WSRC-TR-95-000364
Revision 4

Keywords: Statistical Process Control,
MFT, Melter, PCCS

Retention Time: Permanent

SME ACCEPTABILITY DETERMINATION
FOR DWPF PROCESS CONTROL (U)

Publication Date: August 30, 2002

Q&SQONSHHUTP
. J\@

, . NN Y ol
Westinghouse Savannah River Company Y mmm 7
Savannah River Technology Center F e wmw wm
Aiken, SC 29808 L g .S

w
>
<
>
Z
ra
3
I
el
<
m
-~
w
—
m

PREPARED FOR THE U.S. DEPARTMENT OF ENERGY UNDER CONTRACT NO. DE-AC(09-96SR18500



This document was prepared in conjunction with work accomplished under Contract No.
DE-AC09-96SR18500 with the U. S. Department of Energy.

DISCLAIMER

Thisreport was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product or process
disclosed, or representsthat its use would not infringe privately owned rights. Reference herein to
any specific commercial product, processor service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endor sement, recommendation, or favoring by
the United States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency

ther eof.

Thisreport has been reproduced directly from the best available copy.

Available for sale to the public, in paper, from: U.S. Department of Commer ce, National Technical
Information Service, 5285 Port Royal Road, Springfield, VA 22161,

phone: (800) 553-6847,

fax: (703) 605-6900

email: orders@ntis.fedworld.gov

online ordering: http://www.ntis.gov/help/index.asp

Available electronically at http://www.osti.gov/bridge

Available for a processing feeto U.S. Department of Energy and its contractors, in paper, from: U.S.
Department of Energy, Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN
37831-0062,

phone: (865)576-8401,

fax: (865)576-5728

email: reports@adonis.osti.gov




WSRC-TR-95-000364
Revision 4

SME ACCEPTABILITY DETERMINATION
FOR DWPF PROCESS CONTROL (U)

Originators and Developers: K. G. Brown and R. L. Postles
Revision 4 Editor: T. B. Edwards

August 30, 2002

Document Approvals

Jope B Sy p 9-5- 02

T. B. Edwards Statistical Consulting Section Date
Revision 4 Editor

Mnonen & Mo 9/6" /0;?

S. L. Marra, Immobilization Technology Section - Date
Manager

20 @«M | | Gl9/o 2

E. W. Holtzscheitér, Immobilization Technology Section 7 "% Date
Section Manager
Authorized Derivative Classifier

iii




WSRC-TR-95-000364
Revision 4

This page intentionally left blank.



WSRC-TR-95-000364
Revision 4

PREFACE

This document has supported the technical basis for the Defense Waste Processing
Facility (DWPF) of the Savannah River Site (SRS) since the DWPF began radioactive
operation in 1996. The facility blends High Level Waste (HLW) with glass frit and
vitrifies the resulting mix into a stable, borosilicate wasteform. While doing so, it must
satisfy, with appropriate confidence, several product and process constraints. These
include constraints on:

the process melt (i.e,, melt viscosity and liquidus temperature) to
assure that the material is processable and

the quality of the resulting wasteform (i.e., durability of the glass
product).

DWPF personnel cannot wait until the melt or waste glass has been made to assess its
acceptability, since by then no further changes to either are possible. Therefore, the
acceptability decision is made on the upstream process, rather than on the downstream
melt or glass product. That is, it is based on statistical process control rather than
statistical quality control.

The decision whether a particular process slurry feed batch will produce a melt (and thus
glass) that will satisfy the aforementioned constraints is necessarily based on sampling
and measurement. These samples and measurements are uncertain because of random
and systematic “errors’ of various kinds and, the acceptability decision must be made in
the face of these uncertainties. Itis, accordingly, a statistical decision. The acceptability
decision is described in this document, and a statistical system is developed to adjudge
whether, after allowing for appropriate uncertainties, the relevant measurements and
projections are sufficiently distant from the constraints to be acceptable. The statistical
system is called the Product Composition Control System (PCCS) and, when
implemented, it guides acceptability decisions during radioactive operations at the
DWPF.

The glass and melt properties that must be controlled have been related to glass
composition, which is, in turn, dictated by feed slurry composition. Accordingly, the
PCCS strategy is to blend and then monitor the composition of the feed slurry in the
Slurry Mix Evaporator (SME). The SME is both the first control point in the DWPF
process wherein al necessary constituents are present and the last control point at which
any change to them can be effected. The PCCS thus deals with monitoring the blended
SME batch.

Uncertainties inhere to all DWPF operations. These uncertainties afflict al steps of, and
all samples and measurements on, the process. Uncertainty afflicts the property-
composition models. It afflicts the collection of slurry samples, the preparation of these
samples for measurement, and the measurements themselves.
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The aggregate of al this uncertainty motivates the use of the PCCS. The PCCS enables
rational decisions concerning acceptability in the face of this aggregated uncertainty by
accounting for it in amethodical, logical, and quantitative way.

Thus, the main focus of PCCS is to monitor an extant SME batch to see whether is it
acceptable. The purpose of thisreport isto provide the technical basisfor PCCS.

Vi
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1. INTRODUCTION

The Defense Waste Processing Facility (DWPF) at the Savannah River Site (SRS) in
Aiken, South Carolina, began immobilizing high-level radioactive waste (HLW) in
borosilicate glassin 1996. For its HLW immobilization to be successful, the facility must
consistently obey several product and process constraints including those related to melt
viscosity and liquidus temperature (the processability of the material being vitrified) and
to glass durability (the quality of the resulting wasteform product). The process and
product properties are assessed through models that relate each of the properties to the
chemica composition of the glass, which is determined from measurements of in-process
samples taken on each process batch. A set of waste solubility constraints on the
resulting glass product also must be satisfied.

The system used by the DWPF to assist in the assessment of the performance of a process
batch against the applicable constraints is called the Product Composition Control System
(PCCS). The PCCS guides the acceptability decision for each DWPF process batch.
This report, in its earlier versions, has served as the technical basis for that system since
the beginning of radioactive operations. The report is being revised to compile severa
modifications to the acceptability decision at the DWPF that have been introduced since
revison 3 was issued on February 21, 1996. The maor modification is the
implementation of the new liquidus temperature model. Other modifications include the
revised upper limit on viscosity and options for satisfying the low frit and homogeneity
constraints. Thisrevision re-establishes the report as the technical basis for PCCS.

The remainder of this report is organized as follows. In the next section, an overview of
the strategy supporting the acceptability decisions is provided. Section 3 specifies the
original constraints imposed on the DWPF operations, identifies the associated categories
of uncertainties that must be accounted for, and establishes the corresponding levels of
confidence. In Section 4, recently developed alternatives for satisfying the DWPF's
original constraints are outlined and their impact on the control strategy is discussed.
Section 5 and its sub-sections provide a detailed, systematic discussion of each of the
constraints including property model and measurement uncertainties. In Section 6, issues
associated with redox (reduction/oxidation) are discussed. Section 7 provides a sample
calculation to illustrate the use of the DWPF Product Composition Control System. The
appendices provide additional details and discussion supporting the PCCS calculations.

2. OVERVIEW OF THE CONTROL STRATEGY

In the DWPF, radioactive sludge is blended with ground glass (frit) in the Slurry Mix
Evaporator (SME) to produce melter feed slurry. From here, the material then passes to
the Melter Feed Tank (MFT), which continuously feeds the melter. The melter vitrifies
the feed durry into a molten glass wasteform, which is poured into stainless steel
canisters for cooling and ultimate storage.

DWPF personnel cannot wait until the melt or waste glass has been made to assess its
acceptability, since by then no further changes to either are possible. Therefore, the
acceptability decision is made on the upstream process, rather than on the downstream
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melt or glass product. That is, it is based on statistical process control rather than
statistical quality control, and the acceptability decision is made at the SME. The SME is
uniquely positioned in the process — it is both the first control point in the process
wherein all necessary constituents are present and the last control point at which any
change to them can be effected. Thus, the control strategy involves monitoring the
blended SME batch.

The monitoring of the SME is accomplished by sampling its contents. For each SME
batch, aset of (n® 4) samplesis taken to initiate an acceptability decision. Each of these
samples is vitrified and the chemical compositions of the resulting n glasses are
measured. The average of the measured chemical compositions for a minimum of 4
samples is determined (see Appendix A for a description of the sample measurements),
and this average composition serves as the basis for the acceptability decision for the
SME batch.

However, the average chemical composition, while necessary, is not sufficient in and of
itself, to complete the assessment of the performance of the SME contents against the
constraints. Some of the constraints involve properties (either process or product quality)
such as viscosity, liquidus temperature, and durability. These properties cannot be
measured in sSitu, and thus, they must be predicted from models that relate these
properties to glass composition. Not only must the model predictions satisfy their
corresponding property constraints but also the constraints must be appropriately met
after the applicable modeling uncertainties are introduced into the acceptability decision.

For the constraints involving property-composition models and for most of the other
constraints that directly involve composition, the uncertainties associated with the SME
samples must also be accounted for as part of the acceptability decision. The
uncertainties, labeled measurement uncertainties in this report, include those related to
the collection of the slurry samples in the SME, the preparation of these samples for
measurement, and the measurements themselves.

A glass composition representing the “average” content of a SME batch is deemed to be
within the acceptable operating window for the DWPF if all of the applicable constraints
are satisfied, at appropriate confidence levels, after the all related property modeling and
measurement uncertainties are accounted for. Conceptually, there is a layered approach
to the acceptability decision. At the first step, the question is, does the average chemical
composition representing the SME contents directly or through model predictions satisfy
the constraints? If the answer is yes, the composition is said to be within the Expected
Property Acceptable Region (EPAR). However, the EPAR does not account for
uncertainties in the predicting models. If, after the property model uncertainties are
accounted for (to be discussed later), the chemical composition still meets the constraints,
then the composition is said to be within the Property Acceptable Region (PAR). And,
finaly, if, after measurement uncertainties are accounted for (to be discussed later), the
chemica composition still meets the constraints, then the composition is said to be within
the Measurement Acceptable Region (MAR). A composition that is within the MAR for
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each of the applicable constraints is said to be within the acceptable operating window of
the DWPF.

Some additional comments regarding the control strategy are warranted. As mentioned
earlier, some of the constraints are directly related to composition and do not involve
model predictions. For these constraints there would be fewer layers in the above
description that would be applicable. Specificaly, the PAR limits would be the same as
the EPAR limits for such constraints since there is no property model uncertainty. In a
similar fashion, if there is no need to apply property modeling or measurement
uncertainties for a given constraint (which is true for a pair of constraints related to the
reliability of the chemical composition measurement themselves), then the EPAR limit
equals the PAR limit equals the MAR limit for that constraint. Finally, the DWPF
control strategy has evolved by the development of alternatives for satisfying some of the
constraints as well a new property-composition model for liquidus temperature (these are
discussed later).

3. ORIGINAL CONSTRAINTSFOR THE DWPF

The original (at radioactive startup in 1996) constraints applicable to DWPF acceptability
decisions are provided in Table 1, which provides the name of the constraint, the general
form of the constraint, the type of constraint (i.e., what is the intended focus of the
constraint), and the applicable uncertainties for the constraint. Note that no uncertainty is
applied to the first constraint of Table 1, the conservation or “sum of oxides’ constraint.
The specification was defined by the principal investigator of [1] to assure that the
laboratory was under control. That is, this constraint is used as a check on the reliability
of the chemical composition measurements themselves. It is a bound on laboratory
analyses based upon tolerable errors when attempting to predict durability from glass
composition. As a result, no additional uncertainty need be incorporated when applying
this constraint to the DWPF control strategy.
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Table 1. Original Constraints Applicable to DWPF Process and Product Control

Applicable
Name Constraint Type Uncertainties

Laboratory

Conservation 95% £ S (Mgjor Oxides in wt%) £ 105% Specification None

B, Li, and NaLeach £ EA Leach Product Property and

Durability based upon Product Consistency Test (PCT) Acceptability M easurement
Product

Alumina g Al,O3/100g glass® 3.0 Acceptability M easurement
Product

Homogeneity 1.6035 sludge + 5.6478 frit > 216.8092 Acceptability M easurement
Product

Frit Loading 70% £ S (Frit Oxides in wt%) £ 85% Acceptability M easurement

Liquidus Property and

Temperature Liquidus Temperature (T,) £ 1050°C Processability M easurement

Méelt Viscosity Property and

a 1150°C 20 £ Viscosity (h) £ 100 poise (P) Processability M easurement
Waste Solubility

TiO, gTiO,/ 100g glass£ 1.0 Measurement
Waste Solubility

NaCl gNaCl / 100g glass£ 1.0 Measurement
Waste Solubility

NaF g NaF /100g glass£ 1.0 Measurement
Waste Solubility

Cr,03 g Cr;03/100g glass £ 0.3 M easurement

SO, or g SO,/ 100g glass£ 0.40 Waste Solubility

Na,SO, g Na,SO, / 100g glass £ 0.59 Measurement
Waste Solubility

Cu g Cu/100g glass £ 0.5 Measurement

PO, or g PO,/ 100g glass£ 3.0 Waste Solubility

P05 g P,0s/100g glass £ 2.25 Measurement

Glass produced in the DWPF must satisfy the constraints listed in Table 1 at the
appropriate confidence levels. The confidence levels for the constraints associated with
product acceptability or quality are discussed first. As detailed in the Waste Acceptance
Product Specifications (or WAPS) [2], the normalized boron, lithium, and sodium
releases for DWPF glasses must be better than the corresponding releases for the
Environmental Assessment (EA) glass based upon the Product Consistency Test (PCT)
[3] leach test. DWPF has chosen the option of showing that the PCT releases are at least
“two sigma’ better than the EA glass. Thisimplies that these releases must be controlled
to at least the 95% confidence level. Since the releases are predicted from durability-
composition models, the property uncertainties associated with the models are
determined to a 95% confidence in identifying the PARs and the measurement
uncertainties associated with the measured composition are determined to a 95%
confidence in identifying the MAR. The other constraints identified in Table 1 as being
related to product acceptability do not involve property-composition models and as such
only require that appropriate measurement uncertainty be applied. Once again,
measurement uncertainties are applied at the 95% confidence level for these constraints.
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For the sake of consistency, the uncertainties (both property and measurement) of all
other constraints (those associated with processability and waste solubilities) are
controlled to the same confidence level (i.e, 95%) in the discussion that follows.
However, it is possible to adjust the confidence levels at which the other constraints are
controlled at management’s discretion since they are non-waste-affecting (i.e., they are
not associated with product acceptability).

4. SATISFYING CONSTRAINTS

As discussed earlier, a measured composition representative of a SME process batch is
adjudged to be acceptable if it falls within the MAR (Measurement Acceptance Region)
for all of the applicable constraints provided in Table 1 (i.e., note that for the “sum of
oxides’ constraints, 95% £ S (Mgor Oxides in wt%) £ 105%, these limits are both the
PAR and MAR limits). As DWPF's radioactive processing progressed and associated
studies at the Savannah River Technology Center (SRTC) were completed, knowledge
and experience were gained that offered solutions to problems that arose during the
operation of that facility. The impact of these efforts on satisfying the constraints of
Table 1 are discussed in this section.

As part of the glass variability study conducted by SRTC to support the processing of
Macrobatch 2 (MB2) at the DWPF, a pair of options [4] was identified for satisfying the
homogeneity MAR for a SME batch. The homogeneity constraint is applied to the
measured composition to assure that the glassis not likely to be phase separated (i.e., that
the glass will be homogeneous). The constraint is part of the set associated with product
acceptability, and it was developed [5] from the best information available before the
beginning of radioactive operation. During the MB2 variability study, it was determined
that this constraint would severely, and unnecessarily, limit the acceptable operating
window for processing this material. Based upon the results of that study, applying
measurement uncertainty to the homogeneity constraint for MB2 was seen as overly
conservative. It was determined from a preponderance of data [4] that as long as the
Al>0O3 concentration was greater than 4 wt% in the glass (or Al2O3 3 3.0 wt% and the sum
of alkali, defined as Cs,O0+K,0O+Li2O+NaO, in the glass less than or equal to 19.3 wt%),
the measurement acceptance requirement for the homogeneity constraint could be relaxed
for MB2.

