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Executive Summary
Several key criteria or aspects will provide the technical basis for selecting afrit for SB3. These
include:

e Maximizing the projected Product Composition Control System (PCCS) operational
window size over the anticipated SB3 composition region

»  Providing afrit that isrobust or insensitive to anticipated sludge composition variation
e Improving or maintaining high waste loadings (WLYS)

e Improving or maintaining high melt rates

Providing a“frittable” additive or frit composition

Given the five key criteria can be competing, the basis for not only developing but ultimately
selecting afrit for SB3 is complex. The selection process should not be made based on asingle
criterion but a collection of criteria that provide insight into the economics of processing SB3. A
balanced approach should be utilized in both the development and selection.

A unique, but technically sound methodol ogy was developed and implemented for this study to
guide frit development activities. The methodology utilized was a sequential, iterative process
capable of discerning the effects of frit composition on the projected PCCS operational windows
and robustness to sludge variation. Comparisons among the frits were conducted using objective
metrics that were developed to aid in this decision making process.

The model-based assessmentsindicate that judicious selection of the frit can yield processable
and durable products at attractive waste loadings for all washing scenarios. The results provide
support for the concept of developing specific frits for specific udges to optimize PCCS
operational windows and waste throughput. Given this, an aggressive washing strategy may not
be required to assure processability or product quality as long as alternative frits are considered
(assuming there are no other glass- or process-related restrictions such as anion solubility, H,
generation, redox control, or rheological control issues). Again, the assessments are based solely
on PCCS model predictions and do not include assessments of melt rate or frittability that are part
of the integrated testing methodology. The integrated strategy should lower the risk of
introducing afeed into DWPF that although on paper is very attractive (in terms of waste |oading)
resultsin avery difficult feed to process (in terms of melt rate). In fact, this strategy should
provide the basis for developing a decision matrix in which optimum waste throughput could be
targeted.



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

This page intentionally left blank.

vi



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

ASTM

AGp

CPC
DOE
DWPF
EV
HLW
HLW PE
MAR
MST
NL[B]
PAR
PCCS
PCT
PHA
REDOX
SB

SME
SRS
SRTC
TL
THERMOO

TTR

Acronyms
American Society for Testing and Materials

preliminary glass dissolution estimator based on free energy of hydration
(in kcal/mol)

Chemical Process Cell

U.S. Department of Energy

Defense Waste Processing Facility
extreme vertice

high-level waste

High Level Waste Process Engineering
Measurement Acceptability Region
monosodium titanate

normalized boron release

Property Acceptability Region

Product Composition Control System
Product Consistency Test

precipitate hydrolysis aqueous
reduction/oxidation

sludge batch

Slurry Mix Evaporator

Savannah River Site

Savannah River Technology Center
liquidus temperature

Thermodynamic Hydration Energy Reaction Model

technical task request

Vi



Immobilization Technology Section
Savannah River Technology Center
Westinghouse Savannah River Company

Nusoc
WAPS
WL
WQR

WSRC

melt viscosity at 1150°C

Waste Acceptance Product Specifications
waste loading

Waste Qualification Report

Westinghouse Savannah River Company

viii

WSRC-TR-2002-00491
Rev. 0



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

Contents

el AV IS 00017 Y/ v
IR0 I 1o [0 oo o T 1
2.0 ODJECHIVE ...ttt ettt ettt et saese et e s e st ese et e e st e e e se s e se e esessesessesssseneasenesrenennas 5
3.0 The Strategy or Approach Supporting the Paper StUdY ..........ccccceveeeeci e 7
5.0 Basisfor SB3 Compositional SCENAIOS..........ccviviiieiieiieere et ere sttt 15
5.1 SB3 Compositions for Nominal Stage ASSESSMENTS........ccueeeererereriesiesiesreseeseeeseseneens 15
5.2 Initia Projections of SB3 Composition as a Function of Washing.........cc.cccccvveveeenvenenne. 18
5.3 Accounting for Anticipated Sludge Variation............ccccceeveiicveieseese e 19
5.4 SB3 Composition asa Function Of DECANT ............ccccereiirierieiieieiee e 22
6.0 Assessment of Linear Washing Scenarios (Phase 1): Nominal and Variation Stages............. 25
6.1 NOMING StAgE ASSESSITIENL .....ecveeieeiteeie it eeeste et e e e s te et e s e e eesaeeeesresasesresreentesreennenns 25
6.1.1 0% WaShe CaSE.......ccocveiieecieesieee ettt nns 27

6.1.2  25% WaAShEA CaSE.......ccueeriiieiiieesie sttt nsenens 30

6.1.3  50% WaShEd CaSE........ccovirieeieieiisiete ettt se st se e sseneas 31

6.1.4  75% WaAShEd CaSE.......cceieriiiriiieiesiee sttt ne st 32

6.1.5 100% WaShed CaSE.........cccceruruereerinieresiesesieesieesesessesessesessessesassesessesesaesessensssenens 32

6.2 Vaiation Stage Assessment (Phase 1): Linear Washing Scenarios...........ccccceveeeecieenenn, 33
6.2.1 0% WaShiNg CaSE ......ccceiieiiieiiicis ettt n s 35

6.2.2  25% WaEShEA CaSE.......ccueeriiieieeeiesie ettt ne s 36

6.2.3  50% WaShEA CaSE........cocciiveicieeetisiete sttt be e n et ne e nseneas 37

6.2.4  75% WaShEA CaSE.......cceeieiieiiieiesiee ettt st ssenens 37

6.2.5  100% WaShed CaSE.........ccccevuruereerinieresiesesiesesieesesessesesseseesessessssesessesesaesessensssenens 38

7.0 Assessment of Decant Information (Phase 2): Nominal and Variation Stages...................... 39
7.1 Nomina Stage Assessment: Decant Information (Phase 2).........ccccvvvevevecciececeecie e, 41
5 R B = o g SRR 44

702 DECANEH ...ttt bbb e e e bbb aenae s 46

7.2 Variation Stage Assessment: Decant Information (Phase 2)..........ccceveveieienieninieneneneens 47
7.21  Decant #7 EV ASSESSIMENT .....cceiiiiiieiiiieie ettt st nbe e 52

