorded.

Table 6-41 Validation Variable Availability (WSU Flume)

Primary Validation Variables Test Sequence (Name)
Fluid Velocity for Heat Transfer Nn
Concentration at the Suction Line Inlet Nn
Miscible Fluid Blending Nn
Multiple-PJM ZOI Nnte ae
Bulk Concentration in the Heel Nn

Secondary Validation Variables
Cloud Height (Hc) Nn
Critical Velocity for Suspension (Ucs) None
Singie-Jet Z01 None
Rate-of-ZOI None

A.2.6.3 Geometric, Operational, and Physical Test Configuration

Table 6-42 and Table 6-43summarize the physical test characteristics as well as the operational
configuration and associated simulant properties for those tests selected based on available validation
variable results.

Table 6-42 Design Parameter Summary - Test Configuration (WSU Flume)

Relative PJM PJM PM PM
Vessel Cross- Nozzl Nozzle Nozzl Tubse Rneraiv Pc
Diameter Sectional Diamete Offset Noze Tb InrPic

Test Name Area Dimtr Ratio Velocity Duty Ring Radius
_____Cycle

DT DT 
2/NPJM/DO2 Do HO/Do U0  tDC=t+ A/Do

___________ [in])[ [in] [] (m/s] [] []
F3A-003 (6MS) 138.0 587 4.026 1.50 6.3 23.4% 18.9
F3A-003 (8MS) 138.0 587 4.026 1.50 8.21 23.4% 18.9
F3A-003 (12MS) 138.0 587 4.026 1.50 11.93 23.4% 18.9
F3A-V4 138.0 587 4,026 1.50 6.29 23.4% 18.9
F3A-V5 138.0 587 4.026 1.50 8.36 23.4% 18.9
F3A-V6 138.0 587 4.026 1.50 11.97 23.4% 18.9
F3A-V7 138.0 587 4.026 1.50 6.27 23.4% 18.9
F3A-V8 138.0 587 4.026 1.50 8.28 23.4% 18.9
F3A-V9 138.0 587 4.026 1.50 12.1 23.4% 18.9
F3A-V1O 138.0 587 4.026 1.50 6.21 23.4% 18.9
F3A-VI 1 138.0 587 4.026 1.50 7.98 23.4% 18.9
F3A-V12 138.0 587 - 4.026 1.50 11.97 23.4% 18.9

F3A-V13 138.0 587 4.026 1.50 6.2 23.4% 1 8.&9

F3A-V14 1 38.0 587 4.026 1.50 17.32 23.4% 18.9
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(Relative [PJM PJM
Vse Crs- PJM Nozl PJM Pulse Relative PJM
DimtrScinl Nozzle Ofst Nozzle Tube Inner Pitch

TetNm raDiameter Rto Velocity Duty Ring Radius
Test ame Aea __ Rati __ ICycle _ _

2 J -/D0 DC =
DT DT/NJIO Do Ho/Do U0 .od~~ A/Do

____________ [in] [][in] [] [mis] [ i
F3A-V 15 Repeat 138.0 587 4.026 1.50 8.31 23.4% 18.9

F3A-V16 138.0 587 4.026 1.50 8.99 2314% 18.9

F3A-V17 138.0 587 4.026 1.50 10.01 23.4% 18.9

F3A-V18 138.0 587 4.026 1.50 11.45 23.4% 18.9

F3A-V19 138.0 587 4.026 1.50 11.95 23.4% 18.9
Minimum 138.0 587 4.026 1.50 6.2 23.4% 18.9

Maximum 138.0 587 4.026 1.50 12.1 23.4% 18.9
Note(s):

a. The vessel diameter is an approximate value based on the area of the box flume.