The implementation of either of the two options would require, however, application of
the appropriate measurement uncertainties (e.g., the Al,Os content in the glass would
have to be greater than 4.0 wt% plus measurement uncertainty). Also, note that this first
option requires monitoring of the alkali content in the SME samples and thus introducing
anew constraint:

Cs0+K20+Li1,0+N&O £ 19.3 wt%
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SRTC also conducted an evaluation of the lower limit of the frit loading constraint [6]
and concluded that this constraint could be eliminated as long as the Al,Os concentration
in the glass was greater than 4.43 wt% plus measurement uncertainty.

A re-evaluation of the high viscosity constraint conducted by SRTC [7] during the
processing of Macrobatch 2 (MB 2) led to the expansion of the upper limit to 110 poise
for this constraint.

Finally, the solubility constraint associated with the P,Os in the glass was removed from
the scope of the PCCS system for this revision of the report [8]. This constraint is to be
handled administratively by the DWPF.

Table 2 summarizes the impact of al of the studies on the alternatives for satisfying the
constraints that are applicable to DWPF process and product control. Note that the P,Os
constraint has been shaded in Table 2 to indicate that this constraint is no longer in the
scope of PCCS and that it will not discussed further in this report.
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Table 2. Satisfying Constraints Applicable to DWPF Process and Product Control

Name Congtraint at EPAR Limit Comments
Low No uncertainties need be applied to this constraint. Thus, the
Conservation  95% £ S (Major Oxides in wt%) EPAR limit = PAR limit = MAR limit = 95% for this constraint.
High No uncertainties need be applied to this constraint. Thus, the
Conservation S (Major Oxidesin wt%) £ 105% EPAR limit = PAR limit = MAR limit = 105% for this congtraint.
The EPAR limits and the active PAR and MAR uncertainties (at
Durability B, Li, and NaLeach £ EA Leach based 95% confidence) for these constraints are discussed below.
upon Product Consistency Test (PCT) Compositions must satisfy the MAR for each of these constraints
with 95% confidence.
Measurement uncertainty (MU) must be applied (at 95%
Alumina g Al,O3/100g glass® 3.0 confidence) for this constraint; i.e., Al,O33 3.0 wt% + MU.
Since no property model uncertainty isto be applied, the EPAR
Homogeneity  1.6035 sludge + 5.6478 frit > 216.8092 limit = PAR limit = 216.8092. The SME composition must satisfy
the homogeneity PAR limit (i.e., the 216.8092 value for this
with dudge and frit being fully defined constraint); however options exist for satisfying the homogeneity
later in the report. MAR to include [4], at a 95% confidence level:
AlLO33 3.0wit% + MU and Sdkali £19.3 wt% - MU
or
Al,O33 4.0 wt% + MU
Since no property model uncertainty isto be applied, the EPAR
Low Frit 70% £ S (Frit Oxides in wt%) limit = PAR limit = 70%. However, an option exists that alows
Loading for eliminating this constraint [6]. It may be omitted from
consideration if
AlL,O33 4.43 wt% + MU at a 95% confidence level; otherwise
S (Frit Oxides) 3 70% + MU at a 95% confidence level.
High Frit Measurement uncertainty must be applied (at a 95% confidence
Loading S (Frit Oxidesin wt%) £ 85% level) for this congtraint; i.e., S (Frit Oxides) £ 85% - MU
Liquidus There are active PAR and MAR uncertainties for this constraint
Temperature  Liquidus Temperature (T, ) £ 1050°C that must be accounted for (these are discussed below). A
composition must satisfy the MAR for this constraint (typicaly,
with 95% confidence).
Low There are active PAR and MAR uncertainties for this constraint
Viscosity 20 poise (P) £ Viscosity (h) that must be accounted for (these are discussed below). A
composition must satisfy the MAR for this constraint with 95%
confidence.
High There are active PAR and MAR uncertainties for this constraint
Viscosity Viscosity (h) £ 110 poise (P) that must be accounted for (these are discussed below). A
compositions must satisfy the MAR for this constraints with 95%
confidence.
TiO, gTiO,/ 100g glass£ 1.0 Measurement uncertainty must be applied (typicaly, at a 95%
confidence level) for this constraint; i.e,, TiO, £ 1.0 - MU
Measurement uncertainty must be applied (typically, at a 95%
NaCl gNaCl /100g glass£ 1.0 confidence level) for this constraint; i.e., NaCl £1.0- MU
Measurement uncertainty must be applied (typically, at a 95%
NaF g NaF/100g glass £ 1.0 confidence level) for this congtraint; i.e., NaF £ 1.0 - MU
Measurement uncertainty must be applied (typically, at a 95%
Cr,03 g Cr,03/100g glass £ 0.3 confidence level) for this congtraint; i.e., Cr,Os £ 0.3 - MU
SO, or g SO,/ 100g glass£ 0.40 Measurement uncertainty must be applied (typically, at a 95%
Na,SO4 g N&SO, / 100g glass £ 0.59 confidence level) for this constraint; i.e., SO4 £ 0.40 - MU
Measurement uncertainty must be applied (typically, at a 95%
Cu g Cu/100g glass £ 0.5 confidence level) for this congraint; i.e., Cu £ 0.5- MU
PO, or g PO,/ 100g glass£ 3.0 One of the changes introduced by this report revision was the
P05 g P;0Os/ 100g glass £ 2.25 removal of the assessment of this constraint from the scope of the

PCCS control system.
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5. CONSTRAINTSAND UNCERTAINTIES

In the sub-sections that follow, the constraints listed in Table 2 are discussed. Included in
the discussion are the details of the uncertainties (both property and measurement, where
appropriate) associated with meeting or satisfying each constraint at the desired
confidence level. In general, the property model uncertainty must be computed for each
constraint that involves a property-composition model. The computation depends on
information generated during the fitting of the particular model and this information is
presented as part of the discussions for the sake of completeness. How thisinformationis
used in the computation of the property model uncertainty depends on the type of
statistical interval selected to support the computation. Different types of statistical
intervals are used depending on the situation. These issues are discussed in the
subsections that follow.

The method for handling measurement uncertainty for each of the constraints is also
discussed in the subsections that follow. Background information supporting these
methods is presented as part of the discussion in Appendices A and B. Also, in Appendix
A, the complete set of chemical components used in PCCS is established as well as a
single unit of measurement for handling the concentrations of these components. That
unit of measure is molar oxide, and the set of “average’” molar oxide concentrations
computed from a SME batch is represented by the row vector z (or z, to indicate that the
average is based on n samples).

To further simplify the assessment of the average SME composition against the
acceptability constraints, the constraints will be transformed (to the extent possible) to an
inequality of the form:

Equation (1).
za' - B2 0

where a is a row vector of constants appropriate for the given constraint, 3 is the
appropriate constraint offset (i.e., the remaining, non-composition-based terms of the
constraint inequality) for the given constraint, and a" indicates the transpose of the a
vector.

51 CONSERVATION (“SuM OF OXIDES”) CONSTRAINTS

No uncertainties need to be applied to the conservation constraints. The specification for
this pair of constraints was defined by the principal investigator of [3] to assure that the
analytical laboratory was under control. That is, the constraints are used as a check on
the reliability of the chemical composition measurements themselves. They provide a
bound on laboratory analyses based upon tolerable errors when attempting to predict
durability from glass composition. As a result, no additional uncertainty need be
incorporated when applying this pair of constraints to the DWPF control strategy. Thus,
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if the 95% and 105% limits are considered the EPAR limits, then the EPAR limits equal
the PAR limits, which equal the MAR limits for these constraints. Using the molar oxide
notation to represent these constraints yields:

Low Sum of Oxides Constraint:

Zp0, M0, TZeo, Mp o, tZ50 Mpo t Zcao Moot Zeeo, Meep, Zcr0, Mero,
+tZc0 Mego T Zowo Mo tZeo, Mo, 2k 0 M0 +Z 0, Moo, T2 0 Mo
+Zygo My * Zuno Mo  Zyo, Mo, T Znao Mina0 * Zngo, Mg, T Znio XM o
+Zp0 Mpo, +Zpo Mp + 259, Mgg, +Z1o, My 240 My +Zy0 Mo

- 3
+ Zy o, M Y,05 tZ,0 Myt Z 710, M Z10, 9530

High Sum of Oxides Constraint:

ZAIZO3 >(' M A|203) + 23203 >(' M B,O; ) *tZg0 >(' M BaO) *Zeo >(' M CaO) + ZC9203 >(' M Cezo3)
+Ze 0, -Meo )t Zeso, M- Meso) +Zeo M- Mapo) * Zreo, X-Meo, ) T Zi 0 (- My o)
+Z1a0, - Miao, ) T2 o X-Mi o) +Zyo X- M) + Zyo X- M) + Zueo, X(- Mo, )
+ ZNaZO >(' M NaZO) + ZNdZO3 >(' M Nd203) *Zyo >(' M NiO) + ZP205 >(' M ons) *tZpo >(' M PbO)
+Z50, - Mgo,) * Zmo, X- Mpo,) t Z1io, (- M0, ) +Zy 0 X(-Myo ) +2y o X-My,))
+ 2700 M- M) + 250, X-Myq )- (-105)2 0

Note that the transformation of the constraints into aform similar to equation (1) requires
that the offset (the b) be expressed as a negative and that the a vector for the high “sum of
oxides’ constraint involves the negatives of the molecular weights. Table 3 provides the
complete information for these two constraints in the form of the vectors and offsets
supporting equation (1).
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Table 3. Vectorsand Offset for the Sum of Oxide Constraints

ZT
Average Transpose of aVectors
Molar Oxide
Oxide Wt Fraction @Tlow consv @Thi gh consv
Al;O3 Za1203 101.9612 -101.9612
B20O3 Zgo03 69.6202 -69.6202
BaO Zso 153.3394 -153.3394
HCOO Zhcoo 0 0
CaO Zcoo 56.0794 -56.0794
Ce03 Zce203 328.2382 -328.2382
NaCl Nl 0 0
Cr03 Zcroo3 151.9902 -151.9902
Cs,0 Zcoo 281.8094 -281.8094
CuO Zco 75.54390775 -75.54390775
NaF Inar 0 0
Fe 03 Zrep03 159.6922 -159.6922
K20 Zk20 94.2034 -94.2034
LaxOs Zy 203 325.8182 -325.8182
LiO Ziioo 29.8774 -29.8774
MgO Zugo 40.3114 -40.3114
MnO Zyno 70.9374 -70.9374
MoOs Zmoo3 143.9382 -143.9382
NO, Znoz 0 0
NO; Znos 0 0
Na,O Znao 61.979 -61.979
NaS0,4 Znapsos 0 0
Nd,O3 ZNd203 336.4782 -336.4782
NiO Znio 74.7094 -74.7094
P05 Zpos 141.9446 -141.9446
PO Zpyo 223.1894 -223.1894
SO, Zso2 60.0848 -60.0848
ThO; Ztho2 264.0368 -264.0368
TiO; Ztiop 79.8988 -79.8988
U30s Zy3os 842.0852 -842.0852
Y203 Zvoo3 225.8082 -225.8082
ZnO Zz0 81.3694 -81.3694
Zr0; Zz7i02 123.2188 -123.2188
Offset (b) 95 -105
l:)I OW Consv l:)hi gh consv

10
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Using the vectors of Table 3 to write these constraints for the sum of oxides in the form
of equation (1) yields:

. T T
I—OW Conservatlon: Zglwv consv BI(]N consv 3 O or Zg'lwv consv 95 3 O
and
. . T T
High Conservation:  Z&%ug, consv = Prigh consy > O or 28 coney - (-109)2 0

For a given average composition to be in the MAR (the DWPF operating window), it
must satisfy both of these “sum of oxide” constraints as given above.

5.2 SOLUBILITY CONSTRAINTS

As aready mentioned the solubility constraint associated with PROs was removed from
the scope of the PCCS control system as part of this revision of the report [8]. Rewriting
the remaining solubility constraints of Table 2 using the molar oxide notation yields the
following set of inequalities (the reference for each constraint is also indicated to the right
of each of theseinequalities):

Solubilities: Z10,M 0, £1.0 [9]
ZNaCIIVI NaCl £1O [10}
ZyM o £1.0 [10]
Zer,0,Mcr,0, £0.3 [11]
foMso, £0.40 o 2, 5 My, 0, £059} [12]
{zeuM g, £0.5 or 2 oM, £ 0.5} whereze, ® Zco [13]

where as before M yide represents the molecular weight of the indicated oxide and Zgxide
represents the “average” molar concentration for the indicated oxide.

Transforming these constraints to follow the form used in equation (1) yields:

Solubilities: 10, Myo,)- (-10)2 0

NaCl (' M NaCI)_ (' 1'0) 30
NaF(_ M NaF)_ (' 1'0) 30

Cr,05 (' MCr203)_ (-03)20
Naso, 0 Myaso, )= (-0.59) 2 0

Cuo(' MCU)' (' 0-5)3 0

N N N N N N

The shorthand notation when applied to these constraints yields an a vector with only a
single “active” component (i.e., only one oxide of the vector z is involved in the
constraint). Also, note in the Cu constraint, the multiplier is the molecular weight of
elemental Cu, since the solubility constraint is a constraint on the elemental Cu in the
wasteform.
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To complete the assessment of these constraints for a given composition requires that the
appropriate uncertainties be accounted for in the constraints. Since no property-
composition models are utilized in meeting the solubility constraints, no property model
uncertainty need be applied. Thisleaves only measurement uncertainty for each of these
constraints. And since each of the constraints involves a linear combination of the z
vector of component concentrations, the measurement uncertainty can be addressed as
described in Appendix B.

Using the approach of Appendix B, let z:@' represent the linear combination of the
average molar concentrations (based on n samples) of any one of the solubility
constraints and b represent the corresponding offset (see Table 4 for a complete listing of
the vectors and offsets for these solubility constraints); then the constraint with
measurement uncertainty would be of the form:

i
z,a" - b-t,(m- 1) é‘sna 3 0

n

where ta(m-1) represents the upper 100 a% tail of the Student’s t distribution
with m-1 degrees of freedom and
éa)s,(a) _1%'%* u
: cals.) 158 6) 66,0
ai n g‘i —
é n ‘Ha (g)j(g'i)k(sn)Jkl;l
e j=0 k=0 a

with Sy, and S, representing the covariance matrices (an absolute based upon historical
data versus a relative based upon the current z vector, respectively) as described in
Appendix B.

12



WSRC-TR-95-000364

Revision 4
Table 4. Vectors and Offsetsfor Waste Solubility Constraints
7T
Average Transpose of aVector for Each of the Solubility Constraints
Molar Oxide

Oxide |Wt Fraction a'tion a nac a' nar a' croos a' Na2sos acy
Al 203 Zpa1203 0 0 0 0 0 0
B-O3 ZB203 0 0 0 0 0 0
BaO ZB:0 0 0 0 0 0 0
HCOO ZHCoo 0 0 0 0 0 0
Ca0 Zco 0 0 0 0 0 0
Ce0; Zce203 0 0 0 0 0 0
NaCl ZneCl 0 -58.4428 0 0 0 0
Cr,03 Zcro3 0 0 0 -151.9902 0 0
Cs,0 Zcoo 0 0 0 0 0 0

CuO Zcuwo 0 0 0 0 0 -63.5383

NaF ZNaE 0 0 -41.9882 0 0 0
FeO3 Zre203 0 0 0 0 0 0
K>0O Zx20 0 0 0 0 0 0
La,O3 Z1 203 0 0 0 0 0 0
Li,O Zi o0 0 0 0 0 0 0
MgO Zvgo 0 0 0 0 0 0
MnO Zyvno 0 0 0 0 0 0
MoOs Zno03 0 0 0 0 0 0
NO, Zno2 0 0 0 0 0 0
NO3 ZnNo3 0 0 0 0 0 0
Na,O Zna2o 0 0 0 0 0 0
Na,SO, ZNa2soa 0 0 0 0 -142.0412 0
Nd,O3 ZNd2o3 0 0 0 0 0 0
NiO Znio 0 0 0 0 0 0
P,Oq Zpo05 0 0 0 0 0 0
PbO Zpbo 0 0 0 0 0 0
SO, Zsio2 0 0 0 0 0 0
ThO, Z1ho2 0 0 0 0 0 0
TiO, Z1io2 -79.8988 0 0 0 0 0
U30g Z 308 0 0 0 0 0 0
Y,03 Zyvo03 0 0 0 0 0 0
ZnO Z700 0 0 0 0 0 0
7210, Z7102 0 0 0 0 0 0

-1 -1 -1 -0.3 -0.59 -0.5

Offset (b) b ic2 b naci b nar b croos b nazsos by

This approach leads to the following expressions for the MAR associated with the
solubility constraints.