7.2.2 Decant #12 EV ASSESSIMIENL ....cocueiiieiieiieeieeiee et sie e et ee s sbe e saeesaessaeesee e 54

7.2.3 Phase2Variation Stage: DECaNt #5........ccveveieeie e 57

7.24 Phase2 Variation Stage: DeCant #9........cccoovririiiiineseeeeeeesese e 59

8.0 MAR vs. PAR: Impact on Projected Waste Loading Intervals..........cccccevveveeveieccececcie s 61
S OIS 010 SR 65



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

10.0 Path FOrWEIT ......cveieeeieieieeesies ettt b et ne e e s s ene e nnas 69
LO.1 MEIEREIE......oce ettt ettt se e be st e aeste e e e eseeseeneerenrennees 69
O o 1o 1 S 72

11,0 REFEIBNCES. ...ccuiiieetiriesieste ettt sttt b et b b et e e et et e st bt e bt et e nb e s be e et e neebeneennan 73

N o 01 10 G SO 77

APPENIX B ..ot n b e e et nne e nre s 81

N o 01 1o G SR SRPRSRRN 87

N o010 Gl I LSO 89

APPENAIX B b r e r e n e 161

APPENAIX Foe bR b e R b n e 173

F N o 01 1o [ RS 193

N o 01 1o [l o R 213

AAPPENIX |t R bR R e e n e nn e n e 233

N o 01 o G SR 259



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

List of Figures

Figure 3-1. Evaluation Strategy Utilized in the Nomina Stage Assessment of SB3 Sludge

(@000 701 ] 1]'0] ST SRSOR 7
Figure 3-2. Evaluation Strategy Utilized in the Variation Stage Assessment of SB3 Sludge
(@000 701 ] 1]'0] ST 9

Xi



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

This page intentionally left blank.

Xii



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

List of Tables

Table4-1. PAR LimitSfor Various PrOPEIES........ccuiirieierieeeeeeeeieseses e 14
Table 5-1. Nominal SB3 Composition (in wt%, calcine oxXide basis)..........cccceeeeerinenencnienieee 17
Table5-2. Estimated Na,C,0, and Na,O Masses as a Function of Washing ............ccccceeveeenene. 18
Table 5-3. Nominal Compositions of SB3 as a Function of Washing Scenario and Minimum and

Maximum Values Assuming a+10% Variation (massfractions)..........cccceeevveeerivnveeeneneenn. 21
Table 5-4. Projected SB3 Compositions as a Function of Decant (oxide basis, wt%).................. 23
Table 6-1. Nominal Compositions of Candidate Frits (in wt% on an oxide basis)..............c........ 26
Table 6-2. Summary of Nominal Stage Assessments for Candidate SB3 Frits (waste |oading

ranges arein wt% on acalcined, OXide DasIS).........cccviiirinirercece e 26
Table 6-3. Nominal Stage Assessment for the 0% Washed Nominal Sludge with Frit 202 over the

Waste Loading Range of 25 — 6090. ......cccvieeiereeiesieeese et ste e e eee e eseeneeseeas 28
Table 6-4. Summary of the Nominal and Variation Stage Assessments for Candidate SB3 Frits

and the Linear Washing SCENAOS. ......c..oieiiieirinisisiese ettt 34
Table 7-1. Summary of Frit Compositions (in wt% oxides) Used in the Nominal and Variation

Stages of the Decant (Or Phase 2) ASSESSIMENLS.........cooiiirerierieieiresese s essesse e 40
Table 7-2. Summary of Projected Operational Windows for the Phase 2 Nominal Stage

Assessment of the Decant COMPOSITIONS.........ccceeiiiieie i 42
Table 7-3. Nominal Stage Assessment for Decant #5 and Frit 202 over the Waste Loading Range

OF 25 = B000....cveveeteeteste ettt b e et R bt e b et ettt R b ae et e e 43
Table 7-4. Minimum and Maximum Values for Decants #7 and #12 Used to Define EV's (wt%

[0 ( T L= TSROSO 48
Table 7-5. Variation Stage Results for Decant #7 with Frit 202...........cccccovveeiiieccesienece e 50
Table 7-6. Summary of the Frit 202 Decant #7 Variation Stage ASSESSMENt ........ccccceecveveeeeennene. 51
Table 7-7. Summary of Frit Compositions (in wt% oxides) Used in the Phase 2 Nominal and

Variation Stage Decant #7 ASSESSIMENT. .....cciiierirererieriereeeees st e e es 53
Table 7-8. Summary of Frit Compositions (in wt% oxides) Used in the Phase 2 Nomina and

Variation Stage Decant #12 ASSESSITIENT ......c.coiirirerierieeeisesese st seesee s see e seeseenes 56
Table 7-9. Summary of Frit Compositions (in wt% oxides) Used in the Phase 2 Nomina and

Variation Stage Decant #5 ASSESSIMENT ........ccvieeieiieieciee et e e sreeee e s e sre e e e sreesaesresreas 58
Table 7-10. Summary of Frit Compositions (in wt% oxides) Used in the Phase 2 Nominal and

Variation Stage Decant #9 ASSESSIMENT ........coviiriririeeeeesese e nes 60
Table 8-1. Projected Waste Loading Ranges for Various Frit/Decant Combinations Using both

the PAR and MAR ACCEPtANCE Criteria......ccoveviiieie ettt 62

Xiii



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

This page intentionally left blank.

Xiv



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

1.0 Introduction

Approximately 130M L of sludge/supernate high-level radioactive waste (HLW) is currently
stored in underground carbon steel tanks at the Savannah River Site (SRS) in Aiken, South
Carolina. The Defense Waste Processing Facility (DWPF) began immobilizing these wastesin
borosilicate glassin 1996. Currently, the radioactive glassis being produced as a “sludge-only”
composition by combining washed high-level sludge with glassfrit and melting. Theglassis
poured into stainless steel canisters that will eventually be disposed of in a permanent geological
repository.