Table 6-43 Simulant/Particle Parameter Summary - Test Configuration (WSU Flume)

Supernate fSupernate Total Solids Particle Particle

Test Name V~iscosity Density Loading Diameter Dest
S p- Wt% d,4

F3A-003 (6MS) 0.001 998 1.21 270 2644

F3A-003 (8MS) 0.001 998 1.21 270 2644

F3A-003 (12MS) 0.001 998 1.21____ 270___2644 _

F3A-V4 0.00 1 998 1.21 270 2644

F3A-V5 0.00 1 998 1.21_____ 270___2644

F3A-V6 0.00 1 998 3.4 270 2644

F3A-V7 0___001__ 998_3.4270_264

F3A-V8 0.001 998 3.4 270 2644

F3A-V9 0.001 998 9.8 270 2644

F3A-V1O 0.001 998 9.8 270 2644

F3A-VI 1 0.00 1 998 9.8 270 2644

F3A-V 12 0.001 998 18.5 270 2644

F3A-V13 0.001 998 18.5 270 2644

F3A-V]4 0.001 998 18.5 270 2644

F3A-V15 Repeat 0.001 998 18.5 270 2644

F3A-V16 0.001 998 18.5 270 2644

F3A-V17 0.001 998 18.5 270 2644

F3A-V18 0.001 998 18.5 270 2644

F3A-VI9 0.001 1 998 18.5 270 2644
Minimum 0.001 998 1.21 270 2644

Noes: Maximum j 0.001 998 - 18.5 j 270 1 264 4

a. The total solids loading is based on an estimated amount of sand added to the diamond pattern in several
tests. This is determined from the sand depth and flume area.
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A.2.6.4 Dimensionless Parameters - Test Configuration

In addition to the descriptive characteristics for each test given in the previous section, the test conditions
may also be summarized using dimensionless parameters. These parameters are described in Section 4.4,
and are representative of the physics of interest for the WTP PJM vessels.

For all 19 test cases, the simulant and process fluid are identical: L-60 un-ground silica and water. There
is no tolerance specified for the liquid density or viscosity. For the evaluation of the Jet and Particle
Reynolds number, the value for water density at 998.6 kg/rn 3 and a kinematic viscosity of 1.Ox.10-6 M2/s is
used.

Table 6-44 Dimensionless Parameter Summary (WSU Flume)

Jet Reynold Particle Reynolds Particle Froude Dimensionless
TsNaeNumber Number -Number Drive Time

2450-A-FOOO RevS 6272 (7.8221280069)
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A.2.6.5 Measurement Values per Validation Variable

The WSU Flume tests recorded the ZOI measurements with a visual diagram, rather than a table. An
example of the measurement is shown below.

Figure 6-11 Sketch of ZOI for WSU Flume Test

fQf

0 PJWf OI

SCALEC 1"-4 FEET

o 2 4

The values reported for this evaluation are limited to those distances between PIMs (for separated ZOI)
and the length of the ZOI overlap (for merged ZOI). The measured values are shown in the following
table.
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Table 6-45 Multiple PJM ZOI for the MCE Flume Test

Tes Seuece an Cofi. SndDepth Merged ZOI ZOI (101) a 21
Tes Squnc Sad n[giSn ] (Y/N) ft (fti

F3A-003 (6MS) Full Flume 0.35 N 5.23 5.84

F3A-003 (8MS) Full Flume 0.35 Y 5.0 5.0

F3A-003 (12MS) Full Flume 0.35 Y 11.14 11.14

F3A-V4 Diamond Mold 0.35 N 4.96 5.78

F3A-V5 Diamond Mold 0.35 N 5.35 6.43

F3A-V6 Diamond Mold 0.35 Y 11.7 11.7

F3A-V7 Diamond Mold 1 N 4.32 4.94

F3A-V8 Diamond Mold I N 5.38 6.13

F3A-V9 Diamond Mold I Y 9.98 9.98

F3A-VIO Diamond Mold 3 N 3.94 4.41

F3A-VI I Diamond Mold 3 N 5.01 5.77

F3A-V12 Diamond Mold 3 Y 6.15 6.15

F3A-VI3 Diamond Mold 6 N 4.04 4.34

F3A-VI4 Diamond Mold 6 N 4.44 4.98

F3A-V 15 Repeat Diamond Mold 6 N 4.71 5.59

F3A-V16 Diamond Mold 6 N 5.25 6.18

F3A-VI7 Diamond Mold 6 N 5.74 6.46

F3A-VI8 Diamond Mold 6 Y 8.30 8.30

F3A-V19 Diamond Mold 6 Y 10.45 10.45

Minimum 3.94 4.41

Maximum 11.7 11.1
Notes:

a. The values for the un-merged ZOI (Merged ZOI 'N') conditions are the radial measurements at 0'. The
merged ZOI value (Merged ZOI = 'Y') is the peninsula width.