=
80, Saro,

Z,an0, - (-10)- t,(m- D) 30
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S T
2,80 - (-10)- t,(m- 1) [ 2520 5
T @NaFSgLaF 3
Zy8hee - (- 10)- t, (m- )22 5 0
T Q'Crzo3 S 92503
2,8%0,- (-0 - t, (m- )220 0

Ayago, San
Znél-rzlabso4 - (' 03)- ta(m_ 1)\/—N62804 n—NaQSO4 30

=
z,ag, - (-1.0)- t,(m- 1) QCUS% 30

If all of these MAR constraints are satisfied, then z, is acceptable for al of the waste
solubility constraints. Note that the nominal 95% confidence level (equal to 100[1-a]%)
for the solubility constraints can be adjusted based upon management discretion.

5.3 CONSTRAINTSASSOCIATED WITH PRODUCT QUALITY

Several of the constraints in Table 2 are associated with the quality of the DWPF
wasteform. For vitrified HLW, aquality product is adurable product, one that is resistant
to leaching. The Product Consistency Test (PCT) [3], which yields normalized boron,
lithium, and sodium releases, is used to assess waste glass durability. Since the durability
of DWPF's glass product cannot be measured in situ, durability-composition models are
used to predict the PCT response for the elements of interest. Such a model was
developed for each of the three elements of interest, and the form of these durability
models may be represented as[1]:

Durability*  10g[NC,]=m,c, +b,

° e
Ca® A ZoieACuice *

mgor oxid es

¥ Ingeneral, this equation (with my being the estimated slope and by the estimated intercept) represents
the B, Li, and Nareleases. Specifically, ¢y equals G, the free energy of hydration (in kcal/mole) and

thus uses al oxides described in Table IX of Ref. 1. A reasonable heuristic rule[2] isto use those
oxides expected to be present in the DWPF glass product in appreciable amounts, i.e., [0 0.5wt%. The
individua coefficients for [IG, are obtained by presubtracting (as described in [1]) the silicafree

energy, JGg0,, from the free energy for each oxide expected to form asilicate, UGy ige. The
coefficient necessary for copper is defined uniquely in Section 6.
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Constraints are derived from these models that restrict the DWPF glass compositions to
those whose predicted PCT responses are “2-sigma’ better than those of EA. Figure 1
provides an illustration of these durability models. The fitted model (negatively sloped
straight line) for boron is shown aong with an upper (curved) 95% prediction limit. A
cluster of points representing EA PCT results for boron is indicated. More will be said
regarding this figure and the approach used to develop and implement the durability
constraints in the discussions that follow.

Regression Line
log[HCp|=m, g +b,

",
ogNC] &

0z [HCp] g ;
10 [NCELg* oo AR

Ty TR S Tpper 100[ 1-a] 5
A e L Confilense Limit
S ntniasn el o on Individuals

ALY AGLLE) g = A (keal/100g glass)

Figurel. The PCT-Based Durability Regression Linefor Boron Release

Furthermore, the glass must be homogeneous for the first-principles models represented
in Figure 1 to be descriptive. To assure homogeneous glass, the homogeneity constraint
[5] that appears in Table 2 was included as part of the DWPF control strategy. This
constraint was developed using glass information available at the time of the study, which
led to a pair of additional constraints: the low and high frit loading constraints. This pair
of constraints was used to restrict glass compositions to a region for which the
homogeneity constraint was deemed applicable [1].

One additional constraint of Table 2 is associated with the durability of the DWPF
wasteform, the alumina constraint. When the durability regression models were applied
to the data used for model validation,” the B, Li, and Na releases for glasses
representative of those that will be produced in DWPF were reasonably well predicted as
afunction of OGp [1]. Furthermore, the PCT results of glasses from the DWPF Waste

Qualification Runs were within the prediction intervals of these correlations. However,
there appears to be at least one separate population of glasses used for model
development whose leach results are significantly underpredicted. Most of these glasses
were characterized by low concentrations of alumina. Therefore, DWPF must restrict the

T These glasses were distinct from those used to develop the regression models for B, Li, and Na PCT releases.
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compositional range over which the correlations are applied to avoid production of low-
alumina glasses.

Five glasses are depicted in Figure 1 whose PCT results lie along the upper prediction
limit for the regression model (i.e., their PCT releases are significantly underpredicted).
Each of these glasses contains less than 3 wt% alumina. The apparent cause of the
inability to predict the release from glasses with low alumina contents is the significantly
greater pH values of those glasses with large iron to aluminaratios.

For example, glasses IDMS PX-1 (high Fe;O3) and AH202FE (low Al,Os) will be
compared. Both of these glasses, whose compositions are provided in Table 5, were used
in durability model development. As shown in Table 6, these glasses have very similar
predicted PCT releases (as indicated by their nearly identical [1Gp values); however, they
possess very different measured releases. The measured pH values of the leachates from
these two glasses were 9.4 for the PX-1 glass and 10.1 for the AH202FE glass.

Table5. Compositions of Two Glasses Used for Dur ability M odel Development8

GlassWt% Al,O; B,0; CaO Cr,O; Fe,0; FeO K,O0 MgO MnO NaO Li,O NiO SO, TiO,
IDMSPX-1 496 736 150 055 1117 - 303 144 326 1002 428 171 5058 -
AH202FE 136 708 096 — 962 628 328 126 095 762 427 273 5255 172

§ Only those oxides in quantities greater than 0.5wt% have been presented in Table 5 [1].

Table6. pH, OGp, and PCT Releasesfor IDM S PX-1 and AH202FE

Measured G, Measured Measured  Measured
Glass pH (kcal/mole) log[NCg]  1og[NCj] log[NCyg]
IDMSPX-1 9.4 —-11.001 -0.1651 -0.1459  -0.1441
AH202FE 10.1 —11.029 0.4988 0.4052 0.4323

The major difference in the compositions of these glasses is that the PX-1 glass contains
almost four times more alumina than AH202FE. (In fact, PX-1 has slightly more akali
and less silica suggesting that the observed pH values should be in the opposite order.) As
implied by Appendix H of reference 3, alumina is very effective as a buffer in the range
of pH values normally encountered in PCT testing (i.e., 9 - 12). Thus the absolute amount
of aluminain a glass plays an important role in regulating the leachate pH and hence the
PCT results. As evident from Appendix B in reference 3, the amount of alumina in the
glasses used for model development varied by almost an order of magnitude (i.e., from a
low of 1.36 to a high of 13.4 wt%). Thus, the buffering capacity of these glasses also
varied widely.

To account for this effect of alumina on leaching, DWPF has elected to constrain itself to
glasses which contain at least 3 wt% alumina (i.e., g Al,O4/100g glass 0 3.0%) as

indicated in Table 2. If this additional constraint is used to prune the set of glasses used
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for model development, the PCT results of the remaining glasses all lie below the upper
prediction limit of the correlations.

DWPF has chosen to show that the normalized boron, lithium, and sodium releases for
DWPF glasses are at least “2-sigma’ less than the corresponding releases for the
Environmental Assessment (EA) glass based upon the PCT leach test. This implies that
these releases must be controlled to at least the 95% confidence level. Therefore, a 95%
level of confidence is applied to all uncertainties (both property and measurement, where
appropriate) associated with each of the constraints supporting the durability assessment.
These constraints are discussed in the subsections that follow.

5.3.1 HOMOGENEITY, FRIT LOADING, AND ALUMINA CONSTRAINTS

Four constraints that support the assessment of durability of the DWPF wasteform are
composition-only constraints. That is, they do not rely on property-composition models,
and they can be most simply expressed in terms of mass oxide concentrations (i.e., Xoxide
© g oxide/100g glass). Expressing these constraints initially as mass oxides yields (the
reference for each constraint except alumina, which was developed as part of this report,
isprovided to itsright):

Homogeneity:”  ac,+ac, +b, £0 (5]
where
c,° XaLo, T Xre0, ¥ Xngo, T Xce0, T X0,

* Xv,0, T Xcao  Xmoo,

(0]
C chszo + XLiZO + XKZO + XNaZO + XBzo3 + XSOz

br=210.9203, a, = -5.6478 and & = -1.6035 are constants from the
discriminant analysis conducted on the set of available homogeneous

and phase-separated glasses.
Alumina Xan0, ° 3.0
Frit L oading: 70 £ c, £85 wt% [1]

Re-expressing the constraintsin molar oxide yields:

Homogeneity:™™  z,a.' £-b,

The homogeneity constraint is not based upon property prediction; instead, it is based upon a discriminant
function derived from composition and reasonable prior and posterior probabilities. Specificaly, a statistical
discriminant analysis was used to define the homogeneity constraint based upon variables defined by the glass
chemist involved in the project [5]. The original definition of g included an additional term: 3. as X

however, as described in Section 6, al elemental iron is properly converted to Fe,O, (i.e,, considered oxidized)
and thus this term is identically zero and not included in the definition.
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(o]
Zy [ZAI ,031ZFe,031ZNd,03 ZCe ,0531ZLa,05 12Y ,0312Ca0 1ZMo0 5
Z¢s,02Li,01Z2K ,01ZNa,01'ZB,031Z50 2]
(o]
g‘h |_asM Al,Oq ’asM Fe,04 ’asM Nd,O4 ’asM Ce, 03 ’asM La,0O3’ asM Y,05 ’asM CaO’
asMM003’afMcSzo’afMLizo’anKzo’anNazo’anszq’angoz]
Alumina
3
Zpi,0,M a0, ° 30
. . T T
Frit L oading: z;a 270 and z;a £85

(o]
Z |_ZCSZO’ZLiZO’ZKZO’ZNaZO’ZBZO3’ZSOZJ

& ° lMCSZO’MLiZO’MKZO’MNaZO’MBZO3’MSjOZJ

Using this same notation and transforming each of these constraintsinto aform similar to
that provided in equation (1) yields:

Homogeneity: 2, a,)-b,20
A|Umlna. ZA|203M AlLO, - 30 3 0

Low Frit Loading:  z;& ' - 703 0

High Frit Loading:  z ( ng)_ (-85)3 0

To complete the assessment of these constraints for a given composition requires that the
appropriate uncertainties be accounted for in the constraints. Since no property-
composition models are utilized in meeting the solubility constraints, no property model
uncertainty need be applied. Thisleaves only measurement uncertainty for each of these
constraints. And since each of the constraints involves a linear combination of the z
vector of component concentrations, the measurement uncertainty can be addressed as
described in Appendix B.

Thus, letting z.a" represent the linear combination of the average molar concentrations
(based on n samples) of any one of these constraints and b the corresponding offset (see
Table 7 for the vectors and offsets that allow these constraints to be placed in the form of
eguation (1)), then the constraint with measurement uncertainty would be of the form:

™ The terms representing sludge and frit componentsin the original homogeneity constraint —cs and cf, respectively—

have been represented by a single 1xq array, an, containing all relevant terms.
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e T u
&,a - b-t,(m- 1) &Sa 3 04
g n H

ta(m-1) represents the upper 100 a% tail of the Student’s t distribution
with m-1 degrees of freedom and

o m:eM FLOOER
- e(g)S:](e\)T 1:%0:0:(9)(9)( i E

with Sy, and S, representing the covariance matrices (an absolute based
upon historical data versus a relative based upon the current z vector,
respectively) as described in Appendix B.
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Table7. Vectorsand Offsetsfor Homogeneity, Frit L oading, Alumina,
and Alkali Constraints

zZ' | | | |
Average Transpose a Vector for Each of the Indicated Constraints
Molar Oxide
Oxide |Wt Fraction 2 homog a' 123 a'low it a highfrt Q' akai
Al,O3 ZA1203 575.85645| 101.961 0 0 0
B-O3 ZB203 111.63599 0 69.6202 | -69.6202 0
BaO 780 0 0 0 0 0
HCOO ZHCOoO 0 0 0 0 0
Ca0 Zc:0 316.72525 0 0 0 0
Ce0; Zce203 1853.8236 0 0 0 0
NaCl ZNaCl 0 0 0 0 0
Cr,05 Zcroo3 0 0 0 0 0
Cs,0 Zcs00 451.88135 0 281.8094 | -281.8094 | -281.8094
CuO Zcwo 0 0 0 0 0
NaF ZNag 0 0 0 0 0
FeO3 Zre203 901.9096 0 0 0 0
K,O Zk20 151.05515 0 94.2034 | -94.2034 | -94.2034
La,O3 Z1 2003 1840.156 0 0 0 0
Li,O Ziioo 47.90841 0 29.8774 | -29.8774 | -29.8774
MgO Zmgo 0 0 0 0 0
MnO Zmno 0 0 0 0 0
MoO3 ZMoo3 812.93414 0 0 0 0
NO, ZNo2 0 0 0 0 0
NO3 ZNo3 0 0 0 0 0
Na,O ZNzo 99.38332 0 61.979 -61.979 -61.979
NaSO, ZNa2son 0 0 0 0 0
Nd,O3 ZNd2o3 1900.3616 0 0 0 0
NiO Znio 0 0 0 0 0
POy Zpoos 0 0 0 0 0
PbO Zpbo 0 0 0 0 0
SO, Zsio2 96.34598 0 60.0848 | -60.0848 0
ThO, Z1ho2 0 0 0 0 0
TiO, Ztio2 0 0 0 0 0
U3Og Zu308 0 0 0 0 0
Y05 Zvo03 1275.3196 0 0 0 0
ZnO Zzr0 0 0 0 0 0
yA(O) Z7i02 0 0 0 0 0
210.9203 3 70 -85 -19.3
Offset (b) Bhomog b ai2os Biow frit Brigh frit Dalkai

This approach leads to the following expressions for the MAR associated with each of

these constraints.

a. Sa’
2,80 - (210.9203) - t, (M- 1)\/@ 3 0
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T
gAI O, Sélm o)
Zn9-1|zo3 -30-t,(m-1,/————==30

a,..Sa., .
an‘chwfrit - 70- t,(m- 1)\/@3 0

a a. .. Sar
L high fi Lhioh f
Zn Bhigh rit ~ (-85)-t,(m- 1)\/ igh frit igh frit 5 0

If al of these MAR constraints are satisfied, then z, is acceptable for this set of
constraints that support the assessment of product quality for the SME batch. However,
as discussed in Section 4 and outlined in Table 2, there are some aternatives for meeting
the MAR requirements for the homogeneity [4] and low frit [6] constraints.

For homogeneity, if z, satisfies the homogeneity PAR, i.e. if

Z, 8, - (210.9203)3 0
then aslong as one of the following istrue, the homogeneity constraint is satisfied:

Option 1
an o Sa,
Zn§;|203 - 3.0- ta(m_ 1)\/@3 0

and

Sa' .
Zn@;kdi - (-19.9)- t,(m- 1)\/@3 0

where the vector and offset associated with the akali content of the composition are

provided in Table 7.
a,.0.5a,
Zn@,Lzo3 -40-t,(m-1 w 30

The low frit constraint can be omitted from the acceptability decision if the average molar
oxide concentration, z,, satisfies the following constraint on alumina:

a,.0.5a,
Zn§1;|zo3 - 443- t,(m- 1\/@3 0

21
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Thus, these are the options for satisfying these constraints that support the assessment of
product quality.

5.3.2 DURABILITY CONSTRAINTS

Glasses produced in the DWPF melter must have normalized releases for B, Li, and Na
(as measured by the PCT) less than the corresponding releases for the EA glass. These
releases cannot be routinely measured during DWPF operation; they have instead been
related to glass composition (which can be measured) using simple regression models of
theform [1]:

log[NC,| = mDG, +b,

where log represents the common logarithm,
i represents B, Li, or Na,
NC; represents the normalized (PCT) releasein g/L for element i,
m; is the estimated slope of the simple linear regression for element i,
b; is the estimated intercept of the ssimple linear regression for element i,
and DGy, represents the free energy of hydration (in kcal/mole), which is
derived from the glass composition.