Currently, DWPF is processing Sludge Batch 2 (SB2) and is planning to start processing Sludge
Batch 3 (SB3) in the spring of 2004 (WSRC 2001)." A sludge batch is defined as a single tank of
sludge durry or acombination of sludge slurries from different tanks that has or will be qualified
for eventual transfer to DWPF. Sudge Batch 3 will be primarily Tank 7 sludge mixed with the
heel of Sudge Batch1B (SB1B), contributions from Tanks 18 and 19, and an H-Canyon slurry
containing precipitated Pu with Gd (Jilani 2002). The sludge from Tank 7 is expected to contain
several components that are considered atypical of DWPF sludge to date including higher levels
of noble metals than previously processed sludge batches (Peeler et a. 2002a). Other atypical
components that may be present in this sludge batch include sand, coal, Am/Cm precipitate (Patel
2002), sodium oxalate, and zeolite (Jantzen et a. 2002a). Based on the process history for Tank
7, itis estimated that significant quantities of sand/coal (~7723 kg) and sodium oxalate (~300,000
kg) have been added to thistank (Goslen 1984; Fowler 1980).

The quantities of sand, coal, and sodium oxalate may impact several processing parameters at the
DWPF. High Level Waste Process Engineering (HLW PE) hasissued a Task Technica Request
(TTR) requesting the Savannah River Technology Center (SRTC) to address these processing
impacts (Rios-Armstrong 2002a). Fellinger (2002) provided alist of the various tasks that are
currently being addressed prior to DWPF' s accepting SB3. Studies have been and are being
performed by SRTC to assess the effects of sand, coal, sodium oxalate, the Pu/Gd stream, and the
higher levels of noble metals on various SB3 issues [Herman et al. (2002a); Peeler et a. (2002a),
Bronikowski et al. (2002), Jantzen (2002b)].

One of the tasksidentified by Fellinger (2002) involved an evaluation of potential fritsfor SB3.
Rios-Armstrong (2002b) issued a more specific TTR to address the frit development activity as
well as a subsequent variability study. The focus of thisreport is solely on the frit development
activity, as the results of the variability study will be documented in a separate report.

Several key criteria or aspects will provide the technical basis for selecting a frit for SB3. These
include:

e Maximizing the Product Composition Control System (PCCS) projected operational
window size over the anticipated SB3 composition region

»  Providing afrit that isrobust or insensitive to anticipated sludge composition variation

e Improving or maintaining high waste loadings (WLYS)

! Although the current HLW System Plan (WSRC 2001) projects the initiation of SB3 processing in the
spring of 2004, plans to expedite processing of SB3 are currently being assessed. If proven feasible,
processing of SB3 could begin as soon as the spring/summer of 2003.
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e Improving or maintaining high melt rates

«  Providing a“frittable” additive or frit composition?

Theissues listed above will be used to guide the SB3 frit development task in an effort to
improve current DWPF baseline operations in terms of ease of processing, waste loading® and/or
melt rate. The ability to maximize the size of the DWPF PCCS operational window provides
flexibility in targeting waste loadings to meet processing goals. Thisis strictly an ease-of -
processing goal targeted to provide as large of a compositional operating window and as much
flexibility as possible.

Another key criterion defining aviable frit for SB3 is the ability of the frit to be tolerant of
compositional variation in the incoming waste stream. That is, providing afrit that is robust or
insensitive to relatively large variations in dudge composition (yields arelatively large
processing window when accounting for composition variation) is a major advantage. A “robust”
frit will reduce uncertainties or questions associated with how the frit will respond to SB3 once
the qualification sampleis obtained and compared to what is being used as the nominal or
targeted composition in current testing. That is, a viable frit should not only be able to process
the nominal SB3 composition being used but should also be able to process (i.e., be robust to)
realistic variations of that composition while still maintaining adequate processing and product
characteristics. The degree of tolerance can be measured by the ability to produce acceptable
glasses as one transitions from the nominal sludge case to compositions representing larger and
larger variation about the nominal.

Although the issue of waste loading is essentially built into the criterion of providing large
operational windows, a short discussion of thisimportant topic is still warranted. One method of
supporting site and U.S. Department of Energy (DOE) goals of accelerated cleanup isto improve
waste loading. For DWPF, a new liquidus temperature (T.) model has been developed and is
pending implementation. This model has been shown to yield higher waste loadings for projected
sludge batches (Brown et al. 2001). The waste loading projections provided by Brown et al.
(2001) were based on Frit 165, Frit 200, and Frit 320. Frit 165 was developed to be a*“ generic”
sludge-only frit (Soper et a. 1983), while Frit 200 was developed to be a“generic” coupled
operations (dudge-only plus high akali from precipitate hydrolysis aqueous (PHA)) (Jantzen
1988) frit. Frit 320 was developed specifically to improve melt rate for SB2 (Peeler et al. 2001a).
Although these frits may be viable in terms of processing SB3, none were specifically devel oped
for this ludge batch and, hence, may not be “optimal” for the projected SB3 composition.
Therefore, if the strategy is embraced of developing afrit for a specific sludge batch in an effort
to improve waste loadings (and potentially melt rate), one may be able to take advantage of the
specific dudge components and adjust the frit composition accordingly in the manner that Frit
200 was devel oped to accommodate PHA. This strategy may allow for the development of frits
that provide not only alarge PCCS processing window but simultaneously provide rdatively high
waste loadings. Therefore, in the assessments that follow, not only is the size of the PCCS
projected processing window (the interval of viable waste |oadings) provided for each frit of
interest, but the ability of the frit to shift the PCCS operational window to higher waste loading is
also assessed. For example, two unique frits may both yield a 10% waste loading range with one
frit providing the acceptable window over a 31 — 40 % waste |oading interval, while the other
allows processing over a41- 50% waste |oading interval. Depending upon other processing

2 Theterm of “frittable” refers to the ability to produce a prefabricated frit (glass) from the proposed glass additives.
3 Waste loading (WL) in this report is simply calculated as the HLW oxide fraction of thefinal glass.
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characteristics (e.g., melt rate), the higher waste loading interval may be more beneficial interms
of maximizing waste throughput and meeting the goals of accelerated clean-up.