b. The Particle Reynolds number is based on the nominal particle size. The particle size distribution is
determined through Microtrac analysis.

c. For those locations that use a diamond mold, the weight percent is calculated based on a fill level of 1 .22m
and assumed to cover the entire bottom of the flume. The full flume tests also assume a fill level of 1 .22m.
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A.2.6.6 Uncertainty Summary

Table 6-46 Input and Data Uncertainty Values (WSU Flume)

Quantity {Uncertaint
__Input Uncertainty_-___ _______- ___

PL N/A

'Op N/A

dp N/A

I'L N/A

Uje ± 0.50 [m/s]

mass PN/A

massL N/A

d ± 0.10 [in]

Data_(Systematic)_Uncertainty ______________________________

ZOI Measurement ± 0.50 [in]
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Appendix B WTP Vessel Space
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Appendix B

WTP Vessel Dimensional and Non-Dimensional Parameter
Space

B.1 WTP PJM Vessel Solids Comparison

The WTP PJM vessels are expected to contain the following particle types and quantities. These values,
while summarized here, are only a rough estimate of the expected waste and are not for use in plant
operations.
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Table 6-47 WTP PJM Vessels Solids Composition Summary

Total Solids Individual Particle Particle Particle Particle Particle

Vewet% a Composition 1 2 3 4 Particle 5 Particle 6 Particle 7

Diamete um 1 58 210_ 310 700 10 -

FEP VSL-0017 0 2 Desiy gmn 2,900 2,900 2,900 2,900 2,900 11,400 -

____________ __________wtoofsoiids 49.9 25 20 41 0. -

iameter umI 10 22 25 40 100 - -

FRP-VSL-00002 0 3.8 Dest gm 11,430 7,734 6,328 3,387 1,802 - -

_____________ _____ ____ .O of solids 0.5 65 16.5 15 3-

Diameter Iurn 11 58 210 310 700 10 -

HLP-VSL-00022 2.9 9.4 Dens 2,902,00 0 2,900 2,900 2,900 11,400 -

____wt% ofsolids 49.9 25 20 4 1 0.1 -

Diameter Urn 5 10 42 140 162 300 10
1{LP-VSL-00027A/B 0.1 19.8 Density kg/m' 4,600 6,000 3,700 3,800 2,900 2,900 11,400

_________wt% of solids 12 2 76.9 5 3 1 0.0011Diameter urn 5 1 0 42 140 162 300 10
HLP-VSL-00028 15.3 19.8 Dest gm 4,600 6,000 3,700 3,800 219 2,900 11,400

_________wt% of solids 12 2 76.9 5 3 1 0.001

iP-S -Diameter Urn 3.9 7.8- 15.7 26 - -

00903/00904 0.02 1 Dniy k/' 2,710 2,710 211 2,710 ---

____wt% ofsolids 49 31 17 3 - -

Diameter Urn 11 58 210 310 700 - -

PWD-VSL-00015/16 0 5 Densit kg/m3  2,900 2,900 2,900 2,900 2,900 - -

_____________ _____ _____wt%/ of solids 50 25 20 4 1 -

Diameter Iurn 11 58 210 310 700 - -

PWD-VSL-00033 01 5 Density k rn
t
3 2,900 2,900 2,900 2,900 2,900 -

_____ wt% of solids 50 25 - 20_ 4 1 -

Diameter Urn 3.9 7.8 15.7j 26 - -

PWD-VSL-00043 0 5 Densitykg/.' 2,710 2,710 2,710 J 2,710 -

___ __ __ ___ _ _________ jwtl/oofsolids 49 31 173 - j_ _ _ _ _ _ _ _
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Total Solids Individual Particle Particle Particle TParticle Particle