Table 8 provides the regression information for each of the durability models. The
estimated slope and intercept are provided along the root mean square error (RMSE), s,
associated with the fitted equation for each element, i. Some information common to all
three models is aso provided: the sample size, n = 131, the number of estimated
parameters, p = 2, and the X’ X matrix where X is the vector of values associated with the
independent variable, DGy, which was used in the model fitting process.

Table 8. Regression Information Associated with Fitted Durability Models

i m bi RMSE, s n=131 T 131 -1355.2282
B -0.1812 -1.9014 0.2163 XX'= 13552082 14628.321
Li -0.1468 -1.5459 0.1827 p=2
Na -0.171 -1.8012 0.1879

The average normalized release for EA is NCg = 16.7 g/L or 1.2227 as a common
logarithm. In DWPF, the intention is to control durability by controlling DG, by
controlling glass composition. The DG, corresponding to the average EA boron release
from the boron fitted model is:

log[NC, |- by _ oG, p 12227- (- 1.9014)
my P - 0.1812

=DG, =- 17.2413
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However, the DG, computed from the measured chemical composition of the EA glassis
—15.5186, which is considerably greater than the value derived from the regression line
for boron release. Based upon the durability models (as illustrated in Figure 1), glass
compositions with larger values of DGy's are predicted to leach less (to be more durable)
than glass compositions with smaller (more negative) DGyp's. Therefore, to be
conservative, the DGy value computed from the measured EA glass composition will be
used for the durability composition limit. Furthermore, this DG, value bounds all the B,
Li, and Naregression models, and thus, will be used as the composition limit for al three
releases.

5.3.2.1 EXPECTED PROPERTY ACCEPTANCE REGION (EPAR) FOR DURABILITY
Using the information provided in Table 8, the “expected” value of log[NC;] predicted by

the boron durability model corresponding to the DG, for the EA composition (i.e., DGga
© -15.5186) is given by:

pg =logINC, | =m, XDG., +b, =-0.1812>DG., - 1.9014
=-0.1812X- 15.51886)- 1.9014 = 0.9106

Similarly, pL; = 0.7322 and pna = 0.8525. Converting these predicted PCT responses to
g/L by taking the antilogarithm yields 8.139, 5.398, 7.12 g/L for boron, lithium, and
sodium, respectively.

Thus, initially (before accounting for any property model or measurement uncertainty),
the durability constraints on z,, the average measured SME composition, take the form:

Q R o T o T o T
Ca°® QA ZoiePGuice = ZnBboon = ZnQithium = Znsogium ° - 155186

mgor oxid es

where the a vectors, which are provided in Table 9, are al identical. Writing these
constraints in the standard form previously used gives:

z,al .. - (- 15.5186)3 0

an'l-:-mium - (_ 155186)3 O

z,al,, - (-155186)3 0
Notice that the offsets (the b’s) for these constraints are the same and that they do not
equal any of the offsets of Table 9. The reason for thisis that the values of the offsets of

Table 9 incorporate the appropriate property model uncertainties, which are discussed
next.
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Table9. Vectorsand Offsetsfor B, Li, and Na Durability Constraints

7
Average | Transpose of aVectorsfor the Durability Constraints
Molar Oxide
Oxide Wt Fraction @Tboron @Tlithium @Tsodi um
Al,O3 ZA1203 37.68 37.68 37.68
B-O3 ZB203 -10.43 -10.43 -10.43
BaO ZB:0 -23.18 -23.18 -23.18
HCOO ZHCcoo 0 0 0
Ca0 Zcao -13.79 -13.79 -13.79
Ce03 Zce203 -44.99 -44.99 -44.99
NaCl Znacl 0 0 0
Cr,03 Zcroo3 11.95 11.95 11.95
Cs,0 Zcsoo -80.38 -80.38 -80.38
CuO Zcwo -4.954849192 -4.954849192 -4.954849192
NaF ZNar 0 0 0
Fe,0s Zre203 14.56 14.56 14.56
K,O Zx20 -76.41 -76.41 -76.41
La,Os 2 2003 -48.59 -48.59 -48.59
Li,O Zii2o -24.04 -24.04 -24.04
MgO Zvioo -6.57 -6.57 -6.57
MnO Zmno -24.44 -24.44 -24.44
MoQO; ZMoo3 16.46 16.46 16.46
NO, Zno2 0 0 0
NOs ZNo3 0 0 0
Na,O ZNa2o -53.09 -53.09 -53.09
N&,S0, ZNeosos 0 0 0
Nd,O3 ZNd203 -37.79 -37.79 -37.79
NiO Znio 0.37 0.37 0.37
P,0s Zpo0os -26.55 -26.55 -26.55
PbO Zpho 21.05 21.05 21.05
SO, Zsio 4.05 4.05 4.05
ThO, Z1ho2 19.23 19.23 19.23
TiO, Z1io2 16.27 16.27 16.27
Us0Og Zu3zos -23.77 -23.77 -23.77
Y,03 Zyo03 -12.91 -12.91 -12.91
ZnO Z7n0 0.92 0.92 0.92
21O, Z7:02 17.49 17.49 17.49
-12.8833 -12.7808 -13.0763
Offset (b) — _
bboron I3I|th| um bsodmm

5.3.2.2 PROPERTY ACCEPTANCE REGION (PAR) FOR DURABILITY

As evidenced by low-alumina glasses, PCT releases predicted from the DGp-based
models may be significantly biased. Furthermore, the glasses used to develop this
durability model exhibit appreciable scatter in measured PCT responses for narrow
ranges of DG, — more than would be suggested solely by the PCT methodology [1].
This causes difficulty, since the use of a regresson model for durability prediction
dictates that 1) the error in DGy is negligible relative to that in PCT response (i.e.,
log[NC]) and 2) the error in the resulting regression model comes from that in the
measured PCT response. The first condition seems reasonable for the model glasses as
these were either measured by Corning Engineering Laboratory Services (CELS) or bias
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corrected to CELS standards. However, the fact that the measured PCT responses are
more scattered over narrow ranges of DG, than would be suggested by the analytical
method indicates that additional sources of error may be unaccounted for.

To provide more conservative durability limits to account for departure from straight-line
behavior and unaccounted for variances, a one-sided 100(1-a,)% simultaneous tolerance

limit (where 1-a, is the coverage fraction) with 100(1-a)% confidence for multiple
predictions will be used to define limits for durability. These tolerance limits bound
100(1-a,)% of all PCT release predictions at a confidence of 100(1-a)% for each and
every LIG, value as opposed to bounding just the mean PCT release for each and every

DG, value. The new durability limit, p;, which is considerably wider than the
corresponding confidence band on the mean PCT release, is defined as the upper
simultaneous tolerance interval for element i and is given by [14]:

. =b, +m(¢)+ 5 oF. (o= Py, XX) e, #24., ;—py
i

%n-p b
where

= therequired PAR limit for element i isgiven by &;, i refersto B, Li, or Na

= the estimated slope and intercept of the fitted line for element i are given by m
and by, respectively,

» 5 istheroot mean square error (RMSE) for the fitted equation for element i,

=  Fa(p,np) is the F statistic, depending upon n (i.e., the number of data points on
which this p-parameter model is based) and the desired significance level as
represented by the parameter a,

= the inverse product-moment matrix is represented by (X"X) * where the product
moment matrix contains information describing the data for the independent
variable used to generate the regression equation,

= (o is the vector, [1 ¢p], containing the parameter, c* (which in this case ¢* =
DGy(4)) at which the property will be computed.

» z,, represents the one-sided 100(1-ag)% percentile point from the standard

normal distribution representing the 1-ao fraction of the predictions to be
covered, and

. cf/mn_p represents the lower (i.e., a/2) percentile point of the c? distribution with
(n—p) degrees of freedom.
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Let cjj equa i,jth element of the inverse product-moment matrix, c :(xTx)_l.

Therefore, the appropriate (i.e., upper) one-sided tolerance interval for the predicted
release for element i at agiven c* would be given by:

b= om(ees] B b ol S, [

T

§ eC01 Clluec Cofnp
e O
n- =
o} :C}bi +s,2, , > P - S+ m, C* +S,\/pF (p,n- p) \/C11 C* +2C01 C*)+Coo
0 C -
%n-p g

Thus, at a given limit, p;, one of the roots, c*, of the following quadratic equation:
Alc*)?+B(c*)+Cc=0

where
A° mi2 . Cl,l[pSiZFa (p,n - p)]

| & n-p° F
Bo - 2_|'_mi9|0i -b -5z, e Nn-p= +c01[psI F (p,n- p)]y
i 8 %D g b

.2
e -p 9
co ép- - b - SiZya, n-p : - Co,o[pSiZFa (p,n- p)]
1]

provides the necessary tolerance interval. In revision 3 of this report, algorithms were
provided for estimating the percentiles of the z, c?, and F statistics used in these
determinations.  In this revision, these algorithms are not provided and the values for
these statistics are taken as those provided in Table 10. Also, provided in Table 10, are
the PAR limits for the B, Li, and Na durability constraints derived by solving the above
equations using the information provided in this section [15].
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Table 10. Durability Statistics and Predictions
wherep =2and m =131

Vaues Used in and Determined

a=ay=0.05 by the Calculations of this
Section
Zya, 1.6449
2
Conp 99.4532
n-p
Ziay, =5 1.8773
Conep
R (p.n- p) 3.0664
B DG, @ PAR -12.8833 kcal/mole
NL(B) @ PAR 2711 g/L
Li DG, @ PAR -12.7808 kcal/mole
NL(Li) @ PAR 2.140 g/L
NaDG, @ PAR -13.0763 kcal/mole
NL(Na) @ PAR 2.722 g/L

Revision 4

These PAR limits for PCT B, Li, and Na releases, cg”, account not only for the desired

property bounds (as represented by c¢g” + OGp(4)) but also for the random uncertainty
and biases inhering to the predictions. The constraint definition as well as the manner in
which the new durability constraints are transformed into constraints on composition is

illustrated in Figure 2.

CONSTRAINT ON PROPERTY

I Og [BN Upper 100(1- &)/100(1~ ao)

EA Tolerance Limit
logINC 5] £" T~
¢ 9
cg” "G (A & ¢

CONSTRAINT ON COMPOSITION

DURABILITY
PAR

Figure 2. The Boron Durability PAR Definition using Tolerance Intervals
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The DG, values for B, Li, and Nain Table 10 define the PAR limits, and thus, the offsets,
for their corresponding durability constraints. Therefore, these are the values that appear
at the bottom of Table 9.

53.2.2 M EASUREMENT ACCEPTANCE REGION (MAR) FOR DURABILITY

To complete the assessment of these constraints for a given composition requires that the
measurement uncertainties be accounted for in the constraints. Since each of the
durability constraints involves a linear combination of the z vector of component
concentrations, the measurement uncertainty can be addressed as described in Appendix
B.

Thus, letting z.a" represent the linear combination of the average molar concentrations
(based on n samples) of any one of these constraints and b the corresponding offset (see
Table9), then the constraint with measurement uncertainty would be of the form:

u
aT-b-t,(m- 1,52 4 g
=2 0

H

m)lm) D~

where

ta(m-1) represents the upper 100 a% tail of the Student’s t distribution with m-1 degrees
of freedom and

aksua) - 1EE o) @) (s,

aSa . A n
== ©° maximumt ‘°"°

n calia) 15 6) @), (6,

é n N j=o0 k=0

C)CCCCC

with Sy, and S, representing the covariance matrices (an absolute based upon historical
data versus a relative based upon the current z vector, respectively) as described in
Appendix B..

This approach leads to the following expressions for the MAR associated with each of
these durability constraints.

T
an-tl;oron - (' 128833)- ta(m- 1)\/@3 0
- SaT,
an‘l-:-ﬂ”ﬂum - (' 127808)' ta (m- 1) M 30
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T
an;)dium - (' 130763) - ta(m - 1)\/@ 30

If al of these MAR constraints are satisfied, then z, is acceptable for this set of
constraints that support the assessment of product quality for the SME batch.

54 ViscosITY CONSTRAINTS

A processing characteristic that is critical during DWPF melter operation is the viscosity
of the melt. Once again, there is no opportunity for an in situ measurement of viscosity
during processing; this melt property is predicted from the chemical composition of the
SME material. The viscosity-composition model [16, 17] may be written as:

Viscosity:'" logh=mc, +b,

where
h isviscosity in Poise,

my is the estimated slope for this regression model (m, = -1.5342)

by is the estimated intercept (b, = 3.2788),

c o 2(2&203 " Zp,o0, TZeso T Zlipo T Zkpo * ZNa20)+ Zp 0,

v )
Zg0,

and

Zoxide Fepresents the indicated molar oxide concentration in the glass.

This model can be back-solved to trandate the viscosity constraints into constraints on
the compositional term, c,, as given by:

High Viscosity:
highviscosity © h,, £110poise b c,, 3 éog(G ) - bvg
e m a

T Actually the viscosity prediction is a three-parameter modd including an inverse temperature term [6,10].
However, this temperature is fixed at 1150°C for DWPF. This allows the viscosity model to be presented as a two-
parameter model with the temperature-dependent term included in the pseudo-constant, by,.
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Low Viscosity:
) : ) S -b.u
low viscosity © h,, 3 20 poise b JE dog(c,)- b, 0=
& m q

The above inequalities describe the region in compositional space where all of the
predicted values for viscosity are acceptable. This defines the EPAR for viscosity. The
region is denoted as “expected” since it is derived from the fitted line, which is the
expected viscosity, based upon the model for a given composition.

5.4.1 PROPERTY ACCEPTANCE REGION FOR VISCOSITY

The determination of the viscosity property acceptance region is accomplished by
accounting for the property model uncertainty in the implementation of the viscosity
constraints. As in the case for durability, statistical confidence intervals are used in the
determinations of this uncertainty. However, the confidence intervals used for viscosity
differ from those used for the durability models. Since viscosity is non-waste-affecting,
the conservatism introduced by the approach used for the durability PAR is not deemed
necessary for the viscosity PAR. Specifically, instead of simultaneous tolerance intervals
aswas used for durability, Scheffé simultaneous confidence limits (also called confidence
bands[18, 19]), are used for the viscosity constraints.

The property models for durability require fitting two parameters, i.e., a slope, m, based
upon a term derived from composition and an intercept, b. The viscosity relationship,
however, has an additional linear parameter based upon the inverse temperature (1/T) at
which the viscosity (h) is measured. This relationship is of the form [16, 17]:

Iog(h)zm\,cV +m1,TL +b.

T(°C)

As aready indicated in an earlier footnote, for DWPF use, the temperature is fixed at
1150°C. Thus, the predicting relationship for the viscosity can be written as:

log (h)=m,c, +b, where b, ° % +b and T(°C) is 1150.

However, the additional parameter must be accommodated when defining the confidence
limits for viscosity prediction.