As previously mentioned, although targeting higher waste loadingsis a primary objective, other
processing constraints are also important. Another critical constraint being assessed in thistask is
melt rate. Since DWPF is concerned with the amount of waste throughput to meet accelerated
mission plans, providing afrit that allows relatively high waste loadings but does not melt rapidly
may not be acceptable. On the other hand, selecting a frit that does not yield a comparatively
high waste loading but provides a higher melt rate may be beneficial in terms of waste
throughput. The balance between melt rate and waste loading must be carefully considered. The
concept of this balance was recently evaluated in the assessment of the impact of higher waste
loading on melt rate for Frit 320 combined with SB2 (Lorier and McGrier 2002). However, the
notion that reduced melt rates at higher waste loading is unacceptabl e should be tempered with an
evaluation of the total waste throughput. More specificaly, during an assessment of the impacts
of waste loading on melt rate, decisions on frit selection or targeted waste loading should not be
made solely on the relative melt rate. The decision needs to consider the total sludge throughput
per unit time. Currently, no models exist that can be used a priori to gain insight into the melt
rate of various systems. Therefore, this assessment will be made solely by using atesting
methodol ogy that was shown to be effective for SB2 (Stone and Josephs 2001).

Thelast criterion listed above is the desire to have a“frittable” frit (i.e., the targeted frit
composition will produce a glass that can be manufactured by avendor) which stems from waste
acceptance issues. Use of a prefabricated frit instead of batch chemicals stems primarily from
waste acceptance issues. Currently, DWPF uses afrit that is ultimately blended with the sludge.
Sampl es of this blend are taken from the Slurry Mix Evaporator (SME), the compositions
determined, and properties are predicted from the measured composition to assure that they are
within the processing window. Given the feed is acceptable in terms of various property
predictions, the feed istransferred to the melter, converted to glass, and poured into canisters.
This feed-forward process control strategy has been very effective in terms of assuring
processability and product quality. Hence, frittability isan important criterion.

Given the five key criteria can be competing, the basis for not only developing but ultimately
selecting afrit for SB3 is complex. The selection process should not be made based on asingle
criterion but on acollection of criteriathat provide insight into the ease of processing SB3 while
still making an acceptable glass. A balanced approach should be utilized in both the devel opment
and selection. Another factor that could play a significant role in the selection of afrit isthe
availability of an existing frit versus any procurement and manufacturing costs for an aternative
frit given frit fabrication requires a significant lead time.

The focus of thisreport ison frit development activities conducted solely on the basis of
predictions generated by DWPF' s PCCS glass property-composition models. More will be said
about these modelsin the following sections, but for now it is enough to know that model
predictions, and model predictions alone, were used to guide the development of the candidate
frits discussed below and to select, from these candidates, those frits that were judged worthy of
additional consideration. This was a sequential, iterative process that may be summarized as
follows. candidate frits were identified for and compared across nominal dudge compositions
(i.e., where each such composition is considered as a “best guess’ view of SB3 dudge for a
potential washing scenario). Two different sets of dudge compositions (an initial and afinal)
were used to represent potential nominal SB3 compositions. Theinitial set of compositions was
available early in the study and served as the basis for much of the preliminary development
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efforts. The preliminary frits that were the most promising at this stage were carried over to a
stage of investigation that introduced variation around the nominal SB3 compositions. This
approach was used to provide an idea of the robustness or tolerance of a candidate frit to
anticipated compositional variation (i.e., the ability of the frit to produce an acceptable product
for variations in the sludge based upon model predictions). Comparisons among the frits were
conducted using objective metrics, described below, that were developed to aid in this decision
making process. Thistwo-staged (an assessment using only nominal compositions and then an
assessment with variation introduced) approach was then conducted for the second (or final) set
of SB3 compositions. The information resulting from these efforts will hopefully serve as part of
the technical basisfor the frit selection decision. Assessments of frittability and melt rate will
complete this picture and these topics are to be covered in subsequent reports.

Objectivesfor thistask are specified in Section 2.0. In Section 3.0, the strategy or approach for
devel oping and assessing new or existing fritsis discussed. In Section 4.0, the property
acceptance criteria are established that will be used to classify properties predicted from models
as acceptable or unacceptabl e as projected operation windows are defined. Various SB3
compositions (linear washing and decant composition projections) are summarized in Section 5.0
from which assessments will be founded. Section 6.0 summarizes the Nominal and Variation
Stage assessments for the five linear washing scenarios. Section 7.0 provides a detailed
discussion on the eleven decant compositions in terms of the Nominal and Variation Stage
assessments.  Section 8.0 providesinsight into the use of various liquidus temperature acceptance
criteriaand itsimpact on projected operational windows. Section 9.0 provides a summary of
these assessments. Recommendations and a path forward are presented in Section 10.0.



Immobilization Technology Section WSRC-TR-2002-00491
Savannah River Technology Center Rev. 0
Westinghouse Savannah River Company

2.0 Objective

The objective of thistask isto provide DWPF with technical information from which a business
decision can be made in terms of the frit selection for SB3. Several key criteria or aspects will
provide the basis for this decision:

*  Maximize the PCCS projected operational window size over the anticipated SB3
composition region

«  Provide afrit that is robust or insensitive to anticipated sludge composition variation
e Improve or maintain high waste loadings

e Improve or maintain high melt rates

Provide a “frittable’ frit composition

The sdlection process should not be made based on a single criterion but rather on a collection of
criteriathat provide insight into both the economics and processability of SB3.

The focus of thisreport is solely on the frit development activities associated with maximizing
the projected PCCS operational windows and providing a frit that is robust to anticipated sludge
variation. Assessments of frittability and melt rate are to be covered in subsequent reports.