Veset% a Composition 1 2 3 4 Partcle 5 Particle 6 Particle 7

Dimtr m1 58 210 310 700 -

PWD-VSL-00044 0 2 Dest gm 2,900 2,900 2,900 2,900 2,900 -

wt% ofsolds 50 25 20 4- 1 -

Dimte r 3.9 7.8 15.7 26 ---

RLD-VSL-00007 0 5 Dest gm 2,710 2,710 2,710 2,710 --

_______________ ____ 
0

ofsolids 49 31 17 3 ---

Diameter urn 3.9 7.8 15.7 26________
RLD-VSL-00008 0 2 Densit k/m' 2,710 2,710 210 2,710 ---

___________% _ __ ___ taof sods 49 31 17 3--

iametr um 3.9 7.8 15.7 26 - -

TCP-VSL-00001 0 1 Dest gm 2,710 2,710 2,710 2,710 - -

L ____ ____wtl/oof solids 49 31 17 3 - -

iameter urn 3.9 7.8 15.7 26 - -

TLP-VSL-00009 0 1 Densit t gm 2,710 2,710 2,710 2,710 --

____________wt% ofsolids 49 31 17 3 ---

Diameter urn 11 58 210 310 70 ICO 1
UPP-VSL-OOOOIAIB 2.2 6.2 D~ensity kg/m3 2,900 2,900 2,9001 2,900 2,900 L 11,400 -

___________ ____ ____wt% of solids 49.9 251 201 4 1 0.1 -

Diaeer II I 5 10 421 140 162 [ 300 10
UFP-VSL-OOOO2AIB 20 20 Dest gm 4,000 6,000 3i,080] 3,200 2,900 I 2,900 11,400

______________ ___ wt% of solids 12_ 24 75.9] 5- 4 1 0.001
Note(s):

a. CNP-VSL-00003 and CNP-VSL-00004 do not contain any solids.
b. Solids composition of CXP-VSL-00004 and RDI'-VSL-00002A/B is not available.
c, Total particle solids composition is from Appendix E PIBOD Results by Vessel in the 24590-WTP-RPT-ENG-08.021 -10, Rev 1.
d. Individual particle solids composition is the LOAM input data in the appendices of the EFRT Issue M3 P3M Vessel Mixing Assessment, Volumes 3 -

10.
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B.2 WTP Vessel Dimensional Parameter Space

The dimensional space defined by the WTP PJM vessels is based on the parameters defined in Section
1.3. A detailed description of the results on a per vessel basis is shown in the table below.
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Table 6-48 Dcst., Sieestm, s.d Particle Details - WTIP rIYM Vessela

N..Sectionai PJMie N.9 TbsDt~ ~ ~~~~%~~~~~ Off" Detebes Reiiie dteCss '98ste739N

4 Bess,,, 7 B~om Belesee, Mire Mo Mds Ma M, Msbu ao Ms~~E~~i-voL~~~ooRO[3 # f6 6 JM 4l, 8I 2T... eo 41 44 3 2 1 2

CNI'-VSL-00604 x i6S 6 4 8 i2 9 6 4 a. W. 24 24 4 4 LI5 1.5 8 12 9.13 0.t7

CXP-VOL400 X 126 6 i 8 i2 22 -- 1 IVa W. 992 992 4 4 1 i .5- 6 i2 01,7 0tHf
EFEP.VOL-0007 70 70 7 264 6 8 12 13 22 17 99 137 545 545 4 4 .3 iS 2 13.2 0.1 0.8
FP.P.VOL-00002 X 70 2 5(A4 6 12 12 14 40 28 52 236 i.657 i.67_ 4 4 3.3 1.5 12Ai i3.9 0,11 0.20
HLP-VOL-0622 x x x x 456 6 is 12 13 35 26 170 231 640 640 4.23 425 1.4 LA1.4 2A 13.3 0.30 0Oil