In revision 3 of this report, the approach used to develop the viscosity PAR was a
conservative one that depended on two-sided, 100(1-a)% Scheffé-type confidence bands.
Since each of the viscosity constraints is considered individually, the confidence level
provided by this approach for each constraint is actually 100(1-a/2)%. This extra
conservatism is no longer deemed necessary and the true one-sided, 100(1—-a)% Scheffé-
type confidence limit is to be used to determine the viscosity PAR in this report. The
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appropriate one-sided confidence interval for the predicted melt viscosity would be given
by:

uU
ec:oo Coa Coz 1
aemTo

|
i
! .
p:b+m(c*) gT_g sr{ pF,, (p.n- p) §L c* He Cyy chU(gc* uy
i @02 Co Gy
i Hgi

where T* = 1150°C. where

COOE‘L, *uandxo

O, @, D D DD

Again the X matrix contains the data for the independent variables from which the
regression model was formulated. The parameter p represents the number of parameters

in the modél (i.e., p = 3) and the product moment matrix, (xT x), is now of dimension

3x3 for viscosity prediction. Since the (1/T) term will be constant for DWPF use, the
expression can be expanded for each viscosity constraint (i.e.,, low and high) to a

quadraticin ¢” given by A (:)2 + B(c*)+ C =0 with coefficients:

A° mz - Cz,z[pS?FZa (p’n_ p)]
l C,, 4 u
3 2im(p- by)+ o, + 2 (- p)]y
|

£01 11
Ty

é
ce (p' bT) Gcoo +2 HDS Fa (pin- p)]

The formulas for these coefficients are the same as those utilized in revision 3 of this
report except for 2a being substituted for a in estimating the percentiles from the F-
distribution. The reasonable root from this quadratic then supplies the constraint for
viscosity prediction. The information from fitting of the viscosity model that is necessary
to address property uncertainty is provided in Exhibit 1.
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Exhibit 1. Information Generated from the Fitting of the Viscosity M odel

p=3,n=213, a=0.05 m=-1.5342, by = 3.2788", s, = 0.07364, and

¢ 213 01879  207.758U
(x"x)=80.1879 0.0001679 0.1846 {
€207.758 0.1846  211.9504

For the low viscosity constraint, the only parameter that changes in the set of equations
for A, B, and C is the property limit (i.e., p=l0g10(20)=1.30103). Solving for the roots
from the quadratic expression when the more accurate percentile from the F-distribution
is used and selecting the desired root corresponding to the appropriate one-sided
simultaneous confidence interval yield 1.2739 as the limit in composition space for the
viscosity model [8, 15], or

h = 10™e*b = 1 153924.2739+32788 _ 113248 _ 91 1)

(i.e, 21.10 poise a T* = 1150°C). Only the SIO, coefficient in the low viscosity
constraint isimpacted; that is, the SIO, coefficient in the lower viscosity constraint vector
is the root from the quadratic expression, or @, \is,50, = 1.2739, while the coefficients of

the other oxides are directly determined from the viscosity model. The complete
A, visc VECtOr is provided in Table 11.

The upper viscosity limit in this revision has been set to 110 poise as previousy
discussed; and logi0(110) is used for the value of p in solving for the roots of the set of
equationsfor A, B, and C for this constraint. When the more accurate percentile from the
F-distribution is used, the desired root corresponding to the appropriate one-sided
simultaneous confidence interval [8, 15] becomes 0.8170, or

h - 10mvcv+bv - 10— 1.5342%.8170+3.2788 - 102.0254 - 10603

(i.e, 106.03 poise a T* = 1150°C). Once again, only the SO, coefficient in the high
viscosity constraint is impacted; that is, the SiO, coefficient in the high viscosity
constraint vector is the root from the quadratic expression, or @y, is: 50, = 0.-8170, while
the coefficients of the other oxides are directly determined from the viscosity model. The
complete ayq, i VECtor is provided in Table 11.

T The melt viscosity model used is athree parameter model where the melt temperature is assumed to be
1150°C, and thus the intercept provided is by = b + (m/1150) = -0.6103 + (4472.4452/1150) = 3.2788.
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The two constraints for viscosity can be expressed using the notation developed earlier
and the vectors provided Table 11. Note that the offsets for the two constraints are zero.

Low Viscosity: 2,8, ue 2 O High Viscosity: Z,8pighvicc © 0

Table11. Vectorsand Offsetsfor Viscosity Constraints

z' Transpose of aVectors
Average for Viscosity Constraints
Molar Oxide
Oxide |Wt Fraction @Tlow visc @Thigh visc
AlyO5 Za203 -2 2
B,0Os Z3203 1 -1
BaO ZB:0 0 0
HCOO ZHCoO 0 0
CaO Zco 0 0
Ce03 Zceoo3 0 0
NaCl Nl 0 0
Cr,03 Zcroos 0 0
Cs,0 Zcs20 2 -2
CuO Zcwo 0 0
NaF YANR= 0 0
Fe0s3 Zre203 2 -2
K20 Zk20 2 -2
La,Os Zi 03 0 0
Li,O Ziio 2 -2
MgO Zugo 0 0
MnO Zmno 0 0
MoOs Znoo3 0 0
NO; Zno2 0 0
NOs ZNo3 0 0
Na,O ZNzo 2 -2
N&,S0, ZNe2so4 0 0
Nd,O3 ZNd203 0 0
NiO Znio 0 0
P,0s Zpoos 0 0
PbO Zpoo 0 0
SO, Zsio2 -0.8170 1.2739
ThO, Z1tho2 0 0
TiO, Ztio2 0 0
UsOg Zu3zos 0 0
Y203 Zy203 0 0
ZnO Z7r0 0 0
yA(O) Z7102 0 0
Offset (b) 0 0
I:)Iow visc l:)hi gh visc
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5.4.2 MEASUREMENT ACCEPTANCE REGION FOR VISCOSITY

To complete the assessment of these constraints for a given composition requires that the
measurement uncertainty for each of these constraints be accounted for. And since each
of the viscosity constraints involves a linear combination of the z vector of component

concentrations, the measurement uncertainty can be addressed as described in Appendix
A.

Thus, letting z.a" represent the linear combination of the average molar concentrations
(based on n samples) of any one of these constraints and noting that the offsets (the b’s)
are zero for both constraints, then the constraint with measurement uncertainty would be
of the form:

where

ta(m-1) represents the upper 100 a% tail of the Student’s t distribution
with m-1 degrees of freedom and

éa)s,(a)" _ 1%*%? u
o dalnal 18 @) @)
== ° maximum¢ . 20 k=0 a
n g(al)sn(g) - 1 %1%1 u
e-—==-g a @)@)(s)
e j=0 k=0 a

with Sy, and S, representing the covariance matrices (an absolute based
upon historical data versus a relative based upon the current z vector,
respectively) as described in Appendix B.

This approach leads to the following expressions for the MAR associated with each of the
Viscosity constraints.

=
anlTanisc - ta(m' 1)\/§IGNVQC?]§|‘]NW$ 30

T
Qi viee D Ap i
T Zhigh visc™ Zthigh vise
anhighvisc - ta (m' 1)\/ n 30
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If this pair of MAR constraints is satisfied, then the SME composition, z,, is acceptable
for each of the viscosity constraints at the (1-a)100% confidence level. Note that the
nominal 95% confidence level (equal to 100[1-a]%) for these constraints can be adjusted
based upon management discretion.

55 LIQUIDUSTEMPERATURE (T, ) CONSTRAINT

The liquidus temperature (T.) for a glass is the maximum temperature at which the
molten glass and primary crystalline phase (e.g., spinel for DWPF) are at equilibrium.
The constraint on liquidus temperature in the DWPF melter prevents melt pool
crystallization during routine operation. This type of crystallization can involve amost
simultaneous nucleation of the entire melt pool volume. Furthermore, once formed in the
DWPF melter, spinel crystals are refractory and cannot be redissolved into the melt pool.
When a significant amount of volume crystallization has occurred and the material has
settled to the floor of the melter, the pour spout may become partially or completely
blocked. In addition, the melt pool may no longer be able to sustain Joule heating which
would cause the melt pool to solidify. Finally, minimizing volume crystallization
simultaneously minimizes subsequent devitrification of the glass once it is poured into a
canister. Thus, even though the T constraint is non-waste-affecting, it is still imposes a
very important limitation on the processability of a SME batch.

Glasses produced in DWPF must have liquidus temperatures below 1050°C; this limit
was defined to be safely below the nominal DWPF melter operating temperature of
1150°C. However, the liquidus temperature of a glass cannot be measured in situ, and
consequently, T -composition models have been pursued. Incorporating a newly
developed T, model [20] into the SME acceptability decision and control system is one
of the factors motivating the revision of this report.

The tendency of DWPF glasses to undergo crystallization was pursued employing a four-
parameter model, which takes the form:

1 a b c
=In{(M,)*(M,)"(M;)°}+d =ain(M,)+ bin(M,)+ cin( ;) +d
T.K)
or
-1
T (°C)={aIn(Mm,)+bIn(M,)+cIn(M,)+d} * - 273
where
(0]
SMT f T,SOZZSOZ +f T,AI203ZAI203 +f T,FeZO3ZFeZO3
SMl °f M1,Al,O4 ZAIZO3 +f Ml,FeZO3ZFeZO3 +f M1,TiO, ZTio2 +f M1,Cr,04 ZCrZO3 +f M1,Zr0, ZZro2
+f MJ,NiOZNiO +f MJ,MgOZMgO +f MJ,MnOZMnO
SMZ ° f MZ,NiOZNiO +f MZ,MgOZMgO +f MZ,MnOZMnO +f MZ,CaOZCaO
+f M2,KZOZKZO +f M2,LiZOZLiZO +f M2,NaQOZNa20
(0]
ST1 f T1,90, ZSjo2 +f T1,AI203ZAI203 +f Tl,FeZO3ZFeZO3 +f T1,TiOZZTi02
(0]
SNl f N1,KZOZK20 +f N1,LiZOZLi20 +f Nl,NaZOZNaZO
and
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SgT ,andS® S,y + Sy, + Sy + Spy + S

SMl,MT 0

SMZ 1M10
S

M, ° S
The f coefficients [20] indicating the distribution of the various species are provided in
Table 12. The least-squares results for the (1/T.) versus the above expression for 105
model data representing DWPF compositions were used to estimate the parametersin the
above model; these were a = - 0.000260, b = - 0.000566, ¢ = -0.000153, and d =
- 0.00144 for the model data[20].

As may be apparent, the complexity of this new T_-composition model precludes its
being re-stated as a linear combination of the average molar oxide concentration (i.e.,
following the format of equation (1)). This leads to PAR and MAR determinations that
are unigue to the T, constraint [20].

Table 12. Speciation (f ) Coefficients Utilized in T, M odel
and Fitted Coefficients (a, b, ¢, and d)

Speciation (f) M2 M1 MT N1 T1 SUM
Al,O3 0 0.0607 0.9393 0 0 1
B,Os 0 0 0 0 0 0
BaO
HCOO
Ca0 0.029 0 0 0 0 0.029
Ce0;

NaCl

Cr,03 0 0.9202 0 0 0 0.9202
Cs,0

CuO

NaF

Fe,0O3 0 0.1079 0.0193 0 0.6094 0.7366
K>0O 0.3041 0 0 0.1049 0 0.409
La,O3

Li,O 0.1745 0 0 0.1068 0 0.2813
MgO 0.0167 0.0223 0 0 0 0.039
MnO 0.994 0.00603 0 0 0 1
MoOs

NO,

NO3

Na,O 0.1671 0 0 0.2518 0 0.4189
NaSO,

Nd,O3

NiO 0 0.1079 0 0 0 0.1079
P,O5

PbO

SO, 0 0 0.0193 0 0.0133 0.0326
ThO,

TiO, 0 0.0568 0 0 0.5667 0.6235
U30g 0 0 0 0 0 0
Y03

ZnO

Zr0O, 0 0.0458 0 0 0 0.0458
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5.5.1 PROPERTY ACCEPTANCE REGIONFOR T,
The determination of the T, PAR is accomplished by accounting for the property model
uncertainty for the new model and the approach is similar to that used for the viscosity

constraints: a one-sided, 100(1- a)% Scheffé simultaneous lower confidence band on the
inverse of liquidus temperature (or 1/T,) as given by:

Prediction -s, /pF,, (p,n- p)\/go(XTX)' o

where s is the root mean square error (RMSE) of the fitted model, Fza(p,n-p), is the
100(1- 2a)% percentile of the F-distribution with p and n-p degrees of freedom in
numerator and denominator, respectively, co is the vector of independent variables for
which the prediction isto be made, and (X"X) is the product moment matrix representing
the independent variables used in fitting the model.

Because the inverse of liquidus temperature (or 1/T,) is predicted, the T_ constraint
translates into alower limit on (1/T,) of approximately 7.56x10"*K™*. Therefore, the test
for liquidus temperature should be one-sided based upon the one-sided lower bound on
the (1/T.) prediction, or:

L)- s,+/pF,. (.0 - pj\/go(XTX)'lgoT 3 7.56x10 *K ™

T, (K

where the predicted (1/T,) is obtained using the model above. Re-stating this constraint
using information generated during the fitting of the model [20] leads to

In{(M , ) 0.000260 (M 1)-0.000566 (M ] ) 0.000153} - 0.00144

é 105 -12656 -309.14 -162470

. € 12656 15422 37150 19498Y e
- (2.28x10°%)/pF,. (0.N - p) [x& U x™ 3 7.56x10 “K
830914 37150 91384 473730

§16247 19498 47373 26564

1

where x is defined to be the vector (i.e., [1 In(M2) In(M1) In(M7)]) of values at which to
predict (1/T.), p=4, and n=135, a=0.05 (or 5%), and thus, Fo.10(4,131)=2.0014 Thus, for
a given SME composition, compute the values of In(My), In(M1), and In(M+) and see if
thisinequality is satisfied. If so, the compositionisinthe T, PAR.

Another way of looking at the PAR for this constraint is to invert the PAR limit (after
converting from Kelvin to the Celsius scale) for /T, determined above subtract away the
predicted T_ derived from the model and use this difference to represent the property
prediction uncertainty. Thisamount can then be subtracted from the 1050 °C EPAR limit

37



WSRC-TR-95-000364
Revision 4

to obtain the PAR limit in °C against which the T_ prediction can be directly compared.
That is the predicted T, has to be below this PAR limit expressed in degrees Celsius for
the SME composition to be within the liquidus temperature PAR (with 95% confidence).

5.5.2 MEASUREMENT ACCEPTANCE REGION FOR T,

In addition to the property uncertainty addressed in the previous section, any errors
associated with measuring the SME composition from which the liquidus temperature is
predicted must be introduced to assure that the glass in question will not crystallize in the
DWPF melter. To estimate the relevant measurement uncertainties for a given
composition, the errors for the measured concentrations are first propagated through the
model and the resulting variances and pair-wise covariances summed to provide an
estimate of the measurement variance. Using this approach (as detailed in [20]), the
estimated variance is given by:

DR «r[]*'ly

L Greal] TL el

for i and j from { Al,O3, CaO, Cr,03, Fe;03, K>0, Li2O, NapO, MgO, MnO, NiO, SiO,,
TiO,, and ZrOy} with

In the above expression, r;, [i], and ri; are the relative standard deviation, molar
concentration (on a 100g glass basis), and correlation coefficient, respectively. Asin the
determinations for the MARs for the other constraints, there are two options for
representing the molar concentrations (i.e., the [i]'s): the historical average molar
composition (see Table A5 in Appendix A) upon which the relative standard deviations
(see Table A6 in Appendix A) and correlations (see Table A4 in Appendix A) were
estimated and the average molar composition for the current SME batch, z,. Once again,
both representations will be considered with the larger measurement uncertainty from the
two selected for use in the defining the T. MAR.