Thiswork has been prepared to address technical issues discussed in Technical Task Request
HLW/DWPFTTR-01-00027, Rev. 0 (Rios-Armstrong 2002b) and in accordance with the Task
Technical and Quality Assurance Plan (Herman, Peeler, and Edwards 2002).
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3.0 The Strategy or Approach Supporting the Paper Study

Two stages were used to assess various frit/sludge combinations: the Nominal Stage and the
Variation Stage. The Nominal Stage utilized a nominal SB3 composition representing a potential
washing scenario as outlined in Figure 3-1. In general, candidate frit compositions were assessed
with respect to their ability to provide arelatively large operational window based solely on a
specific nominal composition — no sludge variation was accounted for in this phase. Assessments
were made using predictions from models currently implemented in DWPF over the waste
loading interval of interest (25 — 60 wt%). The property predictions assessed included those for
liquidus temperature (T.), viscosity (n), durability (normalized boron release — NL[B]), and
homogeneity. Assessments were aso conducted for the constraints associated with the sum of
akali and/or Al,O3 concentrations (Edwards and Brown 1998; Peeler et a. 2000; Peeler et al.
2001b; Pedler et al. 2002b; Herman et al. 2002b).* The associated constraints for these properties
were assessed at the Property Acceptability Region (PAR) limits (Brown and Postles 1996) —
these limits are defined in the next section. Use of the PAR, instead of the more restrictive
Measurement Acceptability Region (MAR) was thought to provide a consistent, easily computed
metric which could be used to compare, efficiently and effectively, the relatively large set of
candidate frits. Although the PAR was used as the basis for the comparisons, an assessment
using the MAR was performed on select frit/sludge combinations to assure that projected
operational windows were not dramatically affected (see Section 8.0).

Select a
nominal
composition
representing
a washing

option for
SB3

Select
candidate
frit

Evaluate over the sludge loading
interval of 25 - 60 %

!

Determine the interval (if any) of sludge
loading that yields acceptable glass for this
combination of frit and sludge

Figure 3-1. Evaluation Strategy Utilized in the Nominal Stage Assessment of SB3
Sludge Compositions.

4 Given the projected high Na,0 and Al,O; concentrationsin SB3, the potential of the projected glass compositions to
form nepheline was al so assessed using amodel provided by Li et al. (1997 and 1998). Although assessed, the
predictions did not limit the projected operational windows.
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The use of anominal SB3 composition is consistent with the approach used by Elder (2002) as
initial assessments were made using existing frits (320 and 202). It isrecognized that the
Nomina Stage assessments do not account for anticipated compositional variation. Therefore, an
increased risk would result with respect to processability or product quality if adecision were
based solely on this assessment without accounting for compositional variation. For example,
consider the caseif the Tank 7-qualification sample did not “match” the nominal composition
anticipated for thistank. The obvious question would be: “For the frit selected, isthere a
processing window for thissludge?’. The intent or focus of the Variation Stage assessment was
to gain insight into the robustness of candidate frits with respect to compositional variation.

Figure 3-2 provides an overview of the Variation Stage assessment. Again, the mgjor difference
between the two stagesis the fact that the Variation Stage builds into its assessment an
anticipated variation of £10% around the nominal composition.
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Generate the EVs (and
centroid) of the sludge
region representing
+/-10% of nominal for a
washing option for SB3

~_

Evaluate over the sludge loading
interval of 25 - 60 %

Select
candidate
frit

Determine the interval (if any) of sludge
loading that yields acceptable glass for all
EVs and centroid

Determine the percentage of the EVs and
centroid that yield acceptable glass at any
————— Isludge loading (within the interval of interest).

Determine the percentage of the EVs and
centroid that yield acceptable glass over a
————————"sludge loading interval of at least 5% (e.g., 36

to 40% sludge loading).
Compile the results of
the evaluations for
comparisons among the
frits and/or sludge
washing scenarios

Figure 3-2. Evaluation Strategy Utilized in the Variation Stage Assessment
of SB3 Sludge Compositions.
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The £10% variation used to define a sludge compositional region was determined by grouping the
components of SB3 into two categories: major and minor oxides. The minors were considered
collectively as an “ Others’ component of the sludge. For a selected, nominal SB3 composition
(one representing a potential washing scenario), the concentration of each of the major oxides
was multiplied by 0.90 and 1.10 to determine an interval of possible valuesfor its concentration.
The concentrations of the minor components were summed, and this sum was multiplied by 0.90
and 1.10 to determine an interval of possible valuesfor “Others’” with the relative proportions of
the minors within the “ Others’ being determined by their nominal concentrations. (See Section
5.0 for details.) A mixture of the major components and the “ Others’ (i.e., a composition where
the sum of these concentrations adds to 1) with each component’s concentration being within its
interval of possible valuesis afeasible composition of the sludge region providing this
representation of SB3. Obvioudly, there are an infinite number of such feasible compositionsin
such asludge region.

Statistical mixture experimental design methods were used to obtain an initial and manageable set
of such feasible compositions for each sludge region. These methods include a gorithms that can
be used to determine the extreme vertices (the bounding compositions) of a dudge region, such as
that defined in the preceding paragraph. These algorithms are available in many statistical
software packages. One such package in IMP Version 4.0.5 [SAS 2000] was used to generate the
extreme vertices (EV's) for mixture regions of interest for this study.” An additional composition,
the centroid, was computed for each set of EV's generated during this study. The centroid of a
sludge region is determined by averaging all of the EVsfor that sludge region and this
composition was included along with the EV s in the assessments described below.

Once the EV s were determined for the sludge region devel oped around each nominal SB3
composition being considered, assessments were made using models currently implemented in
DWPF over the waste loading interval of interest (25 — 60 wt%) — see Section 4.0 for amore
detailed discussion of the models and PAR limits. To obtain insight into the robustness of
candidate frits to this dudge variation, three metrics were developed (as shown in Figure 3-2).
These three metrics also provide a way to make meaningful comparisons among the candidate
frits for each sludge compositional region of interest. The first metric was simply the waste
loading interval over which al of the EVs and the centroid SB3 sludge compositions were
deemed acceptabl e based on the established acceptance criteria. The larger the projected
operational window for this metric, the more robust the frit is to anticipated compositional
variation. A 0% result for this metric indicates that there is no waste loading interval over which
al of the EVsand centroid are predicted to be processable.

The second metric defines the percentage of the EV s and centroid that yield an acceptable glass at
some waste loading of interest. That is, this metric provides the percentage of EVs and the
centroid that could be processed at some waste loading over the 25 — 60% interval. A high
percentage for this metric provides afair and standard comparison between fritsand is an
indicator to the robustness or insensitivity of the frit to composition variationsin sludge. For
example, a 100% for this metric would indicate that al of the EV's generated (accounting for the
+10% variation) and the centroid could be processable at some waste loading within the interval

® The extreme vertices (EVs) for a particular sludge view are the "corner points” of the region determined
by applying the + 10% variation about the nominal composition for that sludge view. The
corresponding centroid for the sludge view is simply the arithmetic average of these EV's.