ttt-O-0971 0 x1 x1 7 300 6 6 11 IS 36 20 i6t 237 703 703 4 4 L5 1.5- 1I I5 0.08 0.19
HILP-VSL.-00028 71 21 71 2 318 6 0 t2 is 27 21 172 237 _796_ 390 4 4 " .5 3 5 15 i 0.08 0.12
OiOP-VSL-0030904 0 x 144 6 1 4 1 8 It 6 4 17 19 324 324 4 4 1.05 I' 8 0.5 9.20) 0.26
i'Wt3-VL-000I5/I6 0 70 I x 264 6 8 8 9 24 22 64 44 545 545 4 4 L5 1.5 8 9 0.33 0 35
PWD.VSL-09033 70 X 288 6 a 8 11 1I 7 26 29 940 648 4 4 1.5 t.5 8 IL 5619 0.30
0W13-VOL-00043 0 I7X 209 6 9 a It 1 1 7 26 29 648 646 4 4 1.5 L5s a Ii 019 0.30
PW2-VOL.044 21 21 2 276 6 0 12 iS 25 19 1068 271 595 595 4 4 15 1 5 i2 15 0.7 0,t3
RLDP.VSL-09002A/B 1 144 6 4 9 i2 ii 9 0 0 324 324 4 4 LS0 8 9 12 0.17 0.22
0ID-VSL-O089 70 70 7 156 6 4 0 11 8 7 128 26 3690 360 4 4 LI 1.5 8 10.0 0.21 0.22
OID.VSLOS. 0 70 21 70 156 6 4 0 11 9 7 22 29 360 380 4 4 3. 15 6 Hi 0.20 0.29

OCP.VOL-0690 x0 7 316 6 8-. R 4 30 74 151 116 70 79D 4 4 [ 5 IS 5 6 9 0.32 033
TLP-VL-ODD 21 70 312 6 __8 a 10 23 23 53 06 761 763 4 4_ 1.3 I'S 8a 0 0 0 .3

IPVOI..OOOOIAIB x x x x x 240 1 6 12 1 12 I3 16 32 69 107 266 266 4.29 4.23 1.4 1.4 32 .1.2 0.1 051
UjFP.VSL-00002AB x61 2 1 70 18 9 _ 6 12 16 is 4 77 lO5 294 294 4 4 1.5 IS5 12 10.7 0.0! 019

Voriotlss Ais M.t Mi. Mus Mis MAo Min Ma. MI. M-a Mie 388. Mi. Max Mis M.os ft. Mu, Mi. Mu'
Field Veleci (hst tref.r 198 8366 4 ts 8 16 6 26 69 237 266 290 4 4.25 11.4 1.5 8 15,7 0.0 027
OSe06. Lue. Csnserlse 144 54 6 4 16 6 16 4 74 17 271 290 1,657 4 4.23 1.4 1.0 16 13.7 0.07 0.i33

M1.6rlltisid jiendiss 13 3 4 f2 8 0 1 4 175 22 27i 766 992 40.0 14 19 37.907 0 33
Mol e.IMZXI 16 6 4 I4 1 8 1 16 4 266i3g26 33 4 4.25 1 .4 1.5 6 1 !5,7 0.06 0.20

e.i L.ee,. by .... sdtssetl 144 564 6 4 48 6 6 74 17 _271 59 3 1 2 . . 57 0.07 10.33
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Table 649 Dulga, Simulaul, and Particle Details - VrTF FJM Vessels, cont.

R.I.ti- FJM less" T..l S.11d. N.W. Ry..M. F-ki, F-de Dd,.,n-
Pi.h Rig Wis. S.P.-.,. Lending Diameter y J. Py..Id. N..ber N-bet, N..b- (St.A.11)Vlwslty Sap- te Density 

a-,. -a,.

D/D. Ih th w el. d. lies, Its, F'. T,

I I [kg/(. )III [Rk 31 11 11-1 1 11 r I I I I

V-4 mi. Met mi. Met mi. M". Min I M.x Min Max Mi, M. mi. Ms. Min Met mi. Met Min Met

CNP.VSL-00003 1 0.0006 O.DO2 996_ 1,371 0 0 0 - 0 0 0 OSPOS 2.79E+06 We We We IV. 709 709

C.NP-VSL-00004 l 2 3 1 2.3 .0006 0.0006 1,012 1.014 0 0 0- 0 0 0 137E406 2+0611406 we t. IV. 472 472

CXPNSL-00004 15.8 151 0.0014 - 0.0027 1.142 1.232 0 0 0 0 0 0 3.44E+05 I +Cr7E+06 0 0 0.0011+00 O.OOE+00 1,573 1,575

at_

ooo

oo 0 
9 .1

FEPNSI.4 OW 16.5 165 O.m 0,0012 1,003 1 7 0 2 10 700 2,900 11.400 1,0211+015 2.45E+06 0 325 71613+05 2-70E+03 2,598 2,209