The details of the estimation of the measurement variance are provided in [20]. Tablel2
summarizes the critical information needed in evaluating the partial derivatives for each
molar oxide of interest. In this table, the vector of partial derivatives (evaluated at the
SME composition, z,) is represented by p.
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Table 12. Evaluation of Partial Derivatives
at SME Average Molar Composition
Evaluation of Partial Derivatives of M odel
with respect to Individual Oxides
Oxide — Vector of partialsrepresented by p" — where
Al,O4 -((a+b+c)/sum)* AA+((H* b/sm1)+Q* c/smt) sum = S in T, model
B,0; 0 snl = My in T, model
BaO 0 sn2 = M, in T, model
HCOO 0 smt = My in T, model
CaO -((atb+c)/sum)* D+(D*al'sm?2) a = -0.0002597 inT_mode
Ce 03 0 b = -0.0005662 inT_model
NaCl 0 ¢ = -0.0001525 inT_ mode
Cry03 -((a+b+c)/sum)* K+(K*b/smi) d =-00014422 inT,model
Cs,0 0 A =0
CuO 0 B = 0.0167
NaF 0 C =094
Fe,O3 -((a+b+c)/sum)* BB+((1* b/sm1)+R* c/smt) D = 0.029
K,O -((atb+c)/sum)* CC+(E* alsm2) E = 03041
LaOs 0 F = 0.1745
Li,O -((at+b+c)/sum)* DD+(F*a/lsm2) G = 01671
MgO -((atb+c)/sum)* EE+(B* a/sm2)+(N* b/sm1) H = 0.0607
MnO -((atb+c)/sum)* FF+(C* a/sm2)+(O* b/sm1) I =0.1079
MoGOs 0 J = 0.0568
NO, 0 K = 0.9202
NO3 0 L = 0.0458
Na,O -((atb+c)/sum)* GG+(G*alsm?2) M = 0.1079
Na,SO, 0 N = 0.0223
Nd,O3 0 O = 0.00603
NiO -((atb+c)/sum)* HH+(A* a/sm2)+(M* b/sm1) P = 0.0193
P,0O5 0 Q =0.9393
PbO 0 R = 0.0193
SO, -((atb+c)/sum)* 11+(P* c/smt) S =0.1049
ThO, 0 T = 0.1068
TiO, -((atb+c)/sum)* I+(JFb/sml) U = 0.2518
U30g 0 V = 0.0133
Y203 0 W =0
ZnO 0 X = 0.6094
Z2ro, -((atb+c)/sum)*L+(L*b/sm1) Y = 0.5667
AA = W+H+Q
BB = X+I+R
CC = S+E
DD = F+T
EE = N+B
FF = C+O
GG = U+G
HH = A+M
1 P+V
JJ Y+J

As previously stated the measurement uncertainty is to be computed using both the
historical and current SME compositions. These calculations are made relative to the
PAR limit computed in the previous section. First, consider the measurement uncertainty
derived using the current SME composition. Let the vector r represent the relative
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standard deviations of Table B3 and Cy, represents the correlation matrix of Table B1,
then compute the vector s, by

Sn=(z#1#p)

where the operator # implies element by element multiplication between two vectors.
Next, compute Sy, as
Sn=Sn* Cn* skl

The final step in assessing the impact of measurement uncertainty using the current SME
composition isto compute:

_ S
MAR e = PAR , +t, (M- 1) x| %

where PAR % represents the PAR limit as /T, (i.e., for the original model) and t;(m-1)
isthe upper 100a % tail of the Student’ st distribution with m-1 degrees of freedom.

A similar approach is used to estimate the measurement uncertainty derived using the
historical composition. Let the vectors g and M represent the gravimetric factors and

molecular weights, respectively, of Table A2 and the vector h represent the historical
elemental compositions of Table B2, then compute the vector s, by

Si=(g#h#r#p)M

where once again, the operator # implies element by element multiplication between two
vectors and the division represented by “/” is also element by element.

Next, compute S, as
Si=%* Cn* sid

The final step in assessing the impact of measurement uncertainty using the historical
composition isto compute:

MAR igorica = PAR/VTL +t,(m- 1) "\{S%

where PAR % represents the PAR limit as /T, (i.e., for the original model) and t;(m-1)
isthe upper 100a % tail of the Student’ st distribution with m-1 degrees of freedom.

As the final step in assessing the measurement uncertainty for the liquidus temperature
model, find the larger of MARistorica @hd MARcurent; Call this value, MAR/ , Sinceitis

T

gtill inisinterms of L/T.. ThisMAR limit may be expressed in degrees Celsius as
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MAR. =& O o3

A SME composition with a predicted T. value less than MAR, would satisfy the

liquidus temperature MAR with 95% confidence. Note that the nomina 95% confidence

level (equal to 100[1-a]%) for the T constraint can be adjusted based upon management
discretion.

6. REDOX CONSIDERATIONS

The majority of elements considered in PCCS possess only a single corresponding oxide—
they are assumed to be either completely oxidized or reduced at current DWPF melter
conditions—as indicated by Schreiber [1, 21]. There is only one exception: copper,’
which is discussed in Section 6.1. DWPF does not currently measure the
reduction/oxidation (redox) ratio for their SME feed due to the highly oxidized nature of
the DWPF melt (i.e, [Fe**] >> [Fe**]). Furthermore, the redox test is not sensitive
enough to detect redox ratios of lessthan 0.10 [13]. Therefore, thisratio is assumed to be
zero for current DWPF use (i.e., currently all Fe will be converted to Fe,O3; — see Section
6.2 for adiscussion regarding Fe under more general redox conditions). Alternatively the
elemental copper will be approximately half reduced and half oxidized in the DWPF
glasses — this has an impact on both the durability and conservation constraint
calculations.™

6.1 REDOX ISSUESFOR CuU

The ratio of Cu'* (reduced) to total copper (i.e., Cu'* and Cu®") is assumed to be 0.5
based upon Schreiber's work [1, 21]. The concentrations of Cu,O (reduced) and CuO
(oxidized) arethus:

g Cu1+ g CU 2+

° an =1-f
Cu g Cu1+ + g Cu2+ g Cul+ + g Cu2+ Cu
1+ 2+
and Xg, © gCu :gCu +gCu
100g glass 100g glass
or Zcyo = Jou.0 feuXew and Zoo = I\?ICuo [1' f o kCu :
Cu,O Cuo

For durability, the contribution to the total free energy of hydration for copper is:*

For DWPF use, elemental iron is properly assumed to be completely oxidized [1, 21]. Manganese is
the only element that will be almost completely reduced in DWPF glasses; therefore, its corresponding
oxideisMnO.[21]

This has no impact on the copper constraint, which is based on total elemental copper asis measured
during DWPF processing.

Both copper OG coefficients have the free energy for silica subtracted from them since they both form
silicates according to Ref. 1.

Tt
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(II;CUZO - DGSjo2 )ZCUZO + (DGCUO - DGSjo2 < Cuo

where the copper Gj coefficients are taken from Reference 1. It would be desirable to
define an aggregate L1Gj for copper, designated DG, o that would allow the copper free
energy contribution to be estimated from the total elemental copper concentration if the

copper is assumed to be completely oxidized (i.e., al Cu is converted to CuO). This
would take the form:

(II;CUXO - DGS02 )ZAn CuasCuO ° (mCUZO - DGSJ02 )ZCUZO + (DGcUo - DGSj02 )ZCuo

The copper could then be managed in the same fashion as all other elements in the
durability constraint computations (i.e., it would posses a single corresponding oxide).
This aggregate [1Gj coefficient is then:

CU g\?lij;oo ?g;:o g(DGCuzo B DGSjo2 )+ (1' f Cu )(Dcho B DGSjo2 )+ DGgoz

II;CUXO ° f
Similarly, the conservation of mass constraint is affected by the differing possible
complexes of copper in the DWPF melt. The oxide contribution for copper should be:

g Cu,0+gCuO
100g glass

f cuOcu0Xou + (1' fe )cho Xcu

However, if al copper is assumed to be oxidized, the following contribution is actually
made to the oxide sum due to copper:

g CuO
100g glass

® GcwoXau
Therefore, the constraint coefficient for conservation must be multiplied by afactor of:

f cUchzo + (1' f CU)cho

Ocwo

to assure that the correct contribution is made for copper. Thus all copper can be
considered oxidized without invalidating any property constraints.

The assumptions and manipulations made concerning copper and its corresponding oxide

form do not impact the variance estimates computed for acceptability testing. In DWPF
only total copper will be measured; therefore, only the total elemental copper has a
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variance component associated with it." Using the above transformations, i.e., assuming
the copper is oxidized, will provide the appropriate variance component for testing.

6.2 REDOX ISSUESFOR FE

As previoudy stated two cations (Cu and Fe) in PCCS are considered multivalent at
expected DWPF operating conditions. That is, the Cu can be in either the | or |l state
(and is currently assumed to be a 50/50 split of the two) and the Fe can be in either the 1l
or |1l state (and is currently considered to be entirely oxidized or in the 11l state). As
illustrated in the previous section, this impacts two sets of constraints (i.e., those on
durability and those on mass conservation). Because of the inherent imprecision of the
redox determination, it is only desired to bound the potential impact of the multivalent
cations on glass durability as described the durability model predictions.

A derivation for Fe similar to that used for Cu in the previous section supplies the
appropriate DG, coefficient, DGFexoy , for Fe under more general redox conditions:

( 0,
mFeXOy °f &&ﬁﬂ%jmlzeo - DGsz )+(1' f Fe)mFeZO3
FeO gFeZO3 1]
wheref re isthe fraction of iron in the Il state. This allows computation of the correct DGy
contribution for multivalent iron when the Fe,Os; molar concentration is used for
durability prediction. However, in the current implementation of the control strategy for
the DWPF f e assumed to be 0.

/. PCCS SAMPLE CALCULATION

In this section, a sample calculation of the SME Acceptability determination is provided.
Table 13 provides the starting place for these calculations — a set of chemical composition
measurements generated from a collection of n=4 SME samples. The last column of the
table provides the average of the 4 samples and it is this composition that is to be
assessed in the illustrative calculation. (Note that this average composition is the same
composition used for the sample calculation in revision 3 of this report.)

T Theratio of reduced to total copper is assumed to be known and thus has no variance contribution.
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Table 13. Average Chemical Composition Used in Sample Calculations

Element/ Unit of Sample Data
Anion Measure 1 2 3 4 Average
Solids wt% 45.02 48.00 43.61 43.37 45.00
Calcined Solids wt% 38.76 43.34 40.78 37.12 40.00
Spec Gravity g/mL 1.371 1.463 1.478 1.388 1.425
Al wit% 2.1489 2.0122 1.9630 1.8959 2.0050
B wit% 2.6493 2.3431 2.5998 2.4118 2.5010
Ba wt%
Ca wit% 0.5970 0.6351 0.6628 0.7055 0.6501
Ce wt%
Cr wit% 0.0535 0.0579 0.0565 0.0635 0.0579
Cs wt%
Cu wit% 0.2882 0.2789 0.2967 0.2550 0.2797
Fe wit% 7.6499 7.7636 7.3672 8.4353 7.8040
K wit% 2.2401 2.1667 2.0668 1.9864 2.1150
La wt%
Li wit% 2.1320 2.2942 2.0782 2.0076 2.1280
Mg wit% 0.8291 0.8440 0.8656 0.8977 0.8591
Mn wit% 1.6210 1.5257 1.4975 1.6438 1.5720
Mo wt%
Na wit% 7.2587 6.9136 7.6605 7.5752 7.3520
Nd wt%
Ni wit% 0.8010 0.8440 0.8175 0.8767 0.8348
Pb wt%
Si wit% 23.3266 22.2498 23.6869 27.5767 24.2100
Th wt%
Ti wit% 0.0614 0.0647 0.0624 0.0555 0.0610
U wt%
Y wt%
Zn wt%
Zr wit% 0.8187 0.7858 0.8185 0.9506 0.8434
Cl ppm 102 98 100 100 100
F ppm 95 100 93 112 100
HCOO ppm
NO2 ppm
NO3 ppm
PO4 ppm 99 96 106 99 100
SO4 ppm 104 102 94 100 100
TOC ppm

Using the information of Table 13 and the gravimetric factors and molecular weights as
directed in Table A2 of the Appendix A, the corresponding molar oxide weight percents
can be calculated. Thisisaccomplished for each element whose concentration is reported
in wt% by multiplying the wt% value by the appropriate gravimetric factor and dividing
by the molecular weight of the corresponding oxide. For each anion of Table 13
(reported in ppm), the determination of the corresponding molar oxide concentration is
conducted using the calcined wt% solids (the average measurement from Table 13) as
discussed in Appendix A. That is, the ppm value of the anion is divided by 100 times the
calcined wt% solids value; then, the result is multiplied by the appropriate gravimetric
factor and divided by the molecular weight of the corresponding oxide to compute the
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desired molar oxide concentration. Asafinal comment on the determination of the molar
oxide concentrations for the SME batch, note that the components HCOO, NO_, and NOs
are not used by the control system (i.e., these constituents are not used in the PCCS
calculations). More specifically, these constituents are not involved in any way in any of
the constraints (process, product, or solubility) associated with PCCS.

Table 14. Molar Oxide Concentrationsfor Sample Calculation

Oxide Molar Oxide Concentration
AlL,Os 0.0372
B,Os 0.1157
BaO 0.0000
HCOO Not Used
Ca0 0.0162
Ce,03 0.0000
NaCl 0.0007
Cr,03 0.0006
Cs,0 0.0000
CuO 0.0044
NaF 0.0013
FeOs 0.0699
K,O 0.0270
La,O3 0.0000
Li,O 0.1533
MgO 0.0353
MnO 0.0286
MoOs 0.0000
NO, Not Used
NOs Not Used
Na,O 0.1599
NaS0, 0.0003
Nd,O3 0.0000
NiO 0.0142
P,0s 0.0001
PbO 0.0000
SO, 0.8620
ThO, 0.0000
TiO, 0.0013
U3Oq 0.0000
Y05 0.0000
ZnO 0.0000
yA(O) 0.0092

In the preceding discussions, the vector z was used to represent, for a given SME batch,
the average molar oxide concentrations, such as those provided in Table 14. For each of
the constraints except for T, the PAR evauation for the constraint involves a linear
combination of the z vector and a corresponding offset in the form of an inequality.
Equation (1) provides the general form for each of these inequalities, and Table 15
providesthe avectors and the b’ s (the offsets) that complete the information necessary to
evaluate the PAR limits for these constraints.
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Using the approach of Appendix A, for each of these constraints (i.e., al of the
constraints except T.), the MAR limit is defined as:

i
za" - b-t,(m- 1) é‘sj‘ 3 0

where ta(m-1) represents the upper 100 a% tail of the Student’s t distribution
with m-1 degrees of freedom and

&a)S,(a)" _1%*%? u
: dalnl) 18 6) @)(s,)
é i :]_I :Ha (g)j(g'i)k(sn)Jkg
e j=0 k=0 u

with Sy, and S, representing the covariance matrices (an absolute based upon historical
data versus a relative based upon the current z vector, respectively) as described in
Appendix B.

To illustrate the calculations, the MAR limits are computed both for the absolute-error
model using the “historical” data of Table A4 as

-
MAR | jsoica =0+, (M- 1)W/QSL§ 30
n

and for the relative-error model using the “current” (i.e., z) data of Table 13 as

:
aS.a

MAR o =b+t, (M- 1) 0

Current

The larger of these two values for each constraint is selected as the MAR limit.
The derived value, za'", for each constraint is compared to its MAR limit:

if za" —~MAR = MAR difference > 0,
then the composition satisfies the MAR limit for the given constraint.