10
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from 25 to 60%. A 50% result on this metric would indicate that only 50% of the EVswould
yield acceptabl e glass at some waste |oading between 25 — 60%.

The third metric builds upon the second and serves as a measure of the percentage of the EVs and
centroid that yield an acceptable glass over a minimum waste loading range of 5% within the 25 —
60% window being evaluated. Again, the higher percentage calculated for this metric indicates
that the specific frit composition is relatively robust to potential sludge composition variations.
More specifically, a 100% for this metric would indicate that all of the EVsand centroid would
be processable over a (minimum) 5% waste loading interval. In the assessmentsthat follow, if
this metric yields an indicator of 100%, efforts will be made to identify the minimum waste
loading interval over which the EV's and centroid would be processable.

Additional metrics could be developed but the authors feel that the three being utilized provide an
adeguate indication of the projected operational windows and robustness of each candidate frit for
the waste streams of interest. These metrics should not be used as the sole basis for the frit
selection process, but should be factored into the decision making process along with assessments
of frittability and melt rate. The authors feel that the strategy being utilized for the devel opment
of the SB3 frit is not only technically defensible, but that it also provides a methodology that
could be used for similar frit development activitiesin the future.

As previously mentioned, the assessments and comparisons documented here are based solely on
model predictions; no experimental work was performed in support of these assessments. The
assessments are also a function of the underlying assumptions made with respect to the impacts of
sludge washing on the ultimate composition of SB3. It should also be noted that an additional
underlying assumption is being made with respect to the projected operational windows by the
use of centroid and EV compositions. The assumption is that the property predictionsfor a
sludge region of interest are bounded by the predictions generated from the EV s and that
compositions lying between the EVs (i.e., such as the centroid) would yield property predictions
that are acceptable if those from the EV s were acceptable. This assumption is valid when the
property behavior is expected to be linear over the compositional region of interest. This
assumption adds minimum risk to the projected operational windows with the highest concern
being predictions of T, from the highly non-linear T, model (Brown et al. 2001).

11
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4.0 Property Acceptability Region (PAR) Limits
Used for Assessments

The assessments discussed in this report are based solely on property predictions generated by
glass-property models. Property measurements were not performed (experimentally) as part of
this study. DWPF uses the PCCS to determine the acceptability of each batch of SME feed
before processing in the melter. Acceptability is determined by the PCCS by imposing several
constraints on the SME content composition. The PCCS constraints relate process or product
properties, which take into account modeling, analytic, and measurement uncertainties. The
uncertainties are accounted for in two steps. Thefirst isthe uncertainty due to the property
model, which when accounted for provides the Property Acceptability Region (PAR). The
second, and more restrictive, is the uncertainty due to sampling and analytical (grouped under the
heading of measurement). This uncertainty is accounted for, when necessary, in addition to the
property uncertainty, and the resulting region defines the Measurement Acceptability Region
(MAR). The baseline document guiding the use of these modelsis“ SME Acceptability
Determination for DWPF Process Control” by Brown and Postles (1996).

The property predictions assessed in this study included durability (Product Consistency Test
[PCT] [ASTM 1998] response in terms of AGp), viscosity at 1150°C (N11s0.c), TL (New model),
homogeneity, and Al,O; and akali concentrations. Jantzen et a. (1995) and Brown et al. (2001)
provide a more detailed discussion on the development of these models. To establish or project
operational windows for ludge/frit scenarios of interest, the predicted properties must be
assessed relative to established acceptance criteria. Acceptable predicted propertiesfor this
assessment are based on satisfying their respective PAR limit values (see Table 4-1)—not the
more restrictive MAR limits. Because the PAR limit for the new T, model is compositionally
dependent (Brown et al. 2001), the PAR limit was conservatively set at 1010°C to allow for a
quick assessment. Infact, Brown et a. (2001) have demonstrated that the PAR limits for the new
model will not be thisrestrictive (in terms of limiting the projected compositiona operating
window) for various glass-forming systems. Therefore, in the assessment discussions that follow,
if the new T, model limits the projected operational window, one must remember the use of this
conservatively set PAR limit. More specifically, failing this constraint (as currently defined) does
not necessarily mean that it would be an unacceptable glass given the conservative 1010°C PAR
limit.

Predictions of homogeneity were calculated and the constraint was imposed in terms of limiting
projected operational windows. More specificaly, a glassthat failed the homogeneity constraint
at the PAR but passed all other criteria was deemed unacceptable. Thisdecision is based on the
fact that the technical basis to replace the homogeneity congtraint with the Al,O; and sum of
akali congtraintsis currently being developed. Although the results from previous studies
(Edwards and Brown 1998; Peeler et al. 2000; Peeler et al. 2001b; Peeler et a. 2002b) indicate
that replacing the homogeneity constraint with the Al,O; and sum of alkali constraints does not
compromise product quality and provides more flexibility for DWPF operations, Herman et al.
(2002b) are performing the final task to addressthisissue. In that study, the technical basisfor
unconditional elimination or replacement of the homogeneity constraint via application of the
Al,O5; and sum or alkali constraints is being assessed over a bounding compositional region.
Given the results and/or conclusions were not available at the time this assessment was initiated,
continued use of the homogeneity constraint to limit the projected operational window was
warranted.

13
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Table4-1. PAR Limitsfor Various Properties

Property PAR Limit
T. (new) <1010°C
AGp (durability) >-12.7178 kcal/mol
N11s0-c (Melt viscosity) 21.5-105.4 Poise
Homogeneity > 210.92
Al,O; > 3.0 Wt% (in glass)®
Yalkali’ < 19.3 wt% (in glass)

® The Al,O; and Salkali limits were developed by Edwards and Brown (1998) to allow the homogeneity constraint to
be relaxed from the MAR to the PAR. An aternative criterion would be a minimum Al,O5; content of 4 wt% with no
constraint on the sum of alkali over the composition region evaluated.