FRP-VSL-M 2 198 9.8 ()+DO 17 00046 1,158 1 3 2 D - IS to too 1,802 11.430 I.IOE+05 1. 1613+06 0 7 2.68H 2m73E+D4 4,764 3t83 11

t fD 
'2 5

V.27 

0 

-E -

ILL?-VSL 0022 16,5 WS 0 00 14 O.OD38 1,129 U04 2.9 9.4 10 700 2,900 11,400 3.11SE405 1 34F+% 0 150 9+52E -05 3.33E 03 3,923 3 03

HLP.VSL-ON27AfB 93 9.3 0.0008 0.03 1,004 1,264 0.1 19.8 5 300 2,900 6,000 3d74E404 2d4iE+06 0 50 1.31 E406 2dO4E404 3,898 2.953
0.3 is 3 43

3 

1HLP.VSL-00028 11.1 1[ It 0.0008 0.03 1,004 1.036 15.3 19.8 1 5 300 299DO 6,ODO 3S] E404_ ld97E 06 0 46 1,43E406 I.WE4,D4 4,189 3.100

HOP.VSL40903100904 l2mO 12.0 0,0006 O.OOD6 998 1,001 0.02 1 1 3.9 26 2,710 1 2,710 1.35E+06 1.74111-06 a 1 9.75114,05 2.531344)5 472 413

PWD.VSL-00015116 15.0 15.0 O.OD06 0,0009 1,003 i,068_ 0 5 11 700 2.900 2,900 9.0613+05 1.63E+06 0 135 3.1313+05 6.811E.03 090 1.949 1

PWONSL-00033 2i:o 21.0 0.0008 0 0009 1,003 1,008 OA 5 1[ 700 2,900 2,900 9wO6E+05 1,41E406 0 100 3.13E 05 93813+03 166 758

PWD-VSL.ODD43 21.0 21.0 0+0005 0.0005 1,001 1,006 0 5- 3.9 26 2,710 2,710 1.63E-06 2.2513406 0 1 9.80E o!i 2.80E 05 866 758

PWI),VSL-00044 17.3 1703 0 , 0006 0.0007 1 1.0101 1,004 0 2 11 700 2,900 2,900 1474E+06 23SE406 0 133 7004E+05 1474E+04 2,953 2,805

RDP-VSL-OM2A/B 12.0 12.0 0.0008 0 0008 9% 999 0 0 0 0 0 0 1.0 1 E+06 1.52E.06 0 0 O.OOE+M 0600E+00 1,024 1,024

RLD-VSL-00007 13.0 13.0 0.0004 0.0004 1.004 ),009_ 0 3 3.9 26 2,710 2,710 2,04E+06 2172E406 0 1 9.85E+05 2061EQ5 630 730

Ril).VSL-00008 13.0 13.0 040005 0.0005 9% 998 0 2 P3.9 26 2,710 2,710 jm62F.+06 2w23E+06 0 1 9.73E+05 Z.77Et25_ 709 759

TCP-VSL-ODOO! j848 isms 0.0043 0.0051 1.293 1,313 0 1 3.9 26 2,710 2,710 246E 05 2w92E.05 0 0 1.53E+06 1.26E405 1 3.984 6,555

TLF-VSL-OODD9 18.5 ]ads 1 0.0006 0.0006 1.000 1,001 0 1 1 3.9 26 2,710 2.710 1.35E+06 1.70E+06 0 i 9m78E+05 2.30E+05 Ull L%9

UFP-VSL4W!AIB 7dl 7.1 1 O.OD14 000042 1,214 1,313 2P2 6.2 10 1 70a 1 2,900 11.400, 3.74E+05 1.34E+D6 0 151 1 1.0611+06 3d3OE+03 1,779 1 1.467