Table 16 provides the result of these calculations for all of the constraints except for T..
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Table15. aVectorsand PAR Limits (Offsets, b’s) for all Constraints Except T,
B Li Na High Low Low High Low High
Oxide Leaching Leaching Leaching Viscosity Viscosity Homogeneity Al203 Conserv  Conserv Frit Frit TiO2 NaCl NaF Cr203  Na2sO4 Cu R20
Al,Os 37.680 37.680 37.680 -2 2 575.8565 101.961 101.961 -101.9612 0 0 0 0 0 0 0 0 0
B,O; -10430 -10430 -10.430 1 -1 111.6360 0 69.620  -69.6202 69.6202 -69.6202 0 0 0 0 0 0 0
BaO -23180 -23.180 -23.180 0 0 0 0 153.339 -153.33%4 0 0 0 0 0 0 0 0 0
HCOO 0.000 0.000 0.000 0 0 0 0 0.000 0.0000 0 0 0 0 0 0 0 0 0
CaO -13.790 -13.790 -13.790 0 0 316.7253 0 56.079  -56.0794 0 0 0 0 0 0 0 0 0
Ce,05 -44.990 -44.990 -44.990 0 0 1853.8236 0 328.238  -328.2382 0 0 0 0 0 0 0 0 0
NaCl 0.000 0.000 0.000 0 0 0 0 0.000 0.0000 0 0 0 -58.4428 0 0 0 0 0
Cr,03 11950 11950 11.950 0 0 0 0 151.990 -151.9902 0 0 0 0 0 -151.9902 0 0 0
Cs,0 -80.380 -80.380 -80.380 2 -2 451.8814 0 281.809 -281.8094 281.8094 -281.8094 0 0 0 0 0 0 -281.8094
CuO -4955 4955  -4.955 0 0 0 0 75544  -75.5439 0 0 0 0 0 0 0 -63.5383 0
NaF 0.000 0.000  0.0000 0 0 0 0 0.000 0.0000 0 0 0 0 -41.9882 0 0 0 0
Fe0; 14560 14560  14.560 2 -2 901.9096 0 159.692 -159.6922 0 0 0 0 0 0 0 0 0
K0 -76410 -76410 -76.410 2 -2 151.0552 0 94.203  -94.2034 942034 -94.2034 0 0 0 0 0 0 -94.2034
La0; -48590 -48590 -48.590 0 0 1840.1560 0 325.818 -325.8182 0 0 0 0 0 0 0 0 0
Li,O -24.040 -24.040 -24.040 2 -2 47.9084 0 20.877  -29.8774 29.8774 -29.8774 0 0 0 0 0 0 -29.8774
MgO -6570 -6570  -6.570 0 0 0 0 40311  -40.3114 0 0 0 0 0 0 0 0 0
MnO -24440 -24.440 -24.440 0 0 0 0 70.937  -70.9374 0 0 0 0 0 0 0 0 0
MoOs 16.460 16.460  16.460 0 0 812.9341 0 143938  -143.9382 0 0 0 0 0 0 0 0 0
NO, 0.000 0.000 0.000 0 0 0 0 0.000 0.0000 0 0 0 0 0 0 0 0 0
NOs; 0.000 0.000 0.000 0 0 0 0 0.000 0.0000 0 0 0 0 0 0 0 0 0
NaO -53.090 -53.090 -53.090 2 -2 99.3833 0 61979 -61.9790 619790 -61.9790 0 0 0 0 0 0 -61.9790
N&SO, 0.000 0.000 0.000 0 0 0 0 0.000 0.0000 0 0 0 0 0 0 -142.0412 0 0
Nd,0O3 -37.790 -37.790 -37.790 0 0 1900.3616 0 336.478 -336.4782 0 0 0 0 0 0 0 0 0
NiO 0.370 0.370 0.370 0 0 0 0 74709  -74.7094 0 0 0 0 0 0 0 0 0
P.Os -26.550 -26.550 -26.55 0 0 0 0 141.945 -141.9446 0 0 0 0 0 0 0 0 0
PbO 21.050 21.050 21.050 0 0 0 0 223189 -223.1894 0 0 0 0 0 0 0 0 0
SO, 4.050 4.050 4050 -0817 12739 96.3460 0 60.085 -60.0848 60.0848 -60.0848 0 0 0 0 0 0 0
ThO, 19230 19230 19.230 0 0 0 0 264.037 -264.0368 0 0 0 0 0 0 0 0 0
TiO, 16270 16270 16.270 0 0 0 0 79.899  -79.8988 0 0 -79.8988 0 0 0 0 0 0
Us0s -23.770  -23.770 -23.770 0 0 0 0 842.085 -842.0852 0 0 0 0 0 0 0 0 0
Y205 -12910 -12910 -12.910 0 0 1275.3196 0 225.808 -225.8082 0 0 0 0 0 0 0 0 0
ZnO 0.920 0.920 0.920 0 0 0 0 81369  -81.3694 0 0 0 0 0 0 0 0 0
Zro, 17490 17.490 17.490 0 0 0 0 123219 -123.2188 0 0 0 0 0 0 0 0 0
PAR -12.8833 -12.7808 -13.0763 0 0 210.9203 3.0 95.000 -105 70 -85 -1 -1 -1 -0.3 -0.59 -0.5 -19.3
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Table 17. Results of Sample Calculationsfor All Constraints Except T,

Process/
PCCS Historical Error Model ~ Current Error Model MAR Derived Vdue MAR Diff Property  Property Unit
Congtraint MAR Limit MAR Limit Limit for Constraint Vaue of Measure
B Leaching -12.497 -12.527 -12.497 -10.526 1971 B Leaching 1014 gL
Li Leaching -12.395 -12.425 -12.395 -10.526 1.869 Li Leaching 0.998 gL
Na Leaching -12.690 -12.720 -12.690 -10.526 2.164 Na Leaching 0.997 gL
High Viscosity 0.013 0.013 0.013 0.157 0.145 Hi Viscosity 55.61 poise
Low Viscosity 0.029 0.029 0.029 0.236 0.207 Lo Viscosity 55.61 poise
Homogeneity 218.743 219.110 219.110 212.834 -6.277  Homogeneity  212.83 wt% oxide
Al203 3184 3.166 3184 3.788 0.604 Al203 3.79 wt% oxide
Low Conservation 95 95 95 98.934 3.934 Lo Conserv. 98.93 wt% oxide
High Conservation -105 -105 -105 -98.934 6.066 Hi Conserv. 98.93 wt% oxide
Low Frit 73.147 73.258 73.258 76.885 3.627 Low Frit 76.89 wt% oxide
High Frit -81.853 -81.742 -81.742 -76.885 4857 High Frit 76.89 wt% oxide
TiO2 -0.983 -0.996 -0.983 -0.102 0.882 TiO2 0.102 wt% oxide
NaCl -1 -1 -1 -0.041 0.959 NaCl 0.041 wt% oxide
NaF -1 -1 -1 -0.055 0.945 NaF 0.055 wt% oxide
Cr203 -0.273 -0.276 -0.273 -0.085 0.188 Cr203 0.085 wt% oxide
Na2S04 -0.59 -0.59 -0.59 -0.037 0.553 Na2S04 0.037 wt% oxide
Cu -0.488 -0.486 -0.486 -0.280 0.206 Cu 0.280 wt% oxide
R20 -18.641 -18.656 -18.641 -17.040 1.601 R20 17.04 wt% oxide
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Note that from the results in Table 16 indicate that the homogeneity MAR is not satisfied
for this composition (i.e., the MAR difference is negative) while the homogeneity PAR is
satisfied by the derived value for homogeneity. Recall from Section 5.3.1 that there are
two other options for satisfying the homogeneity constraint:

If z satisfies the homogeneity PAR, i.e. if

Za,, - (210.9203) 3 0
then aslong as one of the following istrue, the homogeneity constraint is satisfied:

Option 1

a, 0 San
Zg.-’2|203 - 30- ta (m- 1)\/@ 30

and

Sa' .
ZQ';kdi -(-193) - t,(m- 1),\/@3 0

where the vector and offset associated with the akali content of the composition are
provided in Table 7.

Option 2

=
Aa1,0,5840,

Z§L|zo3 -40-t,(m-1 *0

The derived value for the alumina constraint is 3.788, and this value is greater than 3.0
plus measurement uncertainty (i.e.,, the MAR limit for the alumina constraint) which
equals 3.184 (i.e., the measurement uncertainty is 0.184). Also, note that thisimplies that
4.0 plus the measurement uncertainty would be 4.0 + 0.184 = 4.184. Since the derived
value (3.788) is not greater than 4.184 the second option is not satisfied.

Also, note that the derived value -17.040 for the R,O (sum of alkali) constraint is greater
than its MAR limit of —18.641 (i.e, the alkali MAR is satisfied). Since both parts of
Option 1 are met, the homogeneity constraint is satisfied.

Also, recall that for compositions with sufficiently high (4.43 wt% plus measurement
uncertainty) levels of Al,Os, the low frit constraint can be omitted from consideration
during the acceptability assessment (see Section 5.3.2). For the current sample
calculation, the Al,Os; concentration is not high enough to support this approach;
however, the low frit constraint’'s MAR limit is met so that all of these constraints are
satisfied, leaving only the T, constraint.
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The nonlinearity of the T, model (and corresponding constraint) forces it to be handled in
a manner that differs from way that was just used for the other constraints. First of all,
Using the molar oxide concentrations (z.) from Table 13 and the f (speciations) from

Table 12, compute the estimated T, in °C for the SME batch using:

T.(K)
! T, (°c)={aln(M,)+bIn(M,)+cIn(M,)+d} * - 273
where

+f +f

T Fe;03ZFe,0;
+f

T ,ALOs ZALO;
+f

(o]
SMT f 750,450,

+f

M1,Fe,0; ZFe,0, M1,Tio, ZTio, M1,Cr,05 £ Cr,0,

+f

(o]
Su °f ML,AI,0, ZAl,0,

+f

Ml,NiOZNiO +f Ml,MgOZMgO Ml,MnOZMnO

(0]
SMZ f MZ,NiOZNiO +f MZ,MgOZMgO +f MZ,MnOZMnO +f MZ,CaOZCaO

+f +f +f M 2,Na,0% Na,0

+f

M2,k,02k,0 T T m2Li,04Li,0

+f +f

T1,Fe,05 £ Fe,05 110,470,

4

T1,A1,05 £ Al,04
+f

(o]
STl f T150,%s0,

(o]
SNl f NLK,0ZK,0 +f N1Li,0ZLi0 N1,Na,0% Na,0

and
SMT

SMl,MT 0

SMZ 1M10
S

MO
2 s

The predicted T is 978.872 °C.

+f

=tnf(,)*(M,)" (M)} +d =ain(M,) + bin(M,)+ cIn(M )+ d

M1,2r0, £210,

S ’andso SM2+SM1+SMT+ST1+SN1

The assessment of the SME composition against the TL PAR limit (in /TL(K)) can be

conducted (as discussed in Section 5.5.1) using

In{(M , ) 0.000260 (M 1)-o.ooom (M ] ) 0.000153} - 0.00144

105 -126.56 -309.14 -162.470

é
. €12656 15422 37150 194.98Y
- (2.28x10°%)/pF,. (0. N - p) [x& ¥
630014 37150 91384 473730

§16247 19498 47373 26564

1

x" 3 7.56x10 K1

where x is defined to be the vector (i.e., [1 In(M2) In(M1) In(M7)]) of values at which to
predict (1/T.), p=4, and n=135, a=0.05 (or 5%), and thus, Fy10(4,131)=2.0014 Thus, for
the given SME composition, compute the values of In(M>), In(M1), and In(M+) and see if

thisinequality is satisfied. If so, the compositionisinthe T, PAR.
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For the composition of Table 13, the PAR limit is 1036.5265 °C. Note that the predicted
T, of 978.872 °C isless than (and thus, satisfies) this PAR limit.

Next, the T. MAR limits for the historical (absolute error model) and the current
(relative-error model) compositions are computed as directed in Section 5.5.2 yielding:

MARhiSOI’iO&ﬂ = 10129730C and MARcurrent = 1010569 OC

Thus, the MAR limit is the smaller of the two or 1010.569 °C, and since the predicted T.
of 978.872 °C isless than this value, the composition satisfiesthe T. MAR.

Thus, the SME composition of Table 12 satisfies all of the appropriate MAR limits at the
appropriate confidence levels and thus, would be considered acceptable.

8. CONCLUSIONS

This document establishes the technical basis for DWPF s Product Composition Control System
(PCCYS), a statistical process control system for monitoring SME batches and for supporting
acceptability decisions at this production hold-point for the facility. Using chemical composition
measurements derived from SME samples as input, the system assesses the acceptability of the
SME batch against appropriate process, product quality, and solubility constraints after
accounting for applicable uncertainties (those due to property models, when such models are
used, and those due to the sample measurements themsel ves).

This report meticulously details the measurement inputs, the property models, and the statistical
methods for dealing with their uncertainties in meeting the constraints imposed on DWPF
operations. The system implements each of the constraints associated with product quality (i.e.,
the durability of the wasteform produced by the DWPF) at the required 95% confidence level.
The confidence levels for meeting the other constraints (i.e., those associated with processability
and solubility), while not mandated to be at 95%, were developed to this confidence level in this
paper. However, the system does alow flexibility, a& management’s discretion, in the
confidence levels associated with these non-waste-affecting constraints.
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Appendix A.  Chemical Composition
Measurements of SME Samples

This appendix identifies the measurements derived from the SME samples and
establishes a unit of measurement for component concentrations that is to be used in
PCCS calculations, and presents the necessary information for handling the measurement
(sampling/ preparation/and analytical) errors or uncertainties associated with the SME
sample results.

SME Sample M easur ements

The acceptability determination for a SME batch by PCCS is initiated by the entry of
measurements from n (where n 3 4) samples taken from the contents of the SME. The
measurements generated from each of the SME samples are outlined in Table A1l. As
noted in this table, measurements are provided for the physical properties of total weight
percent (wt%) solids, the calcined wt% solids, and specific gravity (in g/mL). The
remaining rows of Table Al indicate the components that are used to represent the
chemical composition of the sample. This is the largest set of components deemed
necessary to capture the information needed for waste solubility constraints as well as
that needed to cover components whose concentrations in the DWPF glass product would
be expected to exceed 0.5% by weight [2]. The concentration measurement for each
cation reported in Table A1 is given in mass weight percent (wt%o).

TableAl. Measurementsfrom Each SME Sample

Unit of Unit of Unit of
Measure Measure Measure
Solids wit% Calcined Solids wit% Specific Gravity g/mL
Element/ Element/ Element/
anion anion anion
Al wit% Mg wit% Y wi%
B wit% Mn  wit% Zn  wit%
Ba wt% Mo  wt% Zr  wt%
Ca wit% Na wt% Cl  ppm
Ce wit% Nd  wt% F  ppm
Cr  wt% Ni  wt% HCOO  ppm
Cs wit% Pb  wt% NO, ppm
Cu wi% S wt% NOs;  ppm
Fe wt% Th  wit% PO, ppm
K wit% Ti wi% SO,  ppm
La wt% U wt% TOC  ppm
Li  wit%

The concentration of each anion, i, necessary for DWPF process control (i.e, CI ®
NaCl, F ® NaF, SOy ® Na SOs, and POs2 ® P,Os) is reported in terms of parts per
million (ppm), i.e., g i/10°g sample or pi. The sample measurement is converted from the
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sample basis (i.e., ppm or p;) to the corresponding elemental analysis basis (i.e., g 1/100g
glass or x;) using the formula:

X; ° : Pi
100w,

where w; is the measured calcined wt% solids for the sample and x; for analytei isin g
i/100g glass. This also indicates that the error associated with these converted
compositions, the x;’s, have contributions from both p; and w.. This error can be
estimated via propagation of error techniques. However, since the contributions of these
anions to the non-solubility constraints (e.g., durability, liquidus temperature, €etc.) is
rather small, only the error in the measured anion concentration is used in PCCS for
DWPF process control.

Unit of M easurefor Compositions

As the reader progresses through body of this report, it will become apparent, if it is not
aready, that there is a need to establish a consistent basis (i.e., unit of measurement) for
the SME sample results to facilitate their usein PCCS. The unit of measurement selected
for this purpose is molar oxide concentration using:

X .

zZ 0 oxide
o M oxide

where Moxige 1S the molecular weight of the oxide and Xqxide IS the mass weight percent of

the oxide. Table A2 provides the associations between the element reported as part of the

SME sample results and the corresponding oxide including the gravimetric factor and the

molecular weight.

Note that several of the entriesin Table A2 actually play no role in the SME acceptability
decision: HCOO, NO, NOs, and TOC (total organic carbon). That is, these components
are not involved in any of the calculations associated with any of the constraints (process,
product, or solubility) imposed on the DWPF' s operation.
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Table A2. Elemental Measurementswith Corresponding Oxides,
Gravimetric Factors, and Molecular Weights

Element/ Measured  Gravimetric Corresponding Molecular
anion as Factor Oxide Weight
Al wit% 1.8895 Al,O3 101.9612
B wit% 3.2199 B,O3 69.6202
Ba wt% 1.1165 BaO 153.339%4
Ca wit% 1.3992 Cao 56.0794
Ce wit% 11713 Ce03 328.2382
Cr wit% 1.4616 Cr,03 151.9902
Cs wit% 1.0602 Cs,0 281.8094
Cu wit% 1.2520 CuO 75.54390775
Fe wit% 1.4297 Fe0s 159.6922
K wit% 1.2046 K20 94.2034]
La wit% 11728 La0s 325.8182
Li wt% 2.1529 Li,O 29.8774
Mg W% 1.6581 MgO 40.3114
Mn wt% 1.2912 MnO 70.9374
Mo wit% 1.5003 MoO3 143.9382
Na wit% 1.3480 NaO 61.979
Nd wit% 1.1664 Nd,03 336.4782
Ni wt% 1.2725 NiO 74.7094
Pb wit% 1.0772 PbO 223.189%4
Si wit% 2.1393 SO, 60.0848
Th wit% 1.1379 ThO, 264.0368
Ti wit% 1.6680 TiO, 79.8988
U wit% 11792 U3sOg 842.0852
Y wit% 1.2699 Y03 225.8082
Zn wit% 1.2448 ZnO 81.3694
Zr wit% 1.3508 ZrO, 123.2188
Cl ppm 1.6485 NaCl 58.4428
F ppm 2.2101 NaF 41.9882
HCOO ppm Not Used HCCO Not Used
NO, ppm Not Used NO, Not Used
NOs ppm Not Used NOs Not Used
PO, ppm 0.7473 P,Os 141.9446
SO, ppm 1.4790 NaSO,4 142.0412
TOC ppm Not Used TOC isnot used in PCCS

The components representing the measured sample compositions in the order used in
PCCSisprovided in Table A3 and this vector is represented by z for each sample.