7 Alkalis included in this sum are Na,O, Li,0, Cs,0, and K,O.
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5.0 Basisfor SB3 Compositional Scenarios

Two primary inputs are required to assess the projected operational windows, the waste loading
intervals, and the robustness: dudge or waste stream compasition(s) and frit composition(s).
Given the focus of this study isto develop frit compositions for SB3, defining the nominal SB3
waste stream(s) and representing its (their) variation are required inputs. For a given waste
stream composition, one can select candidate frit compositions, and ultimately assess or define
glass compositional regions or operating windows based on established acceptance criteria (see
Section 4.0).

Prior to receiving information from HLW PE with respect to the projected dudge compositions as
afunction of washing or decants, an initial phase (Phase 1) of frit assessments was made using
projections of SB3 sludge compositions based on an assumed washing scenario. Existing or
newly-developed candidate frits were then assessed against these initial SB3 compositions
following the strategy of Section 3.0 and the criteria of Section 4.0. Oncethe final (more
definitive) washing or decant information for this study was received from HLW PE, a second
assessment (Phase 2) was made for the frits that appeared to be promising from the initial
projections given that differences did exist between the initial and final compositions. The results
from these two phases of study are presented in Sections 6.0 and 7.0, respectively.

5.1 SB3 Compositionsfor Nominal Stage Assessments

Table 5-1 summarizes the nominal SB3 sludge composition (in oxide wt%) and masses (in kg) on
an oxide basis as reported by Peeler et al. (2002a). Thisnomina SB3 composition includes the
Tank 51 hedl, Tank 7 sludge (including sand and the Tank 18 and Tank 19 sludge transfers), and
Am/Cm and Pu/Gd additions and is based on aweighted average of the individual sludge masses
either reported or calculated. The potential zeolite contribution from Tank 19 isnot included. It
was also assumed that the individual streams were evenly distributed or uniformly blended,
resulting in a“constant” feed to the melter (once frit additions are made). More specifically, the
nominal SB3 dudge compositions represented by Peeler et al. (2002a) assumed that none of the
individual waste streams or sludges comprising SB3 constituted a“spike” in the composition
during processing of alimited portion of SB3. That is, each of theindividual streamsis assumed
to be well blended into SB3. The nominal SB3 compositions (and thus the assessments based
upon them) do not account for any variation in the blending of the waste streams comprising SB3.

The nominal SB3 composition provided in Table 5-1 does not account for the sodium oxalate
(N&C,0,) that could be present in Tank 7 as reported by Goden (1984) and Fowler (1980). The
total mass of sodium oxalate added to Tank 7 was estimated to be as high as 660,000 |bs (or
299,640 kgs). Studies are being performed by SRTC to assess the effects of sodium oxalate on
different SB3 issues [Herman et a. (2002a); Bronikowski et al. (2002), Jantzen (2002b)]. One of
the critical issues being addressed is the degree of washing that is required to meet specific
operational constraints (e.g., H, generation and flammability), processing constraints (e.g., redox
control), or product constraints (e.g., durability). Although not accounted for by Peeler et a
(2002q), it is the intent of this assessment to address a series or suite of washing options that
ultimately affect the amount of sodium transferred to the melter.

It also should be noted that the nominal composition does not account for the potential

introduction of a monosodium titanate (MST) stream. Based on the HLW System Plan (WSRC
2001) it is anticipated that alimited volume of MST will be blended into SB3. However, given
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the current uncertainties of if, when, and/or how (e.g., blended over the entire SB3 campaign or
spiked into alimited portion of the SB3 campaign) that stream would be blended with SB3; its
contribution was not accounted for in the initial assessment (Phase 1). Although not accounting
for this stream does add some technical risk to the projected operational windowsin theinitial
assessment, itsimpact should be minimal. The latter statement being based on the fact that the
volume of MST is anticipated to be relatively low (~1200 kg/yr®, compared to the 366,886 kg of
SB3 without the contribution of sodium oxalate). In addition, risks should be minimal for most
of the cases considered in this report given the majority of the projected operationa windows are
either durability or viscosity limited (given the relatively high sodium concentration in the final
glass). Inthese cases, and assuming the major impact of the MST (assumed to be primarily TiO,)
would beto increase T\, the upper waste loading limits should not be impacted. It would only be
in cases where the upper (or lower) waste loading interval is T, limited, that the introduction of
MST would be expected to cause changes to the projected operational windows. This latter
statement assumes the single-component solubility limit for TiO, is not exceeded at the higher
waste loadings. The impact of TiO, on glass propertiesis being assessed by Herman et a.
(2002b), and the SB3 variability study will aso assess this potential impact.

8 Based on personal communication with Mark Drumm (7/15/02), the current material balance information indicates
that the M ST plant would send approximately 18,000 L of solution at 15 wt% M ST to the DWPF each year.
Assuming a0.4 g/L solution and afull time operations, this would translate into approximately 2700 lbs of MST per
year coming into DWPF.
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Table5-1. Nominal SB3 Composition (in wt%, calcine oxide basis)
(same as Case #4 as reported by Peeler et al. 2002a)

SB3 baseline with
Pu/Gd and Am/Cm

Oxide Without Na,C,0,4
Ag 6.85E-04
Al>,O; 18.102
AmO, 4.28E-03
BaO 0.25
Cao 3.60
Cdo 1.18E-05
Ce;~03 0.355
Cm903 6.47E-04
Cr703 0.374
CuO 0.198
Eu,O4 4.68E-05
Fe,Oq 40.270
Gd,04 0.051
K>0 0.431
La,Oz 0.206
Li,O 2.94E-03
MgO 0.189
MnO 7.177
MoO, 2.17E-04
Na,O 10.629
Nd>O4 0.682
NiO 1.611
PbO 0.302
Pd 0.037
Pr,0O; 0.186
PuO, 0.052
RuO, 0.278
Rh 0.078
SO, 3.343
SmM,04 0.10
ThO, 0.143
TiO, 1.04E-04
U304 10.188
Zn0O 0.411
ZrO, 0.743
Total 100.00
Mass 366886.24
(inkg)