UFP.VSL-OW2A/B 6.3 6.3 0.0008 OdOO79 1,032 1,374 20 20 5 300 2.9DO 11.40D 1.59PID5 2.74E+06 0 76 1.62E+06 V15E

0
Vort.bles, Mi. M in Ms. Mi. Ms. MIN M.. mi.

o

163 O.ODD6 0.03 996 1374 .1Mi. a. I. a. Min Mae Min

Red Vdoeity (hes-mier) 6a3 20 5 -- 2.900 11,400 3.74E+04 2.7911+ 06 0 151 3.30E+03
S-ion Unc Cmcn tion 63 21+0 0 0006 0003 998 1392 0002 20 19 700 2,710 11,430 334E404 2.74E+06

:: 
01.3 1 a.1 o.. 0003 996 1314 002 20 3,9 700 2,710 11,400 3.91 E404 :2.74E+W

6+3 19.9 O.OOD4 &03 996 1392 1 20 3.9 :]M 2 7 10 11 2 0

lfd (-. by 1 6.3 21.0 0.0004 On3 996 1392 74 3,26E+05 413 6.555
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Figure 6-12 WTP Vessels - Plan and Section Views

CNP-VSL-00003 CNP-VSL-00004

T, ,

Diameter [inch] 168 Daer[ic] 113
# OfPJMS 4 ofJs 4

24 9O-QL.O MAO-00002-01 -16, Revi F, Drswing - 169 Inch ID, CNP-VSL,00003 Eluate 24S90-PTF-MV-CNP-00002, Rev 0, Equipment Assembly CS Evapaor Recovered Nssesc Acid
Coesie erc Sor e Vessel CNP-VSL-00004
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CXP-VSL-00004 CXP-VSL-00OZ6AJB/C

I JI I

v, -A

Diameter [inch] 126 Diameter [inch] 180
# ofPJMS I fP s 6

24590-PTF-MV-CXP-00002, Rev' 0, Equipment Assembly Caustic Rinse Colesss Vese CP 4590-PTF.MV-CXP-P0008. Rev 0, Equipment Assembly Cesium Ion Exchange Treated LAW
VSL-0004 Q) Cllection Vessel CXP-VSL-00026A
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FEP-VSL-00017A[B FRP-VSL-OO0fl2AJB/C/D

-\-

Diameter [inch] 264 Diameter [inch] 564
1_____________ # of PJMs 12

24590-7TFMVFPOO1 Re ,EupetAsml at edEaato Feed Vessel 24590-PTF-M2-FRP-00005001, Rev B, Interal Modifications Waste Feed Receipt Vessel FRP-
FEP-VSL-OO01XtD7A (Q) ,EupmtAsmlyWseFedEao VSL-00002A/SICID Sheet I OF 2
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HLP-VSL-00022 HiLP-VS"-0027A1B

KKt

Diameter [inch] 456 Diameter (inch] 300
~ f s18 # Of~iMs 8

24590-FT-F-MV-HLP-00003002, Rev-0, I{LP-VSL-00022 Mixing Assessment Equipnts 24590-PTF-MV-HLP 000 Rev 1, Equipment Assembly HIW Lag Sierage Vessel HLP-VSL-
Cbans sPlans, Elevation and Sucion Viesos Sheet 2 OF 4 00027A
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HILP-VSL-00028 HOP-VSL-00903/904

I -U

Diameter [inch] 318 Diameter [ich] 1442
# OfMMS 8 # of PJMs 4

24S90-P'TF-MV-HLP-00012, Rev 1, Layout of hIternals HLW Feed Bien Vessel HLP-VSL,00028 24590-RLW-MV-HOP-00001, Rev 1, Equipment Assembly SBS CondensateReivrVse
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PWD-VSL,00015 PWD-VSI,00033

44

_______Diameter [inch] 264 Diameter finch] 288
#oP~ 8 #ofPJMs 8

24S90-PTF-MV-PWD-00007 Rev 1, Equipmient Assembly Acidic Alkaline Effluent Vessel PWD- 24590-PTF-MV-PWD-00001002, Rev 0, Equipmsent Assembly Plans Overflow Vessel PWD-VSL-
VS L-0010 15 00033 (Q) Shoest 2 OF 2
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PWD-VSL-00043 PWD-VSL,00044

~4'4 ii'