Table A3. Components Representing SM E Composition
in the Order Used by PCCS

Order 1 2 3 4 5 6 7 8 9 10 11
Oxide AlL,O; B0 BsO HCOO CaO CeO; NaCl Cr,0; Cs,0 CuO NaF
Order 12 13 14 15 16 17 18 19 20 21 22
Oxide Fe0; K,O La0O; Li20 MgO MnO  MoO; NO, NO; NaoO Na&SO,
Order 23 24 25 26 27 28 29 30 31 32 33
Oxide Nd203 NiO P205 PbO SOZ Th02 T|02 Ugog Y203 ZnO ZrOz
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Appendix B. Measurement Uncertainty for
SME Samples

Appendix B presents the necessary information for handling the measurement (sampling/
preparation/and analytical) errors or uncertainties associated with SME sample resullts.

Historical Information on Measurement Uncertainty

One type of uncertainty that must be addressed, as part of the SME acceptability decision,
IS measurement uncertainty associated with the average chemical composition, z, for each
sample. (See Table A3 in Appendix A for alisting of al of the components of z). Here
measurement includes the processes of sampling and sample preparation as well as actual
measurement.

To quantify the measurement uncertainty, the errors in the measurements comprising z
are presumed to be Gaussian. Given g important elements”* the measurement
uncertainty is g-variate Gaussian with true mean 0 and covariance matrix S. Thus, by
not unreasonable presumption, the measurement z is also multivariate normal with true
mean m and the same covariance matrix, and thus obeys the probability density:

@ feoris] en g2 M- '8

Presuming the errors in the concentrations of individual constituents to be multivariate
Gaussian enables the traditional methods of multivariate normal theory to apply. Let z be
a current SME batch composition measurement, which estimates its underlying true
composition m. If there are g important constituents, z is a 1xq array of measured molar

oxide concentrations (i.e., mole oxide/100g glass) of the constituent oxides:

z° [20,21,1/4,zq_1]

Let S, be a covariance matrix estimate from an historic sample of m such
measurements.” S consists of the variances within and covariances between the g
individual oxides:

€ So.0 Sou Y4 Spg-1 U

S o e SO,l Sl,l ]/4 Sl,q-l u

mo ey, Yo Yo Yy U
é

€0q-1 Siq-1 74 Sq-l,q-lﬁ

¥ That is, of such type and present in such amount as to have non-negligible effect on the properties under

consideration.
Thus S| is developed from data excluding the measurements for the current SME batch and possibly other recent

ones. The information used to compute S, can be updated if necessary.
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where the s j are the historic sample variances (i=j) and covariances (ilJj). However the
available covariance information for the DWPF is based upon elemental information, i.e.,
X. This covariance information consists of the variances within and the covariances
between the g individual elements and is contained in the matrix E

€€p,0 €1 Y4+ €gg-1 U
o e 80’1 81’1 1/4 elyq_ 1 u
Em” & Yy Vo Yy Y, U

1 1]
Seo,q-l e g-1 74 €g-19-10

InE,, the g j are the historic sample elemental variances and covariances:

m-1

Wi - %1) where ¥, =8
€= o 1a(|k Xi Kik =~ Xi Werexu—max

k=0

and X, is the elemental mass concentration for the kth element from the ith sample. This
covariance matrix may also be defined based upon the correlation matrix, C., which
consists of the pair-wise correlations between the g individual elements:

z 1 N
elop Moa Z Mog-1 U

ér r Yo o1 a e .
0,1 1,1 19-1 1,
C.%a 4/ ’ a7t o where 1 =—=.
m e ]/4 ]/4 ]/4 ]/4 u ’ ’e”eJJ
< 1 ¢
3o,q-1 F1g-1 7 Tgo1q-100

Now if (r,). represents the relative standard deviation for the ith element based upon
historical information, then:

() ==

M L= ;(i

Therefore, the i,jth member of the historic elemental covariance matrix, Em, is given by:

En), =ey =[x Je) 5 |

Fortunately the elemental covariance matrix, Em, can be easily transformed to Sm for

SME acceptability determination. The covariance between the i and jth elemental
concentrationsis defined to be:

€, ° Eé‘ixj)' E(Xi)E(Xj)
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where E(X) is the expected value or expectation of the parameter x. Similarly, the
covariance between thei and jth mass oxide concentrationsis:

si;° E(zizj)- E(zi)E(zj).

The mass oxide concentration is a simple function of the elemental mass concentration:

Z; Oixl
M

where g is the gravimetric factor converting from mass element to corresponding oxide
and Mj is the molecular weight of the corresponding oxide. Thus

egeg’ 5%y, ('jl] o &g 06
51; % Egsx, =X, - E?eg— EQ—JXJ'
' geMi eM Iy eM, 'g eM 1]

or since the expected value of a constant (e.g., gi or Mj) is simply the value of the
constant:

50 BRI (o ) e e )] - L2l

eM; ZeM | g eM; %M ;g
and
u
Si,' ( ) .Egg__(r ) Jur|]

9

This then provides the information necessary to compute the covariance matrix necessary
for SME acceptability determination, Sm, from available historic covariance information.
To complete the required information, Tables B1 through B3 are provided. Table B1
provides the elemental correlation matrix derived from historical data. Table B2 provides
the average of the historical compositions used to develop this correlation matrix and

Table B3 provides the relative standard deviations of the indicate component for these
data.

Note that, for the sake of completeness, there are entries in Tables B1 through B3 for all
of the components listed in Table A3. The entries in these tables are zero for the
components that are not part of the PCCS calculations and for those components for
which no historical datawere available.
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AlL,O; B,0O; BaO HCOO CaO Ce0O; NaCl Cr,0; Cs;0 CuO NaF FeO; K, O LaO; Li,O MgO MnO MoO; NO, NO; NaO NaSO, Nd,O; NiO POs PbO SO, ThO, TiO, U0y Y,0; ZnO ZrO,
Al,O, 1 -02133 0 0 08%7 O 0O -01343 0 06744 O 0933% 07647 O 07009 08319 09221 O 0 0 09128 0 0 02892 O 0 06898 0 08316 O 0 0 02669
B,O; -02133 1 0 0 -01928 O 0 -02248 O -0.148 0 -0301 00697 O 01114 -0.0865 -0268 O 0 0 00106 0 0 -0.3906 O 0 02229 0 -00561 O 0 0 -0.1907
BaO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
HCOO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CaO 08997 -01928 O 0 1 0 0 -0.01 0O 06031 O 0799 06906 0 06231 08483 07535 O 0 0 07587 0 0 03564 O 0 06003 0 07085 O 0 0 0314
Ce,05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NaCl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cr,0; -0.1343 -02248 O 0 -0.01 0 0 1 0 -02473 0 -00194-02603 O -0.0721 00055 -0.2658 O 0 0 -02752 0 0 0.786 0 0 -0162 O -0.059 0 0 0 0536
Cs,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CuO 06744 -0.148 0 0 06031 O 0 -02473 0 1 0 0732 06297 0 06401 06983 07662 O 0 0 06998 0 0 0134 0 0 06446 O 0.638 0 0 0 01245
NaF 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe,0O; 09335 -0.301 0 0 07989 O 0 -00194 0 0732 O 1 06866 0 0726 08255 0913 O 0 0 08852 0 0 04147 O 0 06753 0 09065 O 0 0 03327
K,O 0.7647 00697 O 0 06906 O 0O -02603 0 06297 0 0.6866 1 0 06065 06529 07055 O 0 0 08244 0 0 0.074 0 0 06369 0 07135 O 0 0 00119
La,Os 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Li,O 07009 0.114 0 0 06231 O 0O -00721 0O 06401 O 0726 06065 O 1 09 06678 O 0 0 08337 0 0 03613 O 0 09668 O 0.809 0 0 0 03577
MgO 08319 -0.0865 O 0 08488 O 0 00055 O 06983 0O 08255 06529 O 09 1 07514 O 0 0 08438 0 0 04495 O 0 08762 0 07873 O 0 0 03648
MnO 09221 -0.268 0 0 07535 0 0O -02658 0O 07662 O 09613 07055 O 06678 0.7514 1 0 0 0 08937 0 0 01944 0 0 06432 0 08734 O 0 0 01809
MoGO; 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NO, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NO; 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na,0O 09128 00106 O 0 07587 0 0O -02752 0 06998 0 08382 08244 0 08337 08438 08937 O 0 0 1 0 0 01507 O 0 08456 0 08905 O 0 0 01403
Na,SO, O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nd,0, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NiO 02892 -0.3906 O 0 03564 O 0 0.786 0 0134 0 04147 0074 0 03613 04495 01944 O 0 0 01507 0 0 1 0 0 025 0 0343 0 0 0 0.713
P,0Os 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SO, 0689 02229 0 0 06003 O 0 0162 0O 06446 O 06753 06369 O 09668 08762 06432 O 0 0 08456 0 0 025 0 0 1 0 07449 0 0 0 02598
Tho, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TiO, 08816 -00561 O 0 07085 O 0 -0059 O 0.638 0 09165 07135 O 0809 0.7873 08734 O 0 0 08905 0 0 03343 0 0 07449 O 1 0 0 0 03595
U30g 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Y0, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ZnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ZrO, 02669 -0.1907 O 0 0314 0 0 0536 0O 01245 0 03327 00119 0 03577 03648 01809 O 0 0 01403 0 0 0.713 0 0 02598 0 03595 0 0 0 1
Table B2. Historical Average Composition
Al,O; B,0; BaO HCOO CaO Ce0s; NaCl Cr,0; Cs,0 CuO NaF Fe,0; K,O La,0; LiO MgO MnO MoOs; NO, NO; NaO NaS0, Nd,O; NiO P,Os PbO SO, ThO, TiO, UG Y,0; ZnO ZrO,
2222 2093 0 0 1077 O 0 0064 0 025 0 6235 2455 0 1963 0842 2111 O 0 0 7463 0 0 0643 O 0 2331 0 0256 O 0 0 0.029
TableB3. Relative Standard Deviation
Al,O; B,0; BaO HCOO CaO Ce0s; NaCl Cr,0; Cs,0 CuO NaF Fe,0; K, O LaO; Li,O MgO MnO MoO; NO, NO; NaO NaS0, NdO; NiO P,Os PbO SO, ThO, TiO, UG Y,0; ZnO ZrO,
0051 0072 O 0 0059 O 0O 033 0 0058 0 0048 0065 O 0.041 0048 0052 O 0 0 0045 0 0 0132 0 0 0057 0 0045 O 0 0 0.09
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In PCCS implementations before revision 3 of this report, only the historic covariance
matrix was employed. However, since compositions during operation may differ
significantly from the historical mean composition used to define Sm, the variance

estimates using the historic covariance matrix may not adequately describe the measured
molar oxide concentrationsin z.

Therefore to better represent the true composition and covariances for the current SME
batch, starting with revision 3, the averaged measured elemental composition, Xxn, was

used to estimate a covariance matrix based upon these n sample measurements, Sp. This

is accomplished by substituting the ith member of the measured elemental composition,
(x,,).. for xi in the above covariance matrix definition:

6, = @000 6) gantn) )

Since sufficient information does not exist to determine the exact nature of the analytical
errors, both covariance matrices, i.e., Sm and Sp, will be computed along with their
impact on the corresponding property variances. The proper test is that based upon the
larger resulting property variance.

The tests for measurement acceptability will be defined that use the covariance matrices
just determined. If the average measurement zp is distributed in probability as

multivariate Gaussian around its true value m with covariance Zég, then a linear form
- n

(; aT) is distributed as univariate Gaussian [22] with mean (r_ngT) and variance

&Sa' o . -
9—" One consequence of thisisthat the statistics [23]:
n g
z.a -nm' z.a -ma'
— = and =
asS,a’ S, a’
n n

are each distributed as a Student's t with (m-1) degrees of freedom, where n is the
number of samples on which z, is determined, Sm is the previous sample estimate of S
based on m historic observations and their average, and Sp is a sample estimate of S
based upon the historic correlation information and the average of the current SME
measurements.

Furthermore the number of historical analyses, m, necessary to define reasonable
estimates of the pair-wise correlations increases as the number of individual elements
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increases.” For the DWPF prototypic information, only 22 measured compositions are
available to estimate the historic SME covariance matrix for the 15 elements of interest
for Waste Qualification Runs and Radioactive startup.™” This number of points appears
small when compared to the desired number (i.e., approximately 45), but reasonable to
estimate variances for individual elements.

The ramification of using such arelatively small sample size is that the correlations (but
not the variances) may be poorly estimated. The correlations estimated from the 22
historic, prototypic SME measurements are provided in Table B3 of Appendix B.
However, since most of the correlations are large and positive (€.9., I o = 0.90, I' 5 e =

0.93, r 5 g = 0.69, etc.), it would be difficult to imagine that the correlation estimates

from a larger sample set would be appreciably larger than those in Table A5." If the
correlations are generally smaller, then the variance estimated would also generally be
smaller and the current estimates would be conservative.

For a constraint (call it constraint i) that may be expressed as a linear combination
(through vector &) of the average molar oxide concentrations (the z vector), the

measurement error variance may be represented by v [zn(ai )T ] where the appropriate

variance will be the maximum of the variances associated with the historic covariance
matrix and the covariance based upon the current sample measurement:

7 T _ _ A
a)s. (a 1% %1 u

 — ==a a (‘ai)j('ai)k(sm)j,ka

\Y [zn(ai )T]° max imum € " T né:_(iz?f a
~(a. . 1 .

elalnle) -1575 6) 6.6,

g n Nizok=o 5!

Thus, the measurement uncertainty for thisith constraint, MU;, may be computed using:
MU, © t,(m- )/V|z,(a)"|

where, as previously stated, ta(m-1) isthe upper 100a% tail of the Student’ st distribution
with m-1 degrees of freedom. In this situation, m=22, so the appropriate t statistic for a
95% confidence level is t tpos(21) = 1.721. If, a& management’s discretion, the
measurement uncertainty is to be accounted for at a lower confidence level for a non-

A reasonable rule-of-thumb is that at least three times the number of individual elements are necessary to estimate
reasonable correlations. Likewise, 10 points are normally sufficient to reasonably estimate the variance (i.e,, s;;)
for an individual parameter.

A tota of 24 measured compositions were originally available to estimate the covariance matrix; however, two
were later omitted as outliers [24, 25].

At least, it is difficult to imagine that revised correlations would have a significant impact on the property
variances computed from the resulting covariance matrices.

Tt
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waste-affecting constraint, it can be accomplished through this t statistic. Increasing a
above 0.05 correspondingly reduces the confidence associated with the handling of the
measurement uncertainty.

To complete the MAR assessment of the ith constraint, combine the offset, Rj,
(appropriately adjusted for any applicable property model uncertainty) and the
measurement uncertainty (developed above) into the constraint inequality as given by
equation (1) in the body of this report to obtain:

Zn@i)T_ B-MU; 20

This inequality defines the MAR for i constraint. The overall acceptability MAR is
defined by the confluence of all of the MAR's representing the individual constraints. A
SME composition must be proven interior to all such constraint regions to be adjudged
acceptable. There is thus the concomitant possibility that the simultaneous application of
many such tests might cause the false-regject rate to be too high, that is, if these tests are
independent. However, only the constraints for B, Li, and Na PCT releases must be
controlled to a high degree of certainty [2]; furthermore, these tests are in no way
independent as they are all based upon [Gp [1]. Findly the results from DWPF Waste
Qualification testing [1] and the DWPF's ongoing operations illustrate that the
simultaneous application of all constraints for process and product control does not cause
the false-rgect rate to burgeon. Thus the measurement uncertainty outlined in this
appendix can be applied as indicated; however, if problems concerning the false-reject
rate are noticed in future DWPF operation, techniques are available to correctly account
for the ssmultaneous application of constraints.
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