Note: Aniong/halides not reported.
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5.2 Initial Projections of SB3 Compasition as a Function of Washing

At the time this task was initiated, uncertainties associated with the actual quantity of Na,C,0O, in
Tank 7 and the fraction that would ultimately be transferred to SB3 given the various washing
scenarios being considered were being addressed. From a glass formulation perspective and
resulting properties, the unknown quantity of NaO resulting from the Na,C,O, will have amajor
impact on the overall dudge composition and ultimately the frit development efforts. That is, frit
formulation efforts will have to account or compensate for the varying Na,O concentrations that
could be present in the sludge and ultimately the glass as different washing schemes are
considered. Asone transitions from a 100% washed case to a 0% (or minimal) washed case, the
assumption isthat the amount of Na,O in sludge will increase. It has been further assumed in the
Phase 1 assessment (due to the inaccessibility of sludge washing calculations) that washing only
reduces the amount of Na,O contributed from the oxalate source which is soluble with no impact
on other components associated with SB3 (aslisted in Table 5-1). Theresult of this assumption
is essentially a dilution effect of the nominal SB3 composition with varying amounts of Na,O as
the different washing percentages are reviewed. For example, consider a 50% washed sludge
case. The 299,640 kg of Na,C,0, would be reduced to ~149,820 kg (50% of the projected total)
ultimately yielding an additional ~34,600 kg of Na,O which would be blended with the
366,886.24 kg of nominal SB3. Given this assumption, the 100% washed case ultimately yields
the nominal SB3 composition provided by Peeler et al. (2002a) (referred to as Case #4 in that
report). The 0% washed case should be bounding given that in this assessment, al of the sodium
oxalate would be transferred to the melter feed when in fact, aminimal amount of washing that
will remove some Na,O and other soluble speciesis expected prior to transferring SB3 to DWPF.

Table 5-2 provides a summary of the Na,C,O, and Na,O contributions (in kg) for the various
washing schemes used in the Phase 1 assessment. It is recognized that the assumption that
washing does not impact other components of the sludge may be partially unfounded; however,
incorporating sludge variation (see Section 5.3) around the nominal sludge(s) to develop frits
should bound this assumption.

Table5-2. Estimated Na,C,0O, and Na,O Masses as a Function of Washing

Washing Na,C,0, (kgs) Na,O (kgs)
0% 299,640 138,584
25% 224,730 103,938
50% 149,820 69,292
75% 74,910 34,646
100% 0 0

Given the uncertainties associated with the degree of washing that will be required to meet
processing constraints (including solubility limits of anions), safety issues with respect to
hydrogen generation, melter flammability, and product quality issues, several washing scenarios
are being considered in the Phase 1 assessment. Note that the potential impacts of coal and
oxalate on reduction/oxidation (REDOX) control is not being specifically addressed as part of
this study — see Jantzen (2002b). Issues regarding anion solubility limits were also not addressed
in this assessment. It isrecognized that the concentration of sulfate, nitrate, and nitrite will
increase as one considers a less washed sludge, which may ultimately limit or dictate the degree
of washing targeted. Prior to finalizing or selecting a particular frit/sludge washing flowsheet, an
evaluation of the anion solubility limits should be addressed. In the assessment of melt rate, one
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must account for the nitrite and nitrate levels as these may have a significant impact on melt rate.
However, the nitrite and nitrate levels will vary with the processing performed in the Chemical
Process Cell (CPC) and the associated SB3 flowsheet. In any case, the flowsheet should result in
aproduct that meets the nitrite destruction levels (i.e., all products should be less than 1000 mg/
nitrite), but will have different nitrate and formate concentrations depending on the processing
strategy selected.

Table 5-3 summarizes the nominal SB3 compositions for the washing scenarios (using the
underlying assumptions discussed above). Those oxides shown as bold are considered to be
major components as the projected concentration of these oxidesis thought to be > 0.5 wt% in
glass over the waste |oading range of interest (25 — 60 wt%). Those oxides not bolded were
classified as minor (i.e., anticipated as not having a significant impact on predicted properties at
the concentrations expected in the glass). Thisis consistent with Plodinec et a. (1995) who
indicated that trace components (elements whose oxides are present in the glass at concentrations
less than 0.5 wt%) do not have a significant impact on glass durability. The “Others’ component,
shown in Table 5-3, isatotal of all minor componentsin the dudge. For example, consider the
0%, nominal washed case that indicates a 3.69 wt% “ Others’ group. Thisindicates that the minor
components account for 3.69 wt% of the sludge (calcined, oxide basis). The wt% shown by each
minor component represents the percentage of that component in “Others’. Therefore, the
percentage of each minor component in the sudge can be obtained simply by multiplying the
percentage of “Others’ by the amount of “Others’ in the sludge. Consider Cr,O3 and the 0%
nominal washed case. The nominal SB3 sludge (0% washed) contains 3.69% of “ Others’ (minor
components) of which Cr,03is7.37%. Therefore, the Cr,O; content in the sludge would be
0.272 wt%.

Based on the underlying assumptions previously discussed, the major impact of washing on the
projected nominal compositions is related strictly to Na,O concentrations. Concentrations of
NaO in the nominal SB3 sludges range from 10.63 wt% to 35.13 wt% in the 100% washed case
(no sodium oxalate transferred) to the 0% washed case (compl ete transfer of the sodium oxalate),
respectively. The contribution of other alkali (Li,O, K,0, and Cs,0) to the various dudge
projections is minimal with respect to Na,O (although their contributions will be considered).
With respect to frit development activities, the wide range of Na,O will make it extremely
difficult (or impossible) to develop asingle frit that istolerant or insensitive to this large
variation. (It would beideal to develop asingle frit that would yield acceptable glasses for dl
washing schemes over the waste loading interval of interest — assuming no adverse impacts of
other processing issues such as melt rate are encountered.) Given thislarge variation,
adjustmentsin the alkali content of the frit are expected as the contribution of alkali from the
waste is accounted for. More specifically, as dudge washing isincreased, the alkali
concentration in dudge decreases, therefore, it is anticipated that the alkali content in the frit will
increase (perhaps making the targeted frit composition more “fr