Iii ,Uk",I

D-iamtr[nh 8 Daeeic]7
#~~ ~ ~ OMS8 f JMS8

250PFMVP 0000 e ,Euimn sebl L flen Iase Vse 490P r -)D-O)00,Re ,Eupen.sebyPln ahVssl W -S
(Q) I

' 49."PT,1=-. ---,t.MPWINL-003 Q)ShetI F 004 et I OF
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RDP-VSL-0OOO2AIB/C RLD-VSL--00007

II

Diameter [inch] 144 Diameter finch] 156
# ofPJMs 4 # ofPJh~s 14

2459 PT MVRDP00001, Rev 0, Equipmew Assemvbly Speni Resin Shiny Vessel RDP-VSL- 24590-HLfW-MV-RLD-0002500, Rev 0, Equiipment Assemsbly Acidic Waste Vessel RLD-VSL

24590-PADC-FOO41 Rev 6 (1/22/2009) 
Page B-13



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification & Validation

24590-P-VSC-00004 Tv 6 (t/2200009



24590-WTP-RPTr-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification & Validation

TLP-VSL-00009A UFP-VSLOOOOIA

9. -.-

*~*>~~ d~ ~se"

Dimtr~nh 12 Diameer [ich] 240
#ofJ~s8 #of PJMs 12

24590-PTF-MV-TLP-0OOOI. RevO0, Equipment Assembly LAW SBS Condesaste Receipt Vessel 24590-MTV-UFP-0002700l, Rev 0, IJFP-VSL-OOOOIA and UFP-VSL.OOOB Mixing
TLP-VSI,.00009A Assessment Equipment Changes Plan, Elevation and Section Viems

24590-P'I-MV-UP'-00027002, R"v , UJFP-VSL-0000lA and UFP-VSL-OOOOIB Mixing
I Assessment Equipnent Changes Section and Vies
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UFP-VSLOOOOZAIB UFP-VSL-00062AJB/C

Diameter inch] 168 Daerinh 180
# ofPJMs 6 ofJs 6

24S90-P'TF-MV-UFP-000 I 16, Rev 2, Layoui of tenals Uttssfilixntion Feed Vessel UFI' VSL- 24590 FITMV-UFF 00005 Rev 1, Fquipment Assembly Ulimfilter PermeaesselUFV-
00002A OOD62A

Page B-16
24S90-PADC-F00041 Rev 6 (112212009)



24590-WTP-RPT-ENG-11-152, Rev 1
Experimental Data Gap Analysis for CFD Verification &

Validation

Page B-17
2459O-PADC-FOOO~ll Rev 6 (1/22/2009)



January 2012 February 2012January 29, 2012 - _SMTW T FS S MTWT F S
12 34 5 67 1 23 4
8 9 10 1112 1314 5 6 7 8 9 1011

1516 17 181920 21 12 13 1415 16 1718Febru ry 04 20122223 2425 26 2728 19 20 2122 2324 25
29 3031 26 2728 29

29 Sun 30 Mon 31 Tue 1 Wed 2 Thu 3 Fri 4 Sat

7 am

Karl to Dr
KadlIec

8 00 Tank Farms Mori TF Plan of the dlz TF Plan of the dz Overview of Ava,

SCR - 2440STVCN/i
Steiling, Jeri L

9 00 One-on-One witi meet with Ellen

10 00 FW: RC One-or FW: TPD Staff
CR - 24, Meeting
Tobias, CR -

244OSTVCN/2200

1100 Inspection suppc Tobias, Shannon I
CR - 244OSTVCN/
Steiling, Jeri L SST Retrieval

Roundtable

1 2 Pm Workshop
WSU Campus -

Consolidated Work Every
Information Friday

1 00 One-on-One witi Center BRIEFING FOR El 8:O0am-12:O0pry
Higgins, Kathleen ELLENS OFFICE 2E Friday PM off
L Piippo, Robert E

2 00 One-on-One witi

Joe E and Chad
H Retirement

300 One-on-One witi ETB 3200 Q Ave
Columbia River
Room

4 00 Pick up Veggies
2009 Harris Ave
Mattlin, Ellen M

500

600

Mattlin, Ellen M 1 1/30/2012 8:58 AM


